
F E A TUR E AR T I C L E

SARS-CoV-2 infection in India bucks the trend: Trained
innate immunity?

Sreedhar Chinnaswamy

Infectious Disease Genetics, National
Institute of Biomedical Genomics,
Kalyani, India

Correspondence
Sreedhar Chinnaswamy, Associate
Professor, DBT-Wellcome India Alliance
Intermediate Fellow, National Institute of
Biomedical Genomics (NIBMG) Kalyani-
741251. Nadia, WB, India.
Email: sc2@nibmg.ac.in

Funding information
Wellcome DBT India Alliance, Grant/
Award Number: 170 IA/I/17/1/503122

Abstract

SARS-CoV-2, the causative agent of COVID-19 pandemic caught the world

unawares by its sudden onset in early 2020. Memories of the 1918 Spanish Flu

were rekindled raising extreme fear for the virus, but in essence, it was the

host and not the virus, which was deciding the outcome of the infection. Age,

gender, and preexisting conditions played critical roles in shaping COVID-19

outcome. People of lower socioeconomic strata were disproportionately

affected in industrialized countries such as the United States. India, a develop-

ing country with more than 1.3 billion population, a large proportion of it

being underprivileged and with substandard public health provider infrastruc-

ture, feared for the worst outcome given the sheer size and density of its popu-

lation. Six months into the pandemic, a comparison of COVID-19 morbidity

and mortality data between India, the United States, and several European

countries, reveal interesting trends. While most developed countries show cur-

ves expected for a fast-spreading respiratory virus, India seems to have a slower

trajectory. As a consequence, India may have gained on two fronts: the spread

of the infection is unusually prolonged, thus leading to a curve that is “natu-
rally flattened”; concomitantly the mortality rate, which is a reflection of the

severity of the disease has been relatively low. I hypothesize that trained innate

immunity, a new concept in immunology, may be the phenomenon behind

this. Biocultural, socioecological, and socioeconomic determinants seem to be

influencing the outcome of COVID-19 in different regions/countries of the

world.

1 | INTRODUCTION

1.1 | COVID-19 and Spanish Flu

SARS-CoV-2 (severe acute respiratory syndrome
coronavirus-2) that causes coronavirus disease 2019
(COVID-19) engulfed the world in a short span of time
and created worldwide panic and paranoia
(Banerjee, 2020; Ho, Chee, & Ho, 2020; Larson, 2020;
Park, 2020). The last pandemic of similar magnitude that
the world witnessed in terms of a worldwide reach and

impact should be the Spanish Flu of 1918 (Spinney,
2017). Both Spanish Flu and COVID-19 involve fast-
spreading respiratory viruses; the Spanish Flu, caused by
an influenza virus ravaged for more than a year and
killed 40 to 50 million or more people across the globe
(Taubenberger & Morens, 2006), while COVID-19 has so
far killed over 640 000 people. Three more Flu pandemics
happened in between in 1957 (Asian Flu), 1968 (Hong
Kong Flu), and 2009 (Swine Flu) that had much lower
deaths than the 1918 pandemic (CDC, 2020); even
though the 1957 Flu and 1968 Flu caused around
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1 million deaths or more each, intriguingly, the global
response to these two pandemics was negligible, almost
nonexistent in comparison to the one shown to COVID-
19 (Honigsbaum, 2020). COVID-19 has caused signifi-
cantly lesser mortality than the 1918 pandemic but is
predicted to impact the world economy more severely
than the Spanish Flu did a century ago (Smith, 2020).
The world has changed enormously between 1918 and
2020. Apart from industrialization and globalization, two
technological advances are notable in the context of the
current pandemic: one, information technology has con-
nected the world like never before and the other geno-
mics revolution has helped the research community in
an unprecedented manner to understand the disease and
the virus better and seek remedies quicker (Ellinghaus
et al., 2019; van Dorp et al., 2020; Zhu et al., 2020).

1.2 | India and response to COVID-19

India, the second-most populous country in the world
tested its first COVID-19 case on Jan 30, 2020 (Prasad,
Potdar, Abraham, & Basu, 2020). However, India did not
seem to react strongly to the pandemic until mid-March;
only after Italy and Spain were reporting an increasing
number of daily deaths due to COVID-19 did India begin
to react rather aggressively to the emerging situation
(Bhatia & Abraham, 2020). By the last week of March,
India was in a grip of anxiety about COVID-19 and the
possible impact it could have on its population. With a
constant barrage of information (and misinformation)
from television channels and social media outlets, the
anxiety turned into fear and paranoia (Iqbal & Dar, 2020;
Kadam & Atre, 2020). India is a highly structured and
heterogeneous society in several parameters such as
socioeconomic status, religion, culture, language, ethnic-
ity, etc.; a majority of its populace lack a basic level of for-
mal education. A vast majority (close to 70%) of Indians
live in rural areas, while the major cities (around 10)
have high population density. Poverty and lack of access
to quality education continue to be a major and pervasive
problem across the country affecting the majority of
Indians, while an increasing subset of Indians also has
moved from the lower to the upper-middle class in the
last three decades, thanks to economic liberalization poli-
cies adopted by successive governments.

A combination of factors such as an exaggerated
administrative response to COVID-19 that was not neces-
sarily data-driven (Patel, 2020a), a lack of understanding
of local disease dynamics by the experts (Thomas, 2020),
a failure to project India-specific disease models by epide-
miologists (Bhatia & Abraham, 2020; Kanwal, 2020),
non-pharmaceutical prescriptions that were

unreasonable and most of the times impractical for a
complex society such as India's (Chetterjee, 2020;
Dore, 2020) and ready access to cheap internet-phone
technology successfully transformed SARS-CoV-2 into a
virtual monster, even before it got a foothold in the coun-
try. A highly disproportionate share of attention and
resources were diverted towards managing COVID-19
without any sound rationale (Krishna, 2020); for a coun-
try that faces even bigger problems (issues such as over-
grown population, poverty, huge social and economic
inequalities, confrontation with neighboring countries on
a constant basis, and natural calamities) including a huge
burden of other communicable and non-communicable
diseases (Patel, 2020b), the administration surprisingly
thought it prudent to impose an unprecedented measure
in the form of a country-wide lockdown for 55 days (ini-
tially planned only for 21 days) (Patel, 2020c) with a hope
that the virus transmission chain would be broken. Obvi-
ously, India's policy was guided by similar measures
undertaken by the developed countries of the west and
more so by the presumption that the virus and the dis-
ease were non-discriminatory in nature (Patel, 2020a;
Thomas, 2020).

Measures such as social distancing, which may work
well for a western society are almost impractical for a
country like India (Chetterjee, 2020), especially in
densely populated urban slums. A lockdown measure
while sounded extremely logical for the educated class,
the poor who live on daily wages to run their families felt
it like a catastrophe; while the affluent class could afford
the expensive private hospitals that could provide them
with standard-of-care treatment, the less fortunate pre-
ferred non-cooperation with the administration toward
testing and contact tracing (Bhatia & Abraham, 2020;
Dwary, 2020) understandably due to the fear of being
quarantined in dingy, unclean, understaffed public
COVID-19 isolation centers. The fear of dying from the
disease while being away from their families in such iso-
lation centers also may have led to this behavior. The
educated middle and higher class were religiously follow-
ing the measures such as “stay-at-home orders” pre-
scribed by the administration, while the lower middle
class and the poor suffered in silence and confusion.

India, as a consequence of its neoliberal economic
policies (Raveendran, 2020), has a large populace of
migrant workers who have left their homes in rural India
to work on daily wages in far-off cities mostly in different
states from where they come from. Once the panic about
the pandemic set in and a lockdown was imposed, these
workers in urban centers felt a complete lack of trust
either on their employers or the administration to save
them from an impending “death warrant” and took it
upon themselves to walk thousands of kilometers along
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with their families on foot to their native places as all
forms of transport were shut simultaneously (Mukhra,
Krishan, & Kanchan, 2020). The migrant exodus was a
humanitarian crisis unfolding on the one hand, on the
other, there was an apprehension that the migrants were
carrying the virus with them and seeding it across the
country (Bhatia & Abraham, 2020). The government pos-
sibly went by the advice that: the virus can be curtailed
by a short three-week nation-wide lockdown
(a presumption that eventually turned out to be naïve
and preposterous), and that if the migrants are allowed to
“reverse-migrate”, they may increase the spread of infec-
tion; considering these, a 21-day “complete” lockdown
was announced. India had the highest death toll (more
than 13 million) among all nations during the 1918 Span-
ish Flu pandemic (Chandra, Kuljanin, & Wray, 2012).
The government could have heavily weighed its decision
on this critical statistic to impose a country-wide lock-
down in order to avert a “disaster” of a similar kind, or
worse. However, India had around 500 confirmed cases
and only 10 deaths due to COVID-19 by Mar 24, 2020
when the lockdown was imposed; there was no evidence
other than speculation about how much the virus had
spread or not spread in the community, and therefore,
even though the intentions were good, it was an exagger-
ated and mistimed response especially considering the
migrant worker crisis that ensued (Pandey, 2020;
Raveendran, 2020).

It was obvious that a one-size-fits-all approach to
tackle COVID-19 in India was going to fail but was still
pursued (Muliyil, 2020; Patel, 2020a, 2020b, 2020c;
Thomas, 2020). It is a fact that India has not developed a
biocultural or “cultural-biological research”
(Goodman, 2013; Hoke & Schell, 2020) framework of
human biology within the realm of medical sciences in
order to better understand the diseases that affect its pop-
ulation. A discipline like medical anthropology, which is
most relevant to a country like India (Joshi, 2016) has not
been given any impetus as a sustainable research area for
many decades. The medical curriculum in India, as is
true elsewhere, has no emphasis on human biology;
therefore, the concepts of how environment, culture, and
socioeconomic factors can and could influence human
health and disease are hardly discussed and researched
(Dufour, 2006; Mishra, 2007). Increasing privatization of
medical education-care in the country is not helping the
cause either, as profit is prioritized over addressing real
and important issues. As a result, COVID-19 was viewed
purely as a medical problem and the possibility that
COVID-19 could be different in India due to its inherent
differences in environment, culture, prevailing diseases
were not even explored; such thoughts are even derided
in medical institutions (Mishra, 2007).

While the success of the stringent measures under-
taken to tackle COVID-19 the world over including India
is debatable (Melnick & Loannadis, 2020), we cannot
deny the fact that the conservative reductionist approach
that has well-guarded and nurtured medicine and biology
throughout history, failed to address in a measured way
the most important public health crisis of our times
(Klement, 2020); yes, some countries have done well in
managing the disease but the majority, most of which are
highly developed were found wanting in dealing with the
emergency, especially in keeping the mortality rate low.
It is said that the Spanish Flu revived the field of virology
and inspired many successful careers in it (Horton, 2020;
Taubenberger, Hutlin, & Morens, 2007). However, a
knowledge on viruses that spans a century or more has
not helped us to fully comprehend SARS-CoV-2, at least
thus far. One of the unique features of SARS-CoV-2 has
been that it has not behaved like a typical respiratory
virus, at least when compared to the influenza viruses
that have caused past pandemics. It is affecting multiple
organs (Gupta et al., 2020) with a range of symptoms in
different age groups (Liu et al., 2020), surprisingly spar-
ing children (Fischer, 2020) and selectively targeting peo-
ple with comorbidities (Guan et al., 2020). Dr. Antony
Fauci, of the NIAID, has famously said that he has not
seen a virus like SARS-CoV-2 where up to 40% people
with the infection show no symptoms (Fottrell, 2020;
Kronbichler et al., 2020). An integrated narrative
between virologists, epidemiologists, clinicians, and
infectious disease experts to explain real-world experi-
ences during the course of the pandemic was lacking
(Guigliano, 2020; Yong, 2020), further pointing toward
the limitations of reductionist approaches to understand
and address human diseases at the population level. If
this was the situation in the most scientifically advanced
country like the United States, it was even bad if not
worse in a developing country like India (Saraya, 2020),
which spends less than 2% of its GDP on health and
research.

COVID-19, no doubt laid bare the ground realities of
our deficiencies in understanding of diseases in general
and viral diseases in particular at the population level.
For instance, COVID-19 has shown us that there are
deeper connections than we thought, between lifestyle
disorders and the immune system. Our direct knowledge
about host-virus interactions regarding human viruses
comes from two sources: the major one, from the experi-
mental interventions we carry out on virus-infected cell
lines and animal models; and a minor one, comes from
our observational studies in the affected human popula-
tion. Therefore, our knowledge of host-virus interactions
is mostly based on our studies on model systems carried
out in the confines of a biosafety-compliant laboratory.
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However, in the real-world, the virus is encountering
completely different hosts and environments, which are
interacting with each other in complex ways. Over-
looking this fact, in a deterministic mindset, we try to
extrapolate our model system-based knowledge on to the
real-world, which obviously is a flawed approach to the
understanding of human health and disease. For exam-
ple, we did not incorporate parameters such as socioeco-
nomic, ecological, cultural, and behavioral factors into
our mathematical models in predicting the course of
COVID-19, resulting in grossly inaccurate estimates
(Nadella, Swaminatahn, & Subramanian, 2020). If we do
not acknowledge the limitations of our current
approaches to understanding and handling human dis-
eases and act fast, we are bound to see more COVID-
19-like situations in the future, where we will see a simi-
lar disconnect between our model systems-based knowl-
edge and the real-world situation. One potential solution
to this long-standing problem could be to begin to
reorient ourselves toward a medical/biocultural
anthropological-centric approach to research on human
health and diseases (Hoke & Schell, 2020). It is a different
matter that India's response to COVID-19 could have
been better if it had not neglected its huge infectious dis-
ease burden over the years and built a robust public
health surveillance, monitoring, and management system
besides addressing its lacunae of dialectical thinking in
health sciences.

1.3 | Host decides the outcome of a host-
virus interaction

Whenever a new human virus that has an epidemic
potential emerges, the fear related to past pandemics gets
the better of us and in an attempt to be precautionary, we
tend to overlook the host and its defenses and end up
projecting the virus in a “larger-than-life” image. A cardi-
nal feature of any viral infection in a verebrate host is the
host-virus interaction that takes place at multiple levels
which shall ultimately decide the outcome. Each host-
virus interaction is unique, and the outcome could be in
favor of either player. But first, let us understand the
strengths and weaknesses of the two players involved.
The virus is a simple macromolecular entity with a
nucleic acid genome wrapped around by proteins and
lipids; the human host is a far more advanced biological
system with complexity built in several layers; defense
against foreign invaders is one of the defining features of
the host. The most stable state for a virus is inside a host
cell since it is a non-living entity on its own, while the
host has multiple layers of sophisticated defense mecha-
nisms to prevent the virus from infecting and causing

harm to it. Moreover, the host has the advantage of mil-
lions of years of evolution behind it that has made its
defense against invading microbes strong and efficient.
Unless there is a compromise in the host defense, it is a
very uphill task for the virus to gain entry and/or flourish
inside it; the virus on the other hand being a microbe has
the advantage of stealth and being a parasite, it relent-
lessly looks to find a breach in the host defense. The com-
plex nature of the host that makes it a stronger player in
the interaction also makes it a vulnerable player under
certain conditions, which compromise its defenses; the
conditions may or may not be directly affecting the
defense system, but even those that affect other physio-
logical processes can also have an impact. The virus,
which is in low numbers to begin with, in a natural infec-
tion setting, will use the breach in host defense to estab-
lish itself and multiply to large numbers to the extent
that it overwhelms the host response and can now dictate
the outcome of the infection. Understanding the condi-
tions in the host that allowed a successful viral infection
and the pathophysiological causes responsible for these
conditions is the key to understanding host-virus interac-
tions. Fortunately, there will always be resistant hosts in
the population that will help us to learn what difference
in conditions led to a successful infection in the suscepti-
ble hosts. This information, which obviously will be dif-
ferent for different viral diseases, should be the guiding
principle in designing the right preventive and therapeu-
tic strategy. To accomplish this, we will need sustained
efforts in research on the biology of the virus, the host
and their interactions; importantly, COVID-19 has made
us realize that these efforts should be centered on a
“transdisciplinary” systems medicine approach rather
than reductionist science (Klement, 2020).

1.4 | Host immune response to SARS-
CoV-2

It is important to understand the host immune response
to a viral infection like COVID-19. SARS-CoV-2 is an
RNA virus, and when it infects the host cell by binding to
the host cell membrane receptor (ACE2, Angiotensin-
converting enzyme), it releases its RNA genome into the
cytoplasm, and since the RNA is positive-sense (like cel-
lular mRNA), it is recognized by the host translational
machinery and is translated into numerous viral proteins
(Jiang, Hillyer, & Du, 2020). The viral proteins now begin
to make more copies of the RNA, which will eventually
make more copies of the protein, and the cycle continues.
New viruses are assembled using the newly made RNA
and viral structural proteins; at a point of time when suf-
ficient new viral particles are made, the cell collapses
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allowing the virus to find new cells. However, this out-
come, which happens to be in favor of the virus is not
always possible. The host cell has an in-built defense
mechanism called the “innate immunity” that is capable
of sensing and reacting to a foreign entity inside
it. Innate immunity and adaptive (also called acquired)
immunity are the two proverbial arms of vertebrate host
immunity.

Innate immunity arm is the remnant of an ancient
defense system seen in lower organisms including plants.
It is functional both at the individual cell level and at a
higher level where several innate immune cells partici-
pate in recognizing and countering the foreign organism
(Figure 1) (Frieman, Heise, & Baric, 2008). The innate
immune arm is nonspecific, due to which it is less robust
but is the first to see and counter the infection. While it
tries to limit the infection, it also helps to prime the adap-
tive immunity arm to prepare for a more specific and
robust assault on the pathogen. The innate immune
mechanism at the cellular level is mediated by pattern
recognition receptors (PRR) that recognize specific fea-
tures in a pathogen, in this case, specific structural fea-
tures in the SARS-CoV-2 RNA. These features are mostly
unique to viral RNA and not present in the host cellular

RNA, hence are pathogen-specific (pathogen-associated
molecular patterns, PAMP) (Gasteiger et al., 2017). PRRs
like RLRs (RIG-I like receptors) and TLRs (Toll-like
receptors) are known to recognize viral RNA, and they
will initiate a signaling cascade that will lead to the pro-
duction of type I and III interferons (IFN). IFNs are
potent antiviral cytokines that are usually secreted out of
the cells so that they bind to membrane receptors of
neighboring cells to raise an alarm about the foreign
invader present in the vicinity. Type I IFNs are secreted
by most nucleated cells; type III IFNs are secreted by cells
of the epithelium, hepatocytes, and some immune cells;
type II IFN is secreted exclusively by immune cells
(Chinnaswamy, 2016). IFNs signal to the cells and lead to
the expression of several hundred antiviral genes called
IFN-stimulated genes (ISG). Some ISGs have direct ant-
iviral effects (e.g., RNA degrading enzymes), others help
to shape the subsequent adaptive immune response, but
for a large number of others we do not yet know their
exact functions during viral infections (Crosse, Monson,
Beard, & Helbig, 2018). The innate immune arm is highly
efficient in raising the initial signals and since it is the
first link between the pathogen and adaptive immunity,
it assumes a lot of significance in the overall immune

FIGURE 1 Innate and adaptive immunity against a virus explained. A, Innate immunity comprises of mechanisms to recognize viral

intermediates and respond by secreting IFNs. B, Innate immune cells like macrophages and DCs are also the link to the adaptive immunity

that ultimately is responsible for clearing the virus infection. NK cells monitor for virus-infected cells and secrete type II IFN, IFN-γ besides
actively killing the infected cells (Brandstadter & Yang, 2011)
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response of the host to the virus. In many instances of
chronic viral infections, it is the innate immune arm that
is found to be defective, possibly because it failed to give
the correct and optimal signals to the adaptive immunity
arm to develop and act efficiently (Altfeld & Gale
Jr, 2015; Heim, 2013). The innate immune arm some-
times on its own can control pathogen infections without
the need for an adaptive immune arm help (Sturdevant &
Caldwell, 2014). All these underlie the significance of the
innate immunity system in combating pathogens.

The innate immune arm at the higher level com-
prises the innate immune cells, which cooperatively act
in order to suppress the pathogen. These cells include
macrophages, neutrophils, natural killer (NK) cells,
dendritic cells (DC), innate lymphoid cells (ILC), and
others. Macrophages are one of the first to recognize a
virally infected cell, and getting cues from the infected
cells and the surrounding ILCs efficiently engulf the
infected cell and clear the infection locally. Macro-
phages and DCs also carry small peptides derived from
the viral proteins and display them to activate specific T
helper (Th) cells, which then orchestrate the develop-
ment of specific T cytotoxic (Tc) cells that will eventu-
ally kill the virus-infected cells on a large scale
(Figure 1B). Depending on the type of pathogen (extra-
cellular or intracellular), the Th cells secrete specific
cytokines that fall under two broad classes: Th1 and
Th2. Th1 immunity is required to clear intracellular
pathogens like viruses, protozoan parasites, and bacte-
ria, while Th2 immunity protects the hosts from extra-
cellular pathogens, mainly nematode parasites
(Berger, 2000). A combination of Th1, Th2 cells, and
also others like Th17, Tregs coexist during any infec-
tion; they secrete potent factors called cytokines, which
mediate the intended effects on different cells of the
immune system. Antibodies, key components of an
adaptive immune response, are raised by B cells against
exposed pathogen proteins with help from Th cells.
Hence a cooperative and an orchestrated immune
response both at the individual infected cellular level
and at a higher systems level are required to combat
pathogens. While the adaptive immune arm being more
specific and robust, also has a built-in memory: the T
(both Th and Tc) and B cells once they successfully
clear the infection can become quiescent for long dura-
tion of time and can get activated upon encounter of
the same pathogen subsequently leading to an even bet-
ter response (Clark & Kupper, 2005). This is the basis of
vaccines, where instead of a live pathogen an
inactivated one or components of it are formulated and
injected into the host to gain a primary memory
response that can get activated when the host encoun-
ters a real pathogen in the future.

1.5 | Host variation in immune response

As we would imagine, several genes and pathways are
involved in the above-described immune response to
ensure the successful elimination of a pathogen. There-
fore, a certain level of variation is expected between dif-
ferent hosts in the responses they raise against viral
infection. The variation can be influenced by genetics
and the environment. The environment here is used in a
broader sense to include such factors as ecological, cul-
tural, and socioeconomic and any other variable other
than genetic that could influence a phenotype by non-
genetic and epigenetic mechanisms (Danchin, 2013).
Variation in genes in the form of single nucleotide poly-
morphisms (SNP) is found abundantly on the human
genome, which now, thanks to the genomics revolution,
can be identified quickly and easily from a large number
of different hosts to understand if they are responsible
for the variation in the immune response. There are
now methods, thanks again to the genomics revolution,
which can also identify with high resolution the epige-
netic changes that control the gene expression in the
host and examine its influence on the host immune
response. The macro-environment present on the out-
side of the host (e.g., nutrition, lifestyle, hygiene) can
influence its inside by modifying the epigenetics of the
host (Feil & Fraga, 2011). Further, age and gender-
related changes from within the host can also contribute
to epigenetic variation (Horvath, 2013; Kuroki &
Tachibana, 2018). Therefore, while it is easy to under-
stand how genetic variation may or may not play a role
in the outcome of the SARS-CoV-2 infection, the influ-
ence of the epigenetic variation is more complex to ana-
lyze because it is directly influenced by the macro
environment, which is not a simple variable to incorpo-
rate into models. The host immune response can there-
fore be significantly influenced by any factor, including
age, gender, nutrition, and living conditions of the host
that will alter its epigenetics. More importantly, the
hereditary contribution of nongenetic and epigenetic
factors to health and disease is not as well understood as
the genetic factors, even though its significance is being
increasingly recognized (Danchin, 2013; Danchin,
Pocheville, & Huneman, 2018).

A typical viral infection, therefore, can have a range
of fates in the host depending on the immune response
dictated by genetics and the environment. Resistant hosts
efficiently clear the virus in quick time with a robust
innate and adaptive immune response while the vulnera-
ble hosts cannot do this and allow the virus to flourish
and multiply to large numbers. Adaptive immunity,
which was not until long ago synonymous with immu-
nology, has been studied extensively with the help of
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mice and other animal models. Innate immunity is the
newer and lesser-studied aspect of immunology. I will
explain the newest concept within innate immunity
called “Trained Immunity” in a later section of this arti-
cle. In summary, we can imagine that a virus after
infecting a host would end up causing an asymptomatic
disease or a disease with mild or severe symptoms
depending on the host immune response. More resistant
hosts are likely to have asymptomatic or mild disease,
while the vulnerable hosts will end up with severe dis-
ease, and a subset among them will also succumb to
it. The asymptomatic and mild symptomatic hosts may
actually be helping the spread of the virus in the commu-
nity by acting as carriers to infect the most vulnerable
hosts where the virus can replicate to high levels
(Yu et al., 2020; Zimmerman & Curtis, 2020).

Viruses that cause acute infections like COVID-19
rely heavily on the availability of susceptible hosts
around to cause wide-spread morbidity and mortality.
After infection, if the virus encounters more resistant
hosts around, it will fail to cause wide-spread infection
due to what is called the “herd effect” (Joh &
Samuel, 2000). In COVID-19, it is known that viral load
is proportional to the severity of symptoms
(Yu et al., 2020). Therefore, the total viral load in a com-
munity will be the highest when the virus has reached
the maximum possible vulnerable hosts, that is, those
who will show severe symptoms; this maximum viral
load in the community can be referred to as the “critical
mass” of the virus. Critical mass will decide how many
hosts are likely to succumb from the infection. A virus is
less likely to reach its critical mass in a community when
it encounters more number of resistant hosts due to the
herd effect; this should be true even if the resistant hosts
are asymptomatic or mild symptomatic carriers since
viral load that can facilitate the spread will be, less in
them (Guallar et al., 2020; Yu et al., 2020). The herd
effect can be got by vaccination or from adaptive immu-
nity arising out of a natural infection. On the other hand,
if the virus encounters more vulnerable hosts around,
then a “reverse herd effect” will help it reach the maxi-
mum number of them much faster and shall attain the
critical mass more easily. It is important, therefore, to
look at the COVID-19 morbidity and mortality in differ-
ent countries of the world since the hosts would be differ-
ent in them and the immune responses would also be
expectedly different. In the next section, I look at data
that is available publicly about the number of cases and
deaths that have occurred in different countries of the
world since the beginning of the COVID-19 pandemic. I
have chosen eight European countries where the
COVID-19 effect has been maximal and also the United

States, which has recorded the largest number of deaths
so far due to COVID-19.

2 | INDIA SHOWS A DIFFERENT
COVID-19 TREND IN COMPARISON
TO DEVELOPED COUNTRIES

SARS-CoV-2 was first detected in Wuhan city of China as
a causative factor of unexplained pneumonia cases that
were spreading from human-to-human (Zhu et al., 2020).
It is believed that by the first week of Mar 2020, the rest
of the world got infected with the virus possibly through
international travelers initially arriving from China. By
the first and second week of Mar 2020 most affected
countries started to record deaths associated with
COVID-19. India had its first death due to COVID-19 on
Mar 12, 2020 (Table 1). Figure 2A shows the daily num-
ber of cases plotted against the daily deaths (7-day mov-
ing averages) due to COVID-19 beginning from the day
the first case was reported until July 24, 2020 for each
country. The time period of the data shown has a range
of 143 to 185 days for the 10 countries. This data shows
that (1) both the morbidity (number of cases) and mortal-
ity (number of deaths) curves for all the countries except
India have initial steeper slopes and, (2) all of the coun-
tries have gone past their peaks in the number of daily
deaths ranging from 93 days (Sweden) to 113 (Italy) days
while India has not yet past its peak (0 days).

Figure 2B shows a curve that is a ratio of daily cases
to daily deaths due to COVID-19 for all the countries (ie,
the number of cases required for each daily death). The
data begins with the day the first death was recorded due
to COVID-19 for each country and ends on July 24, 2020.
This presentation of data shows that most of the coun-
tries display a curve that has a “head”, a “body”, and a
“tail”. The head shows that a relatively lesser number of
cases died at the beginning of the pandemic, the body is
represented by a flat line showing that more number of
cases died during the peak of the pandemic, while the tail
that is represented by a rising curve toward the end of
the pandemic is informing of a likely recovery phase. For
most countries, the tail is raised toward the end
suggesting an improving situation due to fewer deaths for
a given number of cases. The Indian curve looks different
even here. The curve seems to have only the tail, but not
the head or the body, and the tail seems to be rising with
a shallow slope. Does it suggest that India may have had
the COVID-19 even before it started testing, and what we
are seeing is actually a stabilized infection rather than a
spreading infection seen typically in the rest of the coun-
tries in the first 2 to 3 months after the onset? The tail in
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the Indian mortality curve may also be representative of
a continuously improving recovery phase in the infection;
that is, more number of Indians with COVID-19 was
recovering from the infection than those that were
succumbing to it, throughout the study period. The curve
in Figure 2A for India does show an increasing trend giv-
ing the impression that the morbidity and mortality may
be continuously and steadily increasing. However, when
we normalize the daily case data by adjusting for the
increase in the number of tests done during the study
period, it clearly does not show a similar increase
(Figure 2C). When we look at how many days it took for
each country to take its daily deaths from 10 to 600 per
day, it shows that India is taking a longer time in
reaching this number of daily deaths when compared to
other countries (Figure 2D). In the last few weeks, how-
ever, this trend has changed, and the increase in deaths
is taking lesser time than before; in spite of this late surge
in deaths, India has taken a longer time overall to
increase its COVID-19 mortality relative to other coun-
tries. This could be because of two reasons: (1) a slow
increase in testing frequency at the beginning of the pan-
demic that is specific to India may be causing this pattern
or, (2) the virus is encountering more and more resistant
hosts in the population in India.

When we look at the deaths happening in different
countries due to COVID-19, normalized to their popula-
tion size (deaths/100 k population), India has a much
lower number of deaths in comparison to other countries
(Table 1). Several recent reports have also concluded that
COVID-19 has been mild in India resulting in lower mor-
tality (Chakrabarti et al., 2020; Gupta & Misra, 2020;

Ram, Babu, & Prabhakaran, 2020; Reddy &
Pandey, 2020). In the early stages of the pandemic, critics
disbelieved the official data (Radhakrishnan, Sen, &
Singaravelu, 2020) leading to the interpretation that the
lower death rate in India is actually due to lower testing
and underreporting rather than milder disease. However,
a study shows that the percent positivity rate (glossary)
has remained stable or even declined suggesting no signs
of drastically increasing infection rate in the country
(Abraham et al., 2020). In absence of adequate testing for
the disease, which is a limitation not only in India but
other larger countries like the United States, a reliable
indicator could be the deaths occurring due to any kind
of illnesses including those due to severe acute respira-
tory illnesses (SARI) or influenza-like illnesses (ILI).
Even though the first confirmed case in India happened
at the end of Jan 2020, the reports coming from various
sources like local hospitals, print as well as electronic
media was that there was no exaggerated increase in any
form of deaths either due to SARI/ILI or due to other
non-COVID-19-related issues (Biswas, 2020; Ulmer &
Khanna, 2020) up till the end of May. Others have also
observed this (Ram et al., 2020). On the contrary, the
deaths due to all causes actually decreased during most
part of the lockdown period (Ulmer & Khanna, 2020)
likely because of decreased accidents and pollution-
related illnesses. However, the health care system and
local crematoriums in big cities did start feeling the pres-
sure of increased load toward mid-June (Jain &
Dasgupta, 2020; Parth, 2020), which was also reflected
accurately by official data on increasing COVID-19 cases
and deaths during this period (worldometers.info). There

TABLE 1 Deaths due to COVID-19 in the United States, India, and prominent European countries

Country
First death
reported on (2020)

Total number
of deaths

Deaths/100 k
populationa

2019 Population
size (millions)

Germany Mar 9th 9201 10.99 83.0

Belgium Mar 11th 9817 85.90 11.5

Italy Feb 21st 35 097 58.07 60.4

UK Mar 5th 45 677 68.64 66.6

Spain Mar 3rd 28 432 60.84 46.9

France Feb 15th 30 192 45.06 67

Netherlands Mar 6th 6139 35.74 17.3

Sweden Mar 11th 5697 55.74 10.2

Switzerland Mar 5th 1977 23.19 8.57

Ireland Mar 11th 1763 36.32 4.9

USA Feb 29th 148 490 44.11 328.2

India Mar 12th 31 425 2.26 1369

Note: The data were obtained from worldometers.info on July 25, 2020.
aObtained from Johns Hopkins University on 25th July 2020.
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was confusion, especially in the cities of Mumbai, Chen-
nai, and Delhi, on classifying deaths due to COVID-19
“only” and those that were due to accompanying com-
orbidities and “coincidental” COVID-19. This was
resolved and all deaths due to COVID-19 irrespective of
comorbidities were reported later as a backlog leading to
a sudden spike in deaths on some days (TNN, 2020;
Radhakrishnan, 2020; worldometer.info). Otherwise, the
deaths per day have seen a slow increase reaching the
500 mark in 5 months after the first confirmed case, with
a total death count of 31 425 in 6 months, which is in no
way a sign of a rampaging disease for a 1.37 billion popu-
lous country especially considering the fact that a lot of
deaths are comorbidity-related. It was also felt by some
that the disease has been missed in rural India where the
majority of the Indian populace (�66%) resides
(Sharma, 2020), however, no evidence for a dispropor-
tionate presence of the disease in rural India was
reported and indeed the majority of cases and deaths in

the country have so far come from very few major cities
(Awasthi & Mavlankar, 2020; Saxena, 2020), as expected.

The population in urban slums in India is very dense;
up to 10 people share a small apartment of 100 sq ft or
less and not to mention the hazards of using common toi-
lets between several such apartments. The Dharavi slum
of Mumbai with a radius of 2.5 km is home to
750 000-800 000 people and has mostly underprivileged
people with scant facilities, living in substandard condi-
tions mostly catering to the menial jobs that run the city
of Mumbai. Dharavi could be an important case study on
COVID-19 since it represents a major subset of the
Indian population living in poverty with limited access to
healthcare. There were ample opportunities for SARS-
CoV-2 to cause a massive spread and mortality if it were
to infect the hosts indiscriminately (Adiga et al., 2020). It
was indeed predicted on Apr 4, 2020 when the Dharavi
slum recorded its first COVID-19 death that India was on
for an “onslaught” (Sud, Regan, & Mitra, 2020). The slum

FIGURE 2 A comparison of COVID-19 morbidity and mortality data for India and nine other developed countries. A, Number of daily

cases (blue line; 7-day moving average) is plotted along with the daily deaths (red line; 7-day moving average) reported due to COVID-19.

The day of the first reported case of COVID-19 in each country was selected as the initial data point and deaths and cases until Jul 24, 2020

are shown. The number of days shown below the X-axis indicates the total number of days past since the first recorded case. The number of

days shown above the X-axis indicates the number of days past the peak in daily deaths based on a 7-day moving average. B, Number of

daily cases (7-day moving average) was divided by the number of daily deaths and plotted. The initial part of the curve for almost all

countries except India shows a “head” and the later part a “tail”. C, The actual daily cases (dark line) show an increasing trend but when it

was normalized for the number of tests done during this period (Mar 20, 2020-Jul 18, 2020) the curve loses its slope (gray line); note: the

adjusted curve may not show actual daily death numbers, but is only shown to compare the slopes of the curves. D, Time in days each

country took to reach the first 10, 20, etc. deaths. The data on daily testing, daily cases, and daily deaths were obtained from

ourworldindata.org
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was a major concern for the state government and was
under strict screening and surveillance throughout the
pandemic period (Shelar & Mahale, 2020). However, till
the end of June, there were only 81 deaths that includes
zero deaths reported for the month of June in this slum,
which has the dubious reputation of being the largest
slum in Asia; the daily case count also has reduced to sin-
gle digits (Sarkar, 2020). These are surprising figures,
considering the Reproductive number (Ro) of SARS-
CoV-2 that ranges from 2.24 to 3.58 according to some
estimates (Zhao et al., 2020). The Dharavi COVID-19
example is a complete contradiction of expectations and
expert opinions on how the pandemic was supposed to
behave. The WHO has cited Dharavi along with Spain,
Italy, and S. Korea as examples where COVID-19 has
been adequately managed (Eeshanpriya, 2020), even
though the success was ascribed to the mitigation mea-
sures that were apparently carried out. The living condi-
tions in Dharavi make the diligent implementation of
non-pharmaceutical interventions almost impractical, yet
we see that the virus has not caused any serious problem
in this slum, clearly suggesting that it does not prefer
hosts in this setting. This will also suggest that COVID-19
is fundamentally different from other pandemic diseases
that have occurred before (Spanish Flu, Asian Flu, Hong
Kong Flu, and Bubonic Plague) where apparently the
poor and underprivileged were the main targets. Dharavi
should become a part of a research program with a bio-
cultural anthropological perspective on COVID-19; this
effort could reveal important insights and interpretations
on how the disease has manifested at the population
level, not only in India but the world over.

From the above observations, it appears that SARS-
CoV-2 has been a mild disease in India, at least so far, in
terms of mortality rates, in contrast to observations in the
United States and European countries. This conclusion is
valid in light of the fact that a large majority of India does
not have access to a good health care system; a lack of
proper health care in severe COVID-19 patients could
have easily amplified the death toll manifold; however,
current mortality data and reports from various sources
does not support such a trend. Does this mean that
Indians in general are more resistant to a severe form of
the infection? Does the average Indian host have a supe-
rior immune response to SARS-CoV-2?

One argument for such low deaths occurring in India
due to COVID-19 is that the country went into an early
lockdown that could have curtailed the spread of the
infection (Hollingsworth, 2020; Mahajan &
Koushal, 2020). However, all other countries under com-
parison (except Sweden) also went into lockdown since
the beginning of the pandemic when initial few cases or
deaths were recorded, but could not prevent high

mortality rates. A study has shown that substantial trans-
mission of SARS-CoV-2 in the community would have
already happened even before symptoms appear
(He et al., 2020). This means control measures such as a
lockdown will not be effective once symptoms start to
show up in the community (He et al., 2020). Therefore,
the interpretation that lockdown measures implemented
in India have resulted in lower deaths due to COVID-19
may be erroneous (Mahajan & Koushal, 2020). This is
apart from the fact that the strict implementation of the
measures in India was questionable (Bhattacharryya,
2020). Most importantly, a study has shown that over
44% of the positive cases could not be contact traced
suggesting community transmission was ongoing during
the lockdown period in India (Abraham et al., 2020).

3 | TRAINED INNATE IMMUNITY
COULD BE AN IMPORTANT
PROTECTIVE FACTOR IN
PANDEMICS

Trained immunity or trained innate immunity is a recent
paradigm in immunology that is fast catching up to
reveal its enormity in the impact it may have on human
health and disease (Netea et al., 2020a). It is now recog-
nized that the innate immune system like the adaptive
immune arm can also have some memory so that its
response to a subsequent encounter of not only the same
but related stimulus is more pronounced. However,
unlike the adaptive immune system whose memory
derives from genetically reorganized clones of T and B
cells that remain quiescent for long periods of time under
cytokine influence, the innate immune cells depend on
epigenetic reprogramming to retain a memory of an ini-
tial encounter-response to a stimulus. Apparently, the
innate immune cells like macrophages, NK, and even
DCs get trained because of an initial encounter of the
stimulus and can retain the training as a memory
imprinted in their epigenetic landscape. The memory is
not only in the cells that went through this training but
even the hematopoietic stem cell precursors in the bone
marrow are also reprogrammed by the stimulus so that a
long-lasting memory is perpetuated. Furthermore, other
types of cells like epidermal and stromal stem cells also
are known to be trainable suggesting far-reaching impli-
cations into our understanding of vertebrate biology as
this area gets more attention. Trained immunity is a com-
mon phenomenon in plants and invertebrates while it
showed up in different observations in vertebrate biology
too. For example, it was known that the BCG vaccine
protected children against other respiratory diseases and
decreased mortality (Garly et al., 2003). The phenomenon
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was defined first by Netea and colleagues (Netea,
Quintin, & van der Meer, 2011). They made an observa-
tion that the β-glucan component of the pathogen
C. albicans can induce memory in mice that could protect
them from other infections like S. aureus (Quintin
et al., 2012). BCG vaccine against Tuberculosis has
known to have nonspecific protective effects against
other infections and also against tumors; this is also
attributed to trained immunity (Netea et al., 2020b).

Genomics studies have taught us that the observed
variation in a polygenic trait such as an immune
response is controlled by more nongenetic and epige-
netic factors than genetic factors (Brodin et al., 2015;
Brodin & Davis, 2017; Liston, Carr, & Linterman, 2016).
Any given population will have a mix of hosts that will
have a range of responses against an infection dictated
by all those factors. Figure 3A shows a typical mortality
curve in an epidemic/pandemic infection; it is a

simplistic model based on the observations made on
COVID-19 regarding host susceptibility and pres-
ymptomatic transmission (He et al., 2020; Huang
et al., 2020). SARS-CoV-2 has the serial interval smaller
than the incubation period (glossary); hence, the sub-
stantial transmission would have happened before the
community realizes that an infection is ongoing. When
a new fast-spreading virus enters the community,
depending on its Ro it may take a certain amount of
time to reach a critical mass. Measures to counter the
spread of the infection after this critical mass is reached
would be of little help in reducing the casualties signifi-
cantly, as it would have reached the maximum number
of vulnerable hosts (He et al., 2020).

Any population would have a mix of hosts with vary-
ing levels of immune responses. The most vulnerable will
appear in the first part of the mortality curve as they have
the least chance of fighting the virus, for example, older

FIGURE 3 India shows a less severe COVID-19 likely because it has more trained hosts due to endemic exposure to intracellular

pathogens. A, A simplistic mortality curve model based on data for COVID-19 considering the nature of the hosts that are succumbing to

infections (Huang et al., 2020) is drawn. Based on the data from He et al. (2020), a presymptomatic transmission is assumed (a 100%

transmission is an assumption in the model, even though He et al. (2020) have shown it as 44%). The resistance of the hosts increases over

time in the mortality curve as shown. B, The curve of daily deaths for the United States and India. The data for each country begins from the

day it had its first death and goes till the next 134 days. The 134 days was chosen since India had passed that many days from the day of its

first death due to COVID-19, till Jul 24, 2020. C, Trained immunity could also be due to exposure to endemic intracellular pathogens. The

Indian hosts get a constant exposure to infections from M. tuberculosis, arthropod-borne RNA viruses, and protozoan parasites and develops

a trained immune system that protects them from a severe disease from a new but related pathogen like SARS-CoV-2
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individuals with frail immune systems (Figure 3A). The
next part is occupied by the slightly resistant hosts, but
their resistance is limited and handicapped by their
comorbid conditions. This group would comprise of indi-
viduals with several preexisting conditions like heart,
lung, kidney, and metabolic ailments (Zadori, Vansca,
Farkas, Hegyi, & Eross, 2020). These hosts are resistant
enough but due to their comorbidities, their successful
response to the virus is compromised. Naturally, a large
proportion of the population in urban areas with lifestyle
disorders would populate the middle part of the curve.
The most resistant hosts for the infection including
trained hosts would fall on the latter part of the curve.
According to this model the mortality curve can be flat-
tened by 1) decreasing the Ro of the virus either naturally
by having communities with lower population density or
artificially by implementing social distancing measures
before a critical mass of the virus is attained, and 2) hav-
ing more resistant hosts including trained hosts in the
community.

The data on daily deaths for 134 consecutive days for
the United States and India are shown in Figure 3B. The
United States has a very steep forward slope followed by
a similar slope in the backward direction in a short
period of time, but the curve has not reached the bottom
yet. India, in comparison, seems to be having a flat curve
all along with a slow increase in death toll toward the
end. Based on the model in Figure 3A, India could not
have achieved this flatness in the curve through popula-
tion density; neither is there convincing evidence to say
that the lockdown measure was successful. Flattening or
bending of the mortality curve during the course of
COVID-19 is something that every country thrived for,
but India seems to have achieved this feat, somewhat,
naturally. Is it possible that India has a large number of
resistant hosts? COVID-19 is causing severe infections in
aged and people with comorbidities in the developed
countries (Guan et al., 2020; Liu, Chen, Lin, &
Han, 2020); more people from the socioeconomically
deprived background are dying due to the disease
(Fielding-Miller, Sundaram, & Brouwer, 2020; van Dorn,
Cooney, & Sabin, 2020). India has a relatively younger
population compared to the other countries, but certainly
has a large proportion of people with comorbidities like
diabetes, heart diseases, and recently even cancer
(Chandramohan & Thomas, 2018; Corsi &
Subramanian, 2019). These diseases have now reached
epidemic proportions in the country (Kaveeshwar &
Cornwall, 2014; Prabhakaran, Jeemon, & Roy, 2016). So,
why are we not seeing (or not seen so far) a similar steep
mortality curve in India like the other developed coun-
tries? Is it then possible that India has more trained
hosts?

4 | INDIA COULD HAVE GAINED
FROM ITS ENDEMIC PATHOGENS

India does have a BCG vaccination program for children
in place. However, India is also endemic to several RNA
viruses like DENV (Dengue), JEV (Japanese encephalitis
virus), H1N1 (Influenza), CHIKV (Chikungunya), and
others (Ganeshkumar et al., 2018; Ravi, 2006; Suri &
Sen, 2011; Tiwari, Singh, Tiwari, & Dhole, 2012). Recent
emerging RNA viruses like Zika and Nipah also have
found a foothold in the country (Rolph &
Mahalingam, 2019; Thomas et al., 2009). Another RNA
virus, Coxsackievirus (CV-16) that causes hand-foot-and-
mouth disease in children was also reported in the last
few years in India (Rao, Naidu, Maiya, Babu, &
Bailly, 2017). Therefore, the Indian population is con-
stantly exposed to RNA viruses either endemically or epi-
demically or as emergent infections. The susceptible
hosts vary in each of the above diseases, but a large pro-
portion of the population remains resistant to infections
or gets infected with mild symptoms and recovers. For
instance, children are the most susceptible hosts in CV-
16 and JEV infections, while adults are affected more
with DENV and CHIKV. Not only RNA viruses, but
India is endemic to Tuberculosis, Leishmania, and
Malaria infections (Gutierrez et al., 2006; Kumar,
Valecha, Jain, & Dash, 2007; Singh, Hasker, Boelaert, &
Sundar, 2016).

A large number of studies have now reported that
BCG vaccination may have a role in offering protection
against the ongoing COVID-19 (Netea et al., 2020b;
Escobar, Molina-Cruz, & Barillas-Mury, 2020; Gursel &
Gursel, 2020; Ozdemir, Kucuksezer, & Tamay, 2020;
Covian, Retamal-Diaz, Bueno, & Kalergis, 2020; Madan
et al., 2020; Weng et al., 2020; Meena, Yadav, &
Kumar, 2020). If this were to be true then India, which
not only has a BCG vaccination program for children,
could benefit from the fact that Tuberculosis is endemic
to the region. Similar to the RNA viruses M. tuberculosis,
the causative agent of Tuberculosis may also be con-
stantly stirring up the immune responses of an average
Indian on a regular basis. The fact that a large proportion
of the Indian population is latent carriers of
M. tuberculosis, without frank disease is evidence of this
(Houben & Dodd, 2016). RNA viruses like DENV,
CHIKV, JEV, and parasites that cause Malaria and Leish-
mania are transmitted by arthropod vectors that are diffi-
cult to control due to large population size, poverty, and
lack of sound infrastructure in the country. The popula-
tion density especially in urban centers also makes the
transmission of respiratory diseases like Tuberculosis and
H1N1 Influenza much easier since they get transmitted
by the aerial route. Therefore, the Indian host has to
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constantly encounter these pathogens on a daily basis
(e.g., M. tuberculosis), some every season (e.g.,
DENV, H1N1).

A Th1 adaptive immune response is the one that ulti-
mately gets rid of intracellular pathogens like viruses,
bacteria, or protozoan parasites (Ley, 2017). Macrophages
and possibly DCs and other immune cells also have
polarized states that reflect the nature of the pathogen
that they have encountered. For example, M1 macro-
phages are more proinflammatory and eliminate
M. tuberculosis and Leishmania in resistant hosts (Atri,
Guerfali, & Laouini, 2018). Since innate immunity is
non-specific, several PRRs that recognize different
PAMPs may stimulate similar endpoint responses. For
example, Lipopolysaccharide a TLR-4 ligand and poly(I:
C) a TLR-3 ligand both lead to the stimulation of com-
mon pathways inside the cell (Reimer, Brcic,
Schweizer, & Jungi, 2008). Therefore, a common over-
lapping epigenetic landscape may be defining the
responses to different intracellular pathogens dealt by
innate immune cells. Exposure to one intracellular patho-
gen would imply that trained immunity would ensure an
augmented response to another related pathogen. It is
known that SARS-CoV-2 does not stimulate a robust IFN
response in infected cells (O'Brien et al., 2020). Therefore,
a trained cell would be in a far more advantageous posi-
tion to raise a response against SARS-CoV-2 compared to
a non-trained cell since the threshold for stimulation
would be lower in the trained cell (Figure 3C).

The important conclusion we can draw from India's
COVID-19 mortality curve is that the infection is unusu-
ally prolonged for a novel virus-like SARS-CoV-2
(Figures 2A and 3B) (Banerjee, 2020a). This would also
mean, contrary to the model shown in Figure 3A, the
community spread is still ongoing in India when com-
pared to other European countries (Banerjee, 2020b). The
most likely explanation for this is that there is a natural
resistance in the Indian population that is halting the
rapid spread of the virus in the community. This is in
contrast to the European countries that have seen an
almost complete decline in morbidity and mortality
within �3 months of the first infection in their respective
communities (Figure 2A); interestingly these countries
have not seen a reemergence of the virus even after
lifting their lockdown measures (Bhattacharryya, 2020).
Have these communities therefore reached their herd
immunity threshold? (Banerjee, 2020a; Banerjee, 2020b).
A minimum of 50% of the population should get infected
and recover from COVID-19 in order to achieve a herd
immunity threshold for a conservative estimate of
Ro = 2.0 (Petersen et al., 2020); however, recent seroprev-
alence studies have shown a prevalence rate of only 5%
in Spain (with lockdown) and around 7.3% in Sweden

(without lockdown) (Griffin, 2020). There could be two
possibilities to explain this discrepancy: either the esti-
mate of the spread of the infection in the community is
grossly inaccurate (due to less sensitive tests) or there is
some form of preexisting immunity even in these com-
munities (Lourenco, Pinotti, Thompson, & Gupta, 2020),
maybe to a lesser extent than that prevalent in India.
Neuroscientist Karl Friston calls this latter possibility as
the “immunological dark matter” in COVID-19
(Spinney, 2020). Since SARS-CoV-2 is a supposedly novel
virus, and unless the cross-protection to SARS-CoV-2
from preexisting immunity to other coronaviruses is
unequivocally proved (Lourenco et al., 2020), adaptive
immunity is less likely to be the protective factor
(Banerjee, 2020a, Banerjee, 2020b). In an elegant analy-
sis, Banerjee (2020a) has pointed out that the protection
seen in India from COVID-19 could be because of an
innate immunity factor. Therefore, the Indian COVID-19
mortality data allows us to hypothesize that the presence
of hosts in the population who have some form of resis-
tance (not necessarily adaptive immunity-mediated herd
immunity) can help prolong the spread of the infection to
the vulnerable hosts and significantly flatten the curve
(Figure 4). If the hypothesis is true, then as a natural con-
sequence, such a population would end up with lesser
total mortality compared to those populations without a
significant number of resistant hosts due to the fact that
pandemics do not last for a long time (Singh, 2020). In
support of this claim, a modeling study has shown that a
heterogeneous host population in terms of susceptibility
to disease can lower the threshold for herd immunity
(Gomes et al., 2020). Another modeling study suggests
that SARS-CoV-2 infection will linger on until a “hub” is
infected which leads to a sudden rise in infections leading
to a fast progression toward a peak (Herrmann &
Schwartz, 2020). Since the Indian COVID-19 mortality
curve has still not seen its peak even after 6 months, it is
an indication that the virus is struggling to reach a cer-
tain critical number of vulnerable hosts, possibly because
it is encountering resistant hosts frequently. In line with
this, the Indian health ministry has consistently denied
that a community spread of COVID-19 has happened in
India (Kaur, 2020).

India has an average death rate of �27 000/day due
to all causes (www.TheGlobalEconomy.com; data for
2018). Around 1200 deaths occur every day due to infec-
tious diseases, more than 98% contributed by Tuberculo-
sis alone (Table 2; www.ncdc.gov.in). India has so far
31 425 deaths due to COVID-19 in a span of around
6 months with a flattened curve that is yet to peak. The
deaths per day due to COVID-19 touched the 500 mark
after 5 months since the first confirmed SARS-CoV-2
infection in India (worldometers.info); the shallow slope
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of the Indian curve would mean it would take a consider-
able amount of time to reach the death toll similar to that
of Tuberculosis in India (Table 2), provided the infection
persists that long. This will suggest that COVID-19 has
not been a bigger public health problem than Tuberculo-
sis in the Indian population. Any assessment of a public
health crisis in India should involve and account for the
vast majority of its population who live near or below the
poverty line; but so far there have been no signs that this
large stakeholder group is adversely affected by COVID-
19 (Dharavi, for example). Yes, the urban hospitals
appear to be crowded in recent weeks, but even here, the
situation is not as bad as it was expected and cities like
Delhi have started to show signs of recovery (Rukmini &
Rampal, 2020). It is also true that the exaggerated atten-
tion the virus has got, mainly due to improper communi-
cation through media channels, has led to an increase in

hospital traffic. For example, instead of focusing on per-
cent positivity rates, most media outlets harp on increas-
ing cases, despite the fact that this measure is
confounded by testing frequency (ourworldindata.org;
Figure 2C). In such situations, people who can afford pri-
vate hospitals, out of fear from the constant information
of increasing cases around them, would like to get them-
selves tested and treated for the disease even if they have
mild symptoms, and hence could lead to an increase in
demand for hospital beds. On the contrary, the poor who
face other pertinent problems than COVID-19 in their
lives, are seen to be moving on with their daily activity as
usual, since the time the lockdown was lifted. In sum-
mary, the Indian mortality rates due to COVID-19 have
not reached alarming rates and are likely to remain so
given the naturally flattened nature of its mortality curve.
The same, may not be said about the morbidity curve,

FIGURE 4 The COVID-19 curve can be flattened by having more resistant hosts in the population that can halt the virus from

reaching its critical mass rapidly. Populations that have more resistant hosts will prolong the community spread time and lead to a natural

flattening of the curve. The gain from such naturally flattened curves is that the burden on public health care provider system will be less;

however, the loss is that such populations may become endemic to such infections (Banerjee, 2020b)

TABLE 2 Number of yearly cases and deaths from infectious diseases in India

Disease 2016 cases, deaths 2017 cases, deaths 2018 cases, deaths 2019 cases, deaths

H1N1a 1786
263

38 811
2270

15 266
1128

28 798
1218

Denguea 129 166
245

188 401
325

101 192
172

136 422
132

AESa 11 651
1301

13 672
1097

11 388
636

14 995
710

Malariaa 8,44 558
194

4,29 928
96

3,34 693
50

19 980
2

Tuberculosisb 2 790 000
435 000

2 740 000
421 000

2 690 000
450 000

NA

Abbreviations: AES, acute encephalitis syndrome, NA, not available.
aObtained from www.ncdc.gov.in.
bGlobal tuberculosis reports, WHO.
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which is seeing a constant increase (now reaching
>45 000 cases/day; worldometers.info). After adjusting
for age-dependent mortality, India had �12 times less
mortality due to COVID-19 in the age group of >65 y, rel-
ative to the United States by the end of June 2020. This
figure is highly deflated as it does not account for the
population density differences between the two countries,
which will directly affect the Ro of the virus. A modeling
study had predicted 1.56 million deaths with a peak by
mid-July due to an uninterrupted COVID-19 pandemic

in India (Chatterjee, Chatterjee, Kumar, &
Shankar, 2020). Therefore, the deaths due to COVID-19
in India so far have defied all projections arguing for
alternate explanations to understand this phenomenon.

The rising number of COVID-19 cases in India (from
more than 30 000/day in last two weeks) is concerning at
present; however, India is constantly increasing its test-
ing capacity (Figure 2C), and therefore, an increase in
caseload may be irrelevant as long as there is no drastic
increase in percent positivity rates. The deaths/day are

FIGURE 5 India may have escaped a severe COVID-19 disease due to trained innate “herd” immunity. A, Presumptive models to

explain COVID-19 deaths in India. Model A presumes high mortality similar to the one seen in developed countries, but inadequate testing

for SARS-CoV-2 in India has not captured a significant part of the mortality. A country with daily deaths of >27 000 due to all causes (upper

thin dashed line) and >1200 due to other infectious diseases (lower thin dashed line), will have to have a large increase in death rate above

and over these figures to be detected as a genuine signal from new causes. Model B presumes that COVID-19 was present sometime before

the testing began in India and had its peak some time ago, but went undetected in the background of other deaths involving comorbidities

and infections. Model C presumes that SARS-CoV-2 has not yet reached its critical mass in the Indian population and mortality is currently

showing its peak or the peak is yet to come. (Black solid curve-actual daily mortality due to COVID-19; Blue curve-daily mortality due to

other infections; Red solid line-COVID-19 daily mortality rate confirmed by diagnostic testing). The endemicity model presumes that

COVID-19 may become a perpetual infection of a low grade similar to other viral infections like Dengue in the Indian population; there may

be several smaller peaks (solid line) or a plateau (thick dashed line). B, Innate 'herd' immunity may be an important protective factor in

pandemics. Trained immunity so far has only considered the BCG vaccine as a likely primer for boosting immunity against SARS-CoV-2.

Here, I propose that endemic pathogens like other RNA viruses, M. tuberculosis (as latent infections) and others may have boosted the innate

immunity of the Indian population that may be offering protection to a large majority of people from severe COVID-19. Whether an innate

'herd' immunity factor is functioning similar to the concept of the classical herd (immunity) effect, needs further investigation
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currently hovering around 750 to 800/day, which may
not be a cause for concern as most deaths are due to pre-
existing conditions where SARS-CoV-2 may not be a
direct cause of death. The daily deaths seemed to increase
in Delhi and Mumbai in the middle of June (Jain &
Dasgupta, 2020; Parth, 2020), but the cases are now (end
of July) showing a downward trend in big cities
(Rukmini & Rampal, 2020), except maybe in southern
India, which is showing a late surge. The real impact of
SARS-CoV-2 infection will become clear only when we
compare season-matched pre-COVID-19 mortality rates
in India due to non-communicable diseases with that of
the mortality rates in these diseases after COVID-19 test-
ing became possible, in order to ascertain the “extra”
death toll in these diseases accountable to the virus.
Many state governments have set up “COVID-19 mortal-
ity audit committees” comprising of physicians and
pathologists to correctly assess the cause of a death where
SARS-CoV-2 was associated with; such an exercise will
anyway be highly challenging even for the best-trained
doctors. Therefore, it remains to be determined if
COVID-19 has significantly exaggerated the mortality in
people with non-communicable diseases in India; it will
be an important statistic as most of the deaths are occur-
ring in the urban population, which have a high preva-
lence of lifestyle diseases.

The question is: where does India currently stand in
COVID-19, and where is it likely headed? If we presume
that the pandemic had a similar effect in India as it had
on other developed countries, then, thanks to inadequate
testing, India may have grossly underreported COVID-19
mortality (Figure 5A, model A). However, this appears to
be least likely as concluded by several recent reports
(Chakrabarti et al., 2020; Gupta & Misra, 2020; Ram
et al., 2020; Reddy & Pandey, 2020). The other likely sce-
nario is that COVID-19 in India had a peak of infections
and deaths sometime in the past (Figure 2B), but the
severity was so low that it went unnoticed in the back-
ground of other deaths from other diseases, especially
those deaths that have occurred due to metabolic and car-
diovascular diseases (model B, Figure 5A). If this model is
correct than the increase happening currently in infection
rate is only because of an increase in the rate of testing
(Figure 2C); in support of this, a study has shown that the
percent positivity rate has shown a small range of 3% to
6% from Mar to Apr 2020 (Abraham et al., 2020). Model B,
which premises that infection peak happened in the past
could be wrong if the infection indeed began recently, but
the rate of spread was exactly the same as the increase in
testing rate, which will be highly coincidental, and there-
fore, less likely. If Model B is valid, then the observed
COVID-19 death numbers in India would continue to
increase until they catch up with the actual COVID-19

mortality curves (model B, Figure 5A). The evidence
against this models is that the health care system and cre-
matorium records in cities like Mumbai and Delhi show a
likely peak happening only from mid-Jun (Jain &
Dasgupta, 2020; Parth, 2020); if true, this means that
COVID-19 in India is currently at its peak or is yet to
reach there (model C, Figure 5A). It is also possible that
COVID-19 may become endemic in India with regular
smaller peaks or even a plateau for a long period of time
until the critical mass is reached (Endemicity, Figure 5A).

The age break-up for COVID-19 deaths in India is:
0.5% in <15 years; 2.5% in 15 to 30 years; 11.4% in 30 to
45 years; 35.1% in 45 to 60, and 50.5% in >60 years of
age. Around 73% of COVID-19 deaths have occurred in
patients with comorbidities, and men account for 64%
deaths (Ministry of Health, Govt. of India, Press release
May 5; Mudur, 2020). However, two observations that
stand out from India are: COVID-19 deaths are about
eight-fold higher in India in the age below 60 years com-
pared to a similar age group in Italy (Mukhopadhyay,
2020); the other is that the disease has been more severe
in women than men in India (Joe, Kumar, Rajpal, Mis-
hra, & Subramanian, 2020). This is in contrast to observa-
tions in the developed countries (Wenham, Smith, &
Morgan, 2020), perhaps also a reflection of how the dis-
ease has manifested differently in the Indian population.
The state of Kerala, which has the highest percentage of
aged people in the country is commended for its manage-
ment of the disease with just 24 deaths at the end of June
even though the first case in the country was detected
here; this is despite the fact that Kerala has a large tourist
population and natives living abroad who frequently
travel (Gulia & Kumar, 2020). Over 50% of total COVID-
19 deaths in India have occurred in five major cities
(Awasthi & Mavlankar, 2020). This may suggest that
rural India will see the spread much later after the urban
centers are through with their peaks. India may end up
showing huge morbidity and even end up becoming
endemic to COVID-19 (Banerjee, 2020b), but if the cur-
rent trend holds up in mortality, it would see lesser rela-
tive mortality in comparison to the other developed
countries (Reddy & Pandey, 2020). This could be signifi-
cant considering the fact that India is a developing coun-
try with a large section of the populace living in poverty.
This would mean that COVID-19 in India would leave a
negligible impact on its impoverished population com-
pared to its top killer disease, Tuberculosis. The irony is
that this same killer disease along with other intracellular
pathogens and RNA viruses may have protected a large
majority of the Indian population from a severe COVID-
19 through trained “herd” immunity (Figure 5B). While
COVID-19 seems to have spared the poor in India so far,
what damage it may cause to the urban middle and
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upper-middle class is still not clear, as the disease is still
ongoing. The other irony here is that the poorer sections
of the community, who usually are at the mercy of those
in the higher layers of the power pyramid, may have
inadvertently protected the latter by acting as “speed
breakers” in the spread of SARS-CoV-2 and may have
minimized the damage due to severe COVID-19 in urban
centers of India. Certainly, the Indian COVID-19 experi-
ence would remain interesting for future research on
viral epidemiology and also trained immunity.

5 | SOCIOECOLOGICAL AND
SOCIOECONOMIC FACTORS AS
POSSIBLE DETERMINANTS OF
COVID-19

The problem with comparing COVID-19 morbidity and
mortality rates between different countries and regions of
the world is that there may be several factors like inade-
quate testing, differing specificity and sensitivity of tests,

non-uniform testing methods and phenotype classifica-
tion, demographics, socioecological, socio-economical,
and others that may be confounders (O'Neill &
Netea, 2020). With this caveat in mind, such a compari-
son of COVID-19 mortality indeed shows interesting
trends (Figure 6). We see that Africa and Asia (including
India) have a trend similar to that of India in that the dis-
ease seems to be prolonged and mild. Oceania has a dis-
tinct trend with the least severe disease among all
continents. Europe saw the earliest transmission
(of course, after China where the disease is mild/con-
trolled) followed by North America. South America
seems to be also delayed in its transmission similar to
Asia and Africa, but the mortality seems higher
(Figure 6A). Brazil is consistently seeing more than 1000
deaths/per day on an average in the last 60 days
(worldometer.info). Interestingly, the eastern states of the
United States had a peak closely following that of
Europe, but the southern and western states seem to be
following the trend of the South American countries with
a late surge in infections. There is a temporal matching

FIGURE 6 Geographical, socioecological, and socioeconomic factors may be influencing COVID-19 outcome in different regions/

countries of the world. A, Daily death curves showing different trajectories in different continents of the world. B, The daily death curves

show striking differences in countries grouped according to their income status showing a negative correlation with the slope of the

curves. C, The daily case curves, however, do not show a similar negative correlation with income. D, Lesser number of deaths occurs for a

given number of cases in countries with lower incomes compared to the ones with higher incomes. Slopes were calculated for the daily case

curves and death curves and ratios are plotted for different groups of countries (LI, low income; LMI, lower middle income; HMI, higher

middle income; HI, high income). All the data shown in this figure was from Dec 31, 2019 to Jul 24, 2020. All data were obtained from

ourworldindata.org
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in the mortality curves of Asia, South America, and the
late surge curve seen in North America (Figure 6A), but
the mortality is less in Asia compared to the latter two
continents. When we classify the countries based on
income, we see a clear trend where income is directly
proportional to the daily death rate due to COVID-19
(Figure 6B). This may be a reasonably correct interpreta-
tion since the COVID-19 cases do not seem to correlate
with income (Figure 6C). When we look at the number
of cases needed for each death, there is a clear inverse
correlation with income (Figure 6D). Brazil and India,
although have a similar slower trajectory of COVID-19
mortality curves compared to the European countries,
they fall into two different groups economically (India is
LMI while Brazil is UMI, Figure 6B-D), offering a poten-
tial explanation to their different mortality rates due to
the pandemic (India has 32 096 deaths while Brazil has
86 496 deaths on July 26, 2020; worldometers.info). Over-
all, while the data in Figure 6B-D may say that lower
socioeconomic status on a global level may correlate with
a less severe COVID-19, paradoxically lower socioeco-
nomic status is a risk factor for severe COVID-19 in
advanced countries like the United States and UK
(Bentley, 2020).

6 | POSSIBLE FACTORS
EXPLAINING LESS SEVERE COVID-
19 IN SOME REGIONS/COUNTRIES

The main argument I have for the observed mild COVID-
19 trend in India is that of trained innate immunity due to
endemic pathogens, but there could be other reasons to
explain this phenomenon not only in India but also in
other regions where we see similar trends (Figure 6). Pre-
existing adaptive immunity to other viruses and cross-
reactivity with SARS-CoV-2 may be one factor (Grifoni
et al., 2020; Weiskopf et al., 2020). The demographic differ-
ence is another important factor; many countries in Africa
and Asia are more youthful than the western countries
and since the disease has affected mostly the older people,
this variable could be an important confounder (Njenga
et al., 2020). Modeling studies have shown that the pres-
ence of a more heterogeneous population in terms of age
can lower the herd immunity threshold in a population
(Britton, Ball, & Trapman, 2020). Socioecological factors,
including population density, population mobility, and
social behavior may have played a role in Africa (Cabore
et al., 2020). Ambient temperature and humidity (Yuan,
Jiang, & Li, 2020), vitamin D, food habits, and water
sources seem to be an explanation for different COVID-19
trends in different European countries (Bornstein

et al., 2020; Bousquet et al., 2020; Rhodes, Subramanian,
Laird, Griffin, & Kenny, 2020). Above all, differences in
testing methods (specificity and sensitivity), testing fre-
quency, classification criteria for deaths from COVID-19
may be confounding the analysis presented here as well as
in other similar reports (O'Neill & Netea, 2020; Undela &
Gudi, 2020). This is a major limitation of ecological analy-
sis of COVID-19 data (Li & Hua, 2020).

7 | CONCLUDING THOUGHTS

In this article, I propose that innate immunity training
that occurs due to constant exposure to microbial stimuli
may be protecting a majority of the Indian population
from a severe form of SARS-CoV-2 infection. Others have
opined that this phenomenon may be related to the
hygiene hypothesis (Sehrawat & Rouse, 2020). While epi-
demiological and experimental evidence is awaited to
unequivocally refute this viewpoint, it certainly is sugges-
tive of positive deviance (Marsh, Schroeder, Dearden,
Sternin, & Sternin, 2004) in COVID-19.

Human biology is thought to “emerge from a complex
dance” of genes and the environment (Goodman, 2006).
COVID-19 can be a great opportunity to understand this
phenomenon in depth (Pearl, 1930). Genetics may have
had a significant role in the protection from severe
COVID-19 in some regions of the world like the South-
east Asian (Sohn, Phanuphak, Baral, & Kamarulzaman,
2020) and East Asian countries; Japan, despite having the
highest percentage of older individuals, has not been
severely affected by COVID-19. East Asians are known to
have some distinct polymorphisms related to genes in
immunity (Oliveira et al., 2018; Prokunina-Olsson
et al., 2013). For example, the dinucleotide variant that
gives rise to the novel human IFN-L4 gene and other type
III IFN polymorphisms are under strong positive selec-
tion pressure in East Asians (Key et al., 2014; Manry
et al., 2011). On the other hand, the environment could
have played a significant role in explaining the COVID-
19 trend in South Asia, including India and Africa. Even
though ecological analysis of COVID-19 is problematic, it
is hard to miss the inverse correlation of income and
severity of COVID-19 in different countries of the world
(Figure 6B-D; Cash & Patel, 2020; Schellekens &
Sourrouille, 2020). It is also interesting to note that
COVID-19 has been relatively severe in more organized
societies than less organized ones. In addition, COVID-19
has not affected children, unlike past Flu pandemics, pos-
sibly because SARS-CoV-2 likes to target phenotypes that
have certain acquired characteristics found in adults
(e.g., life-style disorders), despite the fact that the latter
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have more stronger immunity. These observations point
to a strong effect of environment in the biology of
COVID-19; understanding this effect may hold the key to
what Karl Friston refers to as the “immunological dark
matter” (Spinney, 2020).
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GLOSSARY
Ro: a measure of how rapidly the virus spreads, which
essentially indicates the average number of people the
virus can spread to; it is calculated based on several
parameters, including the closeness of contacts termed
the contact rate.

Serial Interval: time interval in a transmission chain
between successive symptomatic cases.

Incubation period: time between infection and symptoms.
Vulnerable hosts: are those hosts who show severe

symptoms and will harbor more viral load during the
infection and are also more likely to die.

Resistant hosts: are those hosts who may get infected
by the virus, but viral loads are not very high and will
recover with no or mild symptoms.

Critical mass: the maximum viral load that a virus can
develop collectively in a population due to its infection of
all the vulnerable hosts; the critical mass is proportional to
the number of vulnerable hosts in the population.

Percent positivity rate: number of positive cases
divided by the number of tests done.

Herd effect or Herd Immunity: a phenomenon related to
acquired immunity that offers protection to some fraction
of the susceptible individuals in a population because a
larger majority of the population has developed immunity
either naturally after the infection or due to vaccination.

Morbidity: a measure of how much a disease is pre-
sent, for example, COVID-19 cases in a population.

Mortality: a measure of deaths that have occurred as a
result of a disease.

Epigenetics: A subject that deals with the changes
that happen during the expression of genes in the DNA

genome through several mechanisms like methylation
of DNA and chromatin; the changes could be
inheritable.

Comorbidities: diseases that are usually present
already in a patient in the context of another disease that
is present simultaneously.

ORCID
Sreedhar Chinnaswamy https://orcid.org/0000-0003-
0095-3453

REFERENCES
Abraham, P., Aggarwal, N., Babu, G. R., Barani, S., Bhargava, B.,

Bhatnagar, T., … Yadav, N. (2020). Laboratory surveillance for
SARS-CoV-2 in India: Performance of testing & descriptive epi-
demiology of detected COVID-19, January 22–April 30, 2020.
Indian Journal of Medical Research, 121, 424–437.

Adiga, A., Chu, S., Eubank, S., Kuhlman, C. J., Lewis, B.,
Marathe, A., … Wilson, M. L. (2020). Disparities in spread and
control of influenza in slums of Delhi: Findings from an agent-
based modelling study. BMJ Open, 8, e017353. https://doi.org/
10.1136/bmjopen-2017-017353

Altfeld, M., & Gale, M., Jr. (2015). Innate immunity against HIV-1
infection. Nature Immunology, 16, 554–562.

Atri, C., Guerfali, F. Z., & Laouini, D. (2018). Role of human macro-
phage polarization in inflammation during infectious diseases.
International Journal of Molecular Sciences, 19(6), 1801. https://
doi.org/10.3390/ijms19061801

Awasthi, A., & Mavlankar, D. (2020). COVID-19 in India: An epi-
demic in congested cities. BMJ Journals-COVID-19 Blog.
https://blogs.bmj.com/covid-19/2020/06/01/covid-19-in-india-
an-epidemic-in-congested-cities/

Banerjee, D. (2020). How COVID-19 is overwhelming our mental
health. Nature India. https://www.natureasia.com/en/nindia/
article/10.1038/nindia.2020.46

Banerjee, S. (2020a). Can innate immunity flatten the curve? Covid-
19—A case study. Preprints 2020, 2020040353. https://doi.org/
10.20944/preprints202004.0353.v1

Banerjee, S. (2020b). Is novel coronavirus novel: Covid-19, a pan-
demic or an endemic? Preprints 2020, 2020050515. https://doi.
org/10.20944/preprints202005.0515.v1

Bentley, G. R. (2020). Don't blame the BAME: Ethnic and structural
inequalities in susceptibilities to COVID −19. American Journal
of Human Biology. https://doi.org/10.1002/ajhb.23478

Berger, A. (2000). Th1 and Th2 responses: What are they? BMJ, 321
(7258), 424.

Bhatia, R., & Abraham, P. (2020). Lessons learnt during the first
100 days of COVID-19 pandemic in India. Indian Journal of
Medical Research, 151, 387–391. https://doi.org/10.4103/ijmr.
IJMR_1925_20

Bhattacharryya, I. (2020). Why India's lockdown has been a spec-
tacular failure. The Wire. Retrieved from https://thewire.in/
government/india-covid-19-lockdown-failure.

Biswas, S. (2020). India coronavirus: The 'mystery' of low Covid-19
death rates. BBC. Retrieved from https://www.bbc.com/news/
world-asia-india-52435463.

Bornstein, S. R., Voit-Bak, K., Scmidt, D., Morawietz, H.,
Bornstein, A. B., Balanzew, W., … Straube, R. (2020). Is there a

CHINNASWAMY 19 of 25

https://orcid.org/0000-0003-0095-3453
https://orcid.org/0000-0003-0095-3453
https://orcid.org/0000-0003-0095-3453
https://doi.org/10.1136/bmjopen-2017-017353
https://doi.org/10.1136/bmjopen-2017-017353
https://doi.org/10.3390/ijms19061801
https://doi.org/10.3390/ijms19061801
https://blogs.bmj.com/covid-19/2020/06/01/covid-19-in-india-an-epidemic-in-congested-cities/
https://blogs.bmj.com/covid-19/2020/06/01/covid-19-in-india-an-epidemic-in-congested-cities/
https://www.natureasia.com/en/nindia/article/10.1038/nindia.2020.46
https://www.natureasia.com/en/nindia/article/10.1038/nindia.2020.46
https://doi.org/10.20944/preprints202004.0353.v1
https://doi.org/10.20944/preprints202004.0353.v1
https://doi.org/10.20944/preprints202005.0515.v1
https://doi.org/10.20944/preprints202005.0515.v1
https://doi.org/10.1002/ajhb.23478
https://doi.org/10.4103/ijmr.IJMR_1925_20
https://doi.org/10.4103/ijmr.IJMR_1925_20
https://thewire.in/government/india-covid-19-lockdown-failure
https://thewire.in/government/india-covid-19-lockdown-failure
https://www.bbc.com/news/world-asia-india-52435463
https://www.bbc.com/news/world-asia-india-52435463


role for environmental and metabolic factors predisposing to
severe COVID-19? Hormone and Metabolic Research, 52,
540–546. https://doi.org/10.1055/a-1182-2016

Bousquet, J., Anto, J. M., Laccarino, G., Czarlewski, W.,
Haahtela, T., Anto, A., … Zuberbier, T. (2020). Is diet partly
responsible for differences in COVID-19 death rates between
and within countries? Clinical and Translational Allergy, 10
(16), 16. https://doi.org/10.1186/s13601-020-00323-0

Brandstadter, J. D., & Yang, Y. (2011). Natural killer cell responses
to viral infection. Journal of Innate Immunity, 3(3), 274–279.

Britton, T., Ball, F., & Trapman, P. (2020). A mathematical model
reveals the influence of population heterogeneity on her immu-
nity to SARS-CoV-2. Science, 369, 846–849. https://doi.org/10.
1126/science.abc6810

Brodin, P., & Davis, M. M. (2017). Human immune system varia-
tion. Nature Reviews Immunology, 17(1), 21–29.

Brodin, P., Jojic, V., Gao, T., Bhattacharyya, S., Angel, C. J. L.,
Furman, D., … Davis, M. M. (2015). Variation in the human
immune system is largely driven by non-heritable influences.
Cell, 160, 37–47.

Cabore, J. W., Karamagi, H. C., Kipruto, H., Asamani, J. A.,
Droti, B., Seydi, A. B. W., … Moeti, M. R. (2020). The potential
effects of widespread community transmission of SARS-CoV-
2 infection in the World Health Organization African region: A
predictive model. BMJ Global Health, 5, e002647. https://doi.
org/10.1136/bmjgh-2020-002647

Cash, R., & Patel, V. (2020). The art of medicine. Has COVID-19
subverted global health? The Lancet, 30, 1687–1688. https://doi.
org/10.1016/S0140-6736(20)31089-8

CDC (2020). Past pandemics. Centers for Disease Control and Pre-
vention, National Center for Immunization and Respiratory
Diseases. Retrieved from https://www.cdc.gov/flu/pandemic-
resources/basics/past-pandemics.html.

Chakrabarti, S. S., Kaur, U., Banerjee, A., Ganguly, U., Banerjee, T.,
Saha, S., … Chakrabarti, S. (2020). COVID-19 in India: Are bio-
logical and environmental factors helping to stem the incidence
and severity? Ageing and Disease, 11(3), 480–488.

Chandra, S., Kuljanin, G., & Wray, J. (2012). Mortality from the
influenza pandemic of 1918-1919: The case of India. Demogra-
phy, 49(3), 857–865.

Chandramohan, K., & Thomas, B. (2018). Cancer trends and bur-
den in India. The Lancet Oncology, 19, e663.

Chatterjee, K., Chatterjee, K., Kumar, A., & Shankar, S. (2020).
Healthcare impact of COVID-19 epidemic in India: A stochastic
mathematical model. Medical Journal Armed Forces India, 76
(2), 147–155.

Chetterjee, P. (2020). Gaps in India's preparedness for COVID-19
control. The Lancet, 20, 544. https://doi.org/10.1016/S1473-3099
(20)30300-5

Chinnaswamy, S. (2016). Gene-disease association with human
IFNL locus polymorphisms extends beyond hepatitis C virus
infections. Genes and Immunity, 17, 265–275.

Clark, R., & Kupper, T. (2005). Old meets new: The interaction
between innate and adaptive immunity. Journal of Investigative.
Dermatology, 125, 629–637.

Corsi, D. J., & Subramanian, S. V. (2019). Socioeconomic gradients
and distribution of diabetes, hypertension, and obesity in India.
JAMA Network Open, 2(4), e190411. https://doi.org/10.1001/
jamanetworkopen.2019.0411

Covian, C., Retamal-Diaz, A., Bueno, S. M., & Kalergis, A. M.
(2020). Could BCG vaccination induce protective trained
immunity for SARS-CoV-2? Frontiers in Immunology, 11(970),
1–7. https://doi.org/10.3389/fimmu.2020.00970

Crosse, K. M., Monson, E. A., Beard, M. R., & Helbig, K. J. (2018).
Interferon-stimulated genes as enhancers of antiviral innate
immune signaling. Journal of Innate Immunity, 10, 85–93.

Danchin, E. (2013). Avatars of information: Towards an inclusive
evolutionary synthesis. Trends in Ecology and Evolution, 28(6),
351–358.

Danchin, E., Pocheville, A., & Huneman, P. (2018). Early in life
effects and heredity: Reconciling neo-Darwinism with neo-
Lamarckism under the banner of the inclusive evolutionary
synthesis. Philosophical Transactions of the Royal Society B,
374(20180113), 20180113. https://doi.org/10.1098/rstb.2018.
0113

Dore, B. (2020). Covid-19: Collateral damage of lockdown in India.
BMJ, 369, m1711. https://doi.org/10.1136/bmj.m1711

Dufour, D. L. (2006). Biocultural approaches in human biology.
American Journal of Human Biology, 18, 1–9.

Dwary, A. (2020). On camera, COVID-19 health staff attacked,
chased away in Madhya Pradesh's indore. NDTV.com.
Retrieved from https://www.ndtv.com/india-news/coronavirus-
lockdown-india-on-camera-health-workers-attacked-in-
madhya-pradeshs-indore-2-doctors-inj-2204649.

Eeshanpriya, M. S. (2020). WHO praises Dharavi's Covid fight. Hin-
dustan Times. Retrieved from https://www.hindustantimes.
com/mumbai-news/who-praises-dharavi-s-covid-fight/story-qu
Fz7j1kyguZztFCwN8ZtK.html.

Ellinghaus, D., Degenhardt, F., Bujanda, L., Buti, M., Albillos, A.,
Invernizzi, P., … Karlsen, T. H. (2019). Genomewide associa-
tion study of severe Covid-19 with respiratory failure. New
England Journal of Medicine. https://doi.org/10.1056/NEJM
oa2020283

Escobar, L. E., Molina-Cruz, A., & Barillas-Mury, C. (2020). BCG
vaccine protection from severe coronavirus disease 2019
(COVID-19). Proceedings of the National Academy of Sciences,
117(30), 17720–17726. https://doi.org/10.1073/pnas.2008410117

Feil, R., & Fraga, M. F. (2011). Epigenetics and the environment:
Emerging patterns and implications. Nature Review Genetics,
13, 97–109.

Fielding-Miller, R., Sundaram, M., & Brouwer, K. (2020). Social
determinants of COVID-19 mortality at the county level. med-
Rxiv. https://doi.org/10.1101/2020.05.03.20089698

Fischer, A. (2020). Resistance of children to Covid-19. How? Muco-
sal Immunology, 13, 563–565.

Fottrell, Q. (2020). Fauci says in 40 years of dealing with viral out-
breaks, he's never seen anything like COVID-19. MarketWatch.
com. Retrieved from https://www.marketwatch.com/story/
fauci-says-covid-19-has-one-characteristic-hes-never-seen-befor
e-ive-been-dealing-with-viral-outbreaks-for-the-last-40-years-2020
-06-23.

Frieman, M., Heise, M., & Baric, R. (2008). SARS coronavirus and
innate immunity. Virus Research, 133, 101–112.

Ganeshkumar, P., Murhekar, M. V., Poornima, V.,
Saravanakumar, V., Sukumaran, K., Anandaselvasankar, A., …
Mendale, S. M. (2018). Dengue infection in India: A systematic
review and meta-analysis. PLoS Neglected Tropical Diseases, 12
(7), e0006618.

20 of 25 CHINNASWAMY

https://doi.org/10.1055/a-1182-2016
https://doi.org/10.1186/s13601-020-00323-0
https://doi.org/10.1126/science.abc6810
https://doi.org/10.1126/science.abc6810
https://doi.org/10.1136/bmjgh-2020-002647
https://doi.org/10.1136/bmjgh-2020-002647
https://doi.org/10.1016/S0140-6736(20)31089-8
https://doi.org/10.1016/S0140-6736(20)31089-8
https://www.cdc.gov/flu/pandemic-resources/basics/past-pandemics.html
https://www.cdc.gov/flu/pandemic-resources/basics/past-pandemics.html
https://doi.org/10.1016/S1473-3099(20)30300-5
https://doi.org/10.1016/S1473-3099(20)30300-5
https://doi.org/10.1001/jamanetworkopen.2019.0411
https://doi.org/10.1001/jamanetworkopen.2019.0411
https://doi.org/10.3389/fimmu.2020.00970
https://doi.org/10.1098/rstb.2018.0113
https://doi.org/10.1098/rstb.2018.0113
https://doi.org/10.1136/bmj.m1711
http://ndtv.com
https://www.ndtv.com/india-news/coronavirus-lockdown-india-on-camera-health-workers-attacked-in-madhya-pradeshs-indore-2-doctors-inj-2204649
https://www.ndtv.com/india-news/coronavirus-lockdown-india-on-camera-health-workers-attacked-in-madhya-pradeshs-indore-2-doctors-inj-2204649
https://www.ndtv.com/india-news/coronavirus-lockdown-india-on-camera-health-workers-attacked-in-madhya-pradeshs-indore-2-doctors-inj-2204649
https://www.hindustantimes.com/mumbai-news/who-praises-dharavi-s-covid-fight/story-quFz7j1kyguZztFCwN8ZtK.html
https://www.hindustantimes.com/mumbai-news/who-praises-dharavi-s-covid-fight/story-quFz7j1kyguZztFCwN8ZtK.html
https://www.hindustantimes.com/mumbai-news/who-praises-dharavi-s-covid-fight/story-quFz7j1kyguZztFCwN8ZtK.html
https://doi.org/10.1056/NEJMoa2020283
https://doi.org/10.1056/NEJMoa2020283
https://doi.org/10.1073/pnas.2008410117
https://doi.org/10.1101/2020.05.03.20089698
https://www.marketwatch.com/story/fauci-says-covid-19-has-one-characteristic-hes-never-seen-before-ive-been-dealing-with-viral-outbreaks-for-the-last-40-years-2020-06-23
https://www.marketwatch.com/story/fauci-says-covid-19-has-one-characteristic-hes-never-seen-before-ive-been-dealing-with-viral-outbreaks-for-the-last-40-years-2020-06-23
https://www.marketwatch.com/story/fauci-says-covid-19-has-one-characteristic-hes-never-seen-before-ive-been-dealing-with-viral-outbreaks-for-the-last-40-years-2020-06-23
https://www.marketwatch.com/story/fauci-says-covid-19-has-one-characteristic-hes-never-seen-before-ive-been-dealing-with-viral-outbreaks-for-the-last-40-years-2020-06-23


Garly, M. L., Martins, C. L., Bale, C., Balde, M. A.,
Hedegaard, K. L., Gustafson, P., … Aaby, P. (2003). BCG scar
and positive tuberculin reaction associated with reduced child
mortality in West Africa. A non-specific beneficial effect of
BCG? Vaccine, 21, 2782–2790.

Gasteiger, G., D'osualdo, A., Schubert, D. A., Weber, A.,
Bruscia, E. M., & Hartl, D. (2017). Cellular innate immunity:
An old game with new players. Journal of Innate Immunity, 9,
111–125.

Gomes, M. G. M., Corder, R. M., King, J. G., Langwig, K. E., Souto-
Maior, C., Carneiro, J., …, & Aguas, R. (2020). medRxiv pre-
print. https://doi.org/10.1101/2020.04.27.20081893.

Goodman, A. (2006). Seeing culture in biology. In G. T. H. Ellison &
A. H. Goodman (Eds.), The nature of difference: Science, society,
and human biology (pp. 225–241). New York: Taylor and
Francis.

Goodman, A. H. (2013). Bringing culture into human biology and
biology back into anthropology. American Anthropologist, 115
(3), 359–373.

Griffin, S. (2020). Covid-19: Herd immunity is “unethical and
unachievable,” say experts after report of 5% seroprevalence in
Spain. BMJ, 370, https://doi.org/10.1136/bmj.m2728

Grifoni, A., Weiskopf, D., Ramirez, S. I., Mateus, J., Dan, J. M.,
Rydzynski, C., … Sette, A. (2020). Targets of T cell responses to
SARS-CoV-2 coronavirus in humans with COVID-19 disease
and unexposed individuals. Cell, 181, 1489–1501.e15. https://
doi.org/10.1016/j.cell.2020.05.015

Guallar, M. P., Merino, R., Donat-Vargas, C., Corral, O.,
Jouve, N., & Soriano, V. (2020). Inoculum at the time of SARS-
CoV-2 exposure and risk of disease severity. International Jour-
nal of Infectious Diseases, 97, 290–292. https://doi.org/10.1016/j.
ijid.2020.06.035

Guan, W.-j., Liang, W.-h., Zhao, Y., Liang, H.-r., Chen, Z.-s., Li, Y.-
M., … He, J.-X. (2020). Comorbidity and its impact on 1590
patients with Covid-19 in China: A Nationwide analysis.
European Respiratory Journal, 55(5), 2000547. https://doi.org/
10.1183/13993003.00547-2020

Guan, W.-j., Ni, Z.-y., Hu, Y., Liang, W.-h., Ou, C.-q., He, J.-x., …
Li, L.-J. (2020). Clinical characteristics of coronsvirus disease
2019 in China. New England Journal of Medicine, 382,
1708–1720.

Guigliano, F. (2020). COVID pandemic has reminded us there are
limits to our understanding of science. The Print. Retrieved
from https://theprint.in/opinion/covid-pandemic-has-reminded-
us-there-are-limits-to-our-understanding-of-science/428844/.

Gulia, K. K., & Kumar, V. M. (2020). Reverse quarantine: Manage-
ment of COVID-19 by Kerala with its higher number of aged
population. Pshychogeriatrics. https://doi.org/10.1111/psyg.12582

Gupta, A., Madhavan, M. V., Sehgal, K., Nair, N., Mahajan, S.,
Sehrawat, T. S., … Landry, D. W. (2020). Extrapulmonary mani-
festations of COVID-19. Nature Medicine, 26, 1017–1032.
https://doi.org/10.1038/s41591-020-0968-3

Gupta, R., & Misra, A. (2020). COVID19 in south Asians/Asian
Indians: Heterogeneity of data and implications for pathophysi-
ology and research. Diabetes Research and Clinical Practice,
165, 108267. https://doi.org/10.1016/j.diabres.2020.108267

Gursel, M., & Gursel, I. (2020). Is global BCG vaccination-induced
trained immunity relevant to the progression of SARS-CoV-2

pandemic? Allergy, 75, 1815–1819. https://doi.org/10.1111/all.
14345

Gutierrez, M. C., Ahmed, N., Willery, E., Narayanan, S.,
Hasnain, S. E., Chauhan, D. S., … Supply, P. (2006). Predomi-
nance of ancestral lineages of Mycobacterium tuberculosis in
India. Emerging Infectious Diseases, 12(9), 1367.

He, X., Lau, E. H. Y., Wu, P., Deng, X., Wang, J., Hao, X., &
Leung, G. M. (2020). Tempioral dynamics in viral shedding and
transmissibility of COVID-19. Nature Medicine, 26, 672–675.

Heim, M. H. (2013). Innate immunity and HCV. Journal of
Hepatology, 58, 564–574.

Herrmann, H. A., & Schwartz, J.-M. (2020). Why COVID-19 models
should incorporate the network of social interactions. Physical
Biology. https://doi.org/10.1088/1478-3975/aba8ec

Ho, C. S., Chee, C. Y., & Ho, R. C. (2020). Mental health strategies
to combat the psychological impact of COVID-19 beyond para-
noia and panic. Annals Academy of Medicine Singapore, 49,
155–160.

Hoke, M. K., & Schell, L. M. (2020). Doing biocultural anthropol-
ogy: Continuity and change. American Journal of Human Biol-
ogy, 32. https://doi.org/10.1002/ajhb.23471

Hollingsworth, J. (2020). How does India, a country of 1.3 billion
people, have around 1,000 coronavirus deaths? CNN. https://
edition.cnn.com/2020/04/28/india/india-coronavirus-outbreak-
explained-intl-hnk/index.html

Honigsbaum, M. (2020). Revisiting the 1957 and 1968 influenza
pandemics. The Lancet, 395, 1824–1826.

Horton, R. (2020). COVID-19—What we can expect to come. The
Lancet, 395, 1821. https://doi.org/10.1016/S0140-6736(20)
31355-6

Horvath, S. (2013). DNA methylation age of human tissues and cell
types. Genome Biology, 14, 3156. https://doi.org/10.1186/gb-
2013-14-10-r115

Houben, R. M., & Dodd, P. J. (2016). The global burden of latent
tuberculosis infection: A re-estimation using mathematical
modelling. PLoS Medicine, 25(13), 10, e1002152.

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., … Cao, B.
(2020). Clinical features of patients infected with 2019 novel
coronavirus in Wuhan, China. The Lancet, 395, 497–506.

Iqbal, N., & Dar, K. A. (2020). Coronavirus disease (COVID-19)
pandemic: Furnishing experiences from India. Psychological
Trauma: Theory, Research, Practice, and Policy, 12, S33–S34.
https://doi.org/10.1037/tra0000770

Jain, P., & Dasgupta, S. (2020). Endless queues & funerals, scared
staff—Delhi's Covid crisis unravels in chaos at crematoria. The
Print. Retrieved from https://theprint.in/india/endless-queues-
funerals-scared-staff-delhis-covid-crisis-unravels-in-chaos-at-
crematoria/437088/.

Jiang, S., Hillyer, C., & Du, L. (2020). Neutralizing antibodies
against SARS-CoV-2 and other human coronaviruses. Trends in
Immunology, 41, 355–359.

Joe, W., Kumar, A., Rajpal, S., Mishra, U. S., & Subramanian, S. V.
(2020). Equal risk, unequal burden? Gender differentials in
COVID-19 mortality in India. Journal of Global Health Science,
2(1), e17. https://doi.org/10.35500/jghs.2020.2.e17

Joh, T. J., & Samuel, R. (2000). Herd immunity and herd effect:
New insights and definitions. European Journal of Epidemiol-
ogy, 16, 601–606.

CHINNASWAMY 21 of 25

https://doi.org/10.1101/2020.04.27.20081893
https://doi.org/10.1136/bmj.m2728
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.ijid.2020.06.035
https://doi.org/10.1016/j.ijid.2020.06.035
https://doi.org/10.1183/13993003.00547-2020
https://doi.org/10.1183/13993003.00547-2020
https://theprint.in/opinion/covid-pandemic-has-reminded-us-there-are-limits-to-our-understanding-of-science/428844/
https://theprint.in/opinion/covid-pandemic-has-reminded-us-there-are-limits-to-our-understanding-of-science/428844/
https://doi.org/10.1111/psyg.12582
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.1016/j.diabres.2020.108267
https://doi.org/10.1111/all.14345
https://doi.org/10.1111/all.14345
https://doi.org/10.1088/1478-3975/aba8ec
https://doi.org/10.1002/ajhb.23471
https://edition.cnn.com/2020/04/28/india/india-coronavirus-outbreak-explained-intl-hnk/index.html
https://edition.cnn.com/2020/04/28/india/india-coronavirus-outbreak-explained-intl-hnk/index.html
https://edition.cnn.com/2020/04/28/india/india-coronavirus-outbreak-explained-intl-hnk/index.html
https://doi.org/10.1016/S0140-6736(20)31355-6
https://doi.org/10.1016/S0140-6736(20)31355-6
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1037/tra0000770
https://theprint.in/india/endless-queues-funerals-scared-staff-delhis-covid-crisis-unravels-in-chaos-at-crematoria/437088/
https://theprint.in/india/endless-queues-funerals-scared-staff-delhis-covid-crisis-unravels-in-chaos-at-crematoria/437088/
https://theprint.in/india/endless-queues-funerals-scared-staff-delhis-covid-crisis-unravels-in-chaos-at-crematoria/437088/
https://doi.org/10.35500/jghs.2020.2.e17


Joshi, P. C. (2016). Emergence of medical anthropology in India.
The Eastern Anthropologist, 69(1), 1–11.

Kadam, A. B., & Atre, S. R. (2020). Negative impact of social media
panic during the COVID-19 outbreak in India. Journal of Travel
Medicine, 27(3), 1–2. https://doi.org/10.1093/jtm/taaa057

Kanwal, R. (2020). Coronavirus: How many cases will India see?
Here's one expert's best-case prediction. IndiaToday, Retrieved
from https://www.indiatoday.in/india/story/coronavirus-cases-india-
covid-19-ramanan-laxminarayan-interview-1658087-2020-03-21.

Kaur, G. (2020). COVID-19 Cases Cross 12 Lakhs in India as Gov-
ernment Reconfirms “No Community Spread”. Grainmart.in.
Retrieved from https://www.grainmart.in/news/covid-19-cases-
cross-12-lakhs-in-india-as-government-reconfirmsno-communit
y-spread/.

Kaveeshwar, S. A., & Cornwall, J. (2014). The current state of diabe-
tes mellitus in India. Australasian Medical Journal, 7(1), 45–48.
https://doi.org/10.4066/AMJ.2014.1979

Key, F. M., Peter, B., Dennis, M. Y., Huerta-Sanchez, E., Tang, W.,
Prokunina-Olsson, L., … Andrés, A. M. (2014). Selection on a
variant associated with improved viral clearance drives local,
adaptive pseudogenization of interferon lambda 4 (IFNL4).
PLoS Genetics, 10, e1004681.

Klement, R. J. (2020). The SARS-CoV-2 crisis: A crisis of reduction-
ism? Public Health, 185, 70–71.

Krishna, S. (2020). The Covid-19 panic and the global north-south
divide—A perspective. Indian Journal of Medical Ethics, 05,
167–168. https://doi.org/10.20529/IJME.2020.048

Kronbichler, A., Kresse, D., Yoon, S., Lee, K. H., Effenberger, M., &
Shin, J. (2020). Asymptomatic patients as a source of COVID-
19 infections: A systematic review and meta-analysis. In Inter-
national journal of infectious diseases (Vol. 98, pp. 180–186).
https://doi.org/10.1016/j.ijid.2020.06.052

Kumar, A., Valecha, N., Jain, T., & Dash, A. P. (2007). Burden of
malaria in India: Retrospective and prospective view. American
Journal of Tropical Medicine and Hygiene, 77, 69–78.

Kuroki, S., & Tachibana, M. (2018). Epigenetic regulation of mam-
malian sex determination. Molecular and Cellular Endocrinol-
ogy, 468, 31–38.

Larson, H. J. (2020). Blocking information on COVID-19 can fuel
the spread of misinformation. Nature, 580, 306.

Ley, K. (2017). M1 means kill; M2 means heal. Journal of Immunol-
ogy, 199, 2191–2193.

Li, S., & Hua, X. (2020). The closer to the Europe Union headquar-
ters, the higher risk of COVID-19? Cautions regarding ecologi-
cal studies of COVID-19. medRxiv preprint. https://doi.org/10.
1101/2020.04.23.20077008.

Liston, A., Carr, E. J., & Linterman, M. A. (2016). Shaping variation
in the human immune system. Trends in Immunology, 37(10),
637–646.

Liu, K., Chen, Y., Lin, R., & Han, K. (2020). Clinical features of
COVID-19 in elderly patients: A comparison with young and
middle-aged patients. Journal of Infection, 80(6), e14–e18.
https://doi.org/10.1016/j.jinf.2020.03.005

Liu, Y., Mao, B., Liang, S., Yang, J.-W., Lu, H.-W., Chai, Y.-H., & Xu,
J.-F. (2020). Association between age and clinical characteristics
and outcomes of COVID-19. European Respiratory Journal, 55(5),
2001112. https://doi.org/10.1183/13993003.01112-2020

Lourenco, J., Pinotti, F., Thompson, C., & Gupta, S. (2020). The
impact of host resistance on cumulative mortality and the

threshold of herd immunity for SARS-CoV-2. medRxiv Pre-
print. https://doi.org/10.1101/2020.07.15.20154294.

Madan, M., Pahuja, S., Mohan, A., Pandey, R. M., Madan, K.,
Tiwari, P., …Mittal, S. (2020). TB infection and BCG vaccination:
Are we protected from COVID-19? Public Health, 185, 91–92.

Mahajan, P., & Koushal, J. (2020). Epidemic trend of COVID-19
transmission in India during lockdown-1Phase. Journal of
Community Health. https://doi.org/10.1007/s10900-020-00863-3

Manry, J. R. M., Laval, G., Patin, E., Fornarino, S., Itan, Y.,
Fumagalli, M., … Casanova, J.-L. (2011). Evolutionary genetic
dissection of human interferons. Journal of Experimental Medi-
cine, 208, 2747–2759.

Marsh, D. R., Schroeder, D. G., Dearden, K. A., Sternin, J., &
Sternin, M. (2004). The power of positive deviance. BMJ, 329
(7475), 1177–1179.

Meena, J., Yadav, A., & Kumar, J. (2020). BCG vaccination policy
and protection against COVID-19. The Indian Journal of Pediat-
rics, 87(749). https://doi.org/10.1007/s12098-020-03371-3

Melnick, E. R., & Loannadis, J. P. (2020). Should governments con-
tinue lockdown to slow the spread of covid-19? BMJ. BMJ, 369,
m1924. https://doi.org/10.1136/bmj.m1924

Mishra, A. (2007). Teaching medical anthropology in India. Anthro-
pology Newsletter, 48(3), 28–29. https://doi.org/10.1525/an.2007.
48.3.28

Mudur, G. S. (2020). Age break-up of Covid-19 toll. The Telegraph.
Retrieved from https://www.telegraphindia.com/india/age-
break-up-of-covid-19-toll/cid/1774891.

Mukhopadhyay, P. (2020). Is India's Covid-19 death rate higher
than Italy's? Hindustan Times. Retrieved from https://www.
hindustantimes.com/opinion/is-india-s-covid-19-death-rate-
higher-than-italy-s/story-F73TUEHkNkDrgBT6WAeDEM.html.

Mukhra, R., Krishan, K., & Kanchan, T. (2020). COVID-19 sets off
mass migration in India. Archives of Medical Research. https://
doi.org/10.1016/j.arcmed.2020.06.003

Muliyil, J. P. (2020). A science-based response to COVID-19. Indian
Journal of Public Health, 64, S90. https://doi.org/10.4103/ijph.
IJPH_530_20

Nadella, P., Swaminatahn, A., & Subramanian, S. V. (2020). Fore-
casting efforts from prior epidemics and COVID-19 predictions.
European Journal of Epidemiology. https://doi.org/10.1007/
s10654-020-00661-0

Netea, M. G., Dominguez-Andres, J., Barreiro, L. B., Chavakis, T.,
Divangahi, M., Fuchs, E., … Latz, E. (2020a). Defining trained
immunity and its role in health and disease. Nature Reviews
Immunology, 20, 375–378. https://doi.org/10.1038/s41577-020-
0285-6

Netea, M. G., Giamarellos-Bourboulis, E. J., Dominguez-Andres, J.,
Curtis, N., van Crevel, R., van de Veerdonk, F. L., & Bonten, M.
(2020b). Trained immunity: A tool for reducing susceptibility
and severity of SARS-CoV-2 infection. Cell, 181, 969–977.
https://doi.org/10.1016/j.cell.2020.04.042

Netea, M. G., Quintin, J., & van der Meer, J. W. (2011). Trained
immunity: A memory for innate host defense. Cell Host &
Microbe, 9, 355–361.

Njenga, M. K., Dawa, J., Nanyingi, M., Gachohi, J., Ngere, I.,
Letko, M., … Osoro, E. (2020). Why is there low morbidity and
mortality of COVID-19 in Africa? The American Journal of
Tropical Medicine and Hygiene, 103, 564–569. https://doi.org/
10.4269/ajtmh.20-0474

22 of 25 CHINNASWAMY

https://doi.org/10.1093/jtm/taaa057
https://www.indiatoday.in/india/story/coronavirus-cases-india-covid-19-ramanan-laxminarayan-interview-1658087-2020-03-21
https://www.indiatoday.in/india/story/coronavirus-cases-india-covid-19-ramanan-laxminarayan-interview-1658087-2020-03-21
https://www.grainmart.in/news/covid-19-cases-cross-12-lakhs-in-india-as-government-reconfirmsno-community-spread/
https://www.grainmart.in/news/covid-19-cases-cross-12-lakhs-in-india-as-government-reconfirmsno-community-spread/
https://www.grainmart.in/news/covid-19-cases-cross-12-lakhs-in-india-as-government-reconfirmsno-community-spread/
https://doi.org/10.4066/AMJ.2014.1979
https://doi.org/10.20529/IJME.2020.048
https://doi.org/10.1016/j.ijid.2020.06.052
https://doi.org/10.1101/2020.04.23.20077008
https://doi.org/10.1101/2020.04.23.20077008
https://doi.org/10.1016/j.jinf.2020.03.005
https://doi.org/10.1183/13993003.01112-2020
https://doi.org/10.1101/2020.07.15.20154294
https://doi.org/10.1007/s10900-020-00863-3
https://doi.org/10.1007/s12098-020-03371-3
https://doi.org/10.1136/bmj.m1924
https://doi.org/10.1525/an.2007.48.3.28
https://doi.org/10.1525/an.2007.48.3.28
https://www.telegraphindia.com/india/age-break-up-of-covid-19-toll/cid/1774891
https://www.telegraphindia.com/india/age-break-up-of-covid-19-toll/cid/1774891
https://www.hindustantimes.com/opinion/is-india-s-covid-19-death-rate-higher-than-italy-s/story-F73TUEHkNkDrgBT6WAeDEM.html
https://www.hindustantimes.com/opinion/is-india-s-covid-19-death-rate-higher-than-italy-s/story-F73TUEHkNkDrgBT6WAeDEM.html
https://www.hindustantimes.com/opinion/is-india-s-covid-19-death-rate-higher-than-italy-s/story-F73TUEHkNkDrgBT6WAeDEM.html
https://doi.org/10.1016/j.arcmed.2020.06.003
https://doi.org/10.1016/j.arcmed.2020.06.003
https://doi.org/10.4103/ijph.IJPH_530_20
https://doi.org/10.4103/ijph.IJPH_530_20
https://doi.org/10.1007/s10654-020-00661-0
https://doi.org/10.1007/s10654-020-00661-0
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1016/j.cell.2020.04.042
https://doi.org/10.4269/ajtmh.20-0474
https://doi.org/10.4269/ajtmh.20-0474


O'Brien, T. R., Thomas, D. L., Jackson, S. S., Prokunina-Olsson, L.,
Donnelly, R. P., & Hartmann, R. (2020). Weak induction of
interferon expression by SARS-CoV-2 supports clinical trials of
interferon lambda to treat early COVID-19. Clinical Infectious
Diseases, ciaa453. https://doi.org/10.1093/cid/ciaa453

O'Neill, L. A. J., & Netea, M. G. (2020). BCG-induced trained immu-
nity: Can it offer protection against COVID-19? Nature Reviews
Immunology, 20, 35–337.

Oliveira, M., Lert-itthiporn, W., Cavadas, B., Fernandes, V.,
Chuansumrit, A., Anunciaç~ao, O., … Sakuntabhai, A. (2018).
Joint ancestry and association test indicate two distinct patho-
genic pathways involved in classical dengue fever and dengue
shock syndrome. PLoS Neglected Tropical Diseases, 12(2),
e0006202. https://doi.org/10.1371/journal.pntd.0006202

Ourworldindata.org (n.d.). COVID-19 coronavirus pandemic.
Retrieved from https://ourworldindata.org/coronavirus/.

Ozdemir, C., Kucuksezer, U. C., & Tamay, Z. U. (2020). Is BCG vac-
cination affecting the spread and severity of COVID-19? Allergy,
75, 1824–1827. https://doi.org/10.1111/all.14344

Pandey, V. (2020). Coronavirus lockdown: The Indian migrants
dying to get home. BBC. https://www.bbc.com/news/world-
asia-india-52672764

Park, S. E. (2020). Epidemiology, virology, and clinical features of
severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2;
coronavirus Disease-19). Clinical and Experimental Pediatrics,
63, 119–124.

Parth, M. N. (2020). In Mumbai's crematoriums, exhausted workers
pull on to earn a living despite psychological stress, fear of
COVID-19. First Post. Retrieved from https://www.firstpost.
com/india/in-mumbais-crematoriums-exhausted-workers-pull-
on-to-earn-a-living-despite-psychological-stress-fear-of-covid-
19-8492921.html.

Patel, V. (2020a). Data must be applied to context and societal response
must be proportionate. The Indian Express. Retrieved from
https://indianexpress.com/article/opinion/columns/coronavirus-
india-lockdown-medical-facilities-covid-19-vaccine-cure-testing-
india-deaths-6331716/.

Patel, V. (2020b). COVID-19 and TB: A tale of two bugs. The Indian
Express. Retrieved from https://indianexpress.com/article/
opinion/columns/a-tale-of-two-bugs-coronavirus-india-tb-6313305/.

Patel, V. (2020c). India's tryst with Covid-19. The India Forum.
Retrieved from https://www.theindiaforum.in/article/indi-s-
tryst-covid-19.

Pearl, R. (1930). Some aspects of the biology of human populations.
In E. V. Cowdry (Ed.), Human biology and racial welfare
(pp. 515–552). New York: Paul B. Hoeber, Inc..

Petersen, E., Koopmans, M., Go, U., Hamer, D. H., Petrosillo, N.,
Castelli, F., … Simonsen, L. (2020). Comparing SARS-CoV-2
with SARS-CoV and influenza pandemics. The Lancet Infectious
Diseases, 20(9), e238–e234. https://doi.org/10.1016/S1473-3099
(20)30484-9

Prabhakaran, D., Jeemon, P., & Roy, A. (2016). Cardiovascular dis-
eases in India: Current epidemiology and future directions. Cir-
culation, 133, 1605–1620.

Prasad, S., Potdar, V., Abraham, P., & Basu, A. (2020). Transmission
electron microscopy imaging of SARS-CoV-2. Indian Journal of
Medical Research, 151, 241–243.

Prokunina-Olsson, L., Muchmore, B., Tang, W., Pfeiffer, R. M.,
Park, H., Dickensheets, H., … O'Brien, T. (2013). A variant

upstream of IFNL3 (IL28B) creating a new interferon gene
IFNL4 is associated with impaired clearance of hepatitis C
virus. Nature Genetics, 45, 164–171.

Quintin, J., Saeed, S., Martens, J. H., Giamarellos-Bourboulis, E. J.,
Ifrim, D. C., Logie, C., … Netea, M. G. (2012). Albicans infection
affords protection against reinfection via functional reprogramming
of Candida monocytes. Cell Host & Microbe, 12, 223–232.

Radhakrishnan, R. K. (2020). Tamil Nadu under-reported COVID
deaths by as many as 444 for the period from March 1 to June
10. The Hindu (Frontline). Retrieved from https://frontline.
thehindu.com/dispatches/tamil-nadu-under-reported-covid-deaths-
by-as-many-as-444-for-the-period-from-march-1-to-june-10/
article32164867.ece.

Radhakrishnan, V., Sen, S., & Singaravelu, N. (2020). Is India
undercounting its COVID-19 deaths? The Hindu. Retrieved from
https://www.thehindu.com/data/data-is-india-undercounting-
its-covid-19-deaths/article31628155.ece.

Ram, C. V. S., Babu, G. R., & Prabhakaran, D. (2020). COVID-19
Pandemic in India. European Heart Journal, 00, 1–3. https://
doi.org/10.1093/eurheartj/ehaa493

Rao, D. C., Naidu, J. R., Maiya, P. P., Babu, A., & Bailly, J. L.
(2017). Large-scale HFMD epidemics caused by Coxsackievirus
A16 in Bangalore, India during 2013 and 2015. Infection Genet-
ics and Evolution, 55, 228–235.

Raveendran, R. (2020). India's migrant workers crisis not just about
economic inequality, But Social Too. Outlook. Retrieved from
https://www.outlookindia.com/website/story/opinion-indias-
migrant-workers-conundrum-is-not-just-about-economic-
inequality-but-social-too/353682.

Ravi, V. (2006). Re-emergence of chikungunya virus in India.
Indian Journal of Medical Microbiology, 24, 83–84.

Reddy, S., & Pandey, S. (2020). How India fared in containing Covid
deaths—Analysis. Financial Express. Retrieved from https://www.
financialexpress.com/opinion/how-india-fared-in-containing-
covid-deaths-analysis/1955598/.

Reimer, T., Brcic, M., Schweizer, M., & Jungi, T. W. (2008). Poly(I:
C) and LPS induce distinct IRF3 and NF-κB signaling during
type-I IFN and TNF responses in human macrophages. Journal
of Leukocyte Biology, 83, 1249–1257.

Rhodes, J. M., Subramanian, S., Laird, E., Griffin, G., &
Kenny, R. A. (2020). Vitamin D deficiency and COVID-19
severity—Plausibly linked by latitude, ethnicity, impacts on
cytokines, ACE2, and thrombosis. Journal of Internal Medicine.
https://doi.org/10.1111/joim.13149

Rolph, M. S., & Mahalingam, S. (2019). Zika's passage to India. The
Lancet Infectious Diseases, 19, 469–470.

Rukmini, S., & Rampal, N. (2020). A tale of two cities: How Chen-
nai, Delhi improved Covid figures, with and without lockdown.
IndiaToday. Retrieved from https://www.indiatoday.in/diu/
story/how-chennai-delhi-improved-covid-coronavirus-figures-
with-and-without-lockdown-1700583-2020-07-14.

Saraya, A. (2020). Indian response to COVID-19: Expertise and
transparency. Indian Journal Public Health, 64, S243–S244.
https://doi.org/10.4103/ijph.IJPH_504_20

Sarkar, S. (2020). Covid-19 count in Mumbai's Dharavi rises to
2,218, eight new cases emerge. Hindustan Times. Retrieved
from https://www.hindustantimes.com/india-news/covid-19-
count-in-mumbai-s-dharavi-rises-to-2-218-eight-new-cases-
emerge/story-4pmR4e6tatigDmU5w20aaK.html.

CHINNASWAMY 23 of 25

https://doi.org/10.1093/cid/ciaa453
https://doi.org/10.1371/journal.pntd.0006202
https://ourworldindata.org/coronavirus/
https://doi.org/10.1111/all.14344
https://www.bbc.com/news/world-asia-india-52672764
https://www.bbc.com/news/world-asia-india-52672764
https://www.firstpost.com/india/in-mumbais-crematoriums-exhausted-workers-pull-on-to-earn-a-living-despite-psychological-stress-fear-of-covid-19-8492921.html
https://www.firstpost.com/india/in-mumbais-crematoriums-exhausted-workers-pull-on-to-earn-a-living-despite-psychological-stress-fear-of-covid-19-8492921.html
https://www.firstpost.com/india/in-mumbais-crematoriums-exhausted-workers-pull-on-to-earn-a-living-despite-psychological-stress-fear-of-covid-19-8492921.html
https://www.firstpost.com/india/in-mumbais-crematoriums-exhausted-workers-pull-on-to-earn-a-living-despite-psychological-stress-fear-of-covid-19-8492921.html
https://indianexpress.com/article/opinion/columns/coronavirus-india-lockdown-medical-facilities-covid-19-vaccine-cure-testing-india-deaths-6331716/
https://indianexpress.com/article/opinion/columns/coronavirus-india-lockdown-medical-facilities-covid-19-vaccine-cure-testing-india-deaths-6331716/
https://indianexpress.com/article/opinion/columns/coronavirus-india-lockdown-medical-facilities-covid-19-vaccine-cure-testing-india-deaths-6331716/
https://indianexpress.com/article/opinion/columns/a-tale-of-two-bugs-coronavirus-india-tb-6313305/
https://indianexpress.com/article/opinion/columns/a-tale-of-two-bugs-coronavirus-india-tb-6313305/
https://www.theindiaforum.in/article/indi-s-tryst-covid-19
https://www.theindiaforum.in/article/indi-s-tryst-covid-19
https://doi.org/10.1016/S1473-3099(20)30484-9
https://doi.org/10.1016/S1473-3099(20)30484-9
https://frontline.thehindu.com/dispatches/tamil-nadu-under-reported-covid-deaths-by-as-many-as-444-for-the-period-from-march-1-to-june-10/article32164867.ece
https://frontline.thehindu.com/dispatches/tamil-nadu-under-reported-covid-deaths-by-as-many-as-444-for-the-period-from-march-1-to-june-10/article32164867.ece
https://frontline.thehindu.com/dispatches/tamil-nadu-under-reported-covid-deaths-by-as-many-as-444-for-the-period-from-march-1-to-june-10/article32164867.ece
https://frontline.thehindu.com/dispatches/tamil-nadu-under-reported-covid-deaths-by-as-many-as-444-for-the-period-from-march-1-to-june-10/article32164867.ece
https://www.thehindu.com/data/data-is-india-undercounting-its-covid-19-deaths/article31628155.ece
https://www.thehindu.com/data/data-is-india-undercounting-its-covid-19-deaths/article31628155.ece
https://doi.org/10.1093/eurheartj/ehaa493
https://doi.org/10.1093/eurheartj/ehaa493
https://www.outlookindia.com/website/story/opinion-indias-migrant-workers-conundrum-is-not-just-about-economic-inequality-but-social-too/353682
https://www.outlookindia.com/website/story/opinion-indias-migrant-workers-conundrum-is-not-just-about-economic-inequality-but-social-too/353682
https://www.outlookindia.com/website/story/opinion-indias-migrant-workers-conundrum-is-not-just-about-economic-inequality-but-social-too/353682
https://www.financialexpress.com/opinion/how-india-fared-in-containing-covid-deaths-analysis/1955598/
https://www.financialexpress.com/opinion/how-india-fared-in-containing-covid-deaths-analysis/1955598/
https://www.financialexpress.com/opinion/how-india-fared-in-containing-covid-deaths-analysis/1955598/
https://doi.org/10.1111/joim.13149
https://www.indiatoday.in/diu/story/how-chennai-delhi-improved-covid-coronavirus-figures-with-and-without-lockdown-1700583-2020-07-14
https://www.indiatoday.in/diu/story/how-chennai-delhi-improved-covid-coronavirus-figures-with-and-without-lockdown-1700583-2020-07-14
https://www.indiatoday.in/diu/story/how-chennai-delhi-improved-covid-coronavirus-figures-with-and-without-lockdown-1700583-2020-07-14
https://doi.org/10.4103/ijph.IJPH_504_20
https://www.hindustantimes.com/india-news/covid-19-count-in-mumbai-s-dharavi-rises-to-2-218-eight-new-cases-emerge/story-4pmR4e6tatigDmU5w20aaK.html
https://www.hindustantimes.com/india-news/covid-19-count-in-mumbai-s-dharavi-rises-to-2-218-eight-new-cases-emerge/story-4pmR4e6tatigDmU5w20aaK.html
https://www.hindustantimes.com/india-news/covid-19-count-in-mumbai-s-dharavi-rises-to-2-218-eight-new-cases-emerge/story-4pmR4e6tatigDmU5w20aaK.html


Saxena, S. (2020). Top 5 coronavirus-hit cities account for nearly
50% of India's Covid-19 cases. Hindustan Times. Retrieved from
https://www.hindustantimes.com/india-news/top-5-coronavirus-
hit-cities-account-for-nearly-50-of-india-s-covid-19-cases/story-
mdwaBt07cOKozkv7y6NE3J.html.

Schellekens, P., & Sourrouille, D. (2020). COVID-19 mortality in rich
and poor countries: A tale of two pandemics? Policy research
working paper 9260, Washington, DC: World Bank. http://
documents1.worldbank.org/curated/en/559181590712052524/
pdf/COVID-19-Mortality-in-Rich-and-Poor-Countries-A-Tale-
of-Two-Pandemics.pdf

Sehrawat, S., & Rouse, B. T. (2020). Does the hygiene hypothesis
apply to COVID-19 susceptibility? Microbes and Infection.
https://doi.org/10.1016/j.micinf.2020.07.002

Sharma, A. (2020). What explains India's low COVID-19 death rate?
The Quint. Retrieved from https://fit.thequint.com/coronavirus/
explained-indias-low-covid-19-fatality-rate.

Shelar, J., & Mahale, A. (2020). Coronavirus in Dharavi j when
a virus finds space in India's largest slum. The Hindu.
Retrieved from https://www.thehindu.com/news/cities/mum
bai/when-a-virus-finds-space-in-indias-largest-slum/article3153
7623.ece.

Singh, O. P., Hasker, E., Boelaert, M., & Sundar, S. (2016). Elimina-
tion of visceral leishmaniasis in the Indian subcontinent. The
Lancet Infectious Diseases, 16(12), e304–e309.

Singh, S. K. (2020). COVID-19: A master stroke of nature. AIMS Pub-
lic Health, 7(2), 393–402. https://doi.org/10.3934/publichealth.
2020033

Smith, N. (2020). Why coronavirus is pushing the economy more
than Spanish flu. The Print. Retrieved from https://theprint.in/
opinion/why-coronavirus-is-punishing-the-economy-more-than-
spanish-flu/415898/.

Sohn, A. H., Phanuphak, N., Baral, S., & Kamarulzaman, A. (2020).
Know your epidemic, know your response: Understanding and
responding to the heterogeneity of the COVID-19 epidemics
across Southeast Asia. Journal of the International AIDS Society,
23, e25557.

Spinney, L. (2017). Pale rider: The Spanish Flu of 1918 and how it
changed the world (First US Edition). New York: Public Affairs.

Spinney, L. (2020). Covid-19 expert Karl Friston: 'Germany may
have more immunological “dark matter”'. The Guardian.
Retrieved from https://www.theguardian.com/world/2020/
may/31/covid-19-expert-karl-friston-germany-may-have-more-
immunological-dark-matter.

Sturdevant, G. L., & Caldwell, H. D. (2014). Innate immunity is suf-
ficient for the clearance of chlamydia trachomatis from the
female mouse genital tract. Pathogens and Disease, 72, 70–73.

Sud, V., Regan, H., & Mitra, E. (2020). Doctors say India must pre-
pare for an 'onslaught' as one of Asia's biggest slums reports
first coronavirus death. CNN. https://edition.cnn.com/2020/04/
03/asia/india-doctors-coronavirus-intl-hnk/index.html

Suri, J. C., & Sen, M. K. (2011). Pandemic influenza—Indian experi-
ence. Lung India, 28, 2–4.

Taubenberger, J. K., Hutlin, J. V., & Morens, D. M. (2007). Discov-
ery and characterization of the 1918 pandemic influenza virus
in historical context. Antiviral Therapy, 12, 581–591.

Taubenberger, J. K., & Morens, D. M. (2006). 1918 influenza: The
mother of all pandemics. Emerging Infectious Diseases, 12,
15–22.

Thomas, B., Chandran, P., Lilabi, M. P., George, B.,
Sivakumar, C. P., Jayadev, V. K., … Hafeez, N. (2009). Nipah
virus infection in Kozhikode, Kerala, South India, in 2018: Epi-
demiology of an outbreak of an emerging disease. Indian Jour-
nal of Community Medicine, 44, 383–387.

Thomas, G. (2020). Death in the time of coronavirus. Indian Jour-
nal of Medical Ethics, 5(2), 98–99. https://doi.org/10.20529/
IJME.2020.036

Tiwari, S., Singh, R. K., Tiwari, R., & Dhole, T. N. (2012). Japanese
encephalitis: A review of the Indian perspective. Brazilian Jour-
nal of Infectious Diseases, 16, 564–573.

TNN. (2020). 2k more Covid deaths, cases rise to 3.5 lakh. The
Times of India. Retrieved from https://timesofindia.indiatimes.
com/india/2k-more-covid-deaths-cases-rise-to-3-5-lakh/
articleshow/76415524.cms.

Ulmer, A., & Khanna, S. (2020). Mystery of India's lower death rates
seems to defy coronavirus trend. MSN, Retrieved from https://
www.msn.com/en-in/news/newsindia/mystery-of-indias-lower-
death-rates-seems-to-defy-coronavirus-trend/ar-BB138Suq.

Undela, K., & Gudi, S. K. (2020). Assumptions for disparities in
case-fatality rates of coronavirus disease (COVID-19) across the
globe. European Review for Medical and Pharmacological Sci-
ences, 24, 5180–5182.

van Dorn, A., Cooney, R. E., & Sabin, M. L. (2020). COVID-19 exac-
erbating inequalities in the US. The Lancet, 395, 243–1244.

van Dorp, L., Acman, M., Richar, D., Shaw, L. P., Ford, C. E.,
Ormond, L., … Balloux, F. (2020). Emergence of genomic diver-
sity and recurrent mutations in SARS-CoV-2. Infection Genetics
and Evolution, 83, 104351. https://doi.org/10.1016/j.meegid.
2020.104351

Weiskopf, D., Schmitz, K. S., Raadsen, M. P., Grifoni, A.,
Okba, N. M. A., Endeman, H., … de Vries, R. D. (2020). Pheno-
type and kinetics of SARS-CoV-2-specific T cells in COVID-19
patients with acute respiratory distress syndrome. Science
Immunology, 5, eabd2071. https://doi.org/10.1126/sciimmunol.
abd2071

Weng, C.-H., Saal, A., Butt, W.-W., Bica, N., Fisher, J. Q., Tao, J., &
Chan, P. A. (2020). Bacillus Calmette–Guérin vaccination and
clinical characteristics and outcomes of COVID-19 in Rhode
Island, United States: A cohort study. Epidemiology and Infec-
tion, 148, e140. https://doi.org/10.1017/S0950268820001569

Wenham, C., Smith, J., & Morgan, R. (2020). Gender and COVID-
19 working group. COVID-19: The gendered impacts of the out-
break. The Lancet, 395(10227), 846–848.

Worldometers.info (n.d.). COVID-19 coronavirus pandemic.
Retrieved from https://www.worldometers.info/coronavirus/.

Yong, E. (2020). Why the coronavirus is so confusing. The Atlantic.
Retrieved from https://www.theatlantic.com/health/archive/
2020/04/pandemic-confusing-uncertainty/610819/

Yu, X., Sun, S., Shi, Y., Wang, H., Zhao, R., & Sheng, J. (2020).
SARS-CoV-2 viral load in sputum correlates with risk of
COVID-19 progression. Critical Care, 24, 170. https://doi.org/
10.1186/s13054-020-02893-8

Yuan, S., Jiang, S.-C., & Li, Z.-L. (2020). Do temperature and
humidly impact the spread of the novel corona virus? Frontiers
in Public Health, 8(240), 1–4. https://doi.org/10.3389/fpubh.
2020.00240

Zadori, N., Vansca, S., Farkas, N., Hegyi, P., & Eross, B. (2020). The
negative impact of comorbidities on the disease course of

24 of 25 CHINNASWAMY

https://www.hindustantimes.com/india-news/top-5-coronavirus-hit-cities-account-for-nearly-50-of-india-s-covid-19-cases/story-mdwaBt07cOKozkv7y6NE3J.html
https://www.hindustantimes.com/india-news/top-5-coronavirus-hit-cities-account-for-nearly-50-of-india-s-covid-19-cases/story-mdwaBt07cOKozkv7y6NE3J.html
https://www.hindustantimes.com/india-news/top-5-coronavirus-hit-cities-account-for-nearly-50-of-india-s-covid-19-cases/story-mdwaBt07cOKozkv7y6NE3J.html
http://documents1.worldbank.org/curated/en/559181590712052524/pdf/COVID-19-Mortality-in-Rich-and-Poor-Countries-A-Tale-of-Two-Pandemics.pdf
http://documents1.worldbank.org/curated/en/559181590712052524/pdf/COVID-19-Mortality-in-Rich-and-Poor-Countries-A-Tale-of-Two-Pandemics.pdf
http://documents1.worldbank.org/curated/en/559181590712052524/pdf/COVID-19-Mortality-in-Rich-and-Poor-Countries-A-Tale-of-Two-Pandemics.pdf
http://documents1.worldbank.org/curated/en/559181590712052524/pdf/COVID-19-Mortality-in-Rich-and-Poor-Countries-A-Tale-of-Two-Pandemics.pdf
https://doi.org/10.1016/j.micinf.2020.07.002
https://fit.thequint.com/coronavirus/explained-indias-low-covid-19-fatality-rate
https://fit.thequint.com/coronavirus/explained-indias-low-covid-19-fatality-rate
https://www.thehindu.com/news/cities/mumbai/when-a-virus-finds-space-in-indias-largest-slum/article31537623.ece
https://www.thehindu.com/news/cities/mumbai/when-a-virus-finds-space-in-indias-largest-slum/article31537623.ece
https://www.thehindu.com/news/cities/mumbai/when-a-virus-finds-space-in-indias-largest-slum/article31537623.ece
https://doi.org/10.3934/publichealth.2020033
https://doi.org/10.3934/publichealth.2020033
https://theprint.in/opinion/why-coronavirus-is-punishing-the-economy-more-than-spanish-flu/415898/
https://theprint.in/opinion/why-coronavirus-is-punishing-the-economy-more-than-spanish-flu/415898/
https://theprint.in/opinion/why-coronavirus-is-punishing-the-economy-more-than-spanish-flu/415898/
https://www.theguardian.com/world/2020/may/31/covid-19-expert-karl-friston-germany-may-have-more-immunological-dark-matter
https://www.theguardian.com/world/2020/may/31/covid-19-expert-karl-friston-germany-may-have-more-immunological-dark-matter
https://www.theguardian.com/world/2020/may/31/covid-19-expert-karl-friston-germany-may-have-more-immunological-dark-matter
https://edition.cnn.com/2020/04/03/asia/india-doctors-coronavirus-intl-hnk/index.html
https://edition.cnn.com/2020/04/03/asia/india-doctors-coronavirus-intl-hnk/index.html
https://doi.org/10.20529/IJME.2020.036
https://doi.org/10.20529/IJME.2020.036
https://timesofindia.indiatimes.com/india/2k-more-covid-deaths-cases-rise-to-3-5-lakh/articleshow/76415524.cms
https://timesofindia.indiatimes.com/india/2k-more-covid-deaths-cases-rise-to-3-5-lakh/articleshow/76415524.cms
https://timesofindia.indiatimes.com/india/2k-more-covid-deaths-cases-rise-to-3-5-lakh/articleshow/76415524.cms
https://www.msn.com/en-in/news/newsindia/mystery-of-indias-lower-death-rates-seems-to-defy-coronavirus-trend/ar-BB138Suq
https://www.msn.com/en-in/news/newsindia/mystery-of-indias-lower-death-rates-seems-to-defy-coronavirus-trend/ar-BB138Suq
https://www.msn.com/en-in/news/newsindia/mystery-of-indias-lower-death-rates-seems-to-defy-coronavirus-trend/ar-BB138Suq
https://doi.org/10.1016/j.meegid.2020.104351
https://doi.org/10.1016/j.meegid.2020.104351
https://doi.org/10.1126/sciimmunol.abd2071
https://doi.org/10.1126/sciimmunol.abd2071
https://doi.org/10.1017/S0950268820001569
https://www.worldometers.info/coronavirus/
https://www.theatlantic.com/health/archive/2020/04/pandemic-confusing-uncertainty/610819/
https://www.theatlantic.com/health/archive/2020/04/pandemic-confusing-uncertainty/610819/
https://doi.org/10.1186/s13054-020-02893-8
https://doi.org/10.1186/s13054-020-02893-8
https://doi.org/10.3389/fpubh.2020.00240
https://doi.org/10.3389/fpubh.2020.00240


COVID-19. Intensive Care Medicine. https://doi.org/10.1007/
s00134-020-06161-9

Zhao, S., Lin, Q., Ran, J., Musa, S. S., Yang, G., Wang, W., …
Wang, M. H. (2020). Preliminary estimation of the basic repro-
duction number of novel coronavirus (2019-nCoV) in China,
from 2019 to 2020: A data-driven analysis in the early phase of
the outbreak. International Journal of Infectious Diseases, 92,
214–217.

Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J., …
Zhan, F. (2020). A novel coronavirus from patients with pneu-
monia in China, 2019. New England Journal of Medicine, 382,
727–733.

Zimmerman, P., & Curtis, N. (2020). Coronavirus infections in
children including COVID-19: An overview of the epidemiol-
ogy, clinical features, diagnosis, treatment and prevention
options in children. The Pediatric Infectious Disease Journal,
39, 355–368.

How to cite this article: Chinnaswamy S.
SARS-CoV-2 infection in India bucks the trend:
Trained innate immunity? Am J Hum Biol. 2020;
e23504. https://doi.org/10.1002/ajhb.23504

CHINNASWAMY 25 of 25

https://doi.org/10.1007/s00134-020-06161-9
https://doi.org/10.1007/s00134-020-06161-9
https://doi.org/10.1002/ajhb.23504


RESEARCH ARTICLE

Global cataloguing of variations in

untranslated regions of viral genome and

prediction of key host RNA binding protein-

microRNA interactions modulating genome

stability in SARS-CoV-2

Moumita Mukherjee, Srikanta GoswamiID*

National Institute of Biomedical Genomics, Kalyani, West Bengal, India

* sg1@nibmg.ac.in

Abstract

Background

The world is going through the critical phase of COVID-19 pandemic, caused by human

coronavirus, SARS-CoV-2. Worldwide concerted effort to identify viral genomic changes

across different sub-types has identified several strong changes in the coding region. How-

ever, there have not been many studies focusing on the variations in the 5’ and 3’ untrans-

lated regions and their consequences. Considering the possible importance of these

regions in host mediated regulation of viral RNA genome, we wanted to explore the

phenomenon.

Methods

To have an idea of the global changes in 5’ and 3’-UTR sequences, we downloaded 8595

complete and high-coverage SARS-CoV-2 genome sequence information from human host

in FASTA format from Global Initiative on Sharing All Influenza Data (GISAID) from 15 differ-

ent geographical regions. Next, we aligned them using Clustal Omega software and investi-

gated the UTR variants. We also looked at the putative host RNA binding protein (RBP) and

microRNA binding sites in these regions by ‘RBPmap’ and ‘RNA22 v2’ respectively. Expres-

sion status of selected RBPs and microRNAs were checked in lungs tissue.

Results

We identified 28 unique variants in SARS-CoV-2 UTR region based on a minimum variant

percentage cut-off of 0.5. Along with 241C>T change the important 5’-UTR change identi-

fied was 187A>G, while 29734G>C, 29742G>A/T and 29774C>T were the most familiar

variants of 3’UTR among most of the continents. Furthermore, we found that despite the var-

iations in the UTR regions, binding of host RBP to them remains mostly unaltered, which fur-

ther influenced the functioning of specific miRNAs.
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Conclusion

Our results, shows for the first time in SARS-Cov-2 infection, a possible cross-talk between

host RBPs-miRNAs and viral UTR variants, which ultimately could explain the mechanism

of escaping host RNA decay machinery by the virus. The knowledge might be helpful in

developing anti-viral compounds in future.

Introduction

Outbreak of novel coronavirus SARS-CoV-2 has been proclaimed as a pandemic by the World

Health organization (WHO). From the first report of infection in Wuhan, China on December

31, 2019, the virus has infected 7.21M people worldwide till 9th June, 2020. SARS-CoV-2 is an

enveloped, positive-sense, single stranded RNA virus of genus Beta-coronavirus (β-CoVs)

with the entire genome size of approximately 30kb. This viral genome is composed of about 14

open reading frames (ORF) which encodes both structural and non-structural proteins having

a role in their transmission, survival and pathogenesis [1]. The main structural proteins trans-

lated from sub-genomic mRNAs include spike glycoprotein (S), envelope protein (E), mem-

brane glycoprotein (M) and nucleocapsid protein (N) along with 16 non-structural proteins

(nsp 1–16). The genomic RNA element of SARS-CoV-2 also includes 5’-untranslated region

(50-UTR) of 265bp length with a methylated cap and a 3’ polyadenylated UTR of length 229

bp, according to the reference sequence from Wuhan.

Low fidelity of the RNA polymerase makes the RNA viruses prone to high frequency muta-

tion and the mutation determines the virus evolution [2]. Systemic mutation analysis of the

viral genome revealed that the virus had mutated several times in spatio-temporal variation

and has evolved into numerous strains [3]. This diversity of RNA strains might be correlated

to severity and mortality seen in COVID-19 (Corona Virus disease-2019). A recent phyloge-

netic network analysis on 160 complete SARS-CoV-2 genome reported that the virus appeared

to evolve in three distinct clusters A, B and C, with A being the ancestral type. Type A and C

seemed to be more prevalent in Americas and Europe, whereas type B was dominant in East-

ern Asia [4].

During viral replication, sub-genomic mRNAs are synthesized by a process of discontinu-

ous transcription with a common 50-untranslated leader sequence [5’-UTR] and a 3’-noncod-

ing co-termini [3’UTR], identical to the viral genome [5]. Hence, highly structured 3’ UTR of

positive-strand RNA viruses is indispensable control element in replication, transcription, and

translation of RNA viruses along with the 5’ UTR [6]. Extent of structural and functional con-

servation in the 5’-terminal of genomic RNA of different species of genus coronavirus has

been found to a distinctive magnitude [7]. These terminal untranslated regions are thus sub-

stantial site for RNA-RNA interaction and binding of viral and host cellular proteins for RNA

replication and translation [8].

Molecular evolution in the untranslated region i.e. the variation in the UTR region leads

the virus to evolve to a great extent. There are many studies which have considered the muta-

tion in the coding region with respect to geographical location. Here, we have enumerated the

variants in the 5’- and 3’-UTR regions of SARS-CoV-2 genome. We have studied a total of

8595 viral sequence samples worldwide for this purpose and found that there are some rare

variants of UTR that are distributed over a global spectrum, while some variants are specifi-

cally present in a population at a comparatively higher frequency. This drove us to make a sys-

tematic catalogue of the UTR variants across six continents of the world that could have a role
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in emergence of different strains of SARS-CoV-2. We have also looked at the possible regula-

tion of viral genomic RNA through binding of host RNA binding proteins (RBPs) and miR-

NAs in specific sequences of the viral UTRs. There are experimentally validated evidences of

human RBPs binding to the regulated signals within the untranslated region of SARS-CoV

RNA in order to control the viral RNA synthesis and turnover. Polypyrimidine tract-binding

protein (PTB) is found to bind to the leader sequence and HNRNPA1, HNRNPQ is bound to

the 3’UTR of beta-coronavirus MHV. Similarly, a host protein, MADP1 (zinc finger CCHC-

type and RNA binding motif 1) interacts with the 50-UTR of SARS-CoV, influencing the RNA

synthesis machinery [9]. Likewise, there are reports of miRNA binding to the viral genome,

both in the coding and non-coding regions [10]. As the miRNA mediated decay of mRNA is

observed mainly through the 3’UTR of the gene in mammalian system, we are also interested

to explore the host miRNA-mediated regulation of the viral genome through the 3’-UTR of

SARS-CoV-2 via mRNA decay and translational repression. Interaction and/ or competition

between RBP and miRNA-RISC is also well studied in mammals [11] and investigation of this

interplay of host RBP and miRNA in the untranslated region of virus may delineate the role of

UTRs in SARS-CoV-2 virulence and survival and how variation in the UTR can have an

impact in the overall regulation.

Materials and methods

Viral genome sequences retrieval/resource

We have downloaded complete and high-coverage SARS-CoV-2 genome sequence data in

FASTA format from Global Initiative on Sharing All Influenza Data (GISAID), which is a pub-

lic repository of all influenza virus sequence. Our data involved only the human-host specific

viral sequence covering six continents of the world: Asia, Europe, Oceania, North America,

South America and Africa. From Asia, we have taken the viral sequence data from China

(n = 197), India (n = 205), Japan (n = 123), Thailand (n = 121) and Taiwan (n = 102). From

Europe, the data is taken from Italy (n = 109), Spain (n = 671), England (n = 2345), Russia

(n = 130) and Germany (n = 202). Viral sequence data is taken only from Australia (n = 522),

on behalf of Oceania. Representative countries from North America include USA (n = 3286)

and Canada (n = 147). There are no further divisions for South America (n = 281) and Africa

(n = 150). Initially the plan was to retrieve viral sequences collected in a span of one month,

just after an interval of two month from the date of first report in the corresponding place, in

order to catch the diversity in the viral sequence in that region. But, unfortunately, due to less

number of sequence deposition in some countries, we had to deviate from the plan and

retrieve all the available sequences till May28, 2020 for them (Table 1). We have downloaded

the sequences on 28th May, 2020.

Alignment to reference sequence

The reference sequence from Wuhan was taken as our reference from NCBI (NC_045512.2).

All the country specific sequences were aligned with the reference sequence separately using

Multiple Sequence Alignment Tool Clustal Omega (EMBL-EBI). As we were interested only in

the 5’- and 3’-untranslated region (UTR) and these positions are located at the two extreme

ends of the sequences, there is a chance of lower coverage and higher error-rate. To resolve

this ambiguity, we have put a high filtering cut-off of at least 70% coverage in a particular loca-

tion of that area. All the alignment files have been shared in ‘figshare’ and can be accessed

using the link: https://figshare.com/articles/Supplementary_Data_Alignment_Files/12649109.
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Prediction of human RBP binding to viral UTR

For prediction of human RBPs bound to the UTR of a viral genome, we have used the web-

tool ‘RBPmap’ that enabled prediction of RBP binding on genome sequences from a huge list

of experimentally validated motifs of RBPmap database. Weighted-Rank algorithm was used

for mapping the motifs [12]. We have put the reference and mutated 5’- and 3’-UTR sequences

separately as query sequence with the in-built human RBP motifs of the database. From the

output, we have selected only the predicted RBPs with high z-score and p-value.

Prediction of human miRNA interaction with viral UTR

Putative human miRNA binding sites on viral UTR was assessed using the ‘RNA22 v2 micro-

RNA target detection’ tool [13]. As a target sequence input, we provided the reference and

mutated 3’-UTR sequences of virus genome. For input miRNA sequences, we have obtained a

list of all annotated human miRNAs with their sequences in FASTA format from miRBase

database [14]. For all other criteria to be used for the prediction was given as per the default

settings and additionally homology with seed sequence and its complementary target sequence

were manually examined in the output file of interaction.

Validation of expression of concerned RBP and miRNAs

Expression of specific genes was obtained from ‘The Protein Atlas’ respective to normal lung

tissue. RNA-seq data from lung tissue generated by the Genotype-Tissue Expression (GTEx)

project was reported as mean pTPM (protein-coding transcripts per million), corresponding

to mean values of the different individual samples from each tissue. HPA RNA-seq data from

lung tissue was reported as mean pTPM (protein-coding Transcripts per Million), correspond-

ing to mean values of the different individual samples from each tissue. Tissue data for RNA

expression also obtained through Cap Analysis of Gene Expression (CAGE) generated by the

Table 1. Country/ continent wise list of number of SARS-CoV-2 viral sequences used for this study.

COUNTRY FIRST REPORT DATA COLLECTION SPAN NO. OF VIRUS SEQ. AVAILABLE & USED IN THIS

STUDY

ASIA CHINA 1-Dec-19 Feb 02-March 01, 2020 197

INDIA 30-Jan-20 April 01- April 30, 2020 205

JAPAN 3-Jan-20 Data submitted till May 28, 2020 123

THAILAND 13-Jan-20 Data submitted till May 28, 2020 121

TAIWAN 21-Jan-20 Data submitted till May 28, 2020 102

EUROPE ITALY 30-Jan-20 Data submitted till May 28, 2020 109

SPAIN 31-Jan-20 Data submitted till May 28, 2020 671

ENGLAND 31-Jan-20 April 01- April 30, 2020 2345

RUSSIA 31-Jan-20 April 01- April 30, 2020 130

GERMANY 27-Jan-20 Data submitted till May 28, 2020 202

OCEANIA/AUSTRALIA 25-Jan-20 March 26- April 25, 2020 522

NORTH

AMERICA

USA/ PUERTO

RICO

20-Jan-20 March 21- April 20, 2020 3286

CANADA 25-Jan-20 Data submitted till May 28, 2020 147

SOUTH AMERICA 26-Feb-20 February 26- Submitted till May 28,

2020

285

AFRICA 14-Feb-20 February 14- Submitted till May 28,

2020

150

TOTAL 8595

https://doi.org/10.1371/journal.pone.0237559.t001
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FANTOM5 project, reported as Scaled Transcripts per Million. GEPIA [15] web-tool was used

to obtain comparative expression of specific genes in lung adenocarcinoma (LUAD) and nor-

mal lungs.

Results

Worldwide cataloguing of prevalent UTR variants of SARS-CoV-2

Sequence alignment of over 8500 virus samples collected from over 15 geographical locations

with the SARS-CoV-2 reference genome (NC_045512.2) has yielded a total of 74 variants in

the 5’ UTR and 83 variants in the 3’UTR. Among them, 28 unique variants have been summa-

rized in the S1 Table based on a minimum variant percentage of 0.5. But for the variants that

are present in at least four populations, no such variant percentage cut off was taken. The most

common high frequency variant is the 241C>T, which lies in the leader sequence of the

SARS-CoV-2 viral genome. China, being the ancestral domicile of the virus has a very low per-

centage of this variant (Fig 1). Europe has the maximum frequency of this variant (Fig 2).

Other than China, other countries in Asia also have a lower percentage of this variant (Fig 1).

Thus, we can a see a clear effect of regional variation on the frequency of this variant. Another

study reported that this variant has co-evolved with three coding region mutations

(3037C > T, 14408C > T, and 23403A > G) of nsp3, RNA primase and spike glycoprotein.

They have also related this mutation with the increased transmissibility of the virus [16].

Another common variation in the 5’UTR is 187A>G, that is present in seven of our popula-

tions being most prevalent in Italy and Canada. 29742G>A/T and 29774C>T are the most

familiar variants of 3’UTR among all the continents. 29742 variant has two alternative alleles

with G>A being more prevalent in India, USA and Africa, whereas G>T variant is more dom-

inant in Thailand, Taiwan, Germany, Australia and Canada. China and England has both the

variants of almost similar percentage. Hence, this variant seems not be associated with any spe-

cific region. Another important variant of 3’UTR is 29734G>C, which is mostly seen in

Europe and Australia, but Italy has a quite high percentage of this variant than others (Fig 2).

Most of the countries in this study seem to have a moderate to significant variation in the

3’UTR of the viral genome.

Furthermore, we have explored the relationship of these variants with the secondary struc-

ture of SARS-Cov-2 viral RNA. 5’UTR variant 187A>G fall within the SL5A stem-loop and

241C>T variant was within SL5B stem-loop. The above mentioned three 3’UTR variants were

also within the bulge portion of the stem-loop of viral RNA secondary structure. Wild type

nucleotides of all these variants had high SHAPE-reactivity value which suggested that these

nucleotides were less likely to form base-pair and hence had an important role in affecting the

secondary structure [17, 18].

Country-specific UTR variant patterns

All the 15 populations and sub-populations used in this study have a definite pattern of UTR

variants of their own (Figs 1; 2). Even countries in a single continent differ in their UTR varia-

tion. Some variations are merely specific to a particular location with a quite considerable per-

centage. The overall sequence of 5’UTR of SARS-CoV-2 in Italy is exceptionally variable,

whereas the 3’UTR is substantially stable with a single variant in the position 29701 (G>T).

But England, also being a part of Europe, has a notable number of variations in the 3’UTR hav-

ing a relatively stable 5’-end. From our analysis, it is evident that Russia had no such frequent

variation in the UTR, except the 241C>T variant which was present in 100% of the population.

India had two striking variations in the 3’UTR, 29827A>T, 29830G>T, which was found

nowhere in this global mutational landscape (S1 Table). All the sequences under this study
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with these two variants are from Indian state of Maharashtra, which has the highest number of

SARS-CoV-2 infected people within India. Most interestingly, both of these variants occur

simultaneously in majority of the cases. Similarly, South America also had five unique muta-

tions in the positions 29783G>T, 29786G>C, 29834T>C, 29838C>T and 29839A>G of

3’UTR.

Identification of host RBPs bound to viral 5’-UTR

RNA binding proteins belong to a class of proteins which bind to target RNA molecules

through characteristic binding motifs and perform a variety of functions. In fact, irrespective

of the type of RNAs, whether is coding or non-coding, specific RBPs get associated with RNAs

right after their birth and subsequently control the processing, stability, transport, translation,

regulatory function and turnover. As mentioned earlier, exogeneous viral RNA will also

encounter host RNA decay machinery when released into the cell and there are ample evi-

dences that they attempt to escape the process in order to maintain their successful propaga-

tion within the host. One way to take care of the situation is to recruit host RNA stabilization

factors into the regulatory region, i.e. 5’ and 3’-UTRs [19]. Table 2 lists the predicted host

RBPs interacting with the 5’-UTR of virus SARS-CoV-2 as obtained using ‘RBPmap’.

In the next step, the logical exploration was to find out whether the most prevalent varia-

tions identified in the 5’-UTR of the viral RNA genome could alter binding of any of these

RBPs. The ‘A’ to ‘G’ change at position 187 coincided with the binding site of CUG-BP (also

known as CELF1) (Fig 3A), implicating that the variation might have some effect on CUG-BP
binding. In order to test that, we used the mutated sequence as ‘input’ and found that the single

nucleotide change didn’t have any effect on binding of CUG-BP to its target sequence. In other

words, no matter whether the virus has ‘A’ or ‘G’ at position 187 of its 5’-UTR, CUG-BP binds

and probably performs its function.

Then, we focused on the most important change in the 5’-UTR, the position at 241. Looking

at the distribution of this variation and the reports related to its association with virulence

[16], we had a belief that it might be giving some selective advantage to the virus. However, we

didn’t find any RBP binding site overlapping with this region. We changed the nucleotide at

position 241 from ‘C’ to ‘T’ (for corresponding ‘U’ in RNA) and used the mutated sequence in

RBPmap. To our surprise, we found a TARDBP binding site created upon this change (Fig

3B). TARDBP (also called TDP-43) is a well characterized RBP which binds to specific ‘UG’

(and ‘TG’) rich sequences of RNA (and DNA) and reported to facilitate translation when

bound to 5’-UTR [20]. From protein data bank (PDB) we retrieved the co-crystal structure of

TARDBP with single strand DNA (Fig 3C & 3D) which indicated strong binding of the pro-

tein to that particular nucleic acid stretch. Hence, our finding showed strong binding of

TARDBP to viral 5’-UTR having ‘U’ at position 241. This could be implicated in facilitating

translation of viral proteins resulting in its effective propagation within human host.

Identification of host RBPs bound to 3’-UTR of SARS-CoV-2

Following the same principle and considering the fact that 3’-UTR is the most important site

for regulation of RNA stability and turnover, we also wanted to find out what are the RBPs

interacting with this region. The 3’-UTR reference sequence of SARS-CoV-2 was fed into

RBPmap and we obtained a list of 3’-UTR binding RBPs selected on the basis of p-value and

Fig 1. Global distribution of SARS-CoV-2 untranslated region variants from selected regions of Asia, Australia,

South America and Africa. Both the 5’ and 3’-UTR variant positions are shown in ‘X’ axis and variant percentage has

been shown in ‘Y’ axis.

https://doi.org/10.1371/journal.pone.0237559.g001
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Z-score (Table 2). As with 5’-UTR, here also we focused on the major variations in 3’-UTR to

find out if specific nucleotide change could interfere with the binding of specific RBPs. We

found that 3’-UTR variations at positions 29742 and 29774 could affect interaction of SRSF5
and HNRNPA1 respectively. However, the regulation at 3’-UTR is not that simple. Another

important factor which needs be taken into account is whether there are host miRNA binding

sites present within the viral 3’-UTR region and how the combinatorial interaction of host

RBPs and miRNAs could dictate the viral RNA stability.

Finding of host miRNAs which could target viral 3’-UTR

In order to identify whether there are any host miRNA binding site present in viral 3’-UTR

and if so, what they are, we used the viral 3’-UTR sequence as ‘input’ in the miRNA prediction

software ‘RNA22 v2’. The algorithm predicts several of such miRNAs and we selected them

based on folding energy for heteroduplex formation and p-value (Table 3). As the most impor-

tant factor for the functional miRNA-target RNA interaction is to have the perfect homology

between the seed sequence of miRNA (2nd to 8th nucleotide from 5’ end) and the correspond-

ing target RNA sequence, we also explored the fact in the identified pairs. Furthermore,

whether the changes caused by the common variations interfere with the seed sequence

Fig 2. Global distribution of SARS-CoV-2 untranslated region variants from selected regions of Europe and

North America. Both the 5’ and 3’-UTR variant positions are shown in ‘X’ axis and variant percentage has been shown

in ‘Y’ axis.

https://doi.org/10.1371/journal.pone.0237559.g002

Table 2. List of host RNA binding proteins as obtained from RBPmap, predicted to bind to 5’-UTR and 3’-UTR of SARS-CoV-2 RNA.

Sl no. RNA Binding Protein Binding site in 3’-UTR Z-score p-value

5’-UTR

1. A1CF 129-auaauua 3.633 1.40e-04

2. BRUNOL4 83- ucugugu 2.608 4.55e-03

3. FMR1 154- ugacagg 2.111 1.74e-02

4. CUG-BP 184- ugcag 2.124 1.68e-02

5. QKI 27- acaaac 2.772 2.79e-03

6. RBM38 84- cugugug 2.641 4.13e-03

7. SRSF2 90- ggcuguc 2.172 1.49e-02

8. YBX1 220- aucauca 2.935 1.67e-03

9. ZNF638 199- guuucgu 1.908 2.82e-02

3’-UTR

1. HNRNPA1 148-uuaguagu 3.180 7.36e-04

100- cuaggga 2.230 1.29e-02

2. IGF2BP2 195- acaaaaa 3.110 9.35e-04

3. KHDRBS1 173- uuaauag 2.340 9.64e-03

4. KHDRBS3 194- gacaaa 2.858 2.13e-03

5. MATR3 180- cuucuua 1.743 4.07e-02

6. PABPC1 197- aaaaaaa 3.951 3.89e-05

7. RBMS3 113- ccuaua 1.917 2.76e-02

115- uauaug 2.125 1.68e-02

8. SRSF3 33- acuug 1.882 2.99e-02

9. SRSF5 64- ccacgcg 2.086 1.85e-02

10. ZC3H14 142- uuaauuu 1.660 4.85e-02

11. SFPQ 151- guagugc 2.444 7.26e-03

https://doi.org/10.1371/journal.pone.0237559.t002
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binding was also investigated. The interesting part in this scenario is that the reference

sequence at a particular position causes a mismatch in the seed resulting in inefficient binding

of a miRNA, but the variant base at that position creates a perfect binding site. However, con-

sidering the complexity of the region, all these probabilities could not be assessed only in

terms of miRNAs and hence we set out to probe into the interaction between the host RBP-

miRNAs and viral sequence variants in 3’-UTR region in a comprehensive manner.

Interaction between RBPs and miRNAs

We investigated the interaction in a stepwise manner. The first situation explored was the case

where host miRNA miR-34b-5p targets viral RNA and no mutation has been identified in the

‘seed’-corresponding region. This means that all the viral sub-types will be vulnerable to degra-

dation by this miRNA, provided it is expressed in host lungs tissue. Careful scanning of the

Fig 3. Effect of 5’-UTR variations on binding of RBPs at 5’-UTR. (A) Change of ‘A’ to ‘G’ at 5’-UTR position 187

retains binding site of CUG-BP (highlighted in coloured letters); while change of ‘C’ to ‘T’ at position 241 creates a

binding site for TARDBP (highlighted in coloured letters) (B). Crystal structure of human TARDBP RRM1 domain in

Complex with a single-stranded DNA (showed in ‘purple’) (PDB ID: 4IUF) in ribbon (C) and space filling (D) model,

as retrieved from PDB.

https://doi.org/10.1371/journal.pone.0237559.g003
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binding site and also looking at the RBP binding information we identified a RBMS3 target

sequence actually overlapping with the miR-34b-5p seed corresponding region (Fig 4A). This

clearly indicated a prevalent competition between RBMS3 and miR-34b-5p-RISC complex for

their respective binding site, with one of them simply presenting a steric hindrance to the

other one by blocking the access. This is quite common scenario in regulation of mammalian

mRNA stability where the final verdict whether the mRNA is degraded or stabilized largely

depends on the spatio-temporal expression or the availability of both the molecules (RBP and

miRNA).

Second scenario was the variation in position 29774. In this case, we identified that change

from ‘C’ to ‘A’ disrupted the binding of miR-9-5p to its corresponding target sequence at the

‘seed’ region (Fig 4B). This is clearly an advantage to the virus as the variation would help it to

get rid of the miRNA mediated degradation. As this overlapping region also had a binding site

for RBP HNRNPA1, we wanted to find out what happens to HNRNPA1 binding when there is

a change from ‘C’ to ‘A’. Interestingly enough, we discovered that HNRNPA1 binding is also

not affected, implicating an ensured protection of viral RNA by RBP HNRNPA1, no matter

whether miR-9-5p is functional or not. Again, this situation is also quite common in mamma-

lian mRNA regulation where we see some amount of degeneracy among the RBP target

sequences, when change of a single nucleotide is often tolerated. The virus uses this phenome-

non to its benefit where in spite of UTR sequence variation, protection from same RBP is

ensured.

In case of the third incidence, we looked at position 29742, where the ‘G’ to ‘A’ change cre-

ates a binding site for miR-3664-5p (Fig 4C), which means that the virus having the variant

nucleotide will be prone to degradation by this miRNA. We had already commented about the

possible binding of SRSF5 in this region and found that the variation under investigation had

no impact on SRSF5 binding. Again, it indicated that despite creation of miR-3664-5p binding

site, the viral RNA is safe until SRSF5 is available to bind and compete with miR-3664-5p-

RISC complex. However, as evident from our 3’-UTR analysis, a significant proportion of viral

sequence had ‘G’ to ‘T’ change at position 29742. While SRSF5 binding site was still retained,

the miR-3664-5p site creation did not take place due to this change.

The fourth scenario was found to be very different from what have been mentioned so far.

We identified that change of ‘G’ to ‘C’ at position 29734 creates a binding site for miR-4701-

3p, but no RBP with a overlapping target sequence could be identified (Fig 4D). This means

that there is probably no host factor to protect viral RNA from miR-4701-3p mediated

Table 3. List of host microRNAs predicted by ‘RNA22 v2’ to have binding sites in the 3’-UTR of the viral genome.

Sl no. miRNA SARS-CoV2 3’-UTR Sequence corresponding to Seed region folding energy (in -Kcal/mol) p value

1. hsa_miR_25_5p 105-GGAGAGC -15.40 3.3E-1

2. hsa_miR_105_5p 114-CTATATG -13.20 3.3E-1

3. hsa_miR_210_3p 65-CACGCGGA -17.80 2.24E-1

4. hsa_miR_9_5p 99-GCTAGGG -14.82 3.3E-1

5. hsa_miR_34b_5p 110-GCTGCCT -19.40 3.3E-1

6. hsa_miR_196b_5p 109-GCTGCCT -16.60 3.3E-1

7. hsa_miR_1293 63-GCCACGC -19.90 2.24E-1

8. hsa_miR_2116_5p 121-GAAGAGC -14.90 3.3E-1

9. hsa_miR_323b_5p 105-GAGAGCT -19.70 3.3E-1

10. hsa_miR_4497 66-ACGCGGA -16.10 2.24E-1

11. hsa_miR_4659b_3p 120-GGAAGAG -18.80 3.3E-1

12. hsa_miR_4757_5p 59-CGAGGCC -20.90 2.24E-1

https://doi.org/10.1371/journal.pone.0237559.t003
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Fig 4. Interaction between RBPs and miRNAs at 3’-UTR. (A) RBMS3 and miR-34b-5p binding site overlap with

each other. RBMS3 binding site highlighted in coloured letters. (B) Change from ‘C’ to ‘T’ at position 29774 shows

intact binding site for HNRNPA1 (highlighted in coloured letters) and disrupted interaction of miR-9-5p with its

target (sequence change highlighted in blue). (C) Change from ‘G’ to ‘A’ at position 29742 shows intact binding site for

SRSF5 (highlighted in coloured letters) and creation of binding site of miR-3664-5p with its target (sequence change

highlighted in blue). (D) Change from ‘G’ to ‘C’ at position 29734 shows newly created interaction of miR-4701-3p

with its target (sequence change highlighted in green).

https://doi.org/10.1371/journal.pone.0237559.g004
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degradation when the virus carries a ‘C’ at position 29734. However, this entirely depends on

the expression status of miR-4701-3p in host tissue and there are evidences that suppression of

miRNA expression falls under viral strategy to safeguard its genome.

Validation of our finding by checking expression patterns of key RBPs and

miRNAs in host tissue

The phenomenon of viral RNA utilizing host stabilizing factors and escaping RNA decay

machinery is well-established. But, nothing is known so far for SARS-CoV-2. As mentioned

before, the actual incident what is taking place after viral infection largely depends on the

expression status of the interacting RBPs and miRNAs in particular host tissue. Since, lungs is

the primary site of infection for SARS-CoV-2, we wanted to find out what is the nature of

expression of these molecules in normal lungs tissue. In the first approach we tested their

expression in ‘The Protein Atlas’ portal (Fig 5A and 5B) and in the second approach we used

the TCGA dataset for lung adenocarcinoma (LUAD) from GEPIA and compared the expres-

sion of the selected RBPs in adjacent normal lung tissue (Fig 5C and 5D). To our excitement,

Fig 5. Expression of selected RBPs in lungs tissue. (A, B) Expression of five selected RBPs in Lungs tissue of normal individuals as obtained from ‘The Protein Atlas’.

RNA-seq tissue data generated by GTEx, HPA and FANTOM5 projects showed expression pattern of these genes in normal lungs. ‘X’ axes for HPA and GTEx data set

denote pTPM value (protein coding transcript per million) and that of FANTOM5 data set denotes scaled TPM value. (C, D) Expression of five selected RBPs in Lungs

adenocarcinoma (LUAD) and adjacent normal lungs tissue as obtained from ‘GEPIA’.

https://doi.org/10.1371/journal.pone.0237559.g005
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we found a decent to huge expression of all the RBPs in normal lung tissues, clearly indicating

their availability to protect viral RNA from host decay machinery. As the viral infection will

follow a huge inflammatory condition in the lungs and by the time we know that in severe

cases this prolonged inflammation leads to pulmonary fibrosis, we also wanted to check

whether there are supporting evidences relating the expression of these RBPs and miRNAs to

inflammation or more specific to pulmonary inflammation. As shown in Table 4, almost all

the RBPs under investigation were either reported to have induced by inflammation or respon-

sible for fibrosis in lungs or other organ. Expression of some of them was also reported to be

modulated by viral infection. This finding supports our hypothesis and indicates that from the

stages of early viral infection to severe advanced conditions SARS-CoV-2 could utilize the host

stabilization factors for its own benefit.

Following the same tune, we looked at the miRNAs also in greater details and several inter-

esting observations were noted. Apart from miR-3664-5p, other three miRNAs were detectable

in lungs tissue and even were closely associated with pulmonary inflammation. In case of miR-

3664-5p also, its involvement in breast cancer tumorigenesis and associated inflammation was

quite supportive. Most of these supporting studies mentioned here for both RBPs and miRNAs

are actually functional interrogations involving rigorous experimental procedures. Hence, we

are quite confident that that our predictions got validated by experimental reports asking the

similar type of questions in a similar set up.

Table 4. List of supporting experimental evidences validating our findings.

Sl

no.

Expression status/ Function in Lungs/ Relationship to Inflammation and Fibrosis/ Viral infection References

RBPs

1. CUG-BP Upregulated in Lung Cancer/ inflammation [21]

CUGBP1 Stimulates Human Lung Tumor Growth [22]

Overexpression of CUGBP1 is associated with the progression of non-small cell lung cancer [23]

CUG-binding Protein 1 Regulates HSC Activation and Liver Fibrogenesis [24]

Exercise, Skeletal Muscle and Inflammation: ARE-binding Proteins as Key Regulators in Inflammatory and Adaptive Networks [25]

2. TARDBP Upregulated in inflammation [26]

Facilitation of viral pathogenesis [27]

3. RBMS3 RBMS3 is a novel Tumour suppressor in Lungs squamous cell carcinoma, and its downregulation facilitates development and

progression of LSCC.

[28]

RBMS3 is upregulated by chronic inflammation and Fibrosis [29]

4. HNRNPA1 Knockdown of HNRNPA1 Inhibits Lung Adenocarcinoma Cell Proliferation Through Cell Cycle Arrest at G0/G1 Phase [30]

Upregulated in inflammation [31]

SARS-CoV RNA synthesis and turnover regulation [9]

5. SRSF5 Expression upregulated by viral infection [32]

Upregulated by Host-viral interaction [33]

Upregulated by intracellular stress [34]

Upregulated in Lung inflammation/ Cancer [35, 36]

miRNAs

1. miR-34b-5p Upregulated in mouse model of Lungs inflammation and fibrosis. [37]

Upregulated in inflammation [38]

2. miE-9-5p High expression level in normal Lungs tissue. Further overexpressed in NSCLC/ lung inflammation [39]

3. miR-3664-

5p

No report of detectable expression in normal Lungs tissue or in pathogenic condition

Involved in inflammation/ tumorigenesis associated with breast cancer [40]

4. miR-4701-

3p

Upregulated in LUAD/ lung inflammation and very less amount of expression in normal Lungs tissue [41]

https://doi.org/10.1371/journal.pone.0237559.t004
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Discussion

It has been more than six months we are experiencing one of the biggest pandemics of the

world. Investigation of the viral subtypes across the globe has identified several variants in the

coding region of the viral RNA possibly resulting in key structural or functional changes in

spike protein, nucleocapsid proteins or the RNA dependent RNA polymerase of the virus. As

compared to the coding region variants, there have not been so many changes identified in the

5’ or 3’ untranslated regions of the viral genome. This made us interested about these regions

and first we wanted to carry out a systematic exploration of the prevalent changes present in

the region using more than 8500 viral sequences isolated from all the continents and explore

their significance with respect to host RNA decay machinery as well. In spite of some specific

changes concentrated in some specific regions of the world, overall pattern of the 5’ and 3’-

UTR variants pinpoint on few predominant ones. The most important of it was at position

241, where we see a clear change of distribution of reference to variant nucleotide from China

to South-East Asia to Europe and Americas. This change has also been implicated to higher

mortality and/ or infectivity of the virus [16]. For the first time, we report the likelihood of

TARDBP binding to this region. TARDBP has been known to promote translation and RNA

stability and it has also been shown to play important role in viral infection [42, 43]. Therefore,

promotion of translation of SARS-CoV-2 viral proteins by TARDBP fits well with possible

selection of ‘T’ base over time and its correlation to infectivity.

The other RNA binding proteins identified in the study to be interacting with viral 5’ and

3’-UTR also has reported evidences of functioning as RNA stabilizing factor or facilitator of

translation. CUG-BP has been shown to interact with eIF2A [44] and promote translation in

selected targets [45]. RBMS3 is a very well-characterized RNA stabilizing factor and known to

increase half-life of target mRNAs as well as increase protein expression in many instances

[29]. Similarly, HNRNPA1 is also a RBP known for its role in promoting mRNA stability after

binding to 3’-UTR specific target sites and as mentioned before, this RBP has been experimen-

tally identified to bind to SARS-CoV 3’-UTR [46, 47]. SRSF5, although primarily involved in

splicing, has been attributed to functions like maintaining mRNA stability and translation [48,

49].

The most significant aspect of this study was to identify miRNA binding site in the viral 3’-

UTR and deciphering the cross-talk between RBPs and miRNAs along with the nucleotide var-

iations at specific sites. Our results elaborated five distinct types of such interactions, as sum-

marized in Fig 6. We have seen CUG-BP binding site is retained and TARDBP binding site is

created upon change in viral nucleotide sequences at target positions of 5’-UTR, providing a

continued stability and translational advantage to the virus (shown in arm:A). On the other

hand, there exists multiple possibilities in case of 3’-UTR, where we first see direct competition

over access to target sites between RBMS3 and miR-34b-5p (arm:B). Lung inflammation causes

induction of miR-34b-5p [37] which could be a step to attenuate viral infection. However, the

sustained expression of RBMS3 in lungs tissue probably acts to prevent miR-34b-5p action

after binding to the viral RNA at overlapping site.

The effect of variation in viral sequence could either disrupt or create miRNA binding site,

keeping the RBP binding site intact. This result in non-functional miRNA site in one case

(arm:C) and competition between RBP and miRNA in the other (arm: D). Expression of both

HNRNPA1 and SRSF5 is high in lungs, further supporting their possible protective effect on

viral genome. The incidence described in arm: E is different as it creates a miRNA binding site

without an RBP protection. We have seen that expression of miR-4701-3p is less in lungs, pro-

voking the thought that despite having its site created, there might not be enough miRNA to

act on the viral RNA at this site.
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Thereby, we have characterized SARS-CoV-2 5’ and 3’-UTR sequences for existing varia-

tions in these regions prevailing at major countries of infection spread over all the continents.

We further identified interactions between host RBPs like CUG-BP, TARDBP, RBMS3,

Fig 6. Schematic representation of host RBP-miRNA interactions along with sequence variation in UTR regions of SARS-CoV-2.

https://doi.org/10.1371/journal.pone.0237559.g006
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HNRNPA1 and SRSF5 with host miRNAs miR-34b-5p, miR-9-5p, miR-3664-5p and miR-

4701-3p and showed how the interactions changed along with sequence variations at specific

positions of untranslated regions of viral genome. Our findings elaborate complex relationship

between host RNA stabilization/ decay factors and SARS-CoV-2 RNA genome highlighting

how the virus could manipulate host machinery. The knowledge could also be used to develop

antiviral compounds following further experimental studies.
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A B S T R A C T   

Several reports have highlighted the contributions of host factors such as age, gender and co-morbidities such as 
diabetes, hypertension and coronary heart disease in determining COVID-19 disease severity. However, inspite of 
initial efforts at understanding the contributions of SARS-CoV-2 variants, most were unable to delineate cau-
sality. Hence, in this study we re-visited the contributions of different clades of viruses (G, GR and GH) along 
with other attributes in explaining the disparity in mortality rates among countries. A total of 26,642 high quality 
SARS-CoV-2 sequences were included and the A23,403G (S:D614G) variant was found to be in linkage 
disequilibrium with C14,408 U (RdRp: P323L). Linear regression analyses revealed increase in age [Odds ratio: 
1.055 (p-value 0.000358)] and higher frequency of clade-G viruses [Odds ratio: 1.029(p-value 0.000135)] could 
explain 37.43% of the differences in mortality rates across the 58 countries (Multiple R-squared: 0.3743). Next, 
Machine-Learning algorithms LogitBoost and AdaboostM1 were applied to determine whether countries 
belonging to high/low mortality groups could be classified using the same attributes and accurate classification 
was achieved in 70.69% and 62.07% of the countries, respectively. Further, evolutionary analyses of the Indian 
viral population (n = 662) were carried out. Allele frequency spectrum, nucleotide diversity (π) values and 
negative Tajima’s D values across ORFs were indicative of population expansion. Network analysis revealed the 
presence of two major clusters of viral haplotypes, namely, clade-G and a variant of clade L [Lv] having the RdRp: 
A97V amino acid change. Clade-G genomes were found to be evolving more rapidly and were also found in 
higher proportions in three states with highest mortality rates namely, Gujarat, Madhya Pradesh and West 
Bengal. Thus, the findings of this study and results from in vitro studies highlighting the role of these variants in 
increasing transmissibility and altering response to antivirals reflect the role of viral factors in disease prognosis.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) outbreak was first reported in 
December 2019 from Wuhan, China and since then has spread across the 
globe causing >5,00,000 deaths worldwide (Lu et al., 2020; WHO, 
2020). The causal agent, SARS-CoV-2 is a positive strand RNA virus 
speculated to be of animal origin which has been found to cluster among 
6 major clades circulating across countries. The first viral whole genome 
(RNA) sequence information was published on 5th of January 2020 (Wu 
et al., 2020) and so far >2,68,000 SARS-CoV-2 sequences have been 
submitted from across the world to Global Initiative on Sharing All 
Influenza Data (GISAID) (GISAID, 2020). However, a report from 
Shanghai, China describing viral variants from patients visiting a clinic 
between January and February 2020 were unable to find any association 

between viral haplotypes and enhanced viral dissemination or disease 
severity. However, clinical data from these patients were instrumental in 
identifying host predictive factors such as reduced CD4+ and CD8+ T 
cell counts with elevated IL-6 and IL-8 levels (Zhang et al., 2020a). 
Further, age, gender and comorbidities such as hypertension, diabetes 
and coronary heart disease have also been implicated in disease severity. 
The daily cumulative indices which are indicative of rapid increase in 
infected individual numbers have also been found to result in higher 
deaths in different countries due to health-care resource constraints (Al- 
Tawfiq et al., 2020; Ji et al., 2020; Zhou et al., 2020). 

World-wide, spread of SARS-CoV-2 has greatly been influenced by 
social distancing measures and lockdown of cities undertaken by 
countries to control the pandemic. However, the differences in mortality 
rates given the incidence rates could not completely be explained by all 
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the variables mentioned earlier. 
Hence, in this report we revisit the role of viral genome variations 

found across the globe and explore if viral haplotype changes in com-
bination with known host factors such as age could be used to explain 
the variability that we see in mortality rates given the incidence rates 
across the globe. Further, we also make an effort at elucidating the 
evolutionary trajectories of the Indian viral population and its distri-
bution profiles to see if the world-wide patterns are being replicated in 
India as well. 

2. Materials and methods 

2.1. Information on age, SARS-CoV-2 clade information and cumulative 
COVID-19 incidence, death rates across countries 

Age and SARS-CoV-2 clade information were obtained from the 
GSAID database on the 11th of June 2020. Countries that did not have 
age information or did not have more than three complete, high 
coverage sequence submissions were excluded from the analyses. In-
formation on cumulative COVID-19 incidence and deaths were collected 
from the WHO database on the same day. The ratio of cumulative death 
given the cumulative incidence was used as a variable to determine 
mortality rates. 

2.2. Viral sequence information 

A total of 26,642 high quality SARS-CoV-2 sequences belonging to 59 
countries were downloaded on the 11th of June 2020 from the GSAID 
database (Supplementary table S1). This included countries from Asia 
(n = 19), Africa (n = 5), Europe (n = 26), North America (n = 3), South 
America (n = 5) and Oceania (n = 1). 

Additionally, viral genome sequences from Indian nationals and a 
few international tourists stranded in the country, both submitted from 
India were also included (n = 662). From a total of 662 sequences, 25 
were found without state information out of which 14 were Indian cit-
izens from Iran and 5 were Italian tourists. Additionally, 7 had been 
grown in Vero cells. The rest of the isolates were collected from 19 
different states which included Andhra Pradesh (n = 1), Assam (n = 2), 
Bihar (n = 4), Delhi (n = 62), Gujarat (n = 199), Haryana (n = 4), 
Jammu (n = 1), Karnataka (n = 10), Kerala (n = 2), Ladakh (n = 6), 
Madhya Pradesh (n = 15), Maharashtra (n = 63), Odisha (n = 74), 
Punjab (n = 1), Rajasthan (n = 6), Tamil Nadu (n = 31), Telangana (n =
97), Uttar Pradesh (n = 5) and West Bengal (n = 47). State-wise average 
ages were calculated for those states that had contributed more than 
three viral sequences to the GISAID database. 

2.3. Nucleotide alignment and variant calling 

Given the initial emergence of the SARS-CoV-2 virus from Wuhan, 
China, alignment was carried out using the genome sequence submitted 
by Wu et al. (NC_045512.2) in January 2020 (Wu et al., 2020). Refer-
ence guided sequence alignment was executed with five iterations for 
both. Since different sequencing platforms had been used to generate 
SARS-CoV-2 sequence data with different error rates and filtering cut- 
offs so variant calling was stringently carried out with a minimum 
coverage of one-third genomes. Ambiguous bases found in genome se-
quences were considered to be unresolved for the purpose of analyses. 

2.4. Measurements of diversity and deviation from neutrality for Indian 
sequences 

Watterson’s estimator (θw), nucleotide diversity (π) and Tajima’s D 
(Tajima, 1989) for each open reading frame (ORF) was calculated using 
MEGA X (Kumar et al., 2018). 

2.5. Phylogeny construction for Indian sequences 

Phylogenetic analysis was carried out following the median-joining 
approach using Network 10.1.0.0 software (Bandelt and Röhl, 1999). 
For phylogeny construction, a variant frequency cutoff of ≥0.01 was 
used and a 97% cutoff for the number of sequences with resolved bases 
for each position to avoid spurious clustering. 

2.6. Statistical analyses 

Measures of linkage disequilibrium (LD) such as D′ and r2 values 
(Jennings, 1917) were calculated manually using observed and expected 
frequencies of haplotypes formed by the loci of interest. Linear regres-
sion was carried out to assess the importance of variables such as Age 
(average age of reported cases), World Bank income group classification 
(Groups 3 and 4), tests per million as on June 25, 2020 and percentage of 
different clades of viruses (G, GR and GH) in explaining COVID-19 
mortality rates in continuous scale using IBM SPSS Statistics for Win-
dows, version 1.0.0.1327 (IBM Corp., Armonk, N.Y., USA). and R (R 
Core Team, 2014). Mortality rate was defined as the ratio of cumulative 
deaths and cumulative incidence as on 25.06.2020. 

2.7. Machine learning 

Machine-Learning was used to assess whether countries belonging to 
high/low mortality groups could be classified based on the percentage of 
different clades of viruses and other attributes. For this, the Waikato 
Environment for Knowledge Analysis (Weka 3.8.4) (Frank et al., 2016) 
software suite was used. Countries with death rates above the median 
value of 2.8% were labeled as high death rate countries. Two major 
boosting algorithms AdaboostM1 (Yoav and Schapire, 1996) and Logi-
tBoost (Friedman et al., 2000) were used in conjunction with simple 
decision stumps (as weak learners) and 10 iterations to predict high/low 
mortality groups. The mortality rate classification was based on the 
median COVID-19 death rate (Section 2.6). The predictor variables used 
were Age (average age of reported cases), Income (World Bank income 
group classification), Tests (tests per million as on June 25, 2020), and 
percentage of different clades of viruses. The accuracy of the models was 
further tested using 10-fold cross-validation. 

3. Results 

3.1. Patient age and the SARS-CoV-2 G-clade spike protein variant G 
23403 (S: G614) explain differences in death rates across countries 

The sequences from all the 59 countries excluding India which had 
patient information on age and more than 3 sequence submissions were 
analyzed to delineate the frequency of non-synonymous changes that 
had been used to classify the virus into clades (Fig. 1, Supplementary 
table S1-1). Comparisons were made to delineate the role all the pre-
dictors. Linear regression analysis revealed that increase in age [Odds 
ratio: 1.055 (p-value = 0.000358)] and the higher frequency of the G- 
clade viruses [Odds ratio:1.029 (p-value 0.000135)] could explain 
37.43% of the differences in cumulative death rates given the cumula-
tive incidence rates across the 58 countries (Multiple R-squared: 
0.3743). Two countries had to be excluded from the analyses because of 
missing ‘tests per million’ values. The LogitBoost algorithm could 
accurately classify 41 out of 58 countries (70.69%) based on mortality 
rates given the attributes included in this study. Based on 10-fold CV, the 
AUC (Area under ROC curve) was 0.776 with a precision of 71.1%, recall 
value 70.7%, and F-measure of 70.7%. The AdaboostM1 algorithm could 
classify 36 out of 58 countries accurately (62.07%) and had an AUC 
value of 0.709. The final classifiers (obtained by LogitBoost and Ada-
boostM1) determined based on our data and ROC curves are given in the 
(Supplementary table S1-2, S1-3). Notably, both the classifiers used 
clade G percent as the most predictive attribute in the first iteration. 
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3.2. Linkage disequilibrium between the A23403G (S: D614G) and the 
C14408U (NSP12:P323L) variants 

Given that the RNA dependent RNA Polymerase (RdRp) holds the 
key to viral genome conservation, hence, we focused on understanding if 
there existed a non-random association between the known clade-G 
A23403G (S: D614G) variant and the high frequency RdRp variant 
C14408U (NSP12:P323L) among the clade-G viruses. Using sequence 
information from all the 59 countries, it was identified that both the 
variants was in linkage disequilibrium (LD) with D′ and r2 values of 0.9 
and 0.826 respectively. It was also observed that the Asian countries had 
the lowest percentage of the U14408-G23403 (NSP12:L323-S:G614) 
haplotype (37%) with none in Qatar, South Korea, 3.47% in China and 

4.17% in Malaysia in contrast to the African, European, North and South 
American countries where the lowest percentage was found in Uruguay 
at 26.67% (Supplementary table S1). The earliest G-clade virus (S: 
G614) with NSP12: L323 variant was identified in Zhejiang, China with 
a collection date of 1/24/2020 (EPI_ISL_422425) followed by its pres-
ence in Italy, France, Switzerland, England and Luxembourg by the end 
of February 2020 and its re-entry to China by way of individuals from 
Beijing with travel history to Europe in March 2020. 

3.3. In depth analyses of the variants found within the Indian SARS-CoV- 
2 genomes 

The Indian subcontinent was found to have lower morality rates 

Fig. 1. Comparison of the mortality rates and viral clade distribution across 59 countries across the world (a) The ratio of COVID-19 cumulative deaths to cumulative 
incidences for 59 countries as estimated by the World Health Organization till the 11th of June 2020. The red line indicates the average ratio. (b) The distribution of 6 
different clades, namely L, S, V, G, GH, GR and O found in the same 59 countries considered for analysis. 
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given the disease incidence rates (0.028, Supplementary table S4) and 
the clade-G viruses formed 25.96% of the proportion of viruses that had 
been sequenced till 11th of June 2020. However, the clade-G virus 
associated with higher death rates were found to increase in frequency 
from 17.46% in March to 31.92% in May which formed the basis of the 
country-average (Fig. 2) 

Hence, to further understand the evolutionary trajectories of these 
viruses, 662 Indian genome sequences and the ancestral Wuhan-Hu-1 
isolate sequence (NC_045512.2) were separately aligned and a total of 
887 single nucleotide variants, 21 di-nucleotide, tri-nucleotide and 
tetra-nucleotide substitutions and 14 insertions and deletions were 
identified ranging in frequencies between 0.2% to >57%. A total of 545 
of these variants resulted in amino acid changes (Fig. 3)A, supplemen-
tary table S5). Among the single nucleotide variants C–U transition per 
C residue in the genome was highest at 6.15%, followed by G-U trans-
version (2.98%) (Fig. 3B, supplementary table S6). The NSP3 and S ORFs 
had the highest proportion of non-synonymous changes (NSP3: n = 106, 
19.45%; S: n = 80, 14.68%) (Fig. 3C supplementary table S7). Given the 
number of variants identified, the diversities across all the ORFs were 
calculated. ORF10 was found to have the lowest nucleotide diversity (π) 
while ORF N had the highest. Overall, the nucleotide diversity (π) values 
were low across ORFs in comparison to the θ (Watterson’s estimator) 
values (Fig. 3D) which was indicative of the presence of higher pro-
portion of low frequency variants as has been described in Fig. 3A. The 
next objective was to determine if the patterns of diversity could be 
attributed to genetic drift or neutrality. Tajima’s test for neutrality was 
applied and all the ORFs were found to have negative Tajima’s D values 
(Fig. 3D) indicative of non-neutral evolution. 

To trace the ancestries of the Indian viral isolates, network analysis 
was carried out using the Hamming distances of variants present at ≥1% 
frequency among the genomes (Supplementary table S8). The haplo-
types were generated stringently using a total of 53 single nucleotide 
variants and a tri-nucleotide substitution at positions 
28,881–28,883GGG-AAC together resulting in 27 amino acid changes 
among the 663 Indian SARS-CoV-2 genome sequences (Fig. 4, Supple-
mentary table S9). A total of 101 nodes with 101 distinct haplotypes 
were discovered using 663 genome sequences. The network appearance 
was as expected from an ongoing pandemic with the presence of 
ancestral viral haplotypes existing along with newly mutated genomes. 
There were two major clusters of haplotypes that were found to have 
emerged from the ancestral Wuhan-Hu-1 virus (clade L); the first iden-
tified to be belonging to a variant of the clade L which has been anno-
tated here as Lv (n = 208) and harbored the RNA dependent RNA 
polymerase (RdRp) protein [C13,730 U,(A97V)] from which a sub- 
cluster (n = 126) was formed harboring an additional non- 

synonymous change in the NSP3 protein [C6312A (T1198K)] (Fig. 5). 
The second cluster was formed by the clade G viruses (n = 173) which 
differed at three loci resulting in one amino acid change each in the 
RdRp, S protein [C3037U, C14,408 U (RdRp: P323L), A23,403G (S: 
D614G)] known to be in LD across the world. The first clade G viruses to 
be sequenced from India were isolated on the 3rd of March from Italian 
tourists (Accession IDs: EPI_ISL_420543, EPI_ISL_420545, EPI_-
ISL_420547, EPI_ISL_420549, EPI_ISL_420551 and EPI_ISL_420553) and 
were clade G variants harboring an additional amino acid change in the 
NSP3 protein [C4,809U (S697F)] followed by an Indian from Iran and 
two contacts of Indians with travel history to Italy (EPI_ISL_424362, 
EPI_ISL_424364, EPI_ISL_424365). Two sub-clusters were observed 
evolving from clade G; GH variant mentioned here as GHv with the 
variants C18877U, G25563U (ORF3a:Q57H), C26735U having multiple 
evolving branches and GR with the tri-nucleotide GGG-AAC substitution 
at positions 28,881–28,883 resulting in two amino acid changes R203K, 
G204R in the N protein (Fig. 4). Additional synonymous and non- 
synonymous variants among both the clusters resulted in the 101 hap-
lotypes (supplementary table S9). Reticulations were also observed 
which could happen because of parallel mutations or homoplasy (Fig. 5). 

There were 17 variants [C1707U, C6310A, U8022G, G11083U, 
A8026U, G11083U, G12685U, A15435G, C19524U, A21550C, 
A21551U, A24389U, G24390C, U24622C, C28311U, G29742U, 
A29827U, A29830U] that could not be included in the network analysis 
because of the presence of unresolved bases at multiple viral genome 
sequences and the G26144U (ORF3a:G251V) variant that segregates 
clade V was excluded because of allele frequency cutoff of 1%. 

3.4. State-wise distribution of clade-G viruses and the U14408-G23403 
(NSP12:L323-S: G614) haplotypes 

In February 2020, the clade-G and GR viruses were first reported 
from India among Italian tourists and a contact of an Indian national 
with travel history to Italy. This was followed by the identification of a 
clade-GH virus in an individual from Delhi in mid-February 2020 
(Fig. 5). All the Indian clade-G viruses were found to harbor the U14,408 
(RdRp: L323) variant. In states with the highest number of deaths given 
the number of confirmed cases like Madhya Pradesh (4.21%), West 
Bengal (4.40%) and Gujarat (6.28%) (Supplementary table S10), re-
ported higher rates of clade-G viruses at 100% (n = 10), 72.34% (n = 34) 
and 36.18% (n = 72) with average age counts of 35 (±18.8), 45(±18.4) 
and 44.8(±18.7) years respectively. Additionally, total of 6 out of 34 
(17.7%) and one isolate out of 14 (7.1%) clade-G viruses from West 
Bengal and Odisha respectively harbored the U13,730 (RdRp:V97) 
variant. This variant which originated among the clade-L viruses was 
first reported in a clade-G isolate in the USA [EPI_ ISL_431080, 3/2/ 
2020] and the first from India was reported in an individual from West 
Bengal who got infected while travelling [EPI_ ISL_455644, 4/2/2020]. 
The isolates from the states of Assam (n = 2) and Ladakh (n = 6, average 
age = 26.4) which had lowest COVID-19 deaths (0.22% and 0.42%) did 
not harbor the clade-G viruses however, the number of isolates were 
few. 

4. Discussion 

In this report, for the first time our results highlight that both high 
age and SARS-CoV-2 clade-G viral infections can explain 37.43% of the 
observed variability in cumulative mortality rates across 58 countries. 
Further, a machine learning algorithm trained on some of these broad 
attributes including percent of clade-G infections has reasonably good 
(>70%) accuracy to classify countries into high/low mortality groups. 
The clade-G viruses were first reported from the Zhejiang and the 
Sichuan provinces in China (EPI_ISL_422425, EPI_ISL_451345) with a 
collection date of 1/24/2020 followed by its spread to Bavaria, Germany 
by way of a Chinese citizen visiting the city for work at the end of 
January 2020 and in line with our findings a recent report on a few Fig. 2. Month-wise distribution of viral clades in India.  
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European countries with high death rates have also highlighted the 
presence of clade-G viruses (Eaaswarkhanth et al., 2020). Similarly, an 
earlier report on clinical outcome from Sheffield, England have also 
demonstrated the G614 mutation to be associated with higher viral 
loads (Korber et al., 2020). 

In vitro studies have highlighted that incorporation of this variant 
stabilizes the S protein leading to greater incorporation in virus-like 
particles which has been speculated to have contributed to the trans-
mission efficiency of this haplotype (Zhang et al., 2020b). Further, given 
that the hACE2 gene is interferon inducible in the airway epithelium 
(Chua et al., 2020) and infection results in increase in ACE2 production, 
a virus with higher proportions of S protein could mount higher in-
flammatory response associated with poor prognosis. However, this 
variant might not be contributing alone. Earlier reports on antivirals 
used in treatment which target the RdRp protein such as Remdesivir, 
Filibuvir etc. have shown these antivirals binding to the RdRp-NSP7- 

NSP8 complex through a hydrophobic groove involving amino acid 
residues F324, F325, F326 of the RdRp protein which is just next to the 
P323L variant site with potential to alter response to treatment with 
these antivirals which is in strong LD with the A23,403G (S:D614G) 
variant (Pachetti et al., 2020; Ruan et al., 2020). 

Given the pattern of virulence observed across the world, an attempt 
was also made to decipher the pattern of evolution among the Indian 
isolates to infer the ancestries of the viral isolates and build SARS-CoV-2 
infection paths as has been done before (Forster et al., 2020) with special 
emphasis on the clade-G viruses. While comparing the 662 Indian SARS- 
CoV-2 genomes, a number of nucleotide variants or segregating sites 
were identified, however, the nucleotide diversity values (π) were 
indicative of an excess of low frequency variants. This could be because 
of recent population expansions as has been observed in H1N1 pop-
ulations involved in outbreaks and epidemics (Martinez-Hernandez 
et al., 2010) and the uniform negative Tajima’s D values across all the 

Fig. 3. Description of SARS-CoV-2 variants, the gene diversities and the results of the test for neutrality among the Indian viral population. (a) The frequencies of 
variants binned on the basis of frequency. (b) The types of single nucleotide changes incurred by the viral genomes (c) The percentage of amino acid changes per open 
reading frame out of a total of 388 non-synonymous changes that were observed. (d) The diversity and Tajima’s D values across open reading frames. 
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Fig. 4. Distribution of nucleotide variants on the basis of which Indian SARS-CoV-2 ancestries were derived with variant frequencies and associated amino acid 
changes. The black bars represent the non-synonymous variants with the amino acid changes mentioned above and the coding regions are indicated below. 

Fig. 5. Phylogenetic network of 662 SARS-CoV-2 viral genomes isolated from Indians and foreign nationals present in India. Each circle represents a haplotype and 
the diameter is proportional to the number of genomes belonging to each haplotype. Each notch on a horizontal line represents a differentiating variant and the 
lengths of the connecting lines are proportional to the number of variants. The colors indicate the different states from which specimens were collected. The arrow 
indicates the node containing the ancestral NC_0145512 viral haplotype and the sequence ID indicate the first sequenced viral genome from a symptomatic individual 
with travel history to Wuhan, China. A total of 53 variants were used to construct the haplotypes and the nucleotide and amino acid differences in comparison with 
NC_045512 among the major clades Lv(RdRp:A97V), G, GHv [C18887U, C26735U] and GR with the 48,881-48,883(GGG-AAC, N:R203K, G204R) variants are 
mentioned. The details of the index patient infected with each clade of the virus in the Indian context are mentioned with isolation dates. 
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SARS-CoV-2 ORFs could also be attributed to it and this finding has 
remained unchanged with increase in viral sequences numbers (Bhat-
tacharjee and Pandit, 2020).The clade G (S:G614) viruses with the 
C14,408U (RdRp: P323L) variant were found to incur more number of 
variations leading to the emergence of a number of sub-clusters of vi-
ruses with increased branch lengths in comparison to the clade Lv viruses 
including clade GHv and GR. These clade G viruses and its sub- clusters 
were also found in more numbers in states where higher mortality rates 
were recorded [Gujarat (72/199, Madhya Pradesh (10/10) and West 
Bengal (34/47)]. Earlier reports have also attributed the occurrence of 
higher numbers of mutations to the presence of C14,408 U (RdRp: 
P323L) variant occurring in the interaction domain of RdRp thus 
impairing protein-protein interactions with NSP7, NSP8 and NSP14 
resulting in altered proofreading and processivity as has been speculated 
in earlier reports (Chand and Azad, 2020; Pachetti et al., 2020). 

These implications about the clade-G viruses need to be further 
tested using comprehensive clinical data and genomic data from all the 
countries, however, information on the presence of viral variants might 
prove to be useful in diagnostics and in decision making during treat-
ment. This idea is reinforced with the recent emergence and rapid spread 
of the B.1.1.7 variant with multiple additional spike protein mutations 
[deletion 69–70 (diagnostic failure), deletion145, N501Y (increased 
hACE2 binding affinity), A570D, P681H (Furin cleavage site), T716I, 
S982A, D1118H) on the background of the G614 mutation (Kupfersch-
midt, 2020). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.meegid.2021.104734. 
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Bandelt, H.-J., Röhl, A., 1999. Median-joining networks for inferring intraspecific 
phylogenies. Mol. Biol. Evol. 16, 37–48. 

Bhattacharjee, B., Pandit, B., 2020. Phylogenetic Clustering of the Indian SARS-CoV-2 
Genomes Reveals the Presence of Distinct 1clades of Viral Haplotypes among States. 
https://doi.org/10.1101/2020.05.28.122143. 

Chand, G.B., Azad, G.K., 2020. Identification of Novel Mutations in RNA-Dependent RNA 
Polymerases of SARS-CoV-2 and their Implications on its Protein Structure. https:// 
doi.org/10.1101/2020.05.05.079939. 

Chua, R.L., Lukassen, S., Trump, S., Hennig, B.P., Wendisch, D., Pott, F., Debnath, O., 
Thurmann, L., Kurth, F., Volker, M.T., Kazmierski, J., Timmermann, B., 
Twardziok, S., Schneider, S., Machleidt, F., Muller-Redetzky, H., Maier, M., 
Krannich, A., Schmidt, S., Balzer, F., Liebig, J., Loske, J., Suttorp, N., Eils, J., 
Ishaque, N., Liebert, U.G., von Kalle, C., Hocke, A., Witzenrath, M., Goffinet, C., 
Drosten, C., Laudi, S., Lehmann, I., Conrad, C., Sander, L.E., Eils, R., 2020. COVID-19 
severity correlates with airway epithelium-immune cell interactions identified by 
single-cell analysis. Nat. Biotechnol. 38, 970–979. 

Eaaswarkhanth, M., Al Madhoun, A., Al-Mulla, F., 2020. Could the D614G substitution in 
the SARS-CoV-2 spike (S) protein be associated with higher COVID-19 mortality? Int. 
J. Infect. Dis. 96, 459–460. 

Forster, P., Forster, L., Renfrew, C., Forster, M., 2020. Phylogenetic network analysis of 
SARS-CoV-2 genomes. Proc. Natl. Acad. Sci. 117, 9241–9243. 

Frank, X.E., Hall, M.A., Witten, I.H., 2016. The WEKA Workbench. Online Appendix for 
“Data Mining: Practical Machine Learning Tools and Techniques”, Fourth ed. 
Morgan Kaufmann. 

Friedman, Y.J., Hastie, T., Tibshirani, R., 2000. Additive logistic regression: a statistical 
view of boosting (with discussion and a rejoinder by the authors). Ann. Stat. 28 (2), 
337–407. 

GISAID, 2020. https://www.gisaid.org/. 
Jennings, H.S., 1917. The numerical results of diverse systems of breeding, with respect 

to two pairs of characters, linked or independent, with special relation to the effects 
of linkage. Genetics 2, 97–154. 

Ji, Y., Ma, Z., Peppelenbosch, M.P., Pan, Q., 2020. Potential association between COVID- 
19 mortality and health-care resource availability. Lancet Glob. Health 8, e480. 

Korber, B.F.W., Gnanakaran, S., Yoon, H., Theiler, J., Abfalterer, W., Foley, B., Giorgi, E. 
E., Bhattacharya, T., Parker, M.D., Partridge, D.G., Evans, C.M., de Silva, T., on 
behalf of the Sheffield COVID-19 Genomics Group, LaBranche, C.C., Montefiori, D. 
C., 2020. Spike Mutation Pipeline Reveals the Emergence of a More Transmissible 
form of SARS-CoV-2. https://doi.org/10.1101/2020.04.29.069054. 

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: molecular 
evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 
1547–1549. 

Kupferschmidt, K., 2020. Mutant Coronavirus in the United Kingdom Sets off Alarms, but 
its Importance Remains Unclear. https://doi.org/10.1126/science.abg2626. 

Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., Wang, W., Song, H., Huang, B., Zhu, N., 
Bi, Y., Ma, X., Zhan, F., Wang, L., Hu, T., Zhou, H., Hu, Z., Zhou, W., Zhao, L., 
Chen, J., Meng, Y., Wang, J., Lin, Y., Yuan, J., Xie, Z., Ma, J., Liu, W.J., Wang, D., 
Xu, W., Holmes, E.C., Gao, G.F., Wu, G., Chen, W., Shi, W., Tan, W., 2020. Genomic 
characterisation and epidemiology of 2019 novel coronavirus: implications for virus 
origins and receptor binding. Lancet 395, 565–574. 

Martinez-Hernandez, F., Jiminez-Gonzalez, D.E., Martinez-Flores, A., Villalobos- 
Castillejos, G., Vaughan, G., Kawa-Karasik, S., Flisser, A., Maravilla, P., Romero- 
Valdovinos, M., 2010. What happened after the initial global spread of pandemic 
human influenza virus A (H1N1)? A population genetics approach. Virol. J. 7, 196. 

Pachetti, M., Marini, B., Benedetti, F., Giudici, F., Mauro, E., Storici, P., 
Masciovecchio, C., Angeletti, S., Ciccozzi, M., Gallo, R.C., Zella, D., Ippodrino, R., 
2020. Emerging SARS-CoV-2 mutation hot spots include a novel RNA-dependent- 
RNA polymerase variant. J. Transl. Med. 18, 179. 

R Core Team, 2014. R: A language and environment for statistical computing. In: 
R Foundation for Statistical Computing. Austria. URL, Vienna. http://www.R-pro 
ject.org/.  

Ruan, Z., Liu, C., Guo, Y., He, Z., Huang, X., Jia, X., Yang, T., 2020. Potential Inhibitors 
Targeting RNA-Dependent RNA Polymerase Activity (NSP12) of SARS-CoV-2 
(Preprints 2020030024).  

Tajima, F., 1989. Statistical methods to test for nucleotide mutation hypothesis by DNA 
polymorphism. Genetics 123, 585–595. 

WHO, 2020. (https://covid19.who.int/). WHO. 
Wu, F., Zhao, S., Yu, B., et al., 2020. A new coronavirus associated with human 

respiratory disease in China. Nature 579, 265–269. 
Yoav, Z.F., Schapire, R.E., 1996. Experiments with a New Boosting Algorithm. Machine 

Learning: Proceedings of the Thirteenth International Conference, pp. 148–156. 
Zhang, X., Tan, Y., Ling, Y., Lu, G., Liu, F., Yi, Z., Jia, X., Wu, M., Shi, B., Xu, S., Chen, J., 

Wang, W., Chen, B., Jiang, L., Yu, S., Lu, J., Wang, J., Xu, M., Yuan, Z., Zhang, Q., 
Zhao, G., Wang, S., Chen, S., Lu, H., 2020a. Viral and host factors related to the 
clinical outcome of COVID-19. Nature 583 (7816), 437–440. 

Zhang, L., Jackson, C.B., Mou, H., Ojha, A., Rangarajan, E.S., Izard, T., Farzan, M., 
Choe, H., 2020b. The D614G Mutation in the SARS-CoV-2 Spike Protein Reduces S1 
Shedding and Increases Infectivity. https://doi.org/10.1101/2020.06.12.148726. 

Zhou, F., Yu, T., Du, R., Fan, G., Liu, Y., Liu, Z., Xiang, J., Wang, Y., Song, B., Gu, X., 
Guan, L., Wei, Y., Li, H., Wu, X., Xu, J., Tu, S., Zhang, Y., Chen, H., Cao, B., 2020. 
Clinical course and risk factors for mortality of adult inpatients with COVID-19 in 
Wuhan, China: a retrospective cohort study. Lancet 395, 1054–1062. 

B. Pandit et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.meegid.2021.104734
https://doi.org/10.1016/j.meegid.2021.104734
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0005
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0005
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0005
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0010
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0010
https://doi.org/10.1101/2020.05.28.122143
https://doi.org/10.1101/2020.05.05.079939
https://doi.org/10.1101/2020.05.05.079939
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0025
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0025
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0025
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0025
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0025
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0025
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0025
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0025
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0030
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0030
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0030
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0035
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0035
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0040
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0040
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0040
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0045
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0045
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0045
https://www.gisaid.org/
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0055
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0055
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0055
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0060
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0060
https://doi.org/10.1101/2020.04.29.069054
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0070
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0070
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0070
https://doi.org/10.1126/science.abg2626
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0080
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0080
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0080
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0080
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0080
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0080
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0085
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0085
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0085
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0085
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0090
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0090
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0090
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0090
http://www.R-project.org/
http://www.R-project.org/
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0100
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0100
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0100
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0105
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0105
https://covid19.who.int/
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0110
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0110
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0115
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0115
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0120
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0120
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0120
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0120
https://doi.org/10.1101/2020.06.12.148726
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0130
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0130
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0130
http://refhub.elsevier.com/S1567-1348(21)00031-9/rf0130


1 
 

Analysis of RNA Sequences of 3636 SARS-CoV-2 Collected from 55 

Countries Reveals Selective Sweep of One Virus Type  

 

Nidhan K. Biswas, PhD  
Assistant Professor 
 
and  
 
Partha P. Majumder, PhD 
Distinguished Professor 

National Institute of Biomedical Genomics, Kalyani, West Bengal, India 

 

RUNNING TITLE 

Selective sweep of one SARS-CoV-2 type 

 

Authors’s contributions:   

Data analysis was primarily carried out by NKB.  Both authors have contributed 

equally to all other aspects of the work. 

Corresponding Author: 

Partha P. Majumder 
Distinguished Professor 
National Institute of Biomedical Genomics 
P.O.:  N.S.S. 
Kalyani 741251 
West Bengal  
India 
 
ppm1@nibmg.ac.in  



2 
 

Abstract 

Background and Objectives:  SARS-CoV-2 is evolving with the progression of 

the pandemic.   We aimed to investigate the diversity and evolution of the 

coronavirus with progression of the pandemic over time and to identify 

similarities and differences of viral diversity and evolution across geographical 

regions (countries).  

Methods: We downloaded publicly available data on type definitions based on 

whole-genome sequences of the coronavirus collected during December and 

March 2020 from 3636 infected patients spread over 55 countries.  We 

performed phylodynamic analyses and examined the temporal and spatial 

evolution of the virus.   

Results: We found that: (a) temporal variation in frequencies of types of the 

coronavirus is significant; ancestral viruses of type O have been replaced by 

evolved viruses belonging to type A2a; (b) spatial variation is not very 

significant; with the spread of SARS-CoV-2, the dominant virus is the A2a type 

virus in every geographical region; (c) within a geographical region there is, 

however, significant micro-level variation in the frequencies of the different 

viral types; and, (d) the evolved coronavirus of type A2a has enjoyed a rapid 

selective sweep across all continents.   

Conclusions:  SARS-CoV-2 belonging to the A2a type possesses a non-

synomymous variant (D614G) that possibly eases the entry of the virus into the 

lung cell of the host.  This, we believe, is the reason why the A2a type enjoys a 

major advantage to infect and survive, and has resultantly rapidly swept all 

geographical regions.  We propose that large-scale sequencing of coronavirus 

genomes and, as required, of host genomes be undertaken in India to identify 

regional and ethnic variation in viral composition and its interaction with host 

genomes.  We believe that careful collection of clinical and immunological data 

of the host can provide deep learning in relation to infection and transmission 

of the types of coronavirus genomes. 
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Introduction 

Coronaviruses have emerged as major human respiratory pathogens.  Before 

the emergence of SARS-CoV-2, six other coronaviruses were known to infect 

humans.  All of them cause clinical symptoms.  Two of them, SARS-CoV and 

MERS-CoV, cause severe disease and often death as was observed in the 

epidemics of 2003 and 2012, respectively. The remaining four (HKU1, NL63, 

OC43 and 229E) cause mild respiratory distress.  Coronaviruses are positive-

sense, single-stranded (+ss) RNA viruses.  The RNA genome of SARS-CoV-2 has 

about 30,000 nucleotides, encoding for 29 proteins.[1]  The structural proteins 

include the spike (S) protein, the envelope (E) protein, the membrane (M) 

protein, and the nucleocapsid (N) protein.  Three coronaviruses have crossed 

species barriers from bat to civet cat (SARS-CoV) or camel (MERS-CoV) or 

pangolin (SARS-CoV-2), before crossing to human.  The causes or mechanisms 

of species barrier crossing are not completely known.  Based on the fact that 

the sequence identity of eight SARS-CoV-2 whole genomes sampled from China 

immediately after the outbreak in Wuhan exceeds 99.98%[1], it may be inferred 

that SARS-CoV-2 emerged in humans very recently. Further, the SARS-CoV-2 

strains were less genetically similar to SARS-CoV (about 79%) and MERS-CoV 

(about 50%)[1].  Based on the extent of sequence identity, it has been inferred 

that SARS-CoV-2 has descended from SARS-CoV.  

 SARS-CoV-2 is extremely contagious.  However, the case fatality rate of 

SARS-CoV-2 (2-3%)[2] is much lower compared to the SARS-CoV (11%)[2] or 

MERS-CoV(34%)[4]. One reason why SARS-CoV-2 is so successful in infecting 

humans is because of its ability to to use human angiotensin converting 

enzyme 2 (ACE2)[1] as a receptor and enter the human lung.  The spike (S) 

protein mediates receptor binding and membrane fusion[5].  The spike protein 

of coronaviruses has two functional domains – S1, responsible for receptor 

binding, and S2 domain, responsible for cell membrane fusion.[6]  Five key 

residues in the receptor binding domain enable efficient binding of SARS-CoV-2 

to human ACE2; these are Asn439, Asn501, Gln493, Gly485 and Phe486.[1]  

Another mutation, A23403G, located in the gene encoding the spike 

glycoprotein results in an amino acid change (D614G) from aspartic acid to 

glycine.   Although the effect of the D614G mutation is unclear, this mutation is 

located in the S1-S2 junction near the furin recognition site (R667) for the 
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cleavage of S protein, that is required for the entry of the virion into the host 

cell.[7]  

 Currently, a large number of sequences of SARS-CoV-2 – sampled from 

infected individuals from various geographical regions after the infection was 

first reported from Wuhan, China, in December 2019 – are publicly available 

(https://www.gisaid.org/).  The evolution of SARS-CoV-2, in relation to 

coronaviruses found in bats, pangolins and other animals, has been studied on 

the basis of 103 sequences that were available from a limited geographical 

region in January 2020.[8]  This study[8] identified that SARS-CoV-2 has evolved 

into two major types.  A more recent study[9] has identified three major types 

based on 160 sequences that were collected before March 3, 2020.  Both of 

these studies have failed to identify the major features of temporal evolution 

of SARS-CoV-2 because of small sample sizes and inclusion of sequences of 

samples that were essentially collected before March 2020.  The geographical 

spread of SARS-CoV-2 was extremely rapid after during March 2020.    

 A much larger data set on SARS-CoV-2 sequences is now available, from 

isolates that have been sampled throughout the period of spread of this 

infection and from multiple geographical regions.  We had undertaken an 

analysis of genomic sequences of SARS-CoV-2 with the following objectives: (1) 

To investigate the diversity and evolution of SARS-CoV-2 with progression of 

the pandemic over time; (2) To investigate similarities and differences of viral 

diversity and evolution, along with transmission, across geographical regions 

(countries); and, (3) To formulate relevant questions relating the evolution of 

this virus in India with clinical and immunological outcomes. 

Materials and Methods 

We have downloaded the data dump from www.nextstrain.org  

(https://nextstrain.org/ncov/) on 06 April, 18.00 PM. The data contain 

information on 3639 nCov2019 viral strains. Nextstrain.org developers use 

SARS-CoV-2 sequences deposited to the Global Initiative on Sharing All 

Influenza Data (GISAID; https://www.gisaid.org/), carry out quality checks, and 

use a highly stringent analysis pipeline comprising a bioinformatics workflow 

manager, Augur, and a data visualization front-end web framework, Auspice, 

to uniformly process all quality passed sequences.  The multiple sequence 

http://www.nextstrain.org/
https://www.gisaid.org/
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alignment and site numbering for amino acids uses the first viral genome 

sequence named ncov2019-Wuhan-hu-1/2019 (Genbank accession no: 

MN908947) as reference. The viral type assignment is rooted and based on the 

early samples from Wuhan, China. The data dump from the Nextstrain portal 

contains information on various parameters such as viral strain name, viral 

sample collection data, sampled from the country and state level information 

as available from the submitter, viral type information, age, GISAID accession 

number, sequence submission date. We have excluded three sequences – two 

collected from non-human species (canine and panther) and one collected 

from a human in April 2020.  (We excluded the sample collected from a human 

since we attempted to analyze data by month from December 2019 through 

March 2020.)  Therefore, our analysis is based on 3636 nCov2019 viral strain 

samples. Type defining marker mutations (mostly amino acid changes) were 

obtained from the nextstrain github repository 

(https://github.com/nextstrain/ncov).  To draw global inferences, we have 

carried out specific sets of analysis on the pool of all 3636 sequences.  To draw 

more focused inferences, some sets of analysis were performed on data from 

nine countries (China, Italy, USA, United Kingdom, Spain, Iceland, Australia, 

Brazil and Congo) from where sequence data were available in larger numbers. 

To understand contrasting patterns of viral transmission, state level data from 

four specific countries (USA, United Kingdom, Spain and Canada) were used. 

Standard Unix tools and data visualization packages were used to partition 

data over time, countries and to define types. We have used sample collection 

date for all temporal analyses.  For many pathogens, in particular RNA viruses, 

the timescale on which evolutionary processes and epidemiological processes 

(within-host diversity and transmission) occur are essentially the same.  

Therefore, pathogen evolutionary inferences from genetic sequences must 

simultaneously consider host dynamics and pathogen genetics; this is called 

“phylodynamics analysis”. [10]  We performed phylodynamics analysis using 

TreeTime[11], as implemented in the Nextstrain pipeline[12].  

To formally test for selection, we computed Tajima’s D[13]. 

Results 

Figure 1(a) presents the evolutionary relationships among the 3636 RNA 

sequences of SARS-CoV-2, combining phylogenetic and transmission 
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information.  The tree has been radially displayed in concentric circles; with 

the date of sequence data deposition during the period marked on each 

concentric circle.  There are various types with differing numbers of sequences 

in these types; the types are colour-coded on Figure 1(a).  The defining 

mutations of each type are provided in Table 1.  The earliest sequences 

emanating from the innermost concentric circle form a distinct type – type O – 

which is the ancestral type.  Sequences that comprise this type were collected 

from patients initially infected in Wuhan, China. The remaining types are all 

derived types.  Only two sequences were contributed from India during the 

period under consideration (December 2019 to March 2020) in this study; both 

sequences belong to the O type.  In addition to the ancestral type (O), there 

are 10 derived types.  The order in which the derived types have evolved, as 

determined by the data on sequence diversity and date of viral sample 

collection, is provided in Table 1.  Five types have high frequencies; these are, 

O, B, B1, A1a and A2a (Table 1).  It is noteworthy that 51% of the viral 

sequences belong to a single derived type A2a (Table 1 and Figure 1(a)). There 

is considerable sequence variation across isolates along the entire length of the 

genome of SARS-CoV-2 (Figure 1(b) top panel), many of which are non-

synonymous (Figure 1(b) middle panel).  Notable is the non-synonymous 

D614G mutation in the Spike protein that occurs at a significantly high 

frequency.  This is the defining mutation of Type A2a.    

 We have studied the temporal change of the five most frequent types  of 

SARS-CoV-2 as it spread geographically. The temporal change was studied by 

calculating proportions of sequences belonging to the five types in each of the 

four months under consideration in this study.  The results are presented in 

Figure 2.  In each country, except China, temporal variation of frequencies of 

virus types is notable.  The essential feature is that initially after the pandemic 

struck, the vast majority of viruses were of the ancestral Chinese type (Type O).  

This is more clearly seen from Figure 3 that pertains to nine countries most 

affected by SARS-CoV-2.  In each country, diversity of the virus type initially 

increased, and then decreased. The ancestral virus was or is being replaced by 

viruses that belong to the evolved Type A2a, in each of the most affected 

countries (Figure 3) and also globally (Figure 2).  In China, the virus does not 

seem to have evolved; the ancestral virus of type O has remained the 

dominant type, although the diversity of viral type has increased over time.  
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This inference may, however, be viewed as tentative since sequence 

submission from China has virtually stopped during the past about a month.  

Sequence diversity in Italy has remained low over time, with A2a being the 

dominant type. The pattern in USA is very interesting: (a) sequence diversity 

has decreased, (b) frequency of ancestral type O has diminished remarkably, 

and (c) the A2a type seems to be replacing the B1 type.  Results based on 

weekly submissions are similar and are provided in Supplementary Figure 1. 

Within each of the five countries with high prevalence of infection, there 

is considerable variation in frequencies of viruses that belong to the various 

types (Figure 4).  In the USA, the States of Washington and New York show 

contrasting patterns of modal viral types.  In Washington, Type B1 is the modal 

(83% of viruses belong to this type), while in New York the modal type is A2a 

(81%).  We speculate that this is possibly because of differences in patterns of 

travel contact with China and Europe. Others have also noted this feature and 

have made similar speculations.[14]   Regional differences are found in some 

other countries as well. 

 Overall, we observe that:  

(a) There is significant temporal variation in frequencies of the different types 

of SARS-CoV-2; ancestral viruses of type O have been replaced by evolved 

viruses belonging to type A2a.  

(b) Spatial variation is not very significant. Although some variation was 

observed initially, with the spread of COVID-19 in each region, the dominant 

virus is the A2a type virus. (Exception is China, as noted earlier, since data 

submission from China has virtually come to a halt after February 2020.) 

However, within a country there is significant micro-level variation in the 

frequencies of the different viral types. 

(c) The evolved virus of type A2a has enjoyed a rapid selective sweep across all 

continents.  The value of Tajima’s D is -2.7. This signifies an excess of low 

frequency variants among the coronaviruses in the A2a type, and indicates a 

rapid expansion in its population size and positive selection[15,16]. 

New data submissions from India 
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Even though only two SARS-CoV-2 sequences were submitted from India until 

April 6, 2020, there have been 33 new submissions to GISAID.  The total 

number of sequences deposited from Indian infected persons is now, as on 

April 22, 2020, is 35.  An analysis of 21 sequences, with special reference to 

Indians returning from abroad, have recently been published.[17]  The 35 viral 

sequences belonged to 4 types: the ancestral type O (n=5; 14.3%), and derived 

types A2a (n=16; 45.7%), A3 (n=13; 37.1%) and B (n=1; 2.9%).  Interestingly, 

two types – A3 and A2a – predominate.  As is seen from Table 2, all persons 

infected with type A3 coronavirus have travel history to Iran, while most 

persons with type A2a have no known travel history to countries outside of 

India.  Therefore, the A2a type is also increasing in its population size within 

India. 

 

Discussion 

After emergence of SARS-CoV-2 in China, the coronavirus has spread rapidly to 

most, perhaps all, countries.  This has been facilitated by the ability of the 

coronavirus to bind to the human ACE2 receptor that enables it to enter the 

alveoli.  As the coronavirus spread over geographical space, it has also evolved.  

Many mutations that arose throughout the genome of the coronavirus have 

risen to high frequency, among which D614G is notable.  These mutations have 

given rise to clusters of similar sequences that have resulted in the formation 

of 11 types, of which one is ancestral (O type) that arose in China.  The three 

types (A, B and C) defined by Forster et al.[9] on the basis of a small number of 

sequences are broad and some of these types have been split into finer 

subtypes.  Their[9] B type defined by C28144T (ORF8: L>S) and T8782C 

comprises the collection of B, B1, B2 and B4 types of this study.  Their[9] A type 

defined by T29095C is a mutation that is possessed by all sequences of type B2 

of this study.  The C type of Forster et al.[9] defined by G26144T 

(ORF3a:G251>V) is the A1a type of this study.  Forster et al.[9] have completely 

missed the A2a type because A2a evolved and primarily spread widely during 

March 2020; the data analyzed by Forster et al.[9] did not include many 

sequences generated from samples collected in March 2020 (Supplementary 

Figure 2). 
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In all countries, initially the ancestral type was the most frequent – 

possibly because of return of travellers from China – but was replaced by the 

A2a type that is characterized by the D614G non-synonymous mutation.  Thus, 

there has been a temporal decline in diversity of SARS-CoV-2 types in every 

geographical region.  This selective sweep is consistent with a 

selective/transmission advantage of the A2a type. The A2a type of the virus 

carries the D614G non-synonymous mutation that is located in the S1-S2 

junction near the furin recognition site (R667) for the cleavage of S protein that 

is required for the entry of the virion into the host cell.  It is unclear whether 

the derived allele producing glycine directly provides a selective/transmission 

advantage for the entry of the virion or whether the polymorphic locus 

(Orf1b:P314L; see Figure 1(b)) with which it is in linkage disequilibrium that 

provides advantage for entry.  Functional studies are required to settle this 

issue.  However, we note that an earlier genetic analysis[18] of human SARS-CoV 

has revealed that the spike protein is subjected to a very strong positive 

selection pressure during transmission and that amino acid residues within the 

RBD of the S protein is potentially important for progression and tropism.  

Further, this study also showed, that two-amino acid substitutions 

(N479K/T487S) in the RBD of SARS-CoV had strong impact on the potential of 

the coronavirus to infect human cells expressing ACE2. 

In India, we need to sequence a large number of viral genomes, relate 

the  type and other genomic features of SARS-CoV-2 with clinical features of 

the infected persons and, as required, sequence the host genomes to 

understand the nature and extent of host-virus interaction. We have noted 

that in every country which has registered a high prevalence of SARS-CoV-2 

infection, there are regional differences in frequencies of different types of the 

coronavirus (Figure 4).  It is unclear whether these regional differences are 

because of differences in patterns of travel of residents or visitors, or whether 

these are because of differences in ethnic composition.  We need to 

investigate regional differences within India in respect of viral genomic 

diversity and frequencies of virus types. This will inform the relationship of 

coronavirus type with host ethnicity, perhaps mediated through differences in 

frequencies of variants in genes of the immune system among ethnic groups in 

India.  Large-scale sequencing of SARS-CoV-2 is essential because it is likely 

that this virus also mutates rapidly as the influenza virus.  Rapid mutations, for 
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certain types of the influenza virus, have significantly reduced sensitivities with 

many commercial reverse transcription-PCR tests.[19]  RNA sequencing of 

coronavirus isolates can provide early indication.  Further, co-infection with 

other respiratory viruses is a strong possibility for COVID-19, since the 

presentation of SARS-CoV-2 infection varies from asymptomatic to fatal.  

Sequencing can identify co-infection more easily than any other test, especially 

when the co-infecting partner pathogen of SARS-CoV-2 is unknown. 
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LEGENDS TO FIGURES 

Figure 1.  

(a) Radially displayed phylogenetic tree of 3636 RNA sequences of SARS-CoV-2.  

The various types (O, A2, B, etc.) are colour coded.  

(b) Top and middle panels depict variations at the nucleotide and amino acid 

levels, respectively, along the RNA sequence of SARS-CoV-2. For each variant, 

the entropy value (-plog2p – (1-p)log2(1-p), where p is the variant allele 

frequency) is provided on the Y-axis for ease of display. The bottom panel 

provides a description of the structure of the genome of the virus (Source: 

nextstrain.org). 

Figure 2. 

Temporal (monthly) change in frequencies of SARS-CoV-2 belonging to the five 

major types as the virus spread globally. [Within each type, the intensity of the 

colour of each circle is directly proportional to the number of sequences 

belonging to the type.] 

Figure 3. 

Temporal (monthly) change in frequencies of five major types of SARS-CoV-2 in 

five countries in which the prevalence of infection has been high. 

Figure 4. 

Contrasting frequencies of viral types in different geographical regions within 

the same country. 

Supplementary Figure 1. 

Variation in frequencies of types based on weekly submissions of sequence 

data. 

Supplementary Figure 2. 

Temporal and spatial variation of various types of SARS-CoV-2.  
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SARS-CoV-2 mutation 614G creates an elastase cleavage site enhancing its 
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A B S T R A C T   

SARS-CoV-2 was first reported from China. Within three months, it evolved to 10 additional subtypes. Two 
evolved subtypes (A2 and A2a) carry a non-synonymous Spike protein mutation (D614G). We conducted phy-
lodynamic analysis of over 70,000 SARS-CoV-2 coronaviruses worldwide, sequenced until July2020, and found 
that the mutant subtype (614G) outcompeted the pre-existing type (614D), significantly faster in Europe and 
North-America than in East Asia. Bioinformatically and computationally, we identified a novel neutrophil 
elastase (ELANE) cleavage site introduced in the G-mutant, near the S1-S2 junction of the Spike protein. We 
hypothesised that elevation of neutrophil elastase level at the site of infection will enhance the activation of 
Spike protein thus facilitating host cell entry for 614G, but not the 614D, subtype. The level of neutrophil elastase 
in the lung is modulated by its inhibitor α1-antitrypsin (AAT). AAT prevents lung tissue damage by elastase. 
However, many individuals exhibit genotype-dependent deficiency of AAT. AAT deficiency eases host-cell entry 
of the 614G virus, by retarding inhibition of neutrophil elastase and consequently enhancing activation of the 
Spike protein. AAT deficiency is highly prevalent in European and North-American populations, but much less so 
in East Asia. Therefore, the 614G subtype is able to infect and spread more easily in populations of the former 
regions than in the latter region. Our analyses provide a molecular biological and evolutionary model for the 
higher observed virulence of the 614G subtype, in terms of causing higher morbidity in the host (higher 
infectivity and higher viral load), than the non-mutant 614D subtype.   

1. Introduction 

The COVID-19 pandemic caused by the coronavirus SARS-CoV-2 has 
been a major threat to humans (Dong et al., 2020). Coronaviruses infect 
humans with varying degrees of severity and lethality (Verity et al., 
2020). Four of these viruses (NL63, 229E, OC43, and HKU1) cause mild 
respiratory problems in humans and three others (MERS-CoV, SARS-CoV 
and the newly emerged SARS-CoV-2) can cause severe respiratory syn-
dromes (Chen and Li, 2020; Gorbalenya et al., 2020; Zhu et al., 2020). 
SARS-CoV-2 infection was first reported from Wuhan, China, on 24th 

December 2019 (Zhu et al., 2020). 
SARS-CoV-2 virus is a single stranded (+) sense RNA virus with a 

genome length of about 30Kb. The virus binds to host cell surface re-
ceptors using spike protein to mediate fusion of the viral envelope with 
cell membrane. The receptor binding domain (RBD) located on the head 

of the S1 domain of the viral Spike (S) protein attaches with the 
angiotensin converting enzyme 2 (ACE2), that is expressed in large 
quantities in specific cell types (pneumocytes) of the human lung and 
other tissues (Lamers et al., 2020; Muus et al., 2020; Wang et al., 2020b; 
Ziegler et al., 2020). 

RNA sequence analysis has shown that SARS-CoV-2 has acquired 
mutations and diversified as it spread geographically (Biswas and 
Majumder, 2020; Korber et al., 2020; Van Dorp et al., 2020). Most 
mutations are deleterious and viruses that acquire mutations are usually 
eliminated (Grubaugh et al., 2020). Random fluctuations in the fre-
quency of viral subtypes occur; however, a virus with a mutation that 
provides selective advantage, usually manifested by higher transmission 
efficiency, is expected to rapidly rise to a high frequency (Bush et al., 
1999). The ancestral type (O; with amino acid Aspartic Acid [D] at the 
614th position of spike protein) was first reported from China in late 
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December 2019. Four weeks later (on 24th January 2020), a mutant type 
614G (with Glycine [G] at the 614th position of the Spike protein; 
possessed by subtypes A2 and A2a), was reported from China. This 
mutant spread rapidly and widely across Europe and North-America 
[GISAID: https://www.gisaid.org/ and Nextstrain: https://nextstrain. 
org/] outcompeting the ancestral type - 614D (Biswas and Majumder, 
2020; Gudbjartsson et al., 2020; Korber et al., 2020). 

Clinical studies from two independent regions; Sheffield, England 
(614G, n=314; 614D, n=133) and Washington, USA (614G, n=407; 
614D, n= 401), on COVID-19 patients, reported about 3-fold increase in 
viral load for individuals infected with SARS-CoV-2 614G variant over 
614D (Korber et al., 2020; Wagner et al., 2020). Recent functional 
studies using multiple types of cell lines, including a human lung cell 
line, also demonstrated that SARS-CoV-2 with 614G mutation shows 
higher infectivity than 614D (Daniloski et al., 2020; Ozono et al., 2020; 
Zhang et al., 2020). No consensus view on the mechanism of higher 
infectivity of the mutant virus has yet emerged (Daniloski et al., 2020; 
Ozono et al., 2020; Zhang et al., 2020). To infect human cells, the viral 
spike protein of SARS-CoV-2 anchors to membrane bound host-ACE2 
and gets cleaved by host proteases that facilitates membrane fusion; 
specifically the type II transmembrane serine protease (TMPRSS2) of the 
host cleaves the Spike protein near the S1-S2 junction (Shirato et al., 
2018; Andersen et al., 2020; Hoffmann et al., 2020; Walls et al., 2020). 

Variations in nucleotide sequences of ACE2 and TMPRSS2, the two 
host genes whose products are indispensable for the entry of the 

coronavirus into host cells (Xia et al., 2019; Hoffmann et al., 2020; 
Matsuyama et al., 2020; Wang et al., 2020a; Walls et al., 2020), can alter 
the expression and functionality of these proteins. Amino acid altering 
variants in ACE2 occur at non-polymorphic frequencies (Table S1) in 
most human populations. Our analysis found that the polymorphic 
variants in and around ACE2 gene have no impact on its expression in 
lung tissues (GTEX portal). Even though some recent studies (Benetti 
et al., 2020; Cao et al., 2020; Stawiski et al., 2020) have attempted to 
implicate these variants with susceptibility to infection by SARS-CoV-2, 
there is no convincing evidence yet that the non-polymorphic variants in 
ACE2 can modulate susceptibility to infection. However, TMPRSS2, the 
product of which is involved in the proteolytic cleavage of both ACE2 
and spike proteins of SARS-CoV-2 leading to internalization of the virion 
in the host cell, harbours many variants that exhibit considerable vari-
ation in frequencies among human populations. The three key host 
genes that modulate viral entry into human are ACE2, TMPRSS2 and 
FURIN (a furin cleavage site is present at the S1/S2 boundary of SARS- 
CoV-2 Spike protein, which is cleaved during biosynthesis and is a novel 
feature that sets SARS-CoV2 apart from other SARS coronaviruses). We 
mined human genome databases in an attempt to correlate population 
frequencies of variants in and around these genes with the spread of 
614G subtype; but, we were unable to discover any convincing rela-
tionship (data not shown). The rate of spread of the 614G (primarily 
A2a) has been non-uniform across geographical regions. Unfortunately, 
disaggregated country-wise data of frequencies of viral subtypes by 

Table 1 
Number of SARS-CoV-2 RNA sequences per month for all countries in three broad regions.  

Broad Region Country Dec-19 Jan-20 Feb-20 Mar-20 Apr-20 May-20 Jun-20 Jul-20 Total  

Singapore 0 10 34 231 300 78 86 66 805  
China 16 322 285 159 1 0 2 5 790  
South Korea 0 7 111 92 15 178 212 49 664  
Japan 0 9 109 286 136 7 0 0 547  
Thailand 0 23 9 176 14 0 0 0 222 

East Asia Hong Kong 0 24 58 49 4 2 1 50 188 
Taiwan 0 7 11 94 10 0 0 0 122 
Malaysia 0 6 9 49 23 16 0 0 103 
Vietnam 0 4 1 73 8 0 0 0 86 
Indonesia 0 0 0 11 4 0 0 2 17 
Philippines 0 0 0 8 0 0 2 0 10 
Cambodia 0 1 0 0 0 0 0 0 1 
United Kingdom 0 2 107 10146 16707 5314 1392 236 33904 
Spain 0 0 16 1781 694 100 64 15 2670 
Portugal 0 0 0 1229 225 75 59 0 1588 
Netherlands 0 0 14 753 473 190 0 0 1430 
Switzerland 0 0 25 290 229 57 69 272 942 
Belgium 0 0 2 560 253 75 15 30 935 
Denmark 0 0 2 617 90 2 0 0 711 
Sweden 0 1 6 344 117 91 34 0 593 
Iceland 0 0 1 555 0 0 0 0 556 
France 0 5 14 329 97 1 11 0 457 
Austria 0 0 7 344 71 2 0 0 424 
Germany 0 5 15 148 98 64 15 0 345 

Europe Russia 0 0 0 108 166 53 4 0 331 
Finland 0 1 1 61 163 41 0 0 267 
Luxembourg 0 0 2 166 85 13 0 0 266 
Italy 0 3 32 116 38 3 0 5 197 
Turkey 0 0 0 61 41 78 5 0 185 
Norway 0 0 7 33 20 6 42 28 136 
Greece 0 0 1 103 14 4 0 0 122 
Latvia 0 0 0 30 14 9 9 37 99 
Poland 0 0 0 38 33 19 7 0 97 
Ireland 0 0 0 12 0 8 2 56 78 
Hungary 0 0 0 45 16 0 0 0 61 
Czech Republic 0 0 1 46 4 0 0 0 51 
Slovenia 0 0 0 4 1 0 0 0 5 
Slovakia 0 0 0 4 0 0 0 0 4 
USA 0 12 81 6788 5773 2650 1800 441 17545 
Canada 0 4 10 294 228 1 0 0 537 

North America Panama 0 0 7 145 78 0 1 4 235 
Mexico 0 0 2 30 37 12 0 0 81 
Costa Rica 0 0 0 44 4 0 13 5 66  
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country are not available for an extended period, say from January to 
July 2020, for most regions. These data, for many countries, are either 
truncated at the beginning of this time period because of delayed start of 
viral sequencing or truncated at the end because of stoppage of viral 
sequencing for unclear reasons (Table 1). However, even aggregated 
data are revealing of non-uniform rate of spread. The increase in fre-
quency of the 614G (primarily A2a) subtype viruses have been rapid in 
Europe and North-America, but significantly less so in East Asia (Biswas 
and Majumder, 2020). We hypothesized that host genomics – in view of 
large genomic differences between individuals of European and North- 
American ancestry and individuals of East Asian ancestry (Abdulla 
et al., 2009) – plays a role in determining the rate of increase in fre-
quency of the 614G subtype virus, spatially. Conceptually, we posit that 
some host genomic backgrounds strongly favor infection by 614G sub-
types while some other backgrounds do not favour infection as strongly. 
In this study, we have sought to test this hypothesis and have focused on 
host genetic factors that may regulate viral entry into host cells, other 
than variants in ACE2, FURIN and TMPRSS2 genes that failed to provide 
satisfactory explanation in our analyses mentioned earlier. Although the 
meaning of the term ‘virulence’ is contextual, if we use the working 
definition proposed by Geoghegan and Holmes (2018) that virulence is 
the extent of harm caused by a pathogen to an infected host both in 
terms of morbidity and mortality (Geoghegan and Holmes, 2018), it is 
evident that 614G is more virulent than 614D at least in terms of 
morbidity. Compared to the 614D subtype, 614G is more infective – and 
hence has spread more widely – and, when it infects a human host it 
exhibits a higher viral load (Korber et al., 2020; Wagner et al., 2020). 
The overarching goal of this study is to develop a molecular and popu-
lation genetic model for the observed greater virulence of the evolved 
subtype 614G and of its non-uniform spread among Caucasian and non- 
Caucasian populations. 

2. Methods 

2.1. Phylodynamic analysis of SARS-CoV-2 RNA sequences 

One cardinal feature of the COVID-19 pandemic is our ability to 
monitor the spread and evolution of the SARS-CoV-2 virus almost in real 
time; since RNA sequences of the virus are being deposited every day in 
large numbers from all global regions to public databases. In partial 
fulfilment of the objective of this study, we have analysed the recent 
publicly available data. We downloaded all SARS-CoV-2 RNA sequences 
(n=82644) excluding low coverage (>5% N in the 29.9 Kb of each RNA 
sequence) on 20th Aug 2020, 8:50 AM, from the GISAID database (Shu 
and McCauley, 2017). 

To analyze SARS-CoV-2 sequence data, we used the community 
standard nextstrain/ncov (Hadfield et al., 2018) (github.com/nextst 
rain/ncov) pipeline developed specifically for spatial and temporal 
tracking of pathogens. Nextstrain/ncov (Hadfield et al., 2018), is an 
open-source pipeline for phylodynamic analysis (Volz et al., 2013), 
including subsampling, alignment, phylogenetic inference, temporal 
dating of ancestral nodes and discrete trait geographic reconstruction as 
well as interactive data visualization. It comprises augur (Hadfield et al., 
2018) (github.com/nextstrain/augur) a modular bioinformatics tool 
used for data analysis, and auspice (Hadfield et al., 2018) (github.com 
/nextstrain/auspice) a web-based visualization tool for phylogenomic 
and phylogeographic data. 

Each downloaded fasta file was preprocessed to remove duplicate 
samples based on the identifier from the fasta headers (hCoV-19/ 
<Country>/<Identifier>/<Year>). Out of the 82644 sequences, 78616 
sequences passed default QC criteria of Nextstrain pipeline. These 78616 
sequences were aligned using MAFFT (Katoh and Standley, 2013). These 
estimates were further refined using RAxML. Augur also estimates the 
frequency-trajectories of mutations, genotypes and clades of a phylo-
genetic tree, which is used by the auspice package to visually represent 
phylogenetic tree, geographic transmission and entropy (genetic 

diversity). Of the 78616 global sequences, Augur was able to assign 
clade information to 78203 sequences, from which 633 sequences were 
filtered out for lack of appropriate clade-defining mutations, sequences 
from August and non-human host discovered during manual curation. 
Remaining 77570 sequences were curated for further analysis. 

In order to build phylogenetic time tree, we have performed sub-
sampling by allowing maximum of 75 sequences per country per month 
per year. We estimated timescale and branch lengths of a reconstructed 
phylogenetic tree using IQ-TREE (Nguyen et al., 2014) (as implemented 
in augur) considering hCoV-19/Wuhan/WH01/2019 as ancestral; (http 
s://www.gisaid.org/) with a global subset of 11260 sequences. We 
repeated the random sampling of tree building multiple times to 
convince ourselves that there is no difference in overall inference (data 
not shown). 

We used the date of viral sample collection for all phylodynamic 
analysis to study epidemiological and evolutionary patterns. The initial 
sampling for sequencing was sparse, possibly non-representative and 
unstable. Details of the phylogenetic tree of the viral sequences and 
defining mutations of various clades are provided with supplementary 
table 3. Various population genetic summary statistics for ancestral 
614D and the derived 614G clades were obtained. 

2.2. Estimation of growth rate of relative frequency of 614G subtype virus 

We have fitted the following sigmoidal curve to model the increase in 
the frequency of the 614G subtype in a population over time. 

f (t) =
a

1 + e
(b− t)

c  

where, “a”, “b” and “c’ are the parameters of the equation and f(t): de-
notes the 614G subtype frequency at time t. The interpretation of the 
parameters are as follows: “a” denote the asymptote or the value to 
which f(t) asymptotically converges, “b” represents the time at which 
the frequency (f(t)) reaches 50% of the asymptote and inverse of “c” 
denotes the slope of the tangent at “b” indicating the rate of growth 
(Zullinger et al., 1984). We assign the asymptote, “a” to be 100 arguing 
that the 614G subtype has a selective advantage over the 614D. How-
ever, we also assume that the rate of growth of the 614G subtype will be 
different for different regions of the world (East Asia, Europe and North- 
America). Hence, we fitted the data for the different regions separately 
to estimate the values of “b” and “c” for each of the 3 regions (East Asia, 
Europe and North-America); a larger value of b indicates a longer time to 
reach 50% frequency in a population and the inverse of c is the quan-
titative estimate of the rate of increase. We have fitted the model using 
time series moving average (order = 3) of 614G subtype frequencies 
over time. The values of “b” were estimated separately for East Asia, 
Europe and North-America. 

To find whether there is any significant difference in estimated “b” 
for different regions, we hypothesised that there exist no systematic 
stochastic variations in the frequency of 614G subtype in different re-
gions; the observed variations is only because of chance factor. 

To test our null hypothesis, we have resampled the month wise 614G 
subtype frequencies (pooled from all regions) into two random pop-
ulations and calculated the absolute difference between estimated “b” 
values after fitting our model. We repeated this experiment 1 million 
times. The number of times, among the one million, when the difference 
between the “b” values in the two random populations exceeded our 
observed difference; provided us an empirical p value for the test of 
equality of the “b” for different regions. 

2.3. In-Silico prediction of cleavage sites on SARS-CoV-2 Spike protein 

Functional studies showed that by synthetically introducing muta-
tions near the S1-S2 junction of SARS-CoV, additional proteolytic 
cleavage sites are generated that enhance viral membrane fusion by 
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several fold (Belouzard et al., 2009). We downloaded the sequence of 
SARS-Cov-2 spike (S) protein (QHD43416), which is 1273 amino acids 
long, from https://zhanglab.ccmb.med.umich.edu/COVID-19/ (Roy 
et al., 2010). We used PROSPER (Song et al., 2012) (https://prosper.erc. 
monash.edu.au/) to predict proteolytic cleavage sites based on i) local 
amino acid sequence profile, ii) predicted secondary structure, iii) sol-
vent accessibility and iv) predicted native disorder. In particular, we 
identified potential protease substrate sites in the amino acid sequence 
of SARS-CoV-2 spike (S) protein. The predicted protease cleavage sites 
were also verified by another protease cut site prediction tool PROS-
PERous (Song et al., 2018). The predicted cleavage site was further 
verified to have mass spectrometry supportive evidence from MEROPS 
database (Rawlings et al., 2017). 

2.4. Tissue specific expression and genomic variation in ACE2, TMPRSS2 
and FURIN in global populations 

Using GTEx data (https://gtexportal.org/), we identified regulatory 
eQTLs that are significantly associated with ACE2, TMPRSS2 and FURIN 
gene expression in various human tissues. Genotype data, for all sig-
nificant eQTLs as well as the data on all variants, were extracted from 
1000Genomes dataset (Auton et al., 2015) with the hg19 chromosomal 
coordinates as reference. Initial data to assess population genomic di-
versity were downloaded from 1000Genomes project that included 
representative populations from Europe (CEU, TSI, FIN, GBR, IBS), 
admixed Hispanic speakers from America (MXL, PUR, CLM) and East 
Asia (CHB, CHD, JPT). Functional annotation of each identified variant 
was done using Annovar (Wang et al., 2010). We ranked the eQTLs 
according to their impact on the tissue-specific expression level for the 
gene of interest and selected variants with high impact. For all these 
eQTLs and non-silent variants, we calculated the genetic distance, Fst 
(Weir and Cockerham, 1984), between pairs of major continental pop-
ulations and regional subpopulations, using PLINK v1.9 (Chang et al., 
2015) (https://www.cog-genomics.org/plink/). 

3. Results 

3.1. Temporal and geographical spread of subtypes of SARS-CoV-2 

The first set of RNA sequences collected from 16 infected individuals 
from Wuhan, China, had high sequence identity, and was named the O 
subtype. The O subtype spread to other provinces (e.g., Guangdong, 
Jiangxi) of China and also to nearby countries, e.g., Thailand (with the 
first submission to GISAID - Nonthaburi/61/2020 - on 8th January 
2020), within two weeks of its first reporting from Wuhan. We per-
formed phylodynamic analysis and showed that the virus evolved to B 
and B2 in the first two weeks of January and later to B1, B4, A2, A2a and 
A3 (Fig. S1a). These subtypes rapidly spread worldwide to many coun-
tries of East Asia (10 countries), Europe (6 countries) and North-America 
(2 countries) by the end of January. The distribution of viral clades as 
reported from different countries of East Asia, Europe and North- 
America until the end of July is summarized in (Table 2). Analysis of 
data on 77570 sequences generated globally till 31st July showed that 
mutations were distributed over 24493 nucleotide sites. Among these 
sites, a subset of 11 early high-frequency sites (of which 8 were coding 
[ORF8 -L84S, ORF1a - V378I, ORF1a - L3606F, ORF1a - A3220V, ORF3a 
- G251V, ORF1a - L3606F, S - D614G, ORF1b - P314L]) enabled defining 
the phylogenetic clade structure of the viral sequences (Fig. S2, Table 2) 
(Biswas and Majumder, 2020). By 31st March 2020, SARS-CoV-2 had 
evolved into 10 major clades; five of which had attained frequencies 
higher than 5%; A2a=63.80%, O=10.25%, B=6.51%, B1=5.04% and 
A1a=12.01% (Table 3). The A2a clade with the highest frequency is 
defined by nucleotide changes at two sites that are in complete non- 
random association (linkage disequilibrium): D614G in the Spike 
glycoprotein and P314L in Orf1b polyprotein (also known as, RdRp: 
P323L). Of the 10 clades, only 2 clades (a minor A2 subtype and the 

major A2a subtype) harbour amino acid G at 614th position of spike 
protein; the remaining 8 clades (ancestral O and evolved clades B, B1, 
B2, B4, A3, A6, and A1a) have D, the ancestral subtype (Fig. S1b). We 
have mined the GISAID database to discover that the most frequent 
614G subtype (comprising A2 and A2a) arose in China in mid-January 
2020 (Inferred date: January 7th 2020 CI: 16th Dec 2019 - 7th January 
2020; first 614G subtype sequence was deposited in GISAID from Zhe-
jiang [Zhejiang/HZ103/2020] on 24th January) and spread to multiple 
locations (e.g., Shanghai, Beijing) within the next few weeks. The 
earliest evidence of 614G subtype in Europe was from Germany around 
the end of January (Germany/BavPat1/2020 sequence deposited on 
28th January). The viral landscape at that time (end of January) 
comprised predominantly viruses with 614D; 99.07% of submitted viral 
sequences from East Asia, 70.59% from Europe and 100% from North- 
America. Extremely rapid and dramatic shifts in the viral landscape 
took place within next four weeks (i.e. up until end of February). The 
frequency of 614G subtype rose from 29.41% to 52.22% in Europe and 
from 0% to 9.48% in North-America. However, this shift was slow in 
East Asia where the 614G frequency remained low; in China, <2% and 
in other East Asian countries, 1%; (Fig. 1, Fig. S3). The 614G subtype 
continued to rise in frequency replacing the previously frequent 614D 
subtype. By March, 614G became the dominant subtype in Europe 
(67.27%) and North-America (68.69%); the rise in East Asia was less 
dramatic (24.08%) (Fig. 1, Fig. S3). After March, data submissions to 
GISAID became extremely skewed and infrequent from many countries, 
including China. The rapid increase of the frequency of 614G subtype 
over 614D in Europe and North-America, where it quickly reached fre-
quency of close to 100% replacing all other subtypes remains same until 
July, details are provided in Table S2. 

To quantitatively estimate the parameters of growth of the relative 
frequency of the 614G subtype, we have modelled the increase in the 
frequency of the 614G subtype as a non-linear sigmoidal function 
(described in Methods Section 2.2). We fitted the moving averages of 
614G frequency (Table S3) for the three regions (East Asia, Europe and 
North-America) to estimate the parameters of growth of the 614G sub-
type separately for the three regions. We assume that the 614G will have 
a selective advantage and will eventually reach a 100% frequency in all 
regions (East Asia, Europe and North-America).We have estimated that, 
in order to reach 50% relative frequency, the 614G subtype took 
significantly (sampling-resampling test, p < 0.01 [details in Methods 
Section 2.2]) longer time in East Asia (5.5 months) compared to Europe 
(2.15 months) as well as North-America (2.83 months) [the estimates of 
the parameters of the sigmoidal and the sampling-resampling p-values 
are tabulated in Table 4, Fig. 2]. Because of unavailability of comparable 
disaggregated data, we have used aggregated data to show that although 
the 614G subtype outcompeted the 614D in three regions, the rate of 
growth of the 614G subtype over the 614D is significantly higher in 
Europe and North-America. 

3.2. The explosive increase of 614G subtype cannot be explained by early 
founding 

A possible explanation for higher frequency of the 614G variant over 
614D is that early founding events resulted in higher frequencies; 
without natural selection favouring 614G to outcompete 614D. To 
examine this possibility, we tabulated (Table S4) the frequencies of vi-
ruses of the two variant types during each week of collection for the 
period December, 2019 to July 31, 2020, in each of the three regions 
under consideration (Europe, North-America and East Asia). Table S4 
shows that even though there were differences in the date of introduc-
tion of 614G in the three regions, within less than a month after intro-
duction, the frequency of the 614G variant started rising faster than that 
of 614D. Further, the 614G rapidly climbed to a very high frequency in 
Europe and North-America (Fig. S3, Table S5); not attributable to earlier 
founding. Such rapid increase was not observed in East Asia after the 
arrival of 614G in that region. There is also no evidence of a large and 
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sudden influx of 614G sequences in any of the geographical regions 
under consideration. 

3.3. D614G mutation generates a novel neutrophil elastase cleavage site 

The non-synonymous D614G mutation is located between S1-RBD 
and S1/S2 junctions of the SARS-CoV-2 spike (S) protein (Fig. 3b). 
The amino acid position 614 is monomorphic for D (Aspartic acid) 
residue in SARS-CoVs obtained from bat, civet, pangolin and human 
(Fig. 3a). A previous study indicated that the introduction of new 

proteolytic sites at and around the S1-S2 junction substantially increases 
SARS-CoV fusion with the cell membrane (Belouzard et al., 2009). Using 
PROSPER (Song et al., 2012), we identified a novel neutrophil elastase 
(ELANE) – a serine protease – cleavage site (with support vector 
regression score of 1.07) at the 614G spanning region of the spike pro-
tein; also supported by mass spectrometry evidence from the MEROPS 
database (https://www.ebi.ac.uk/merops/). The position 614 on the 
Spike protein is the nearest substrate site for neutrophil elastase to 
cleave at 615-616, on S1 subunit of Spike protein (Fig. 3c; Table 5). To 
enable viral entry, the Spike glycoprotein must be cleaved by host 

Fig. 1. Day-wise pattern of collection of SARS-CoV-2 isolates during Dec 2019 to July 31st, 2020, from different countries classified by subtype. The points are color 
coded based on the presence of D (Green) or G residue (Orange) at the 614th amino acid position of SARS-CoV-2 spike (S) protein. 
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proteases to enable fusion of the viral envelope with the host cell 
membrane (Hoffmann et al., 2020; Shang et al., 2020). An additional 
cleavage site enables processing of Spike protein by both of these two 
host serine proteases, TMPRSS2 (Hoffmann et al., 2020; Matsuyama 
et al., 2020; Wang et al., 2020a; Walls et al., 2020) and neutrophil 
elastase (Matsuyama et al., 2005; Belouzard et al., 2010; Hu et al., 
2020), and thus likely enhances the possibility of entry of SARS-CoV-2 
into the host cell. This predictive inference derives support from the 
evidence that the spike protein with the 614G variant is cleaved by 
neutrophil elastase 4-fold more efficiently than 614D that is cleaved 
only by TMPRSS2 (Hu et al., 2020). Since cleavage leads to activation of 
the Spike protein, the activation of spike protein of 614G subtype virus is 
expected to be greater when there is a higher level of active neutrophil 
elastase. Higher level of neutrophil elastase can accrue if there is a 
higher number of neutrophils. If data support that there is higher 
number of neutrophils among Caucasians (Europeans and North- 
Americans) than among non-Caucasians (East Asians), then the rapid 
spread of 614G among Caucasians can be easily explained. However, 
studies have shown that there is no significant difference in baseline 
neutrophil levels among Caucasians and non-Caucasians (Bain et al., 
1984; Tajuddin et al., 2016). We noted that the expression level of 
neutrophil elastase is regulated by α1-antitrypsin, an elastase inhibitor 
encoded by the human SERPINA1 gene (Dau et al., 2015; Strnad et al., 
2020). 

3.4. Non-uniform geographical spread of 614G is likely to have been 
determined by differences in prevalence of α1-antitrypsin deficiency 

SERPINA1, that encodes the neutrophil elastase inhibitor α1-anti-
trypsin (AAT), is known to be multi-allelic; with alleles denoted as M, S 
and Z; and many rare alleles (Brantly et al., 1988; Crystal et al., 1989; 
Hutchison, 1998; Strnad et al., 2020). The serum level of AAT in an 
individual is dependent on the individual’s genotype; MM individuals 

have the highest and normal (100%) level. MS, SS, MZ, SZ, and ZZ – the 
five major deficiency genotypes – express ~80%, 60%, 55%, 40%, and 
15% of AAT, respectively (Blanco et al., 2017). Thus, the prevalence of 
AAT deficiency varies among populations (Burrows et al., 2000; Dau 
et al., 2015; Borel et al., 2018) in proportion to the population fre-
quencies of the alleles S and Z. The primary role of circulating AAT, 
which is synthesized in the liver (Gómez-Mariano et al., 2020), is to 
protect the lung tissue against damage by neutrophil elastase (Dau et al., 
2015; Strnad et al., 2020). Some of the AAT deficient genotypes (e.g., S- 
Z: [SS, SZ and ZZ]) are susceptible to COPD (Dahl et al., 2005). We have 
re-analysed data on S-Z frequency in various populations (Blanco et al., 
2017; Shapira et al., 2020) and found the S-Z deficient genotype is more 
abundant in European (18.7-75.9 per 1000 individuals; median = 31.20 
per 1000 individuals) and North-American (23.4-32.1/1k; median =
29.00/1k) countries as compared to East Asian countries (0-19.9/1k; 
median = 2.25/1k), described in Table S6. Considering all deficient 
genotypes, AAT deficiency is common in populations of Europe and 
North-America (9-16%) and rare (~2%) among East Asians (Hutchison, 
1998; De Serres, 2002; Crowther et al., 2004; De Serres et al., 2010) 
(Table S7). The frequency of the major deficiency allele Z is very high 
among Caucasians compared to non-Caucasians of East and Southeast 
Asia (Blanco et al., 2017). In sum, (a) higher prevalence of deficiency of 
the neutrophil elastase inhibitor AAT in Caucasian compared to non- 
Caucasian populations will lead to a higher level of neutrophil elas-
tase; (b) the higher level of neutrophil elastase will activate the spike 
protein of the subtype 614G, but not of 614D, in greater amounts; and 
(c) as a consequence the 614G subtype will spread more efficiently in 
Caucasian populations of Europe and North-America than in non- 
Caucasian populations of East Asia (Fig. 4). 

4. Discussion 

Within four months of its first appearance, SARS-CoV-2 spread 

Fig. 2. Modelling of SARS-CoV-2 spike 614G subtype relative frequency with time for different regions (East Asia, Europe and North-America). Each point represents 
the time series moving averages (order = 3) of 614G subtype frequency over months in different regions. To reach 50% relative frequency, the 614G subtype took 
significantly less time in Europe (2.15 months) and North-America (2.83 months) as compared to East Asia (5.5 months). 
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rapidly to more than 200 countries in different continents. SARS-CoV-2 
evolved from an ancestral subtype (O) to 9 major derived subtypes, with 
characteristic sets of mutations. One non-synonymous (Aspartic acid to 

Glycine) mutation at amino acid position 614 (D614G) of the Spike 
protein of the coronavirus stands out. Viruses (classified as A2 and A2a 
clades only, of the 10 clades) carrying the derived allele (G) spread 

Table 2 
The distribution of viral clades as reported from different countries of East Asia, Europe and North-America until the end of July.  

Broad Region Country O B B1 B2 B4 A1a A3 A6 A2 A2a A2/A2a* Total 

East Asia Singapore 601 19 3 0 2 48 1 2 0 128 1 805 
China 474 168 10 33 8 21 21 0 15 40 0 790 
South Korea 6 43 0 0 0 135 0 0 0 480 0 664 
Japan 147 64 0 4 42 9 0 0 0 281 0 547 
Thailand 30 106 0 2 0 8 4 0 0 72 0 222 
Hong Kong 76 5 2 0 0 13 4 0 0 88 0 188 
Taiwan 22 7 4 0 0 14 13 2 1 59 0 122 
Malaysia 83 3 0 0 0 5 0 0 0 12 0 103 
Vietnam 6 4 2 0 0 3 0 0 0 71 0 86 
Indonesia 14 0 0 0 0 0 0 0 0 2 1 17 
Philippines 9 0 0 0 0 0 0 0 1 0 0 10 
Cambodia 1 0 0 0 0 0 0 0 0 0 0 1 

Europe United Kingdom 2374 362 20 0 5 4010 50 86 9 26906 82 33904 
Spain 16 911 0 0 0 76 0 3 5 1656 3 2670 
Portugal 24 39 0 0 2 84 0 3 0 1436 0 1588 
Netherlands 30 13 0 0 5 71 3 161 0 1147 0 1430 
Switzerland 0 1 0 0 0 11 0 1 0 926 3 942 
Belgium 39 4 0 0 4 47 0 16 0 825 0 935 
Denmark 28 2 0 0 0 8 1 1 0 670 1 711 
Sweden 15 0 0 0 3 8 8 4 0 555 0 593 
Iceland 24 0 16 0 0 92 0 3 0 421 0 556 
France 8 2 0 0 0 4 0 1 0 442 0 457 
Austria 17 14 0 0 0 11 2 6 1 372 1 424 
Germany 27 1 0 1 1 11 2 1 9 292 0 345 
Russia 0 0 0 0 2 1 0 1 1 326 0 331 
Finland 3 0 0 0 0 6 0 1 1 256 0 267 
Luxembourg 4 5 0 0 0 7 0 0 0 250 0 266 
Italy 0 0 0 0 0 6 0 0 1 190 0 197 
Turkey 2 0 0 0 1 0 24 0 1 157 0 185 
Norway 2 0 0 0 0 8 1 0 0 125 0 136 
Greece 4 6 0 0 0 15 0 0 6 80 11 122 
Latvia 5 0 0 0 0 0 0 0 0 94 0 99 
Poland 2 1 0 0 0 4 0 0 0 90 0 97 
Ireland 1 0 0 0 0 3 0 0 0 73 1 78 
Hungary 1 0 0 0 0 0 0 0 0 60 0 61 
Czech Republic 1 1 0 0 0 0 0 0 0 49 0 51 
Slovenia 1 0 0 0 0 1 0 0 0 3 0 5 
Slovakia 0 0 0 0 0 0 0 1 0 3 0 4 

North America USA 476 376 1867 3 58 256 26 5 22 14345 111 17545 
Canada 16 7 49 0 0 11 20 0 0 433 1 537 
Panama 0 181 10 0 0 2 0 0 0 42 0 235 
Mexico 2 4 7 0 0 0 0 0 0 67 1 81 
Costa Rica 0 0 2 0 0 0 0 0 0 64 0 66 

Total 4591 2349 1992 43 133 5009 180 298 73 53588 217 68473 

O = [Ancestral Clade], B = [ORF8 - L84S (T28144C)], B1 = [ORF8 - L84S, nt - C18060T], B2 = [ORF8 - L84S, nt - C29095T] 
B4 = [ORF8 - L84S, N - S202N], A3 = [ORF1a - V378I, ORF1a - L3606F], A6 = [nt - T514C], A7 = [ORF1a - A3220V] 
A1a = [ORF3a - G251V, ORF1a - L3606F], A2 = [S - D614G], A2a = [S - D614G, ORF1b - P314L] 

Table 3 
Count and proportions of 10 SARS-CoV-2 phylogenetic clades  

Sl 
No 

Clade Count (till 
March 
31st) 

Proportion (till 
March 31st) 

Count (till 
July 31st) 

Proportion (till 
July 31st) 

1 O 2859 10.25 4591 6.70 
2 B2 43 0.15 43 0.06 
3 B4 104 0.37 133 0.19 
4 A3 165 0.59 180 0.26 
5 A6 267 0.96 298 0.44 
6 B 1815 6.51 2349 3.43 
7 B1 1406 5.04 1992 2.91 
8 A1a 3351 12.01 5009 7.32 
9 A2 41 0.15 73 0.11 
10 A2a 17795 63.80 53588 78.26 
11 A2/ 

A2a 
48 0.17 217 0.32 

Total 27894 100 68473 100  

Table 4 
Estimation of coefficients for SARS-CoV-2 614G frequency growth model.  

Region Coefficient Estimate p value 

East Asia b 5.4978 3.99E-08 
East Asia c 1.4273 1.36E-04 
Europe b 2.1455 1.78E-05 
Europe c 0.9941 4.98E-04 
North America b 2.8299 7.72E-08 
North America c 0.7398 3.27E-05     

Model f(t) =
a

1 + e
(b − t)

c   

a = 100  

Resampling test for estimated b  
p value H[0]: beta (b) of spike 614G frequency 

growth curve is same for all regions EAS-EUR 0.000653 
EAS-AMR 0.005976 
EUR-AMR 0.35849  
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geographically with extreme rapidity (Biswas and Majumder, 2020; 
Korber et al., 2020), but non-uniformly, outcompeting the clades that 
possessed the ancestral allele D. The rapid and non-uniform geograph-
ical spread of 614G, as we have shown here, cannot be fully explained by 
early founding effect. We, therefore, sought to evaluate whether the 
observed geographical distribution of the 614G subtype can be 
explained, at least in part, by (a) the intrinsic advantage of the 614G 
subtype over the 614D, and (b) the allele-frequency distribution of 
specific gene variants in human host populations. In other words, using 
the broader concept of ‘virulence’ (Geoghegan and Holmes, 2018) to 
include morbidity, and not just mortality, here we have provided a 
molecular genetic model of greater virulence of the evolved subtype 
614G – higher ability to infect a human host resulting in higher mean 
viral load – compared to 614D. In addition, we have provided a popu-
lation genetic model for the non-uniform geographical spread of the 
614G subtype among Caucasian populations of Europe and North- 

America and non-Caucasian populations of East Asia. 
We have performed molecular population genetic analysis using 

publicly available data of RNA sequences of SARS-CoV-2 isolates to 
correlate pathogen evolution with viral transmission. We have shown 
that – the 614G subtype which arose in East Asia in January 2020, 
spread with extreme rapidity throughout the European and North- 
American continents. The spread of 614G subtype has been so explo-
sive, that in 10 weeks (of February and March 2020) over 64.11% of 
globally infected individuals were identified to carry the 614G subtype 
starting from only 1.95% in January. The 614G subtype frequency 
further arose to 78.69% worldwide by end of July. We were able to show 
that the 614G subtype outcompeting the ancestral 614D subtype viruses 
significantly faster in Europe and North-America as compared to East 
Asia. 

The D614G mutation is near the S1-S2 junction on SARS-CoV-2 Spike 
(S) protein. SARS-CoV-2-pseudotyped lentiviral particles with this 

Fig. 3. (a) Multiple alignment of spike (S) protein of corona viruses from Bat, Pangolin, Civet and Human SARS-CoV with the Human SARS-CoV-2 revealed >70% 
sequence identity. The 614th amino acid position in the S protein was found to be conserved among species, until the occurrence of the D614G mutation. (b) Domain 
structure of SARS-CoV-2 S protein; amino acid residues 614 and 685 (S1-S2 junction) are marked on the 3D protein structure. (c) An additional neutrophil elastase 
(elastase -2) cleavage site around S1-S2 junction was introduced due to the D614G mutation in SARS-CoV-2; the Glycine at 614th position is predicted to be the 
nearest substrate site for neutrophil elastase to perform proteolytic cleavage in the adjacent residue. 

Table 5 
Prediction of protease cut site in SARS-CoV-2 S protein around 614 AA position.  

1) SARS-CoV-2 S protein 614G imputed sequence (TSNQVAVLYQ[G]VNCTEVPVAI) 

Merops ID Protease name Position P4-P4’ site N-fragment (kDa) C-fragment (kDa) Cleavage score 

M10.004 matrix metallopeptidase-9 7 QVAV|LYQG 0.69 1.6 1.14 
M10.004 matrix metallopeptidase-9 20 VPVA|I 2.18 0.11 1.13 
M10.004 matrix metallopeptidase-9 8 VAVL|YQGV 0.81 1.48 0.99 
S01.131 Neutrophil elastase (elastase-2) a 12 YQGV|NCTE 1.37 0.92 1.07 
S01.133 cathepsin G 9 AVLY|QGVN 0.97 1.32 1.02 
S01.133 cathepsin G 19 EVPV|AI 2.11 0.18 0.94   

2) SARS-CoV-2 S protein 614D sequence (TSNQVAVLYQ[D]VNCTEVPVAI) 

Merops ID Protease name Position P4-P4’ site N-fragment (kDa) C-fragment (kDa) Cleavage score 

M10.004 matrix metallopeptidase-9 7 QVAV|LYQD 0.69 1.54 1.14 
M10.004 matrix metallopeptidase-9 20 VPVA|I 2.13 0.11 1.13 
M10.004 matrix metallopeptidase-9 8 VAVL|YQDV 0.81 1.43 0.99 
S01.001 chymotrypsin A (cattle-type) 9 AVLY|QDVN 0.97 1.26 0.94 
S01.133 cathepsin G 9 AVLY|QDVN 0.97 1.26 1.13 
S01.133 cathepsin G 19 EVPV|AI 2.05 0.18 0.94  

a Specific to Spike 614G subtype 
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variant 614G were shown to infect multiple human cell types more 
efficiently (~3.5 fold), compared to 614D variant (Ozono et al., 2020). 
Presence of Glycine at 614th amino acid position of Spike protein was 
speculated to result in higher stability of the protein (Daniloski et al., 
2020; Ozono et al., 2020; Zhang et al., 2020). Here, we have shown that 
SARS-CoV-2 virus acquired an additional neutrophil specific cleavage 
site in the Spike protein during the first month of the transmission. This 
additional cleavage site allows 614G viruses to gain entry into human 
cell lines more easily in presence of elastase (Hu et al., 2020). Further, 
the neutrophil elastase inhibitor Sivelestat Sodium significantly 
decreased 614G spike protein cleavage in presence of neutrophil elastase 
(Hu et al., 2020). 

We noted that in spite of the advantage gained by 614G mutant vi-
ruses for entry into host cells, the spread of this mutant virus was non- 
uniform across geographical regions; explosive spread among in-
dividuals of European and North-American ancestry, but slower spread 
among individuals of East Asian ancestry. We, therefore, explored host 
genomic differences to explain the difference in geographical spread of 
the mutant virus. Due to presence of an additional neutrophil elastase 
cleavage site, the 614G subtype virus predicted to have selective ad-
vantages over ancestral 614D subtype. We therefore expected there will 
be difference in availability of neutrophil elastase among Europeans, 
North-Americans and East Asians which might result in observed dif-
ferential acceleration. As shown by multiple epidemiological studies, 
there is no significant differences in baseline neutrophil levels among 
Europeans, North-Americans and East Asians (Bain et al., 1984; Tajud-
din et al., 2016). On the other hand, α1-antitrypsin (AAT) which is the 
main inhibitor of neutrophil elastase (Dau et al., 2015; Strnad et al., 
2020) found to have multiple deficient alleles in higher proportion of 

European (9.36%) and North-American (16.31%) populations as 
compared to less than 2% among East Asians (Hutchison, 1998; De 
Serres, 2002; Crowther et al., 2004; De Serres et al., 2010). The main 
function of AAT is protect lung from inflammation and tissue damage by 
neutrophil elastase (Dau et al., 2015; Strnad et al., 2020). Several studies 
have shown that AAT deficiency among populations of European 
ancestry is a major contributor of diseases like COPD which is caused by 
lung inflammation by neutrophil elastase (Dahl et al., 2005). During 
acute-phase response, AAT levels can increase by 100% in persons with 
a normal genotype (MM), but the rise is markedly attenuated in persons 
with deficiency alleles (Strnad et al., 2020). As a large proportion of 
European and North-American population suffers from AAT deficiency, 
the availability of active neutrophil elastase at the site of infection is 
expected to be higher which contributed faster growth rate of 614G 
subtype virus, compared to the 614D subtype, that carries the additional 
elastase specific cleavage site. We emphasize that this finding along with 
other social factors may explain the differential geographical/ethnic 
spread of 614G. Based on the inferences of our analyses and additional 
inferences derived from studies by others, we have proposed that the 
evolved SARS-CoV-2 subtype 614G is more virulent in terms of causing 
greater morbidity in the host because the D to G mutation creates an 
additional cleavage site that enhances entry of the 614G subtype into the 
host cell and consequently enhances its ability to infect. However, this 
subtype’s ability to infect humans is not uniform and depends on the 
genotypes at specific loci of the SERPINA1 gene in the host as sum-
marised in Fig. 5. We have correlated the extent of spread of the subtype 
across populations with the population frequency of relevant genotypes, 
that causes a deficiency of the protein – a1-antitrypsin – encoded by 
SERPINA1. Thus, we have provided a holistic molecular biological and 

Fig. 4. (a) SARS-CoV-2 subtype distribution in different populations (East Asian, European and North-American). Circle size is proportional to the number of se-
quences submitted on a particular date and the circle colour distinguishes the subtypes. The positions of circles from the centre towards the outer periphery 
correspond to the date of submission from January to July [more recent submissions are towards the periphery]. (b) The horizontal bar represents median alpha-1 
antitrypsin deficiency for different continental populations. (c) Thin horizontal bars represent alpha-1 antitrypsin deficiency per 1000 individuals of individual 
countries in three broad regions. 
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evolutionary model of virulence and spread of the evolved 614G subtype 
of the novel coronavirus SARS-CoV-2. In line with our findings, it was 
proposed in a recent review paper, AAT deficient allele frequency may 
have an impact of SARS-CoV-2 infection and mortality (Yang et al., 
2021). Our findings are indicative of the possibility of using elastase 
inhibitors or AAT supplementation, already under consideration for 
treatment of chronic obstructive pulmonary disease and in COVID- 
specific clinical trial (NCT04495101), as therapy to prevent infection 
by the 614G subtype of SARS-CoV-2 (Ohbayashi, 2002; Hu et al., 2020; 
Mohamed et al., 2020; Németh et al., 2020; Strnad et al., 2020). 

5. Conclusions 

An additional neutrophil elastase cleavage site in Spike protein of 
SARS-CoV-2 was introduced by D614G mutation. Therefore, elevation of 
neutrophil elastase level at the site of infection will enhance the acti-
vation of Spike protein thus facilitating host cell entry for 614G, but not 
the 614D, subtype. The level of neutrophil elastase in the lung is 
modulated by its inhibitor α1-antitrypsin (AAT). AAT prevents lung 
tissue damage by elastase. However, many individuals exhibit genotype- 
dependent deficiency of AAT. AAT deficiency eases host-cell entry of the 
614G virus, by retarding inhibition of neutrophil elastase and conse-
quently enhancing activation of the Spike protein. AAT deficiency is 
highly prevalent in European and North-American populations, but 
much less so in East Asia. Therefore, the 614G subtype is able to infect 
and spread more easily in populations of the former regions than in the 
latter region. Our analyses provide a molecular biological and evolu-
tionary model for the higher observed virulence of the 614G subtype, in 
terms of causing higher morbidity in the host (higher infectivity and 

higher viral load), than the non-mutant 614D subtype. Our work opens 
up possibility for considerations of AAT supplements in prevention of 
SARS-CoV-2 Spike 614G subtype virus. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.meegid.2021.104760. 
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Fig. 5. A composite diagram depicting the major findings of this study 
The SARS-CoV-2 614G subtype virus harbours an additional mutation induced spike protein cleavage site that is specific for neutrophil elastase. The 614G subtype 
virus is expected to get advantage in presence of active elastase. The schematic image of the human lung in this figure is partitioned into two components – (i) left – 
individuals with wildtype SERPINA1 genotypes and normal levels of AAT, (ii) right - individuals with variant SERPINA1 genotypes and AAT deficiency. Individuals 
with AAT deficiency will have higher level of active neutrophil elastase and will be more susceptible to infection by 614G subtype virus. 
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Mutations in SARS-CoV-2 viral RNA identified in Eastern India:
Possible implications for the ongoing outbreak in India
and impact on viral structure and host susceptibility
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Direct massively parallel sequencing of SARS-CoV-2 genome was undertaken from nasopharyngeal and
oropharyngeal swab samples of infected individuals in Eastern India. Seven of the isolates belonged to the A2a
clade, while one belonged to the B4 clade. Specific mutations, characteristic of the A2a clade, were also
detected, which included the P323L in RNA-dependent RNA polymerase and D614G in the Spike glyco-
protein. Further, our data revealed emergence of novel subclones harbouring nonsynonymous mutations, viz.
G1124V in Spike (S) protein, R203K, and G204R in the nucleocapsid (N) protein. The N protein mutations
reside in the SR-rich region involved in viral capsid formation and the S protein mutation is in the S2 domain,
which is involved in triggering viral fusion with the host cell membrane. Interesting correlation was observed
between these mutations and travel or contact history of COVID-19 positive cases. Consequent alterations of
miRNA binding and structure were also predicted for these mutations. More importantly, the possible
implications of mutation D614G (in SD domain) and G1124V (in S2 subunit) on the structural stability of S
protein have also been discussed. Results report for the first time a bird’s eye view on the accumulation of
mutations in SARS-CoV-2 genome in Eastern India.

Keywords. Host miRNA; molecular phylogeny; protein structure; SARS-CoV-2; viral RNA sequence

1. Introduction

SARS-CoV-2 is the causative agent of current pan-
demic of novel coronavirus disease (COVID-19) which
has infected millions of people and is responsible for
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more than 200,000 deaths worldwide in a span of just
4 months. The virus has a positive sense, single-
stranded RNA genome, which is around 30 kb in
length. The genome codes for four structural and
multiple non-structural proteins (Astuti and Ysrafil
2020). While the structural proteins form capsid and
envelope of the virus, non-structural proteins are
involved in various steps of viral life cycle such as
replication, translation, packaging and release (Lai and
Cavanagh 1997). Although at a slower rate, mutations
are emerging in the SARS-CoV-2 genome which might
modulate viral transmission, replication efficiency and
virulence in different regions of the world (Jia et al.
2020; Pachetti et al. 2020) .
The genome sequence data has revealed that SARS-

CoV-2 is a member of the genus Betacoronavirus and
belongs to the subgenus Sarbecovirus that includes
SARS-CoV while MERS-CoV belongs to a separate
subgenus, Merbecovirus (Lu et al. 2020; Wu et al.
2020; Zhu et al. 2020). SARS-CoV-2 is approximately
79% similar to SARS CoV at the nucleotide sequence
level. Epidemiological data suggests that SARS-CoV-2
had spread widely from the city of Wuhan in China
(Chinazzi et al. 2020) after its zoonotic transmission
originating from bats via the Malayan pangolins
(Zhang et al. 2020). Global sequence and epidemio-
logical data reveals that since its emergence, SARS-
CoV-2 has spread rapidly to all parts of the globe,
facilitated by its ability to use the human ACE2
receptor for cellular entry (Hoffmann et al. 2020). The
accumulating mutations in the SARS-CoV-2 genome
have resulted in the evolution of 11 clades out of which
the ancestral clade O originated in Wuhan.
Since the first report of sequence of SARS-CoV-2

from India, there have been multiple sequence sub-
missions in Global Initiative on Sharing All Influenza
Data (GISAID, https://www.gisaid.org/). Extensive
sequencing of the viral genome from different regions
in India is required urgently. This will provide infor-
mation on the prevalence of various viral clades and
any regional differences therein, which might lead to
improved understanding of the transmission patterns,
tracking of the outbreak and formulation of effective
containment measures. The mutation data might pro-
vide important clues for development of efficient vac-
cines, antiviral drugs and diagnostic assays. We have
initiated a study on sequencing of SARS-CoV-2 gen-
ome from swab samples obtained from infected indi-
viduals from different regions of West Bengal in
Eastern India and report here the first nine sequences
and the results of analysis of the sequence data with
respect to other sequences reported from the country

until date. We have detected unique mutations in the
RNA-dependent RNA polymerase (RdRp), Spike
(S) and Nucleocapsid (N) coding viral genes. It appears
that the mutation in nucleocapsid gene might lead to
alterations in local structure of the N protein. Also the
putative sites of miRNA binding could be affected,
which might have major consequences. The possible
implications of the mutations have been discussed,
which will provide important insights for functional
validation to understand the molecular basis of differ-
ential disease severity.

2. Methods

2.1 Clinical sample collection

The Regional Virus Research & Diagnostic Laboratory
(VRDL) in Indian Council of Medical research-
National Institute of Cholera and Enteric Diseases
(ICMR-NICED) is a Government-designated labora-
tory for providing laboratory diagnosis for SARS-CoV-
2 (COVID19) in Eastern India. Nasopharyngeal and
oropharyngeal swabs in Viral transport media (VTM)
(Himedia labs, India) collected from suspect cases with
acute respiratory symptoms/travel history to affected
countries or contacts of the COVID-19 confirmed cases
were referred to the laboratory for diagnosis. The test
reports were provided to the health authorities for ini-
tiating treatment and quarantine measures. Residual
deidentified positive samples for SARS-Cov-2 were
used for RNA isolation and sequencing in accordance
with ethics guidelines of Govt. of India.

2.2 Viral RNA extraction and diagnostic test
of SARS-CoV-2 (COVID-19) virus

Extraction of viral RNA from the clinical sample
(200 ll) was performed using the QIAamp viral RNA
mini kit as per manufacturer’s protocol (Qiagen, Ger-
many). The extracted RNA was tested for SARS-CoV-
2 (COVID-19) by Real Time Reverse Transcription
PCR (qRT-PCR) (ABI 7500, Applied Biosystems,
USA) using the protocol provided by NIV-Pune, India
(https://www.icmr.gov.in/pdf/covid/labs/1_SOP_for_First_
Line_Screening_Assay_for_2019_nCoV.pdf; https://www.
icmr.gov.in/pdf/covid/labs/2_SOP_for_Confirmatory_
Assay_for_2019_nCoV.pdf).
Briefly, first line screening was done for Envelope E

gene and RNase P (Internal control). Clinical samples
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positive for E gene (Ct B 35.0) were subjected to
confirmatory test with primers specific for RdRp and
HKU ORF (HKU-orf1-nsp14). Positive Control and
No Template Control were run for all genes. A speci-
men was considered confirmed positive for SARS-
CoV-2 if reaction growth curves crossed the threshold
line within 35 cycles (Ct cut off B 35.0) for E gene,
and both RdRp, ORF or either RdRp or ORF.

2.3 Viral genome sequencing

RNA isolated from nasopharyngeal and oropharyngeal
swabs were depleted of ribosomal RNA using Ribo-
Zero rRNA removal Kit (Illumina, USA). The residual
RNAwas then converted to double stranded cDNA and
sequencing libraries prepared using TruSeq Stranded
Total RNA Library Preparation Kit (Illumina Inc,
USA) according to the manufacturer’s instructions. The
sequencing libraries were checked using high sensi-
tivity D1000 ScreenTape in 2200 TapeStation system
(Agilent Technologies, USA) and quantified by Real
Time PCR using Library Quantitation Kit (Kapa
Biosystems, USA). The libraries were sequenced using
MiSeq Reagent Kit v3 in MiSeq system (Illumina Inc,
USA) to generate 2x100 bp paired end sequencing
reads. For viral genome amplification in samples which
did not generate sufficient viral reads, the RNA sam-
ples were converted to double stranded cDNA and
amplified using QIAseq SARS-CoV-2 Primer Panel
(Qiagen GmbH, Germany) according to the manufac-
turer’s instructions. The multiplexed amplicon pools
were then converted to sequencing libraries by enzy-
matic fragmentation, end repair and ligation to adap-
ters. The sequencing libraries were checked and
quantified as above and sequenced using Miseq reagent
Kit v2 Nano in Miseq system (Illumina Inc, USA) to
generate 2x150 bp paired end sequencing reads.

2.4 Analysis of sequence data

The sequencing reads obtained in shotgun RNA-Seq
experiment were mapped to reference viral sequence,
variants detected and consensus sequence for each
sample built using Dragen RNA pathogen detection
software (version 9) in BaseSpace (Illumina Inc, USA).
For amplified whole genome sequencing, the viral
sequences were assembled using CLC Genomics
Workbench v20.0.3 (Qiagen GmbH, Germany). In both
cases, the Severe acute respiratory syndrome coron-
avirus 2 isolate Wuhan-Hu-1 as reference genome

(Accession NC_045512.2) was used as the reference
sequence. Each variant call generated in either pipeline
was manually verified in Integrated Genome Viewer
IGV v7.8.2 (JT Robinson et al. 2017). Clustal Omega
was used to display the mutations in the context of the
sequence alignments. BioEdit software (v7.2) was used
to extract the CDS from consensus sequence and to
check codon usage. Nucleotide to amino acid conver-
sion was done in Emboss Transeq online tool (F
Madeira et al. 2019).

2.5 Phylogenetic analysis

To generate the clustering patterns of the viral
sequences from West Bengal, a subset of representative
virus sequence data (n = 310) were downloaded from
GISAID global database (supplementary table 1). Only
high coverage data (where the entries have less than
1% N’s and less than 0.05% amino acid mutations),
complete genome (entries with base pair greater than
29,000) and excluding low coverage entries (entries
having more than 5% N’s) were used in the analysis.
All of the sequences were aligned using MAFFT
(Multiple alignment using fast Fourier transform). We
used the Nextstrain pipeline to process the sequence
data. Nextstrain with the augur pipeline was used to
build phylogenetic tree based on the IQTREE method,
which is a fast and effective stochastic algorithm to
infer phylogenetic trees by maximum likelihood. The
tree building process involves the use of these subtypes
‘Wuhan-Hu-1/2019’, ‘Wuhan/WH01/2019’ to generate
the root of the tree. The tree is refined using RAxML
(Randomized Axelerated Maximum Likelihood). A
web-based visualization program, auspice was then
used to present and interact with phylogenetic and
phylogeographic data.

2.6 Structural and function impact of mutations

We investigated the potential miRNA binding site in
the region coding for N protein, found to be mutated in
our samples. STarMir (http://sfold.wadsworth.org/cgi-
bin/starmirtest2.pl) software was used for this purpose.
The whole human mature miRNA library was obtained
from miRbase database. The sequence in query was
taken 50 nt upstream and 50 nt downstream from the
site of mutation. The miRNAs which bind to the
mutation site through seed sequence were shortlisted.
The change in bases can prevent certain miRNA
binding and support the binding of others. Therefore,
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miRNA binding was checked for both, original and
mutated site. We checked the levels of miRNAs in the
cancer conditions around the upper respiratory tract in
the dBDEMC2 database (https://www.picb.ac.cn/
dbDEMC/). The TissueAtlas database (https://ccb-
web.cs.uni-saarland.de/tissueatlas/) was used to anal-
yse the presence and correlation of miRNAs in body
fluids.

3. Results

3.1 Clinical status and contact/travel history

All patients were diagnosed positive for SARS-CoV-2
RNA by Real Time PCR as described above. Five of
the patients suffered from fever, while seven patients
exhibited some symptoms of infection like sore throat,
cough with sputum, running nose or breathlessness.
One patient suffered from Acute Respiratory Distress
Syndrome (ARDS). Two patients did not exhibit any
symptom (table 1). Five individuals had contact with
COVID-19 patients in particular; both S2 and S3 had
contact with the same patient (table 1). One individual
had history of international travel while another had
history of domestic travel.

3.2 Sequencing

The shotgun RNA-Seq data resulted in high coverage
(greater than 100X median depth of coverage) of
complete genome sequences of the SARS-CoV-2 in
five samples (S2, S3, S5, S6 and S11) in which greater
than 96% of the viral genome was covered at greater
than 5X and greater than 99% of the viral genome was
covered at greater than 1X. A negative correlation was
found between viral load (represented by the Threshold
Cycle or Ct value of the RNA samples in the Real Time
PCR based diagnostic assay) and the number of reads
mapped to the viral genome in the RNA-Seq library.
Even with 9 samples, the Pearson Correlation Coeffi-
cient was found to be -0.63 (P value = 0.036)
(table 1). In particular, it was observed that samples
with Ct values greater than 25 mostly resulted in
generation of low counts of viral sequence reads
leading to less than 15X median depth of coverage of
the viral genome. In the remaining four samples (S1,
S8, S10 and S12), the median depth of coverage was
less than 15X and hence the viral genome sequencing
was achieved after amplification of the viral genome by
a multiplex PCR approach. All the nine sequences have

been submitted in the Global Initiative on Sharing All
Influenza Data (GISAID) database.

3.3 Phylogenetic analysis

Phylogenetic tree analysis of the sequences, along with
other complete viral genome sequences submitted from
India in GISAID, revealed that seven of these
sequences belonged to the A2a clade while only one
sequence belonged to clade B4 (figure 1 and table 1).
We were unable to classify one of the nine sequences,
S1, into any clade due to low sequence coverage. To
understand transmission histories of these nine SARS-
CoV-2 isolates from West Bengal, we aligned these
sequences with more than 6000 global sequences,
including thirty sequences submitted in GISAID from
India (at the time of our analysis) to identify specific
mutations that occur at the highest level of the tip in a
branch leading to the specific subtype. The predicted
origin of the transmitted subtype in each case was
identified with 98-100% confidence from the branch in
which our samples were located in the phylogenetic
tree (table 1).

3.4 Mutation analysis

The list of mutations detected in the sequences from
nine samples are provided (table 2). Seven sequences
harboured the important signature mutations of A2a
clade. These consisted of the 14408 C/T mutation
resulting in a change of P323L in the RdRp and the
23403 A/G mutation resulting in a change of D614G in
the Spike glycoprotein of the virus. In addition to these,
24933 G/T mutation in the gene coding for Spike
glycoprotein (G1124V) and triple base mutations of
2881-2883 GGG/AAC in the gene coding for nucleo-
capsid resulting in two consecutive amino acid changes
R203K and G204R were detected in S2, S3 and S2, S3,
S5 respectively. While the 24933 G/T S gene mutation
was unique to these samples and could not be found in
any other sequence from India or the rest of the World,
the nucleocapsid mutations could be detected in only
three other sequences from India (figure 2). Out of
these, two sequences were obtained from individuals
with contact history of a COVID-19 patient who had
travelled from Italy. Interestingly, two out of three
sequences harbouring these mutations obtained by us
belonged to Kolkata and with contact history with one
COVID-19 patient who had travelled from London
(UK). The third sequence was obtained from a
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COVID-19 patient from Darjeeling, India who had
history of travel from Chennai, India. These mutations
have been found in 16% of SARS-CoV-2 sequences
reported World-wide from countries like UK, Nether-
lands, Iceland, Belgium, Portugal, USA, Australia,
Brazil, etc.
RdRp (NSP12) gene of the SARS-CoV-2 codes for

the RNA-dependent RNA polymerase and is vital for
the replication machinery of the virus. We detected a
total of six mutations in this gene in the nine samples,
out of which four were nonsynonymous, including the
A2a clade specific 14408 C/T (RdRp: P323L) muta-
tion. Two individuals, S11 and S12, harboured viral
genome sequences that shared a unique 13730 C/T
(A88V) mutation which was not found in any other
sequence reported from India or rest of the World. One
individual S10, whose viral sequence belonged to B4

clade, harboured 3 mutations in RdRp, which appear to
be clade specific, out of which 2 were nonsynonymous.

3.5 Impact of mutations in nucleocapsid gene
on miRNA binding

To study the functional relevance of the mutations, we
investigated the alteration in miRNA binding in the
nucleocapsid coding region, predicted to be caused by
the 28881-3 GGG/AAC mutations. We found seven
miRNAs which bind to the original sequence and three
which bind the mutated sequence exclusively (table 3
and figure 3). The number of bases in the sequence
(GGG/AAC) which bind the seed sequence of miRNA
were also identified. The strength of miRNA prediction
is reflected by the DG value mentioned in the figure 3.

Figure 1. Radial phylogenetic timetree of the sequences from West Bengal, Rest of India and the World. The sequences
from West Bengal included in this report are marked.

76 Page 6 of 18 Arindam Maitra et al.



T
ab

le
2.

L
is
t
of

m
ut
at
io
ns

de
te
ct
ed

in
th
e
S
A
R
S
C
oV

2
vi
ru
s
st
ra
in
s
id
en
ti
fi
ed

in
W
es
t
B
en
ga
l,
In
di
a

N
uc
le
ot
id
e

P
os
it
io
n

R
ef
er
en
ce

B
as
e

M
ut
an
t

B
as
e

S
1

S
2

S
3

S
5

S
6

S
8

S
10

S
11

S
12

G
en
e

N
at
ur
e
of

M
ut
at
io
n

24
1

C
T

-
Y
es

Y
es

Y
es

Y
es

Y
es

-
Y
es

Y
es

5’
U
T
R

N
on
co
di
ng

30
37

C
T

-
Y
es

Y
es

Y
es

Y
es

Y
es

-
Y
es

Y
es

N
S
P
3

S
yn
on
ym

ou
s

79
45

C
T

-
-

-
-

-
-

Y
es

-
-

N
S
P
3

S
yn
on
ym

ou
s

89
17

C
T

-
-

-
Y
es

-
-

-
-

-
N
S
P
4

S
yn
on
ym

ou
s

13
73
0

C
T

-
-

-
-

-
-

-
Y
es

Y
es

R
dR

p
A
88
V

14
32
3

C
T

-
-

-
-

-
-

Y
es

-
-

R
dR

p
H
28
6Y

14
32
6

C
A

-
-

-
-

-
-

Y
es

-
-

R
dR

p
P
28
7T

14
33
1

T
C

-
-

-
-

-
-

Y
es

-
-

R
dR

p
S
yn
on
ym

ou
s

14
40
8

C
T

-
Y
es

Y
es

Y
es

Y
es

Y
es

-
Y
es

Y
es

R
dR

p
P
32
3L

,
C
la
de

S
pe
ci
fi
c

14
80
5

C
T

Y
es

-
-

-
-

-
-

-
-

R
dR

p
S
yn
on
ym

ou
s

23
40
3

A
G

-
Y
es

Y
es

Y
es

Y
es

Y
es

-
Y
es

Y
es

S
D
61
4G

,
C
la
de

S
pe
ci
fi
c

24
93
3

G
T

-
Y
es

Y
es

-
-

-
-

-
-

S
G
11
24
V

26
14
4

G
T

Y
es

-
-

-
-

-
-

-
-

O
R
F
3a
/G
U
28
0_

gp
03

G
25
1V

26
49
4

T
C

-
-

-
-

-
Y
es

-
-

-
Ju
nc
ti
on

of
G
U
28
0_
gp
04

an
d

G
U
28
0_
gp
05

N
on
co
di
ng

27
98
7

G
T

-
-

-
-

-
-

-
Y
es

-
O
R
F
8/
G
U
28
0_
g
p0
9

V
32
L

28
14
4

T
C

-
-

-
-

-
-

Y
es

-
-

O
R
F
8

L
84
S

28
87
8

G
A

-
-

-
-

-
-

Y
es

-
-

O
R
F
9

28
88
1

G
A

-
Y
es

Y
es

Y
es

-
-

-
-

-
N

R
20
3K

28
88
2

G
A

-
Y
es

Y
es

Y
es

-
-

-
-

-
N

R
20
3K

28
88
3

G
C

-
Y
es

Y
es

Y
es

-
-

-
-

-
N

G
20
4R

SARS-CoV-2 viral RNA mutations in Eastern India Page 7 of 18 76



Lesser the value, stronger is the binding. The values are
comparable to some of the experimentally validated
miRNAbindings likemiR122 binding to HCVRNAhas
DG value of -18.3 kcal/mol for S1 binding site and
-22.6 kcal/mol for S2 binding site (data not shown).

The values ofDG obtained for the miRNAs binding to N
protein coding region are comparable to these values,
suggesting their relevance in the in vivo conditions.
We checked the levels of these miRNAs in cancer

conditions around the upper respiratory tract in the

Figure 2. (A) 24933 G/T (G1124V) mutation in the Spike protein coding gene in Clustal Omega. Only the two samples
from West Bengal (S2 and S3) harbour this mutation. (B) 28881-3 GGG/AAC (R203K and G204R)) mutations in the
nucleocapside protein coding gene in Clustal Omega. Six samples from India, including three samples from West Bengal (S2,
S3 and S5) harbour this mutation. (C) 13730 C/T (A88V) mutation in the RdRp gene in Clustal Omega. Only two samples
from West Bengal (S11 and S12) harbour this mutation. (D) 14323 C/T, 14326 C/A and 14331 T/C mutations in the RdRp
gene in Clustal Omega. Only one sample from West Bengal (S10) harbour these mutations.
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dBDEMC2 database. We found that miR-24-1-5p and
miR-299-5p were downregulated in most of the can-
cers. miR-24-2-5p was found to be upregulated in
Esophageal Cancer (ESCA), Head and neck cancer
(HNSC), Lung cancer (LUCA) and downregulated in
Nasopharyngeal cancer (NSCA) (supplementary fig-
ure 1). Assuming that the binding of miRNAs would
inhibit the viral replication/stability, higher abundance
of that miRNA would be protective against infection
and lower abundance would increase the susceptibility
towards infection. To comprehend the results, we have
found that if a patient suffering from ESCA, HNSC,
LUCA is infected with the original virus containing
GGG sequence, the upregulated miR-24-2-5p would be
protective against the infection. But, if the same patient
is infected with the mutated virus containing AAC
sequence, miR-24-2-5p will not be functional anymore
and miR-299-5p which targets the mutated site is also
downregulated. This could make the patients suffering
from described cancers, highly susceptible to infection
with the mutant virus.
We also checked if these miRNAs are associated

with other disease conditions and found that miR-299-
5p is down regulated in Type 2 Diabetes Mellitus
(T2DM) and hence could serve as one of factors for
increased susceptibility of T2DM patients for the
mutated viral subtype and increase the risk of co-
morbidity (Huang et al. 2018). Another miR-3162-3p,
targeting original subtype, is reported to be higher in
Asthma patients (Fang et al. 2016). This could be one
of the factors limiting the original viral propagation,
but the loss of its targeting site in mutated viral subtype
could increase the host susceptibility towards viral
infection.
We further checked if there are some other condi-

tions that could alter the availability of these miRNAs
at the site of infection. Therefore, we used the Tis-
sueAtlas database to analyse the presence and

correlation of these miRNAs in body fluids. We found
that there is differential expression of certain miRNAs
in the saliva of patients suffering from pancreatic
cancer. miR-642b-5p, miR-3162-3p and miR-299-5p
were found to be upregulated in the saliva of pancreatic
cancer patients which could provide similar protec-
tive/susceptible effect as mentioned of miRNAs before
(supplementary figure 2). miRNAs have been known
to affect viral replication and stability by binding to
protein coding regions of the genome of H1N1, EV71,
CVB3 and many more viruses (Bruscella et al. 2017;
Trobaugh and Klimstra 2017). In most of the cases,
binding of miRNAs leads to translational repression of
the targeted protein and hence directly affects viral
RNA replication. Targeting by miRNAs could decrease
the levels of N protein, which is involved in various
steps of viral life cycle including replication, translation
and coating of viral RNA to form the nucleocapsid.
Hence, altered levels of the shortlisted miRNA could
regulate various viral processes and severity of SARS-
CoV-2 infection. The effect of miRNAs would be
opposite if they assist in viral replication/stability, but
that needs to be experimentally confirmed and still
holds the importance of miRNAs targeting the original
and mutated sites.

3.6 Structural impact of mutations
in nucleocapsid

We analysed the 28881-3 GGG/AAC mutations in the
nucleocapsid gene which results in contiguous amino
acid changes of R203K and G204R for their potential
role in alteration of structure of the encoded protein.
The sites of these mutations at position are located in
the SR-rich region which is known to be intrinsically
disordered (Chang et al. 2014). In addition, this
region is known to encompass a few phosphorylation

Table 3. List of putative miRNAs binding to the original and mutated site of nucleocapsid gene

miRNA targeting original site (GGG) miRNA targeting mutated site (AAC)

miRNA
Number of bases
involved (out of 3) miRNA

Number of bases
involved (out of 3)

hsa-miR-3162-3p 3 hsa-miR-4699-3p 2
hsa-miR-6826-3p 3 hsa-miR-299-5p 3
hsa-miR-5195-5p 3 hsa-miR-12132 1
hsa-miR-24-1-5p 2
hsa-miR-3679-3p 3
hsa-miR-642b-5p 3
hsa-miR-24-2-5p 2
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Figure 3. Predicted binding of miRNAs to the orignial (A) and mutated (B) nucleocapsid gene sequences. The sequence in
red denotes the seed sequence of miRNAs and the sequence underline in magenta denotes original/mutated site of N- gene
involved in miRNA binding.
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sites (Surjit et al. 2005), notably the GSK3 phos-
phorylation site at Ser202 and a CDK phosphorylation
site at Ser206 which are in close proximity to these
mutations. The sequence motifs ‘SRGTS’ (202-206)
and ‘SPAR’ (206-209) are entirely consistent with
GSK3 and CDK phosphorylation motifs, respectively.
When Ser202 is phosphorylated which incorporates a
large negative group tethered to the sidechain of Ser,
as seen in many other substrates of kinases, it is likely
that charge neutralization takes place involving posi-
tively charged sidechains in the sequential and spatial
vicinity. Arg203 is a part of GSK3 phosphorylation
motif and its sidechain could potentially contribute to
charge neutralization at P-Ser202. Given the sequen-
tial, and therefore spatial proximity of Arg203 to
P-Ser206 the sidechain of Arg203 could potentially be
involved in interaction also with phosphate group at
position 206. This interaction would contribute to
reduction of conformational entropy. Similarly,
Arg209, a part of CDK phosphorylation motif, would
contribute to charge neutralization at P-Ser206.
Arg203 and Gly204 are mutated to Lys and Arg
respectively (figure 4).

3.7 Possible implications of D614G mutation (in
SD domain) on protein structural stability

Spike protein (S) of coronaviruses is a class I viral
fusion protein which is synthesized as a single chain
precursor that trimerizes upon folding. It is composed
of two subunits: S1 (in the amino terminal) containing
the receptor binding domain (RBD) and S2 (in the
carboxy terminal) that drives membrane fusion (fig-
ure 5). While the S1 N-terminal region comprises of
domain A, the S1 C-terminal half folds as three spa-
tially distinct domains: B, C and D (Walls et al. 2016;
Wrapp et al. 2020). The S protein pre-dominantly
exists in two structurally distinct conformations: pre-
fusion and post-fusion (Li 2016). The pre-fusion state
is metastable. Interactions between the protomers
facilitated through interlocking of the S1 subunit
around the S2 trimer in a crown-like fashion stabilizes
the pre-fusion conformation (Walls et al. 2016). Tran-
sition from pre-fusion to post-fusion state involves
large conformational change to fuse the viral mem-
brane with host cell membrane. This process is trig-
gered when S binds to hACE2 protein via the SB

domain to enter the host cell. The ectodomain trimer of

Figure 4. Schematic representation to depict the possible implications of mutations in the nucleocapsid (N protein) of
SARS-CoV-2. (Top) This panel shows the domain organization of the wild type SARS-CoV-2 N-protein with Arg and Gly at
position 203 and 204, respectively. (Bottom) This panel shows the domain organization of the variant SARS-CoV-2
N-protein with mutations at position 203 and 204 (R203K, G204R). The RNA binding domain (RBD; residues 44-180) in the
N-terminal region (N) of the protein is shown as blue rectangle, the Dimerization domain (DD; residues 247-364) in the
C-terminal region (C) is shown as red rectangle. The disordered regions (residues 1-43, 181-246, 365-419) are shown as grey
wavy lines. The different pattern of wavy lines in the top and bottom panel corresponding to region 181-246 indicates the
proposed local structural changes in the two genotypes. Domain boundaries have been adopted from Chang et al. 2006. The
phosphate groups on Ser residues at position 202 and 206 are denoted as red circles on black sticks. The potential electrostatic
interactions between the positively charged Arg/Lys and the negatively charged P-Ser are shown as black dotted lines. Only
the sequence motifs (top: 202-209, SRGTSPAR/ bottom: 202-209, SKRTSPAR) of interest in the disordered region are
explicitly shown. These residues are colour-coded based on their side-chain chemistry (hydroxyl group: orange, S/T;
positively charged: blue, K/R; aliphatic: pink, A; imino acid: cyan, P). Gly (green circle) lacks a side-chain and offers
maximum flexibility to the backbone.
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S protein in coronaviruses are known to adopt multiple
SB conformations (Walls et al. 2020). At the time of
preparing this manuscript, three pre-fusion state struc-
tures of SARS-CoV-2 S protein solved by cryo-EM are
available which encompass the two sites of mutation
(D614 and G1124) of our interest. While one of these
three structures (PDB code: 6VXX) (Walls et al. 2020)
is in a perfectly closed state (i.e., the SB domain in all
the three protomers of the trimeric S protein are in a
closed conformation), the other two structures (PDB
codes: 6VYB and 6VSB) (Walls et al. 2020; Wrapp
et al. 2020) are in partially open state. In 6VYB, the SB

domain in chain B is in open state whereas it has a
closed conformation in chain A and C. In 6VSB, the SB

domain in chain A is in open state whereas it has a
closed conformation in the other two chains (B and C).
In all the three structure, D614 lies in a loop at the
interface between any two out of the three protomers.
The co-ordinates for the D614 side-chain in chain A
and C of 6VYB are available only up to Cb-atom and
the orientation of these atoms are similar to that
observed in the respective atoms of D614 in 6VXX.
The co-ordinates of all the side-chain atoms of D614 in

chain B of 6VYB are available and they are similar to
that observed in chain B of 6VXX. The side-chain of
D614 in all the protomers of 6VXX and chain B of
6VYB point outward from the core of the protein
toward the solvent. The side-chain orientation of D614
in all the three chains of 6VSB is different from the
former two structures. This differential orientation of
D614 side-chain in 6VSB facilitates formation of
hydrogen bond between D614 (present in S1 subunit)
and T859 (present in S2 subunit) from the neighbouring
chain in two out of the three interfaces found in 6VSB
(figure 6).
Taken together, these facts suggest that D614 is

highly flexible and support the wobbly nature of the
inter-protomeric hydrogen bond observed between
D614 and T859. Contribution of this transient hydro-
gen bond toward stability of the pre-fusion state cannot
be negated. Interestingly, S protein of mouse coron-
avirus (MHV-A59) which has a similar structural
topology as that of the SARS-CoV-2 S protein but
shares a low overall sequence identity (*32%), has a
conservative substitution at the position equivalent to
D614 of the latter. The Asn (N655) of mouse

Figure 5. Structure of S protein. (a) The trimeric structure of SARS-CoV-2 s protein is shown in surface representation with
the S1 and S2 subunits. The figure has been generated using PDB code 6VXX. The three chains have been shown in three
different colours. (b) One of the protomers from 6VXX is shown as green cartoon. The residues at the respective sites of
mutation (D614 and G1124) have been shown as spheres (orange carbon). The zoomed-in views of these sites are shown in
the insets. (c) One of the protomer of mouse coronavirus S protein is shown in violet cartoon representation. The image has
been generated using the PDB entry: 3JCL. The general topology of mouse coronavirus (MHV-A59) S protein is similar to
that of SARS-CoV-2 S protein. The residue equivalent to D614 of SARS-CoV-2 is N655 in MHV-A59. It is shown in sphere
representation (light brown carbon). In (b) and (c), The nitrogen and oxygen atoms are shown in blue and red, respectively.
Protein rendering has been done using PyMOL (Schrödinger, LLC).
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coronavirus (MHV-A59) is replaced with Asp (D614)
in SARS-CoV-2 (figure 5 and figure 7). In earlier lit-
erature, N655 has been suggested to offer inter-pro-
tomeric interactions that contribute toward
maintenance of the S2 fusion machinery in its
metastable state (AC Walls et al. 2016). Given the
conservation of Asp at this position in closely related
coronaviruses (Bat coronaviruses: BtCoV-RaTG13 and
BtCoV-HKU3; SARS-CoV) and its conservative sub-
stitution in mouse coronavirus (MHV-A59), it is likely
that D614 is important for structural stability of S
protein.
As Gly lacks a side-chain, the transient hydrogen

bond as observed in the wild-type S protein would be
lost in the variant with D614G mutation. This can
potentially compromise on the structural stability of
pre-fusion state of S protein possibly interfering with
conformational transitions. Moreover, replacement of
Asp with Gly at this position would come with higher
conformational freedom at the backbone (C

Ramakrishnan and GN Ramachandran 1965) of the
polypeptide resulting in enhancement of local confor-
mational entropy.

3.8 Possible implications of G1124V mutation (in
S2 subunit) on protein structural stability

The Gly at this position is solvent exposed and is
present at the tip of the C-terminal end of a b-strand.
This position is proximal to the region where the S
protein attaches itself to the viral membrane (figure 5).
It is to be noted that the Gly at this position is con-
served among the closely related coronaviruses (Bat
coronavirus RaTG13 and HKU3, SARS-CoV) hinting
toward its possible role in maintenance of structure and
function of the S protein (figure 7). In general, as
explained above, Gly backbone has higher conforma-
tional freedom than any other amino acid residues
(Ramakrishnan and Ramachandran 1965). Therefore,

Figure 6. Conformation of D614 in three structures (6VXX, 6VYB, 6VSB). (a), (b), (c) Overlay of D614 (6VXX: yellow
carbon; 6VYB: white carbon; 6VSB: dark pink carbon) from chain A, B and C of the three structures, respectively. To
maintain visual clarity, only the backbone of respective chain of 6VXX is shown in cartoon representation. (d), (e),
(f) Orientation of D614 (green carbon) from chain A (purple cartoon) and T859 (dark blue carbon) from chain B (teal
cartoon) in 6VXX, 6VYB and 6VSB, respectively. Hydrogen bond is depicted as black dashed line. (g), (h), (i) Orientation of
D614 (green carbon) from chain C (orange cartoon) and T859 (dark blue carbon) from chain A (purple cartoon) in 6VXX,
6VYB and 6VSB, respectively. Hydrogen bond is depicted as black dashed line. The side-chain co-ordinates for D614 in
chain A and C of 6VYB are unavailable. Protein rendering has been done using PyMOL (Schrödinger, LLC).
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substitution of Gly with Val would impart rigidity to
the local region. The possible implication of such
rigidity on the association of S protein with viral
membrane could be understood from a structure of S
protein in association with the viral membrane. How-
ever, such a structure is currently unavailable.

4. Discussion

Substantial uncertainties surround the trajectory of the
recent epidemic of COVID-19 in India. It is extremely
important to track the outbreak by analysing the phy-
logenetic relationships between different SARS-CoV-2
genomes prevalent in India and compare them with
genomes reported from rest of the world. The error-
prone replication process of all RNA viruses in general,
results in introduction of mutations in their genomes
which behave as a molecular clock that can provide
insights into the emergence and evolution of the virus.
The data till date suggests that SARS-CoV-2 emerged
not long before the first cases of pneumonia in Wuhan
occurred (Wu et al. 2020).
In this study, direct massively parallel sequencing of

the viral genome was undertaken on nasopharyngeal
and oropharyngeal swab samples collected from
infected individuals from different districts of West
Bengal. We have analysed the first nine sequences in
this report. Recent analysis of SARS-CoV-2 sequences
from all over the globe has revealed that the outbreaks
have been initially triggered in most countries by the
original strain from Wuhan, clade O, which thereafter
have diversified into multiple clades (Yadav et al.
2020; Biswas and Majumder 2020). Temporal sweeps
leading to replacement of the ancestral O and other
clades by A2a, have been detected. Until our report,
initial sequences from samples obtained from

individuals with travel history to China, reported
genetic similarity to the clade O, which was obtained at
the beginning of the outbreak in Wuhan, China. Rest of
the sequences reported from India mostly belonged to
either clade A3 (18%) or A2a (44%) (supplementary
table 3), with evidence of the temporal sweep where
the A2a is emerging as the predominant clade (Biswas
and Majumder 2020). The A2a clade is characterized
by the signature nonsynonymous mutations leading to
amino acid changes of P323L in the RdRp which is
involved in replication of the viral genome and the
change of D614G in the Spike glycoprotein which is
essential for the entry of the virus in the host cell by
binding to the ACE2 receptor. Notably, the D614G
mutation is close to the Furin recognition site for
cleavage of the Spike protein, which plays an important
role in virus entry. Whether both these mutations have
resulted in the evolution of a more transmissible viral
subtype i.e. the A2a clade, is yet to be verified by
in vitro and in silico analyses. Interestingly, we also
found that one of viral sequences in our study belonged
to the B4 clade, which originated in China (Gonzalez-
Reiche et al. 2020). B4 clade sequences have not been
reported from India earlier and are only less than 1% of
sequences reported worldwide. Probably, the individual
S10 was transmitted this subtype by contact with others
who had travel history to China although this infor-
mation was not available in the patient clinical history.
Emergence of viral subclones in an outbreak can

affect the transmission patterns and disease severity,
which are immensely important for public health
(Harvala et al. 2017; Jones et al. 2019). Given the large
size of the infected population in India, with the pos-
sibility of regional differences in the population and
host-related factors, this can have the potential to affect
the course of the outbreak. Population surveillance is
essential for early detection of emergence of such

Figure 7. Multiple sequence alignment (MSA) of S protein. The MSA has been done using MUSCLE (Edgar 2004) and the
view has been generated using ESPript server (http://espript.ibcp.fr) (Robert and Gouet 2014). Only the two blocks
containing the mutation site of our interest are shown. The numbers above the blocks denote the residue position of
corresponding to SARS-CoV-2 S protein sequence in the particular columns. The numbers at the extreme right indicate the
overall percentage identity of the full-length sequence of S protein from respective organism with respect to SARS-CoV-2.
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subclones. We analysed the mutations detected in each
sequence that we generated and found preliminary
evidence of this. We found that three individuals of this
study, viz. S2, S3 and S5, shared rare set of three
contiguous mutations in their genome which resulted in
the consecutive alterations of R203K and G204R.
These mutations were also found to be shared with 3
other sequences reported from Western India. Inter-
estingly, while two out the three sequences harbouring
these mutations were from individuals who shared
contact history with a COVID-19 patient with history
of travel from Italy, two out of the three samples from
West Bengal shared contact history with the same
COVID-19 patient with history of travel from UK. The
third individual whose sample harboured these muta-
tions, viz. S5, was found to have history of travel from
Chennai, India, but the possibility of the patient having
contact in transit with an individual with international
travel history cannot be excluded. Additionally, origin
of the viral subtypes infecting S5 and S6 has also been
predicted by phylogenetic analysis to be Europe (UK).
S6 had been infected in Delhi, India where he had
contact with an infected individual who travelled from
Europe. One of the individuals S10, harboured a viral
subtype which is predicted to have been transmitted in
China. S2 and S3, who shared an identical sequence of
the virus, also harboured one unique mutation resulting
in the amino acid alteration of G1124V in the Spike
protein. This correlates with the fact that these two
individuals had also been known to have contact with
the same COVID-19 patient. Viral RNA sequences
obtained from two samples S11 and S12 shared all
mutations except a V32L mutation at ORF8 harboured
by S11 and not by S12. Interestingly, both these indi-
viduals belonged to the same district of East Medini-
pur, had history of contact with COVID-19 patients and
did not exhibit any clinical symptom. Thus our findings
indicate that the viral subtypes transmitted in the
eastern region of India, in particular West Bengal, have
mostly originated from Europe and also China.
Sequencing of large number of samples are being
presently undertaken to confirm and elaborate these
initial findings.
RdRp is essential for replication of viral RNA gen-

ome and hence this gene is expected to be conserved.
Interestingly, we detected multiple mutations in this
gene, the majority of which were non synonymous and
hence result in alteration of protein sequence. In par-
ticular, the P323L was present in all A2a sequences in
our samples. This mutation is located adjacent to a
hydrophobic cleft in RdRp which is a promising target
for potential drugs (Pachetti et al. 2020). Sequences

from two samples, S11 and S12, shared a unique RdRp
mutation at A88V which has not been detected until
date in rest of the sequences submitted from India or
Worldwide. As observed earlier, these two samples
harbour viral subtypes whose genomes are strikingly
similar. Sequence obtained from one of the samples
S10, which belonged to the clade B4, did not possess
the P323L mutation. Instead, it harboured three dif-
ferent mutations resulting in two non-synonymous
changes of H286Y, P287T and a synonymous mutation
which were not found in any other sequences reported
from India until date and are specific for the B4 clade.
It remains to be seen whether these amino acid alter-
ations result in substantial changes in structure or
function of RdRp, resulting in emergence of drug
resistant subtypes or enhancement in mutation rate in
the viral genome.
We investigated the potential of the mutations

detected in the nucleocapsid region to effect alterations
in the viral and host processes. We found that this
mutation results in considerable alterations in the pre-
dicted binding of miRNAs, which might play a role in
the establishment and progress of infection in the
patient. We also found that some of the miRNAs which
are predicted to bind to the mutated subtype might be
downregulated in multiple cancer types. This raises the
possibility that cancer patients might have higher sus-
ceptibility to the mutated sub-clone due to the reduced
ability to contain the virus in vivo, compared to
infection by the original virus of the same clade. The
leads obtained from this study need to be pursued to
develop miRNA based novel therapeutic approaches.
We also analysed the predicted structural alterations in

the viral nucleocapsid protein, which might be caused by
consecutive alterations of R203K and G204R. As a result
of these mutations, we have two strong positively charged
residues in close sequential positions as opposed to only
onepositively charged residue in the other genotype.Given
the structural vicinity of P-Ser202 and P-Ser206 and the
long sidechains of Lys and Arg with high positive charge
and significant side-chain conformational freedom in this
genotype, both these residues potentially could contribute
to charge neutralization of the phosphorylated serine resi-
dues. This contributes to further reduction of conforma-
tional entropy compared to the other genotype. While
Lys203 is likely to offer electrostatic interactions to
P-Ser202, Arg204 (with a greater number of positively
charged centres as compared to Lys) could potentially
simultaneously interact with the phosphate groups at both
P-Ser202 and P-Ser206. Together, these two positively
charged residues (Lys203andArg204)have thepotential to
offer additional interactions to the phosphorylated serine
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residues at 202 and 206 positions as opposed to only one of
them (Arg203) in the other genotype. Consequently, one
can expect a significant difference in conformational
entropy as well as in the inter-residue interaction structural
network between the two genotypes especially when
Ser202 and Ser206 are phosphorylated. Further, Gly at
position 204 in one of the genotypes would confer signif-
icantly higher conformational freedom at the backbone
(Ramakrishnan and Ramachandran 1965) of the polypep-
tide chain compared toArg in the equivalent position in the
other genotype. This mutation adds another dimension to
the likely structural differences in this local region of the
two genotypes. Subsequently, phosphorylation-mediated
functional events might be different in the two genotypes
(Surjit and Lal 2008; Surjit et al. 2006). These proposed
differences in the inter-residue structural network between
the two genotypes are depicted schematically in figure 4.
Admittedly, the proposed network of interactions is fraught
with uncertainty. However, given two positively charged
residues in one genotype compared to only one in the other
genotype, the charge neutralization structural interaction
networks involving P-Ser202 and P-Ser206 has to be cer-
tainly different going by the highly established literature on
kinase substrates (Kitchen et al. 2008; Krupa et al. 2004).
Interestingly, the mutations D614G (in SD domain) is

supposed to confer flexibility in the SD domain and the
mutation G1124V might impart partial rigidity in the
conformation of S2 domain. Obvious question is
whether such structural alterations in local region
would have any consequence in receptor binding
affinity of Spike protein. Since the mutation resides in
RBD domain- S1 subunit of Spike protein, residue 614
is not directly involved in the interaction with ACE2.
But the mutation might have some effect on the posi-
tioning of the residues involved in interaction.
Now to address the concerns whether these muta-

tions are expected to affect the sensitivity of the
existing diagnostic kit, we have again explored the
implications of the structural changes. Most likely, the
presence of mutation should not affect the Rapid
detection kits because these kits detect the presence of
specific IgG/IgM antibody against viral N protein or
viral S protein. The whole protein is coated for the test
and therefore polyclonal antibodies would provide the
result here. Change in just one epitope might not affect
the overall result. We have further checked if the
mutation sites fall in immunodominant epitopes. This
data is available for SARS proteins and the sites where
we have found mutation have been shown to be con-
served in SARS and SARS-CoV-2.
While the mutation site of N protein does not elicit

much antibody response, region 603-634 of the S

protein of SARS has been shown to be a major
immunodominant epitope in S protein (He et al. 2004).
Change in this epitope by mutation could alter the
sensitivity of the IgG/IgM tests conducted.
Also, there are certain diagnostic kits being designed

to check the presence of viral antigen in the clinical
sample. The abundance of antibodies targeting the
mutation sites needs to be checked in those kits, to be
more effective across the viral strains harbouring dif-
ferent mutations.
We also detected interesting relationships between Ct

value of diagnostic assay as a surrogate of viral copy
number and viral sequence reads obtained. We rec-
ommend that for future sequencing studies, the shotgun
RNA-Seq approach should be used for high viral copy
number represented by low Ct values while for rest, a
viral genome amplification method should be used.
Although the sample size of our preliminary report is
small, follow up studies are underway to confirm these
observations for understanding the impact of the same
in the ongoing outbreak of COVID-19 in India. We
have not commented on the relationship of the viral
sequence alterations with disease severity due to the
limited sample size of this analysis. We hope to provide
valuable information on this aspect based on the
expanded number of samples being sequenced at pre-
sent. Our findings provide leads which might benefit
outbreak tracking and development of therapeutic and
prophylactic strategies to contain the infection.
Finally, we conclude that the initial sequences gen-

erated by us from first nine samples in West Bengal in
Eastern India indicate a selective sweep of the A2a
clade of SARS-Cov-2. However, the viral population is
not homogenous and other clades like B4 also exist.
We have also detected emergence of mutations in the
important regions of the viral genome including Spike,
RdRP and nucleocapsid coding genes. Some of these
mutations are predicted to have impact on viral and
host factors, which might affect transmission and dis-
ease severity. This preliminary evidence of emergence
of multiple subclones of SARS-CoV-2, which might
have altered phenotypes, can have important conse-
quences on the ongoing outbreak in India.
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Abstract
The exponential spread of Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emphasizes the immediate 
need for effective antiviral drugs and vaccines that could control and prevent the spread of this pandemic. Several new and 
repurposed drugs are being tested for their effectiveness in the treatment regime, and the development of vaccines is under-
way. The availability of genome sequence information of the virus and the identification of potential targets to neutralize 
and eradicate the infection have enabled the search for novel as well as existing molecules to perform the desired function. 
However, the application of plants in the development of potential biomolecules, such as antibiotics and vaccines, is limited. 
Traditional medicines involving plant-based formulations have proven successful in boosting immunity and providing toler-
ance to virus infections. Still, in-depth studies are not available to explore the bioactive compounds of plant origin and their 
mechanism of action. Given this, the current opinion article conveys our thoughts and perspectives on the promising usage 
of plant-based biomolecules in circumventing SARS-CoV-2, and how these molecules can work synergistically with other 
potential drugs for treating SARS-CoV-2.

Keywords SARS-CoV-2 · Plant-based drugs · Antiviral biomolecules · Plant-based vaccines · Traditional medicine · 
Synergistic effect

Repurposing of existing antiviral drugs 
to treat SARS‑CoV‑2

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has spread at a tremendous rate, and there is an 
immediate need for vaccines to mass immunize the human 
race and antiviral drugs for the treatment of infected indi-
viduals. Given the statement of World Health Organization 
that there is no effective vaccine or antiviral drug avail-
able to prevent or treat SARS-CoV-2, a rampant search is 

being conducted to identify new antiviral molecules—as 
evidenced by the increasing reports published in journals 
as well as preprint servers. Studies on the use of available 
vaccines, including BCG (Bacille Calmette–Guérin vac-
cine), to develop immunity against this virus are also under-
way. Specific vaccines against SARS-CoV-2 are also being 
developed in many laboratories across the world. Curevac’s 
mRNA-based vaccine is in the pre-clinical phase. Vaccine 
utilizing S-glycoprotein as an antigen is being developed 
by the University of Queensland, Baylor College of Medi-
cine, Novavax, iBio, ExpresS2ion, and Sichuan Clover 
Biopharmaceuticals. Applied DNA Sciences and Inovio are 
attempting to engineer DNA vaccines, while Serum Institute 
of India is involved in the development of a live attenuated 
vaccine against SARS-CoV-2 (Amanat and Krammer 2020). 
Irrespective of this, several existing antiviral drugs need to 
be tested for their effect on SARS-CoV-2, and some are even 
being used currently (Li and De Clercq 2020). This includes 
the use of ritonavir and lopinavir (HIV protease inhibitors; 
Chen et al. 2020); azvudine (reverse transcriptase inhibitor; 
Harrison 2020); and ribavirin, favipiravir, and remdesivir 
(nucleoside analogs; Wang et al. 2020). Drugs previously 
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approved by the FDA for other diseases are also being repur-
posed. For example, inhibitors of endosomal acidification 
fusion (chloroquine and hydroxychloroquine) and redox 
enzymes (auranofin) used to treat rheumatoid arthritis have 
also shown promising results against SARS-CoV-2 (Rothan 
et al. 2020; Wang et al. 2020). Xing et al. (2020) screened 
the host gene expression profiles of samples infected by 
SARS- and MERS-CoV to identify the gene expression sig-
nature of the viruses, and ten existing drugs targeting these 
signatures were tested for their efficacy in the Vero E6 cell 
line. Out of these, four drugs showed effective inhibition of 
virus infection-induced cytopathic effect; however, further 
studies awaited on this aspect are necessary to evaluate the 
practicality of the findings.

In this scenario, the plant kingdom remains largely 
unexplored that could possess several bioactive molecules 
of therapeutic importance. A recent review by Yang et al. 
(2020) underlines the role of traditional Chinese medi-
cine in treating SARS-CoV-2 patients. However, no such 
comprehensive studies are available in countries that have 
a strong background in using medicinal plants for treating 
broad-spectrum diseases since ancient times. For instance, 
India predominantly relied on plant-based medications under 
different domain names like Ayurveda, Siddha, Unani, etc. 
Though the advent of allopathic medicines has cornered the 
prevalence of plant-based treatments, the current pandemic 
emphasizes the need for revisiting those plants and studying 
them using advanced tools and approaches. Technological 
interventions are the need-of-the-time to dissect the medici-
nal value of plants for identifying suitable phytocompounds 
that could serve as potential molecules in treating SARS-
CoV-2. In this context, the article sheds light on the poten-
tial of plants and plant-based drugs for their use in treating 
COVID-19. We enumerate the plant-based medicines being 
used for treating different viral infections and categorically 
explain the importance of identifying novel biomolecules 
from plants that could be used for therapeutic applications. 
We underline that such biomolecules can work in synergy 
with synthetic drugs to provide enhanced antiviral effects.

Traditional plant‑based medicine 
and synergistic studies thereof

China has an excellent track record of using traditional plant-
based formulations in successfully treating SARS corona-
virus (SARS-CoV) in the Guangdong Province from late 
2002 through mid-2003 (Chen and Nakamura 2004; Zhong 
2004; Lau et al. 2005). Though precise information about 
the nature and composition of those plants and their mode 
of actions are not available, secondary metabolites draw 
attention as they possess bioactive properties (O’Connor 
2015). One such successful example is quinine, an alkaloid 

obtained from the bark of Cinchona officinalis and has been 
used in the treatment of malaria since the 1960s (Achan 
et al. 2011). Chloroquine (Cq) and hydroxychloroquine 
(Hcq) are structural analogs of quinine. In SARS-CoV-2, 
Hcq in combination with azithromycin, is found to be more 
effective in reducing the viral load (Gautreta et al. 2020). 
Similarly, glycyrrhizin, a saponin isolated from Glycyrrhiza 
glabra roots, is reported to be effective against SARS-CoV 
by inhibiting viral replication (Cinatl et al. 2003). Consider-
ing the structural similarities and comparable modes of rep-
lication between SARS-CoV and SARS-CoV-2, glycyrrhi-
zin might also be effective in treating the current pandemic. 
Water extract of Houttuynia cordata has antiviral activity 
against SARS-CoV due to its inhibitory effect on 3C-like 
protease (3CLpro) and RNA-dependent RNA polymerase 
(RdRp) of the virus. Myricetin, a flavonoid obtained from 
Myrica rubra, and Scutellarein, a flavone obtained from 
Scutettaria baicalensis and Asplenium belangeri are known 
to inhibit the ATPase activity of SARS-CoV helicase nsP13 
(Yu et al. 2020). Flavones such as amentoflavone, querce-
tin, luteolin and apigenin obtained from Torreya nucifera 
have also been proven to inhibit 3CLpro function (Ryu et al. 
2010). Lycorine, an alkaloid extracted from Lycoris radiata, 
has antiviral activity against Poliomyelitis virus and Herpes 
simplex virus, and is also effective against SARS-CoV (Li 
et al. 2005). Emodin, sinigrin and hesperetin extracted from 
Isatis indigotica have also shown 3CLpro inhibition (Lin 
et al. 2005). In addition, lectins of plants could be potential 
inhibitors of viruses. A study by Keyaerts et al. (2007) has 
screened 33 lectins isolated from different plant species for 
their activity against both SARS-CoV and Feline coronavi-
rus (FCoV). They identified mannose-binding lectin to pos-
sess a robust anti-coronaviral activity by targeting the entry 
as well as the release of virus particles (Keyaerts et al. 2007). 
Another lectin, agglutinin isolated from Galanthus nivalis, 
was able to effectively act against FCoV when administered 
in combination with nelfinavir, a synthetic drug (Hsieh et al. 
2010). This underlines the need for studying the combined 
effect of plant-based compounds and synthetic molecules 
to circumvent the viral load in the host system. However, 
minimal efforts were invested in this direction to study the 
synergistic antiviral effect of biomolecules and drugs.

Recently, a natural stilbene derivative named resveratrol 
(trans-3, 5, 4′-trihydroxystilbene) present abundantly in Vitis 
vinifera, Polygonum cuspidatum, and Vaccinium macrocar-
pon showed inhibition of MERS-CoV infection (Lin et al. 
2017). Table 1 summarizes several plant-based metabolites 
reported to have antiviral properties. The data collectively 
show that several metabolites were identified and char-
acterized for their antiviral roles, and there is a lacuna in 
using this information to proceed with subsequent studies 
for translating into active biotherapeutics. Besides, several 
potential plant species anticipate even preliminary studies 
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to be conducted. The traditional Indian medicine system 
has been classified into Ayurvedic, Siddha and Unani (non-
native), and all the three systems are based on administering 
plant-based formulations to patients (Thileepan and Prasad 
2018). In case of SARS-CoV-2, the Ministry of AYUSH 
(Ayurveda, Yoga and Naturopathy, Unani, Siddha and 
Homoeopathy), Government of India, has recommended a 
formulation composed of 15 plants, namely, Zingiber offici-
nale, Piper longum, Syzygium aromaticum, Tragia involu-
crata, Anacyclus pyrethrum, Hygrophilla auriculata, Termi-
nalia chebula, Adhatoda vasica, Plectranthus amboinicus, 
Saussurea costus, Tinospora cordifolia, Clerodendrum ser-
ratum, Andrographis paniculate, Sida acuta, and Cyperus 
rotundus (6.6% each; PIB 2020). Though Sivaraman and 
Pradeep (2020) and Vellingiri et al. (2020) had underlined 
the positive side of this plant-based concoction that keeps 
the infection levels at bay, no extensive studies were per-
formed neither to identify the chemical composition nor the 
mode of action in these plants. In this direction, Max Planck 
Institute of Colloids and Interfaces (Germany) is collaborat-
ing with ArtemiLife Inc. (USA) to explore the effect of arte-
misinin derivatives isolated from Artemisia annua against 
SARS-CoV-2 (MPIKG 2020).

Bio‑farming: towards the development 
of plant‑based vaccines and active 
metabolites

Plant biotechnology has advanced at a tremendous pace, and 
cloning and expression of proteins in plants are now a routine 
task in the laboratories across the world. This eases the pro-
duction of recombinant biomolecules like vaccines, antibodies, 
enzymes, and hormones in plant systems through bio-farming 
(Rosales-Mendoza 2020). Transgenic as well as transient sys-
tems have been optimised for procuring high yields of recom-
binant molecules. Such plant-based recombinant biomolecules 
are free from human and animal pathogens. The problem of 
post-translational modifications in using bacteria as a host is 
also overcome while using the plant system (Takeyama et al. 
2015). It also minimizes other risks like, for example, dis-
ease transmission and immunogenicity of collagen extracted 
from the animal system was avoided by adopting plant pro-
duced collagen (Shoseyov et al. 2013). Human type 1 colla-
gen, which is produced in Nicotiana benthamiana has already 
been commercialized. Several vaccines for viruses like Influ-
enza virus (H1N1, H5N1 and H7N9), Norovirus, Hepatitis B 
virus and Rabies virus produced in plants are under clinical 
trials (Takeyama et al. 2015). In case of coronavirus, literature 
shows the production of vaccines and antibodies from plants 
for prevention and treatment. Leaf extracts of Arabidopsis 
thaliana engineered to express N-terminal of S-glycoprotein 
of swine-transmissible gastroenteritis coronavirus (STGC) 
showed immunogenic activity against the virus. Antibodies 
produced in mice neutralized the virus infectivity (Gómez 
et al. 1998). In another study, the same protein was expressed 

Table 1  A few plant-based biomolecules showing antiviral activity against coronaviruses

Plant product Source Virus Mode of action References

Mannose-binding lectins Several plant species were 
used in the study

SARS-Cov and Feline infec-
tious peritonitis virus

Inhibitory effect on glycans 
present in S-glycoprotein 
of the viruses

(Keyaerts et al. 2007)

Water extract of tender 
leaves

Toona sinensis SARS-CoV and HCoV 229E Inhibition of viral replica-
tion

(Chen et al. 2008)

Saikosaponins Bupleurum sp, Heteromor-
pha sp and Scrophularia 
scorodonia

HCoV 229E Penetration and adsorption 
of virus on host surface is 
hampered

(Cheng et al. 2006)

Emodin Rheum sp and Polygonum sp SARS-CoV ACE2 and S-glycoprotein 
interaction is blocked

(Ho et al. 2007)

Aescin, reserpine Aesculus hippocastanum and 
Rauvolfia serpentina

SARS-CoV Inhibition of viral replica-
tion

(Wu et al. 2004)

Phenanthroindolizidines and 
Phenanthroquinolizidines

Asclepiadaceae and 
Moraceae plant families

SARS-CoV Inhibition of viral replica-
tion

(Yang et al. 2010)

Ethanolic extract Euphorbia neriifolia SARS-CoV Antiviral activity (Chang et al. 2012)
Tetra-O-galloyl-β-d-glucose 

and luteolin
Euphorbia jolkinin and 

Reseda luteola
SARS-CoV Antiviral activity (Yi et al. 2004)

Quercetin derivatives Malus sp, Allium sp, Camel-
lia sp, etc

SARS-CoV Antiviral activity (Park et al. 2012)
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in Solanum tuberosum, and mice fed on transgenic potato 
tubers displayed immunogenic response and development of 
antibodies (Gómez et al. 2000). The result also highlights the 
immense potential of plant-based food as a source of antigens 
for eliciting an immunogenic response in animal systems. 
S-glycoprotein of SARS-CoV has been stably expressed in N. 
benthamiana and Lactuca sativa and has potential as an oral 
vaccine (Li et al. 2006). Another example with food as a poten-
tial source of antigen has been shown in case of SARS-CoV. 
Fruits of Solanum lycopersicum transformed with S-glycopro-
tein of SARS-CoV could induce the production of virus-spe-
cific Immunoglobin-A (IgA) in mice (Pogrebnyak et al. 2005). 
Medicago Inc. (Canada) and iBio Inc. (USA) have already 
started working towards the development of plant-made vac-
cines for SARS-CoV-2. Both the companies are making virus-
like particle (VLP)-based vaccines (Rosales-Mendoza 2020). 
Kentucky BioProcessing (KBP, USA) has commenced the 
development of a tobacco-based vaccine, which is reported to 
be in the pre-clinical testing stage. The vaccine is claimed to be 
stable under room temperature and has the potential to deliver 
an effective immune response in a single dose (BAT 2020).

Sequencing of SARS-CoV-2 genomes would also enable 
epitope mapping that could be targeted for designing and 
developing an efficacious vaccine against SARS-CoV-2. As 
plant-based vaccines provide the ease of administration and 
monitoring, developing such a vaccine for SARS-CoV-2 
would assist in executing mass immunization drives. Also, 
the feasibilities associated with transport, storage and moni-
toring are higher in the case of plant-based vaccines. This 
altogether accentuates the importance of plant-based drugs 
in treating COVID-19 patients. Though plants are a source 
of bioactive metabolites having antiviral properties, these 
compounds might be present in low concentrations and incur 
difficulties during isolation from the source. Thus, biotech-
nology comes to the rescue for producing these compounds 
through in vitro culturing techniques like cell culture, and 
the intervention of metabolic engineering can aid in higher 
recovery of active metabolites from the cells (Kayser 2018). 
Several important metabolites like paclitaxel (Khosroushahi 

et al. 2006) and artemisinin (Baldi and Dixit 2008) have 
been upscaled through bioengineering approaches. Thus, 
metabolite engineering has immense potential for the pro-
duction of antiviral compounds against SARS-CoV-2 as well 
as other pathogens in plants and other heterologous systems.

Conclusion

The ongoing viral pandemic is a perfect example of how 
globalization and travel accessibility around the world can 
lead to the rapid spread of communicable diseases. Thus, 
cost-effective therapeutics must be developed to control the 
present outbreak as well as to prepare for future occurrences. 
Considering the vast number of plant-based compounds at 
our disposal and their potential in inhibiting coronavirus 
proteins, these compounds should be tested against SARS-
CoV-2 (Fig. 1) and evaluated with design–build–test–learn 
cycle to assess their effectiveness and side effects. Bio-farm-
ing is well established for the expression of recombinant 
molecules in plants, and several studies have already shown 
the effectiveness of plant-based vaccines. Pandemics of the 
ongoing scale cause a massive loss in terms of human lives 
and economy, and such catastrophe cannot be afforded in 
the future; thus, we require low-cost vaccines that can be 
used for large-scale immunization programmes. Plant-based 
vaccine production is now well established, and some have 
also entered clinical trials. Policy support and collabora-
tions between academic institutions and industries (pur-
chasing power parity) are important for such ventures and 
to facilitate large-scale production of plant-based antiviral 
molecules and vaccines. Particularly, the synergistic effect 
of these molecules coupled with synthetic drugs should be 
mandatorily tested as studies have shown higher efficiency 
of this combination in reducing the viral load. Such work 
will not only prove effective against the ongoing pandemic 
but also serve as a roadmap for any future encounters with 
different viral strains.
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COVID-19 caused by SARS-CoV-2 has already infected more than 6. 3 million people

worldwide as of 1st June 2020 and caused a global medical emergency. Healthcare

professionals have been struggling to devise appropriate therapeutic strategies against

the virus mainly due to the diverse range of symptoms and multiple-organ failure in

infected patients. Several broad-spectrum antiviral drugs are being used for treatment;

however, there is yet no specific drug or vaccine against the virus. Multiple-organ failure

due to hyperactivity of the immune system resulting in cytokine storms is a major reason

for death among the 5% critically ill patients. In this article, we have discussed the damage

caused by COVID-19 on different organs of the human body.

Keywords: SARS-CoV-2, symptoms, COVID-19, disease symptoms, multiple organ failure, health effects

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is the causal agent of
Coronavirus disease 2019 (COVID-19), is a single-stranded RNA virus with a non-segmented
genome. Like other coronaviruses, four structural proteins are present in assembled viruses:
membrane protein (M), capsid protein (C), envelope protein (E), and spike glycoprotein (S) (1, 2).
The receptor-binding domain (RBD) present within the S-glycoprotein is essential for binding
to host angiotensin-converting enzyme 2 (ACE2) which serves as a receptor for viral entry. The
RBD of SARS-CoV-2 has greater affinity for ACE2 than SARS-CoV (3). The presence of ACE2
throughout the human body marks tissues vulnerable to the virus. The receptor is present in the
brain, liver, spleen, kidney, bonemarrow, thymus, nasopharynx, oral, and nasal mucosa, lung, small
intestine, stomach, colon, lymph nodes, skin, arteries, and veins (4).

Due to the lack of vaccine, immunization against the virus is not yet possible (5). Drugs like
remdesivir and chloroquine are currently being used for treatment (6); however, the standard of
care and use of drugs is varied between countries. To understand the biology and pathogenesis of
the virus, many research papers have been published which are serving as important resources for
developing diagnostics. However, the exact nature and extent of damage that the virus can cause
is still not well-known. Although most of the patients develop severe respiratory problems, other
organs like the brain, blood vessels, heart, gut, liver, and kidney are also susceptible to damage
(Figure 1). This article summarizes the complications caused by the virus on different organs of
the body.
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IMMUNOLOGICAL RESPONSE TO
SARS-COV-2 AND CYTOKINE STORM

Cytokine storm is the flaring-out-of-control inflammatory
response of the immune system mediated by excessive
production of pro-inflammatory cytokines. The major types
of cytokines include interferons, interleukins, chemokines,
colony-stimulating factors, and tumor necrosis factor (7). They
are involved in the initiation, amplification, and regulation
of adaptive immunity (8). The damage-associated molecular
patterns are recognized by epithelial cells, endothelial cells, and
alveolar macrophages which start releasing cytokines like IL-6
and IP-10. T-cells, monocytes, and macrophages migrate to
the site of infection and help in the clearance of infected cells
(9). In a study with 20 COVID-19-recovering patients in USA,
virus-specific CD4+ and CD8+ T cells have been identified in
100 and 70% of the convalescent patients, respectively. CD4+

T cell response was robust with maximum IgA and IgG against
spike and membrane protein of SARS-CoV-2 (10). In another
study with COVID-19 patients in China, an early response
of IgA instead of IgG was observed in the humoral immune
response against SARS-CoV-2 (11). IgA response is also much
stronger and persistent than IgM response (11). However, in
some patients, a defective immune response results due to
the overproduction of pro-inflammatory cytokines leading to
cytokine storm (12). A higher level of cytokines leading to
inflammation in multiple organs has been observed in intensive
care unit (ICU) patients than in non-ICU patients (13). Multiple-
organ damage is a result of the cytokine storm circulating to
other organs (9).

RADIOLOGICAL ASPECTS OF COVID-19

Radiological imaging is important for the diagnosis and
assessment of disease progression. Just like other pneumonias
caused by other coronaviruses, asymmetric, and diffuse airspace
opacities have been observed in patients (14). Transverse chest
CT-scan images have revealed bilateral ground glass opacities
and areas with sub-segmental consolidation (13). Certain other
features like round opacities, crazy paving, and reticulation along
with peripheral opacities are also common findings in chest
CT scans (15). CT is recommended for recovered as well as
recovering patients to evaluate long-term lung damages like
fibrosis as observed in other coronavirus infections like SARS-
CoV andMiddle East respiratory syndrome coronavirus (MERS-
CoV) (16).

EFFECT ON THE RESPIRATORY SYSTEM

There is considerable debate on the air-borne transmission of
SARS-CoV-2 with no compelling evidence (17). A report suggests
that the virus can remain infectious in aerosols for up to 3 h (18).
The nasal and throat epithelial cells serve as safe havens for the
virus due to the high expression of ACE2 in these cells (19). The
virus starts multiplying in these cells and, if not neutralized by the
immune system, is shed in large quantity, which leads to spread

to other individuals. The next target of the virus are the lungs
which are also rich in ACE2 receptors (4). Type-II pneumocytes
are involved in the production of alveolar surfactant, which
reduces the surface tension of alveoli and airway walls preventing
their collapse and allowing O2/CO2 exchange (20). Virus entry
into these cells affects their normal physiology and associated
processes, which may lead to lung collapse. In the meantime, the
host cells recognize the virus/viral proteins as foreign antigens
and lymphocytes start producing immunoglobulinM (IgM), IgA,
and IgG (10, 21). It has been observed that 5% of COVID-
19 patients become critically ill with severe pneumonia and
multiple-organ damage and cytokine storm might be a possible
explanation for such an observation. The dead cells and fluid left
behind due to the exaggerated immune response choke the alveoli
and airways, thus hamperingO2/CO2 exchange and development
of pneumonia. Chest x-rays and CT scans reveal white opacities
at regions where black space (air) should be present (13). This is
due to choking of alveoli withWBCs, fluid, mucus, and dead lung
cells (22).

EFFECT ON KIDNEYS

Kidneys are another target for SARS-CoV-2 due to the presence
of ACE2 receptors in the proximal tubules and glomeruli
(23). Proteinuria, hematuria, and elevated blood urea nitrogen
and creatinine are a common observation in COVID-19
patients (24, 25). Plasma proteins are absorbed in the proximal
tubules, and injury to these tubules results in increased protein
excretion in urine (26). Hematuria can be caused by glomerular
barrier disruption (27). However, proteinuria and hematuria
have been described as general findings and further studies
are required to shed light into their characteristics. SARS-
CoV-2 RNA has been detected in urine samples by RT-
PCR, and fully assembled viruses have been observed by
transmission electron microscopy (28). Transmission by urine
is another putative source of spread and should be considered
while devising management strategies. Electron microscopy
has also revealed the presence of viral particles in proximal
tubules (29). In a renal histopathological study of 26 deceased
patients in Tongji Medical College, China, revealed acute
proximal tubule damage along with clusters of SARS-CoV-
2 in podocytes and tubular epithelium (30). The systemic
immune response, cytokine storm, direct viral infection, and
other hemodynamic factors in critically ill patients might be
responsible for AKI leading to death of many patients due to
kidney failure.

EFFECT ON HEART AND BLOOD VESSELS

Heart and blood vessels are the other hotspots of the ACE2
receptor, thus being prone to SARS-CoV-2 (4). Out of 416
patients from Renmin Hospital in Wuhan, 19.7% suffered from
severe heart injuries, highlighting the risk of heart failure
associated with the infection (31). Another report suggested
arrhythmia in 16 out of 36 ICU patients in Zhongnan Hospital
in Wuhan (32). Patients in the hospital were receiving antiviral
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FIGURE 1 | Effect of SARS-CoV-2 infection on different organs of the human body. Figure prepared using images from freepik.com.

therapy (precise drug not specified), and antiviral drugs like
hydroxychloroquine are known to promote arrhythmias (33).
Myocarditis caused by inflammation of the myocardium has
also been observed (34). Antiviral drugs have a very high risk
potential for the heart and may lead to cardiac insufficiency,
toxicity, and arrhythmia (35). Ribavirin, which is being used
for treatment (36), is reported to induce sick sinus syndrome
(37). Thus, it is important that the cardiovascular system is
closely monitored in COVID-19 patients and special attention
must be provided for its protection. A study on 184 infected
patients revealed that 31% had thrombotic complications, which
was very high, and arterial and venous thromboembolism due to
excessive inflammation was a high risk factor (38). The major
risk associated with thromboembolism is that blood clots may
reach the lungs, brain, and heart and cause pulmonary embolism,
stroke, and cardiac arrest, respectively. Kawasaki disease has
been reported among children aged 4–11 years who were also
infected with SARS-CoV-2 (39). A 6-months-old COVID-19
patient developed bulbar conjunctival infection, erythema, and
edema in the upper extremities along with maculopapular rash
and persistent fever. The respiratory symptoms like cough,
congestion, or rhinorrhea were normal (40). Another case
of a 5-years-old represented the development of incomplete
Kawasaki disease (41). It is necessary to investigate the clinical
course of pediatric patients with COVID-19 in association with
Kawasaki disease.

EFFECT ON THE GASTROINTESTINAL
TRACT

A report suggests that out of 95 patients positive for COVID-
19 from Sun Yat-sen University Hospital in China, 58 cases
had gastrointestinal (GI) symptoms (42). Anorexia, Diarrhea,
and nausea were the main symptoms among the patients, and
esophageal bleeding and ulcers were reported from a patient with
severe illness. However, the relation of ulcers and esophageal
bleeding with SARS-CoV-2 infection is not yet clear and is
just an observational study. Stomach, esophagus, duodenum,
and rectum tissues have been found to be positive for the
virus, indicating that these organs could also act as possible
direct targets for transmission (42). ACE2 receptors are highly
expressed in the small intestine, colon, and stomach, making
the gastrointestinal tract highly susceptible to SARS-CoV-2
infection (4). Endoscopy has revealed extensive colon injury with
hemorrhagic colitis, and stool has tested positive for viral RNA
in some patients (43, 44). However, there is still no evidence
that viral transmission can occur through stool. Healthy gut
microbiota is important for proper functioning of the gut.
Microbial dysbiosis has been observed in COVID-19 patients
with a maximum effect on Bifidobacterium sp. and Lactobacillus
sp. (45). It will be interesting to see whether probiotic bacteria can
be used as therapeutics for controlling GI symptoms caused by
the virus. However, we do not know anything about the probiotic
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use against the virus and studies in this area must be conducted
to gain further insights.

EFFECT ON THE CENTRAL AND
PERIPHERAL NERVOUS SYSTEMS

A case study on 214 COVID-19 patients from three special care
centers of Union Hospital, Wuhan, revealed that 36.4% of the
infected people had neurologic symptoms (46). The symptoms
were very diverse and ranged from acute cerebrovascular
disease, to seizure, to ataxia, to impaired consciousness, to
dizziness, to headache, and to skeletal muscle injury. Loss of
smell and taste and visual impairment were also the effects
caused by the virus on the peripheral nervous system (46).
The olfactory epithelium lies in the nasal cavity and is a
site for viral replication and possible entry site to the brain
(47). The central and peripheral nervous systems are also
very rich in ACE2 abundance, making them susceptible to
SARS-CoV-2 infection (4). Although shortness of breath due
to lack of oxygen (silent hypoxemia) is one of the symptoms
of the disease, in some cases, no such symptom has been
observed although blood oxygen is critically low. Brainstem
reflex is responsible for the sensing of oxygen starvation (48),
and its decrease might be a possible explanation for such
a manifestation. Silent hypoxemia is a difficult manifestation
to control because patients might appear normal but with
conditions deteriorating suddenly at a rapid pace (49). Measuring
the peripheral oxygen level is very important for any COVID-
19 patient, as several reports suggest patients with minimal
symptoms but with very critical oxygen level (49, 50). Brainstem
dysfunction also results in altered sleep–wake cycles and
compromised autonomous control of the immune, circulatory,
digestive, and respiratory systems (51). Brain inflammation
encephalitis accompanied with seizures has also been reported
(52). SARS-CoV-2 has been detected in cerebrospinal fluid
in some cases, suggesting that the neurological manifestations
might be a result of the direct invasion of CNS and PNS
by the virus (52). However, more studies and autopsies are
required to associate the nervous system manifestations with
direct viral invasion.

EFFECT ON THE LIVER

Abnormal alanine transaminase (ALT) and aspartate
aminotransferase (AST) levels are an indication of liver
damage. Liver damage has been observed in about 15–53%
of the cases with elevated bilirubin, AST, and ALT (53).
Mild lobular and portal damage and microvascular steatosis
have been observed in liver biopsies of COVID-19 deceased
patients (22). The adverse effects of antiviral drugs like
hydroxychloroquine, which is reported to cause acute toxic
hepatitis (54) and cytokine burst, might be responsible for
such high percentage of hepatic damage cases in severely
ill patients.

EFFECT ON THE EYES

The occurrence of conjunctivitis has also been reported as a
clinical manifestation of the infection and tears, and conjunctival
fluids have tested positive for the virus in such cases (55).
A doctor in China who tested positive for the virus had
developed conjunctivitis before the appearance of respiratory
symptoms, and it is believed that he was infected through
ocular fluids (56). Some other ocular manifestations that have
been observed are epiphora, chemosis, increased secretions, and
conjunctival hyperemia (57). A study conducted on 56 patients in
Wuhan revealed that aggravated ocular symptoms had occurred
in 27% of the patients just before the onset of respiratory
symptoms (58). This suggests that ocular manifestations are
relatively common in COVID-19 patients and should also
be considered during diagnosis (59). Long-term usage of
antiviral drugs like chloroquine and hydroxychloroquine is a
concern because it is known to cause retinal toxicity and
retinopathy (60).

EFFECT ON THE SKIN

Some clinical manifestations have also been observed in the
skin, hands, and toes 3–4 weeks after COVID-19 infection.
In a study, out of six Spanish patients that had similar
manifestations, two were tested positive for the virus weeks
before. Multiple lesions were observed in the toes, fingers,
soles, and heel (61). In another study, a 32-years-old woman
from Ramon y Cajal Hospital, Madrid, Spain, developed
urticariform rash 6 days after COVID-19 symptom onset. She
was treated with hydroxychloroquine and azithromycin. Some
other patients developed maculopapular rash (62). A nationwide
study on skin manifestations across France reported several
skin manifestations in COVID-19 patients. The manifestations
ranged from inflammatory lesions, cold urticaria, chicken
pox-like vesicles, exanthema, vascular lesions, necrotic, and
non-necrotic purpura, chilblain lesions, and eruptive cherry
angioma (63). There are several other reports suggesting skin
manifestations in COVID-19 patients (64, 65). However, these
are just observational reports and more studies need to be
conducted to associate these observations with SARS-CoV-
2 infection.

CONCLUSION

According to World Health Organization, the common
symptoms of the disease include dry cough, fatigue, and
fever. Sore throat, nasal congestion, body aches, and pains
are also common. However, several other manifestations
related to the heart, lungs, liver, kidney, central nervous
system, and gastrointestinal system failure is making treatment
difficult for critically ill patients (66). It is still unclear whether
it is the virus itself or the exaggerated immune response
of the body that is causing critical illness in about 5% of
the infected patients. Several clinical trials are underway,
aiming at immunosuppression of COVID-19 patients to
reduce cytokine storm-related manifestations resulting in
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multiple-organ damage (9). However, this reduces the natural
capability of the body to fight against the virus. Antiviral
drugs such as remdesivir, ritonavir, and lopinavir are also
being used; however, they are known to cause severe side
effects on different organs (6). The presence of ACE2 receptors
throughout the human body (4) provides an opportunity
for the virus to invade different organs easily and is a
possible explanation why multiple-organ damage has been
reported in many patients. Knowledge on the potential

organ injuries associated with COVID-19 will help in the
implementation of protective measures and proper management
of the disease.
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Coronavirus disease 2019 was first reported from Wuhan
district of China and has spread to 210 countries across
the world claiming over 97,602 human lives as on 10
April 2020 by 21:06 pm. Currently, there is no specific
treatment for this virus and the treatment is mainly relied
on controlling symptoms. Here we discuss our current
understanding of SARS-CoV-2 with respect to its receptor
recognition and how this knowledge could be useful in
treatement using clinically known inhibitory drugs. We
have also discussed the diagnosis, treatment and pre-
ventive measures that are currently being employed for
controlling further spread of the virus.

Introduction

The ongoing pandemic caused by severe acute respiratory
syndrome-coronavirus-2 (SARS-CoV-2) has been spreading
rapidly across the world, infecting over 16 lakh people as on
10 April 2020. SARS-CoV-2 is less pathogenic in terms of
mortality and severity than SARS-CoV-1, which had caused
an epidemic in 2003 infecting about 8000 people (Yi et al.
2020). However, it is more transmissive and has spread at an
alarming rate in the past few days. Middle East respiratory
syndrome coronavirus (MERS-CoV) that emerged in 2012,
has so far infected 2279 people claiming 806 lives (Mubarak
et al. 2019). This century has already seen three coronavirus
outbreaks in humans. All these viruses belong to the family
Coronaviridae, which consists of two subfamilies: Coron-
avirinae and Torovirinae. Coronavirinae is further divided

into four genera: Alphacoronavirus, Betacoronavirus,
Gammacoronavirus and Deltacoronavirus, and SARS-CoV-
2 belongs to Betacoronavirus. CoVs have very large, non-
segmented, positive-sense RNA genome, which is about 30
kb (Fehr and Perlman 2015). The nucleocapsid (N) is helical
and covered by a spherical lipid bilayer envelope embedded
with other structural proteins; spike-glycoprotein (S),
membrane (M), and envelope (E) (figure 1) (De Wit et al.
2016).

SARS-CoV-2 biology and possible evolution

The CoV entry into its host is guided by the attachment of
S-glycoprotein to a membrane protein that acts as a receptor
on the host’s surface (figure 2). To date, several such
receptors have been found for different CoVs-like angio-
tensin-converting enzyme 2 (ACE2) for SARS-CoV/SARS-
CoV-2 and dipeptidyl peptidase4 (DPP4) for MERS-CoV
(Raj et al. 2013). The receptor-binding domain (RBD) pre-
sent in the S-glycoprotein takes part in the interaction with
the host receptor for viral entry. A study has indicated that
the mutations in the RBD have led to a higher binding
affinity of SARS-CoV-2 to the human ACE2 receptor than
SARS-CoV. Natural selection in humans or other organisms
with human-like ACE2 has resulted in optimal binding of
RBD which indicates that the virus has not been purpose-
fully manipulated (Andersen et al. 2020). The same study
also highlighted that a polybasic furin cleavage site in
S-glycoprotein is present in SARS-CoV-2 and cleavage by
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host furin enzyme resulted in activation of spike protein
(Andersen et al. 2020). The presence of furin in small
intestine, liver and lungs partially explains the effective
transmission rates of SARS-CoV-2 compared to other related
viruses. ACE2 is involved in the cleavage of angiotensin II
to angiotensin 1–7, leading to a lowering of blood pressure
(Keidar et al. 2007). However, SARS-CoV-2 and related
viruses have evolved to utilize such receptors for their own
benefit by using them for initial attachment and entry.

Several theories have been proposed for the putative origin
of SARS-CoV-2. Phylogenetic analysis has revealed 89.1%
similarity with a cluster of coronaviruses found in bats,
suggesting that the virus might have naturally been selected
in bats before zoonotic transfer to humans (Wu et al. 2020).
Another study suggests Malayan pangolins as the origin,
considering the high similarity in the major amino acid
residues present in the RBD (Andersen et al. 2020). How-
ever, it is difficult to predict the exact origin of coronaviruses
considering the inadequate sampling of bats, pangolins and
other animals. The absence of polybasic furin cleavage site
in the sampled coronaviruses also challenges the accept-
ability of the suggested theories. A recent phylogenetic
analysis revealed that there are three major variants of
SARS-CoV-2: A, B and C, among which A is the ancestral
type; B is the most common type found in east Asia and the
other two are found in America and Europe in significant
proportion (Forster et al. 2020). This virus is quite different
from other viruses that cause flu. Although flu is caused by
RNA viruses, they belong to a different family called
influenza viruses, which have a smaller genome compared to
SARS-CoV-2. Some other coronaviruses are also reported to
cause common cold with mild symptoms, but the similarity
of SARS-CoV-2 with such viruses is only 50% at the
nucleotide level. Nucleotide identity with SARS-CoV and
MERS-CoV is 80% and 55%, respectively (Bar-on et al.
2020).

Figure 1. SARS-CoV-2 and related coronaviruses are enveloped
positive sense RNA viruses. The structural proteins of the virus are:
S-glycoprotein, envelope protein, membrane protein and nucleo-
protein. The nucleocapsid is helical and is surrounded by a
spherical envelope.

Figure 2. SARS-CoV-2 and related viruses bind to receptors on the host membrane for entry. Viral RNA is released following entry, which
is directly translated to replicase protein. This protein assists in viral replication. The antigenome is transcribed to produce viral transcripts
which are translated into viral proteins. Viral assembly is followed by release of new virions to infect new cells.
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Diagnosis, treatment and preventions

The most important step for devising treatment strategies for
any disease is to diagnose it. SARS-CoV-2 nucleic acid
isolated from the upper and lower respiratory tracts has been
the main source of template for its detection by real-time
(RT) PCR (Corman et al. 2020). There is strong positive
correlation between leukocyte and lymphocyte count which
can also be used as initial diagnosis (Jin et al. 2020).
Symptoms associated with coronavirus disease 2019
(COVID-19) are quite diverse, ranging from fever, muscle
aches, cough and shortness of breath. Sore throat and run-
ning nose, which is very prominent in case of human
coronaviruses causing common cold, have been observed in
less than 5% of patients. In severe cases, patients also suffer
from pneumonia and SARS, leading to multiple-organ fail-
ure and death. Supplemented oxygen requirement has been
seen in 75% of the cases (Poon and Peiris 2020). Chest
x-rays have revealed interstitial changes and patchy shadows
at multiple locations in the lungs, with maximum at the
peripheral region (Chan et al. 2020; Huang et al. 2020).
Apart from the respiratory fluids, viral RNA has also been
detected in stool and blood; however, it is yet to be tested
whether the virus can spread from these as well (Holshue
et al. 2020).

There is no antiviral treatment or vaccine for SARS-CoV-
2 or other coronaviruses, thus we need to rely on treatment
of symptoms and intensive care unit support for seriously ill
patients. Convalescent plasma (CP) from recovered patients
has proved to be very promising to treat patients in serious
conditions and improvement in symptoms has been seen
within three days of transfusion (Duan et al. 2020).
Chloroquine and hydroxychloroquine are in high demand as
of now, as it is an effective drug for the treatment. However,
the evidence for such an activity of the drug against the virus
is limited and more studies should be undertaken before
administering it to the patients as this may cause side effects
in future (Gbinigie and Frie 2020). The mean incubation
period of the virus is 5.2 days, and maximum infected
individuals develop symptoms within 12.5 days (Li et al.
2020). This strongly supports the recommended idea of a
14-day quarantine period for medical observation. Social
distancing, on the other hand, will help in limiting the spread
of virus from carriers who are yet to develop symptoms but
have already contracted the virus. N95 filtering facepiece
respirators (N95 FFRs), which are being widely used as a
precautionary measure, are efficient (99.8%) in filtering
particulate matter of size up to 0.1 lm (Rengasamy et al.
2017). Since the size of SARS-CoV-2 is 0.1 lm in diameter,
N95 FFRs can almost competently filter them out. The
viability of the virus is quite variable with 3 h in aerosols and
72 h on plastic surfaces (van Doremalen et al. 2020). Thus,
sterilizing surfaces and regularly washing hands with soap
and water is recommended. Soap can disrupt the lipid bilayer
envelope of the virus rendering it inviable. Several treatment

methods have now been recommended in a series of research
articles published recently. SARS-CoV-2 utilizes ACE2 and
a serine protease TMPRSS2 for entry into its host. Blocking
of TMPRSS2 activity by clinically proven inhibitors has the
potential to prevent entry (Hoffmann et al. 2020). Another
suggestion is the use of available angiotensin receptor 1
(ATR1) blockers considering the similarity between ACE2
and ATR1 structure (Gurwitz 2020).

In conclusion, our innate immunity is responsible for the
adaptive immunity and antiviral defence. It is important that
we further investigate the immune response of our body
against SARS-CoV-2 so that effective therapeutics can be
developed, and vaccine candidates can be mined. CP trans-
fusion has proved to be effective, with no severe adverse
effects and more studies must be conducted with a larger
sample size to check its statistical significance (Duan et al.
2020). Development of vaccines might take some time, and
presently, the best way to stay safe is to practice social
distancing, keep surfaces disinfected, and reporting putative
carriers and people with symptoms for medical help.
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Abstract

SARS-CoV-2 is the causative agent for the ongoing COVID19 pandemic, and

this virus belongs to the Coronaviridae family. Like other members of this

family, the virus possesses a positive-sense single-stranded RNA genome. The

genome encodes for the nsp12 protein, which houses the RNA-dependent-

RNA polymerase (RdRP) activity responsible for the replication of the viral

genome. A homology model of nsp12 was prepared using the structure of the

SARS nsp12 (6NUR) as a model. The model was used to carry out in silico

screening to identify molecules among natural products, or Food and Drug

Administration-approved drugs that can potentially inhibit the activity of

nsp12. This exercise showed that vitamin B12 (methylcobalamin) may bind to

the active site of the nsp12 protein. A model of the nsp12 in complex with

substrate RNA and incoming NTP showed that vitamin B12 binding site over-

laps with that of the incoming nucleotide. A comparison of the calculated

energies of binding for RNA plus NTP and methylcobalamin suggested that

the vitamin may bind to the active site of nsp12 with significant affinity. It is,

therefore, possible that methylcobalamin binding may prevent association

with RNA and NTP and thus inhibit the RdRP activity of nsp12. Overall, our

computational studies suggest that methylcobalamin form of vitamin B12 may

serve as an effective inhibitor of the nsp12 protein.

KEYWORD S

inhibitor, nsp12, RNA-dependent-RNA polymerase, SARS-CoV-2, vitamin B12

1 | INTRODUCTION

The members of the Coronaviridae family are viruses
with positive-sense single-stranded RNA genomes.1 At
present, some members of this family, such as SARS,
MERS, and SARS-CoV-2 represent pathogens of great
concern to public health. SARS-CoV-2 is responsible for
the ongoing pandemic of COVID-19, which started in the
city of Wuhan in China, has now spread to more than
200 countries. At present, there are nearly 9 million
confirmed cases of the disease caused by this pathogen,
with more than 450,000 fatalities.2 At present, there are

Abbreviations: CDC, Centers for Disease Control and Prevention;
Cryo-EM, cryogenic electron microscopy; Exon, exonuclease; FDA,
Food and Drug Administration; GTP, Guanosine triphosphate;
kcal/mol, kilocalorie per mole; LBGFS, limited-memory Broyden–
Fletcher–Goldfarb–Shanno; MMACHC, methylmalonic aciduria and
homocystinuria type C protein; MMGBSA, molecular mechanics
energies combined with generalized born and surface area continuum
solvation; nsp, non-structural protein; NTP, Nucleoside triphosphate;
OPLS-AA, optimized potentials for liquid simulations-all atom; ORF,
open reading frame; OTC, over-the-counter; PDB, Protein Data Bank;
RMSD, root-mean-square deviation of atomic positions; RdRp, RNA-
dependent RNA polymerase; SAM, S-adenosyl methionine; SDF, spatial
data file; VSGB, variable dielectric surface generalized born; 3D, three-
dimensional.
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no effective treatments available against COVID-19, and
current medical protocols involve isolating the patient
and provide symptomatic treatment for patients with
mild disease and oxygen therapy/ventilator support for
patients with severe disease.

The genome of COVID-19 is roughly 30 kB long with
a gene at the 50 end known as orf1ab that encodes for all
the polyprotein bearing all the non-structural proteins.3

The virus also possesses genes that code for structural
proteins, namely spike (S), envelope (E), membrane (M),
and nucleocapsid (N).4 The polyprotein arising from
orf1ab may undergo proteolytic processing to give rise to
16 proteins namely nsPs 1–16.5 Among the cleaved
products of the ORF1Ab polyprotein, the proteins of
known function include nsp3, which has an adenosine
diphosphate-ribose 10-phosphatase activity.6 The protease
activity that is responsible for the cleavage of the poly-
protein is present in the nsp5 protein. The nsp12 protein
houses the RNA-dependent RNA polymerases (RdRp)
that are responsible for duplication of the genome. The
RNA helicase activity that is critical for genome duplica-
tion is present in the nsp13 protein. Exoribonuclease
(exoN) and N7-methyltransferase activities are present in
the nsp14 protein.7 The nsp15 protein houses a Nidoviral
ribonuclease specific for U, and the nsp16 protein has a
S-adenosyl methionine (SAM)-dependent O-methyl-
transferase activity.3

There is an urgent need for the identification of new
molecules that can reduce viral titers and thus limit the
severity of the disease. Toward this end, we have generated
a model of the nsp12 molecule from SARS-CoV-2
(SCV2-nsp12) and used this model to carry out in silico
screening to identify potential inhibitors of the RNA-depen-
dent-RNA polymerase activity. Our studies suggest that the
methylcobalamin form of vitamin B12 may serve as an
effective inhibitor of the RdRp activity of nsp12.

2 | METHODS

2.1 | Homology modeling of nsp12 and
model of the functional ternary complex

The sequence corresponding to nsp12 from a sequence of
SARS-CoV-2 deposited in Genbank by the CDC (Atlanta,
USA) with the accession no. MT044257.1 was used. The
nsp12 protein from SARS-CoV exhibits 97% identity with
the corresponding protein from SARS-CoV-2. A homol-
ogy model was generated using the SWISSMOD server,8

and the structure of nsp12 from the nsp12-nsp7-nsp8
complex (6NUR) of SARS-CoV was used as a template.9

The validation of the model was carried out by the
SWISSMOD server.8

To generate a computational model of the functional
ternary complex (SCV2-nsp12:RNA:NTP), initially, DALI
searches were carried with the model of apo- structure to
identify structural orthologs of nsp12 bound to RNA and
incoming nucleotide.10 This search showed that, on
superimposition, the Q-beta replicase exhibits significant
structural homology in the palm domain. The RNA and
incoming nucleotide of the transformed coordinates of
the ternary complex of Q-beta replicase (3AVX) were
transferred onto the homology model of SCV2-nsp12.11

The local structure in the active site was altered manually
to ensure coordination of the cofactor ion by the catalytic
residues and the triphosphate moiety of the incoming
nucleotide as seen previously for DNA polymerases.12

The structure prepared in this way was subjected to
energy minimization using DESMOND module of the
SCHRÖDINGER suite. The structure was minimized in
an orthorhombic box containing single point and charge
water model and subjected to steepest descent and
limited-memory Broyden–Fletcher–Goldfarb–Shanno
(LBGFS) vectors minimization until the difference in
energy converged to 0.1 kcal/mol.13

2.2 | In silico screening

The model of SCV2-nsp12 was imported into the MAE-
STRO interface of SCHRÖDINGER suite and prepared
using the protein preparation wizard program. The pre-
pared structure was used to identify potential binding
sites using the SITEMAP program, which uses site score
function to rank the possible binding sites according to
size, functionality, and extent of solvent exposure on the
protein.14 Sites with a site score value of ≥0.8 were identi-
fied and further examined using PyMOL to see if it could
inhibit the RNA binding. Residues spanning the most rel-
evant site were used to prepare a receptor grid using the
Receptor Grid Generation module in SCHRÖDINGER.

Concurrently various annotated libraries Food and
Drug Administration (FDA)-approved drugs (L1300), nat-
ural products (L1400), antiviral compounds (L7000), and
drug repurposing compounds (L3800) were downloaded
from selleckchem.com in the spatial data file (SDF) format.15

The library compounds were converted to their accurate
energy minimized three-dimensional (3D) molecular struc-
tures using the LIGPREP module in SCHRÖDINGER.
LIGPREP was used to expand tautomeric states, ionization
states, ring conformations, and stereoisomers of ligand mole-
cules to produce broad chemical and structural diversity from
each molecule along with the correction of Lewis structures
and ligand order of these molecules.

Using the glide docking module the prepared grid for the
binding site in protein and the library of prepared ligands
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from LIGPREP was docked. GLIDE generates about 5,000
poses for the ligands, which are initially filtered by spatial fit
onto the active site of proteins and are checked for the com-
plementarity of interaction using the ChemScore function.
The top 400 poses excluding those with an energy difference

ofmore than 100 kcal/mol from the best ligand pose are used
for further analysis. The poses that pass this initial filter are
minimized with respect to the receptor grid using optimized
potentials for liquid simulations-all atom (OPLS)-AA non-
bonded ligand-receptor interaction energy. Once the energy

FIGURE 1 Alignment of the sequence of SCV2-nsp12 (119–901) with the sequence of the available structure of SARS-nsp12 (6NUR).

The SCV2-nsp12 sequence exhibits about 97% identity with the corresponding stretch in SARS-nsp12
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is calculated, the GLIDE Score multi-ligand scoring function
assigned scores to the poses. GLIDE docking was carried out
in standard-precision (SP)mode, and themolecules that bind
to the receptors with good docking score and negative bind-
ing energy were used for further analysis.

During the revision of the manuscript, the structure
of the nsp12-nsp7-nsp8 complex (PDB code:6 M71) was
released and the coordinates of nsp12 from this structure
were used to dock the vitamin B12 using the GLIDE
module of SCHRÖDINGER.16

2.3 | Minimization, molecular dynamics,
and calculation of binding energies

The SCV2-nsp12: methylcobalamin complex was then
subjected to energy minimization using the DESMOND
module of SCHRÖDINGER suite. The system setup
program was used to set up an orthorhombic boundary
box containing a simple point-charge water model and
11 Na+ ions to neutralize the system. This system was
then minimized using steepest descent and LBGFS
vectors with a convergence threshold of 0.1 kcal/mol.

The SCV2-nsp12:methylcobalamin was subjected to
restrained MD for 50 ns to unearth a better pose for the
ligand. Different frames, which showed more contacts were
subjected to energy minimization. In addition, the binding
energy between ligand and nsp12 was calculated using the
molecularmechanics energies combinedwith the generalized
born and surface area continuum solvation (MMGBSA) pro-
gram in the Schrödinger suite. The docked protein and ligand
complex were separated manually and loaded as receptor or
ligand, respectively, in theMMGBSAmodule.MMGBSApro-
gramminimizes each of them separately as well as in combi-
nation using VSGB 2.0 (variable dielectric surface generalized
born) solvation model. The energy of binding is then calcu-
lated by subtracting the energy of the optimized free receptor
and optimized free ligand from the energy of the optimized
complex. Further, to check if methylcobalamin could com-
pete with the natural substrates, the binding energy between
themodeled nsp12 and RNA plus incoming nucleotide in the
model of the ternary complex was also calculated. The bind-
ing energy between nsp12 and RNA was also calculated for
the newly released structure of the nsp12-nsp7-nsp8 in com-
plex with RNA bearing remdesivir monophosphate at the 30

end of the primer (PDB code:7BV2).

2.4 | Analysis

The minimized models of the ternary complex of nsp12
(SCV2-nsp12:RNA:GTP:2 Ca2+ ions) and the nsp12:meth-
ylcobalamin complex were analyzed using CONTACT

program in CCP4 suite to identify the residues involved
in interactions with the substrates and the vitamin,
respectively.17 The structure of nsp12-nsp7-nsp8 in com-
plex with RNA bearing remdesivir monophosphate at the
30 end of the primer (PDB code:7BV2) was also used to
identify the residues of nsp12 that interact with RNA
using CONTACT. The models of the complexes were
superimposed using the COOT program18 and all figures
were prepared using PyMOL (Schrödinger Inc.)

3 | RESULTS

3.1 | Model of the SCV2-nsp12 in its
apo- and functional state

The SCV2-nsp12 protein shows a 97% identity with the
corresponding protein from SARS (Figure 1). The struc-
ture of the SARS-nsp12 in complex with nsp7 and nsp8
was determined using Cryo-EM and deposited in the
PDB with the accession code 6NUR. The structure of
nsp12 from 6NUR was used to generate a computa-
tional model of the SCV2-nsp12 in its apostate using the
SWISSMOD server (Figure 2). The server showed that
the stereochemistry of the model was good, with 98%
residues in the allowed regions and less than 1% residues
in the disallowed regions. Swissmod uses a QMEAN
(qualitative model energy analysis) to evaluate the
models and the score obtained for the model was −0.65,
which is good for further analysis. The model encompasses

FIGURE 2 Model of the SCV2-nsp12 enzyme in its apostate.

The N-terminal extension region and the palm, fingers, and thumb

domains are shown in green, cyan, yellow, and orange,

respectively. The catalytic residues Asp618, Asp760, and Asp761 are

colored according to element and shown in stick representation
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residues 4,509–5,311 of the polyprotein translated from
orf1ab of the COVID-19 genome and also includes two
Zn2+ ions. The model shows the presence of the
N-terminal extension (119–397), fingers (398–581 and
628–687), palm (582–627 and 688–815), and thumb
(816–919) domains (Figure 2). The SCV2-nsp12 model
showed good structural overlap with nsp12 from the
recently released structure of the nsp12-nsp7-nsp8
complex (6 M71)16 and the two sets of coordinates
superimposed with an root-mean-square deviation of
atomic positions (RMSD) value of 0.48 Å.

To generate the structure of the SCV2-nsp12 struc-
ture in its functional state, initially, a DALI search was
carried out to identify structural orthologs of this
enzyme. The list of enzymes that showed good superim-
position with the nsp12 model was analyzed to identify
structures of functional ternary complexes. The struc-
ture of Q-beta replicase in complex with RNA and

incoming nucleotide (3AVX) gave a Z-score of 3.7 and
an RMSD of 3.0 in the DALI search. The superimposi-
tion was used to generate a model of the SCV2-nsp12
protein in complex with RNA bearing template C,
incoming nucleotide (GTP), and two Ca2+ ions. The
model was subjected to energy minimization and converged
to minimum energy of −3.97 × 105 kcal/mol. The Ram-
achandran plot of the minimized model showed that only
1.75% of residues were in the disallowed regions. The model
showed the presence of the expected octahedral coordination
of one of the cofactor ion between the triphosphate moi-
ety and the catalytic residues D762 and D620 (Figure S1).
During the revision of the manuscript, the structure of
SCV2-nsp12 in complex RNA (PDB code:7BV2), solved
by Cryo-EM, was released.19 The Cryo-EM structure
showed good overlap with the SCV2-nsp12:RNA:GTP
model and the two sets of coordinates superimposed with
an RMSD value of 1.01 Å.

TABLE 1 List of ligands with Docking Score better than −6

Title Docking score Glide gscore Glide energy

FDA-approved drugs

Paclitaxel −7.579 −7.58 −66.241

Fulvestrant −6.807 −6.807 −45.489

Bicalutamide −6.632 −6.632 −40.778

Raltitrexed −6.085 −6.149 −42.758

Antiviral compounds

Ritonavir −6.455 −6.455 −73.429

Danoprevir −5.875 −5.881 −65.887

Drug repurposing

Ritonavir −6.455 −6.455 −73.429

Ammonium Glycyrrhizinate −6.033 −6.037 −49.896

Natural products

Cefoperazone acid −8.481 −8.481 −76.01

Vitamin B12 −8.193 −8.263 −75.794

S3668 Thymopentin −8.147 −8.273 −72.13

S3622 Diammonium Glycyrrhizinate −7.075 −7.079 −67.951

Sennoside A −7.024 −7.032 −77.214

Sennoside B −7.024 −7.032 −77.214

Doripenem hydrate −6.88 −7.28 −44.76

Ampicillin trihydrate −6.871 −7.548 −43.656

Nystatin (Fungicidin) −6.769 −6.807 −74.219

S3815 Mogroside V −6.754 −6.754 −75.913

Cephalomannine −6.734 −6.735 −64.049

Geniposidic acid −6.73 −6.742 −46.101

NATACYN (natamycin) −6.642 −6.679 −60.807

Tigecycline −6.596 −6.73 −56.619
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3.2 | In Silico screening identifies
vitamin B12 as a potential binder

The site map program showed four possible binding
sites in the SCV2-nsp12 protein, which were ranked
according to their ability to bind to various ligands. Site
2 with a site score of 0.99 was selected over site 1 with a
site score of 1.03 as it overlapped with the RNA binding
groove and catalytic site of the enzyme. The residues
spanning site 2 were used to generate a receptor grid
used for molecular docking. Molecular docking was
carried out using annotated libraries of molecules that
could bind to SCV2-nsp12 open complex using glide
dock program. A total of 8,285 compounds from
different libraries were screened to find molecules that
can bind to the active site of SCV2-nsp12. The top hits
from each of these libraries were ranked according to
their docking score, glide gscore, and glide energy based
on the interaction between the protein and ligand
(Table 1). Methylcobalamin (vitamin B12) showed the
second-best docking score (−8.193) and is already part
of many OTC drug formulations. Since cefoperazone is
an antibiotic that functions extracellularly and is associ-
ated with adverse side effects, the vitamin molecule was
selected for further analysis.20–23

It was observed that the docked B12 molecule was a
Cobalt free version of the vitamin. Consequently, the
correct version of the methylcobalamin ligand, obtained
from the complex with human methylmalonic aciduria
and homocystinuria type C protein (MMACHC) (3SC0),
was docked at the appropriate site in the nsp12
enzyme.24,25 This SCV2-nsp12:methylcobalamin complex
model gave a docking score of −8.749. The model of the
complex was subjected to energy minimization and it
converged to minimum energy of −4 × 105 kcal/mol.

The docking of methylcobalamin in the active site of
nsp12 from the recently determined structure of the
nsp12-nsp7-nsp8 complex (6 M71) gave a docking
score of −8.4 and the structure was subjected to energy
minimization and it converged to minimum energy of
−4.7 × 105 kcal/mol.

3.3 | Molecular dynamics simulation
and energy of binding

The SCV2-nsp12:methylcobalamin was subjected to
restrained MD for 50 ns to unearth a better pose for the
ligand. Different frames, which showed more contacts
were subjected to energy minimization. In addition, the
binding energy between ligand and nsp12 was calculated
using the MMGBSA method. The best model obtained in
the manner showed the presence of one molecule of

methylcobalamin bound in the active site of the nsp12
enzyme with a binding energy of −86.3 kcal/mol (Figure 3).

Using the MMGBSA program, the energy of inter-
action between SCV2-nsp12 and RNA + GTP was com-
pared with that of between nsp12 and methylcobalamin.
The calculated binding energy for the interaction of RNA
and incoming nucleotide with SCV2-nsp12 is −95 kcal/
mol. This value is nearly identical to the binding energy
between protein and RNA for the Cryo-EM structure
(7BV2), which was calculated to be −94.2 kcal/mol. In
comparison, the calculated binding energy value for the
interaction of methylcobalamin with SCV2-nsp12 is
−86.3 kcal/mol. These values suggest that vitamin B12
can bind with a significant affinity at the active site of the
SCV2-nsp12 enzyme.

3.4 | Comparison of interactions
inSCV2-nsp12:vitamin B12 complex and the
functional ternary complex of SCV2-nsp12

The model of the ternary complex of SCV2-nsp12 was
analyzed to identify the interacting residues. The residues
that form Van der Wall interactions with RNA are
Lys411, Asn496, Asn497, Lys500, Ser501, Lys512, Lys545,

FIGURE 3 Model of the SCV2-nsp12 enzyme in complex with

methylcobalamin. The vitamin B12 molecule is shown in stick

representation and colored according to element. The N-terminal

extension region and the palm, fingers, and thumb domains are

shown in green, cyan, yellow, and orange, respectively. The

catalytic residues Asp618, Asp760, and Asp761 are colored

according to element and shown in stick representation
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Tyr5486, Val557, Arg569, Lys577, Ala580, Arg583, Ile589,
Gly590, Thr591, Ser592, Lys593, Phe594, Tyr595, Ser682,
Gly683, Asp684, Ala685, Ala688, Tyr689, Leu758, Ser759,
Asp760, Asp761, Glu811, Cys813, Ser814, Gln815,
Pro832, Asp833, Arg836, Ile837, Val848, Leu854, Glu857,
Arg858, Val860, Ser861, Leu862, Ile864, Asp865, Asn911,
Arg914, and Tyr915. The residues Asn496, Asn497,
Lys500, Ser501, Lys512, Arg569, Lys577, Ala580, Arg583,
Thr591, Ser592, Lys593, Tyr595, Cys813, Ser814, Asn911,
Arg914, and Tyr915 form polar interactions with RNA.
In the ternary complex, the residues Lys572, Asp618,
Tyr619, Pro620, Lys621, Asp623, Ser682, Asn691, and
Asp760 form polar interactions with the incoming nucle-
otide that is, GTP. Ala622 and Gly683 form Van der
Waal's interactions with GTP. The residues Asp618,
Tyr619, Asp760, Asp761, and Glu811 also interacts with
the incoming nucleotide through the cofactor ions.
Asp760, Asp761, and Asp618 are the catalytic residues
that are responsible for nucleic acid synthesis reaction.

The structure of SCV2-nsp12-nsp7-nsp8 in complex
with RNA (7BV2) superimposed onto the model the

ternary complex of SCV2-nsp12 with an RMSD of 1.01 Å
(Figure S2). The Cryo-EM represents the state after incor-
poration of remdesivir monophosphate at the 30 end of
the primer but before translocation of the added deriva-
tive to the terminal primer nucleotide position. In com-
parison, the model shows the presence of enzyme, RNA,
and incoming nucleotide with the incipient base pair of
CTP:GTP present in the active site. The differences
observed in the two sets of coordinates can be attributed
to the fact that the computational model and Cryo-EM
structure represent the pre- and post- catalytic states,
respectively. In addition, the RNA bound to nsp12 in the
Cryo-EM structure is two base-pairs longer than the one
in the model.

The SCV2-nsp12:methylcobalamin complex was
analyzed to identify the residues that interact with the
vitamin B12 (Figure 4). The nsp12 residues that form
Van der Waal contacts with the methylcobalamin
molecule include Lys438, His439, Arg555, Thr556,
Val557, Asp618, Tyr619, Pro620, Lys621, Asp623, Arg624,
Ser682, Ser759, Asp760, Asp761, Lys798, Cys813, Ser814,

FIGURE 4 Residues of SCV2-nsp12 that interact with methylcobalamin. (a) The vitamin B12 (MeCo) molecule is shown in stick

representation and colored according to element. The N-terminal extension region and the palm, fingers, and thumb domains are shown in

green, cyan, yellow, and orange, respectively. The interacting residues are colored according to element and shown in stick representation.

(b) The LigPlot representation of the interacting residues is displayed here. The polar interactions are shown in the form of dotted lines and

the residues involved in hydrophobic interactions are highlighted by arcs with spokes
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Asp833, Ser835, Arg836, Tyr877. The residues Lys438,
Arg555, Asp618, Tyr619, Lys621, Asp623, Arg624,
Asp760, Ser814, Ser835, and Arg836 also form polar
interactions with the vitamin B12 molecule. Of the
interacting residues with vitamin B12 Asp618, Tyr619,
Pro620, Lys621, Asp623, Ser682, Asp760, and Asp761
were found to interact with an incoming nucleotide in
the model of the ternary complex of SCV2-nsp12. Simi-
larly, Asp623, Ser682, Ser759, and Asp760 were found
to interact with remdesivir in 7BV2 and the interac-
tions with Asp623, Ser682, and Asp760 were conserved
in all the three structures. One of the three catalytic
residues, Asp760 was found to form polar interactions
with the methylcobalamin, remdesivir (7BV2), and
GTP(model).

A superimposition of the model of the ternary
complex and that of the nsp12:methylcobalamin complex
was carried out to ascertain the level of overlap between
the binding sites of the natural substrates of nsp12 and
the methylcobalamin molecule. The superimposition
showed that the binding site of methylcobalamin overlaps
with that of the incoming nucleotide and the terminal
primer nucleotide of the RNA substrate (Figure 5). There-
fore, the binding of methylcobalamin may inhibit the
formation of a functional ternary complex of nsp12 and
thus prevent RNA synthesis necessary for replication of the
viral genome.

4 | DISCUSSION

The studies presented here suggest that methylcobalamin
may be a possible inhibitor of the RNA-dependent-RNA
polymerase activity of the SCV2-nsp12 enzyme. Since this
enzyme is critical for the replication of the viral enzyme,
the inhibition of this enzyme can result in lower viral
titers and reduce the severity of the COVID-19 disease.
The number of patients suffering from COVID-19 is
increasing daily and about 7% of them are in serious con-
dition. Hence, the ability of methylcobalamin to inhibit
viral replication should be tested urgently using in vitro
and in vivo assays. In addition, given the urgency of the
situation and the fact that methylcobalamin is already
part of drug formulations, doctors may consider adding
or increasing the dosage of methylcobalamin in their cur-
rent patient care protocols. In addition, methylcobalamin
may be prescribed as prophylactic for groups such as
medical personnel, the aged or individuals with com-
orbidities, to reduce the possibility of infection and criti-
cal hospital care.

AUTHOR CONTRIBUTIONS
DTN and NN conceived the project. NN carried out the
computations, and DTN supervised the work. DTN and
NN analyzed the results and wrote the manuscript.

COMPETING INTERESTS STATEMENT
None declared.

ORCID
Deepak T. Nair https://orcid.org/0000-0002-0677-9444

REFERENCES
1. Modrow S, Falke D, Truyen U, Schätzl H, Modrow S, et al.

Viruses with single-stranded, positive-sense RNA genomes.
Molecular Virology. Germany: Springer Berlin Heidelberg,
2013; p. 185–349.

2. Johns Hopkins coronavirus resource center. Baltimore, Mary-
land: John Hopkins University; 2020. https://coronavirus.jhu.
edu/.

3. Wu F, Zhao S, Yu B, et al. A new coronavirus associated with
human respiratory disease in China. Nature. 2020;579:265–269.

4. Shang W, Yang Y, Rao Y, Rao X. The outbreak of SARS-CoV-2
pneumonia calls for viral vaccines. NPJ Vaccines. 2020;5:18.

5. Graham RL, Sparks JS, Eckerle LD, Sims AC, Denison MR.
SARS coronavirus replicase proteins in pathogenesis. Virus
Res. 2008;133:88–100.

6. Saikatendu KS, Joseph JS, Subramanian V, et al. Structural
basis of severe acute respiratory syndrome coronavirus ADP-
ribose-100-phosphate dephosphorylation by a conserved domain
of nsP3. Structure. 2005;13:1665–1675.

7. Ma Y, Wu L, Shaw N, et al. Structural basis and functional
analysis of the SARS coronavirus nsp14-nsp10 complex. Proc
Natl Acad Sci U S A. 2015;112:9436–9441.

FIGURE 5 Binding site of methylcobalamin (MeCo) overlaps

with that of incoming nucleotide. The Cryo-EM structure of

SCV2-nsp12 in complex with RNA bearing remdesivir

monophosphate (RMP) at the 30 end of the primer (7BV2) and the

model of the SCV2-nsp12:methylcobalamin complex was

superimposed. The surface of the protein molecule is shown and

the RNA is shown in cartoon representation. The incoming

nucleotide and methylcobalamin are displayed in stick

representation and colored blue and light orange, respectively. The

vitamin B12 binding site overlaps with that of the incoming

nucleotide and the terminal primer nucleotide

8 NARAYANAN AND NAIR

https://orcid.org/0000-0002-0677-9444
https://orcid.org/0000-0002-0677-9444
https://coronavirus.jhu.edu/
https://coronavirus.jhu.edu/


8. Biasini M, Bienert S, Waterhouse A, et al. SWISS-MODEL:
Modelling protein tertiary and quaternary structure using evolu-
tionary information. Nucleic Acids Res. 2014;42:W252–W258.

9. Kirchdoerfer RN, Ward AB. Structure of the SARS-CoV nsp12
polymerase bound to nsp7 and nsp8 co-factors. Nat Commun.
2019;10:2342–2342.

10. Holm L, Laakso LM. Dali server update. Nucleic Acids Res.
2016;44:W351–W355.

11. Takeshita D, Tomita K. Molecular basis for RNA polymeriza-
tion by Q beta replicase. NatStructMolBiol. 2012;19:229–237.

12. Kottur J, Nair DT. Pyrophosphate hydrolysis is an intrinsic and
critical step of the DNA synthesis reaction. Nucleic Acids
Research. 2018;46(12):5875–5885. http://dx.doi.org/10.1093/
nar/gky402.

13. Bowers KJ, Chow E, Xu H, Dror RO, Eastwood MP, et al. Scalable
algorithms for molecular dynamics simulations on commodity
clusters. Proceedings of the 2006 ACM/IEEE conference on super-
computing, SC'06. New York, NY: ACM Press, 2006; p. 84.

14. Halgren T. New method for fast and accurate binding-site iden-
tification and analysis. Chem Biolog Drug Design. 2007;69:
146–148.

15. Selleckchem.com - Inhibitor expert (inhibitors, compound librar-
ies). Houston, Texas: Selleckchem. https://www.selleckchem.com/.

16. Gao Y, Yan L, Huang Y, et al. Structure of the RNA-dependent
RNA polymerase from COVID-19 virus. Science (New York,
NY). 2020;368:779–782.

17. Winn MD, Ballard CC, Cowtan KD, et al. Overview of the
CCP4 suite and current developments. Acta Crystallogr D Biol
Crystallogr. 2011;67:235–242.

18. Emsley P, Cowtan K. Coot: Model-building tools for molecular
graphics. Acta Crystallogr D Biol Crystallogr. 2004;60:2126–2132.

19. Yin W, Mao C, Luan X, et al. Structural basis for inhibition of
the RNA-dependent RNA polymerase from SARS-CoV-2 by
remdesivir. Science. 2020;368:1499–1504.

20. Norrby SR. Side effects of Cephalosporins. Drugs. 1987;34:
105–120.

21. Carlberg, H., Alestig, K., Nord CE, Trollfors B. Intestinal side
effects of cefoperazone." J Antimicrob Chemother and 1982;
10: 483-7. academic.oup.com.

22. Ozen IO, Moralio�glu S, Karabulut R, Bagbanci B,
Turkyilmaz Z, et al. Cefoperazone induced gastro-intestinal
haemorrhage. A case report. Acta Chir Belg. 2008;108:777–778.

23. Strom BL, Schinnar R, Gibson GA, Brennan PJ, Berlin JA. Risk
of bleeding and hypoprothrombinaemia associated with NMTT
side chain antibiotics: Using cefoperazone as a test case.
Pharmacoepidemiol Drug Saf. 1999;8:81–94.

24. Koutmos M, Gherasim C, Smith JL, Banerjee R. Structural
basis of multifunctionality in a vitamin B12-processing enzyme.
JBiolChem. 2011;286:29780–29787.

25. Friesner RA, Banks JL, Murphy RB, et al. Glide: A new
approach for rapid, accurate docking and scoring. 1. Method
and assessment of docking accuracy. J Med Chem. 2004;47:
1739–1749.

SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Narayanan N, Nair DT.
Vitamin B12 may inhibit RNA-dependent-RNA
polymerase activity of nsp12 from the SARS-CoV-2
virus. IUBMB Life. 2020;1–9. https://doi.org/10.
1002/iub.2359

NARAYANAN AND NAIR 9

http://dx.doi.org/10.1093/nar/gky402
http://dx.doi.org/10.1093/nar/gky402
https://www.selleckchem.com/
http://academic.oup.com
https://doi.org/10.1002/iub.2359
https://doi.org/10.1002/iub.2359


 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 
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SARS-CoV-2is the causative agent for the ongoing COVID19 pandemic, and this virus belongs to the Coronaviridae
family. The nsp14 protein of SARS-CoV-2 houses a 3′ to 5′ exoribonuclease activity responsible for removingmis-
matches that arise during genomeduplication. A homologymodel of nsp10-nsp14 complexwas used to carry out
in silico screening to identify molecules among natural products, or FDA approved drugs that can potentially in-
hibit the activity of nsp14. This exercise showed that ritonavirmight bind to the exoribonuclease active site of the
nsp14 protein. A model of the SARS-CoV-2-nsp10-nsp14 complex bound to substrate RNA showed that the rito-
navir binding site overlaps with that of the 3′ nucleotide of substrate RNA. A comparison of the calculated ener-
gies of binding for RNA and ritonavir suggested that the drugmay bind to the active site of nsp14with significant
affinity. It is, therefore, possible that ritonavir may prevent association with substrate RNA and thus inhibit the
exoribonuclease activity of nsp14. Overall, our computational studies suggest that ritonavir may serve as an ef-
fective inhibitor of the nsp14 protein. nsp14 is known to attenuate the inhibitory effect of drugs that function
through premature termination of viral genome replication. Hence, ritonavir may potentiate the therapeutic
properties of drugs such as remdesivir, favipiravir and ribavirin.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The SARS-CoV-2 virus is responsible for the ongoing pandemic of
COVID-19, which has now spread tomore than 200 countries. Presently,
there are more than 3 million confirmed cases of the disease caused by
this pathogen, with more than 250,000 fatalities [1]. There are no effec-
tive therapeutic or prophylactic available against COVID-19, although
there are few promising drugs and vaccines currently under trial [2].

Like other members of the Coronaviridae family, SARS-CoV-2 pos-
sesses a single-stranded positive-sense RNA genome. The genome is
roughly 30 kb long with a gene at the 5′ end known as orf1ab that en-
codes for all the polyprotein bearing the non-structural proteins [3].
The virus also possesses genes that code for structural proteins, namely
spike (S), envelope (E), membrane (M), and nucleocapsid (N) [3,4]. In
addition, the genome codes for nine ORF proteins namely ORF 3a, ORF
3b, ORF6, ORF 7a, ORF7b, ORF8, ORF 9a, ORF9b, andORF 10 that are pre-
dicted to play accessory roles during the viral infection [3,5]. The
polyprotein arising from orf1ab may undergo proteolytic processing to
give rise to 16 non-structural proteins namely nsps 1–16 [6]. Among
the cleaved products of the ORF1Ab polyprotein, the proteins of

known function include themulti-domain nsp3which has an adenosine
diphosphate-ribose 1″-phosphatase activity [7]. The protease activity
that is responsible for the cleavage of the polyprotein is present in the
nsp5 protein [8]. The nsp12 protein houses the RNA-dependent RNA
polymerases that is responsible for duplication of the genome [9]. The
RNA helicase activity that is critical for genome duplication is present
in the nsp13 protein [9]. Exoribonuclease (exoN) and N7-
methyltransferase activities are present in the nsp14 protein [10]. The
nsp15 protein houses a Nidoviral endoribonuclease specific for U, and
the nsp16 protein has a SAM-dependent O-methyltransferase activity
[3]. The structure of a number of non-structural proteins and their com-
plexes has been determined recently. The structure of SARS-CoV-2-
nsp12 in complex with nsp7 and nsp8 [11,12], nsp12-nsp7-nsp8 in
complex with remdesivir [13] stalled pre-and post-translocated
nsp12-nsp7-nsp8 [14], nsp12-nsp7-nsp8-RNA [15,16] nsp12-nsp7-
nsp8 along with helicase and RNA [16,17] complex were determined
by Cryo-EM. Similarly structures of nsp15 endoribonuclease [18] and
nsp10/nsp16 in complex with sinefungin (a methyltransferase inhibi-
tor) were also determined by X-Ray crystallography [19].

There is an urgent need for the identification of new molecules that
can reduce viral titers and thus limit the severity of the disease. Towards
this end, we have used a homology model of the nsp10-nsp14 complex
from SARS-CoV-2 (SARS-CoV-2-nsp10-nsp14) to carry out in silico
screening to identify potential inhibitors of exoribonuclease activity
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resident in nsp14. Our studies suggest that ritonavir may serve as an ef-
fective inhibitor of the exoribonuclease activity of nsp14 and can possi-
bly potentiate the antiviral activity of chain terminating drugs such as
remdesivir.

2. Methods

2.1. Homology model of the SARS-CoV-2-nsp10-nsp14 complex and model
of the functional complex with RNA

The homology model of SARS-CoV-2-nsp10-nsp14 available at the
SWISS-MODEL server [20] was used. The validation of the model was
carried out by the SWISS-MODEL server [20]. To generate a computa-
tional model of the functional ternary complex (SARS-CoV-2-nsp10-
nsp14:RNA), initially, DALI searches were carried with the model of
apo- structure to identify structural orthologues of nsp10-nsp14
bound to RNA [21]. These searches showed that, on superimposition,
MTREX-1 exhibits significant structural homology with the
exoribonuclease module of nsp14 [22]. The DNA from the transformed
coordinates of the binary complex of MTRX-1 (3AVX) were transferred
onto the homologymodel of SARS-CoV-2-nsp14 [22]. TheDNAwas con-
verted to RNA, and the structure prepared in this way was subjected to
energy minimization using DESMOND module of the SCHRÖDINGER
suite. The structure was minimized in an orthorhombic box containing
single point and charge water model and subjected to steepest descent

and LBGFS vectors minimization until the difference in energy con-
verged to 0.1 kcal/mol [23].

2.2. In silico screening

The model of SARS-CoV-2- nsp10-nsp14 was assigned hydrogens
using protein preparation wizard program in SCHRÖDINGER suite.
Thus prepared structure was searched for potential ligand-binding
sites using SITEMAP program in the PRIME module [24]. This program
scores the potential sites according to its size, functionality, and extent
of solvent exposure [25]. All the sites with a site score above 0.8 were
carefully analyzed using PyMOL and the best site was used to generate
a receptor grid using the Receptor Grid Generation program in
SCHRÖDINGER.

The ligand libraries of FDA approved drugs (L1300) that contains
2698 molecules, Natural product library (L1400) that contains 2267
molecules and Antiviral Compound library that contains 347molecules,
were downloaded from selleckchem.com [26]. In total we have
screened 5312 molecules with the SARS-CoV-2-nsp10-nsp14 complex.
These libraries have molecules in 2D representation, and LIGPREP was
used to convert them to energy minimized 3D structures. LIGPREP
was also used to expand their tautomeric states, ionization states, ste-
reoisomers, and ring conformers. The ligands prepared in this manner
were then docked to the receptor grid using GLIDE program in PRIME
module of SCHRÖDINGER [27]. Docking was carried out in standard-

Fig. 1. Alignment of the sequence of SARS-CoV-2-nsp10 and SARS-CoV-2-nsp14 with the sequence of the available structure of SARS-nsp10-nsp14 complex (5C8S). The sequence of the
two proteins from SARS-CoV-2sequence exhibits about 97% identity with the corresponding sequences from SARS. The differences in the alignment are highlighted in red.
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precision (SP) mode by generating multiple poses per ligand, which
were scored based on the fit onto the receptor grid by ChemScore func-
tion. Poses with top scores were further minimized with respect to the
receptor grid to calculate the binding energy. The ligands with high
docking scores and binding energies were used for further analysis.

2.3. Minimization and molecular dynamics (MD) of SARS-CoV-2-nsp10-
nsp14:ritonavir complex or SARS-CoV-2-nsp14-RNA complex

The SARS-CoV-2-nsp10-nsp14 -ligand complex or SARS-CoV-2-
nsp10-nsp14-RNA complex was minimized using the minimization
program in DESMOND module of SCHRÖDINGER [23]. The structure
was minimized in an orthorhombic box containing single point and
charge water (SPC) and Cl− ions to neutralize the system. The minimi-
zation was carried out with steepest descent (SD) and LBGFS vectors
until the difference in energy between two consecutive steps was not
more than 0.1 kcal/mol. For the minimization of RNA complex, a
restraining force constant of 20 was applied onto RNA and coordinating
metal ions.

Thus minimized complexes were subjected to molecular dynamics
using the MD program in the DESMOND module of SCHRÖDINGER
[23]. For the SARS-CoV-2-nsp10-nsp14:ritonavir complex, the length
of the unrestrained MD run was 50 ns, and frames were written out
with a time step of 50ps. Amodel system similar to that ofminimization
with an orthorhombic box, SPC water, and Cl− ions were used for MD.
The simulations were carried out at 300 K temperature and 1.0325 bar
pressure. The system was equilibrated using the NVT ensemble with
constant number of particles, constant volume, and constant tempera-
ture. For MD involving the SARS-CoV-2-nsp10-nsp14: RNA complex,
the RNA and metal ions were restrained with force constant of 20. The
length of the MD run was 100 ns, and frames were written out with a
time step of 50 ps. The frames from the MD runs were further analyzed
using the simulation interaction diagram program in SCHRÖDINGER as
well as VMD (Visual Molecular Dynamics) program. The frames having
maximum ligand /RNA interactions with nsp14 were subjected to en-
ergy minimization and used for further analysis.

2.4. Comparison of binding energies

To understand the strength of the interaction between SARS-CoV-2-
nsp10-nsp14 complex and Ritonavir, the binding energy of association
was calculated through Molecular Mechanics energies combined with
Generalized Born and Surface Area continuum(MMGBSA) [28]. The
binding energy was calculated for docked structure with the maximum
number of contacts in theMD run. MMGBSA programwas used tomin-
imize the protein and ligand separately as well as in combination using
VSGB 2.0 (Variable dielectric Surface Generalized Born) solvationmodel
[29]. The energy of binding was then calculated by subtracting the en-
ergy of the optimized free receptor and optimized free ligand from the
energy of the optimized complex. The binding energy was also calcu-
lated for the SARS-CoV-2-nsp14:RNA complex with RNA as ligand and
the protein as a receptor. These calculations were also carried out for
the frames which showed higher number of contacts during the MD
run to identify the ligand pose/RNA conformation associated with max-
imal binding energy.

3. Results

3.1. Model of the SARS-CoV-2-nsp14 in its apo- and functional state

The SARS-CoV-2-nsp14 and SARS-CoV-2-nsp10 proteins show 97%
identity with the corresponding protein from SARS (Fig. 1). The model
of the SARS-CoV-2-nsp10-nsp14 complex, prepared using the structure
of the corresponding complex from the SARS virus (PDB Code: 5C8S
[10]) was available at the SWISS-MODEL website (Fig. 2). The stereo-
chemistry of the model was good, with 98% residues in the allowed

regions and less than 1% residues in the disallowed regions. The
QMEAN score for this model was −2.70 which means that it can be
used for further analysis [30]. The nsp14 and nsp10 models encompass
residues 5925–6452 and 4239–4298 of the polyprotein translated from
orf1ab of the COVID-19 genome. The exoribonuclease activity is resident
in the region 1–299 and the methyltransferase activity is present in the
region corresponding to residues 300–525 (Fig. 2). The active site resi-
dues for exoribonuclease activity are Asp90, Glu92, Glu191, His268
and Asp273 [10].

To generate the structure of the SARS-CoV-2-nsp10-nsp14 complex
in its functional state, initially, a DALI search was carried out with resi-
dues 1–300 of the nsp14 enzyme to identify structural orthologs of
the exoribonuclease component. The list of enzymes that showed
good superimposition with the nsp14 model was analyzed to identify
structures of functional ternary complexes. The structure of MTREX1
in complex with RNA (2OA8 [22]) gave a Z-score of 3.7 and an RMSD
of 3.0 in the DALI search (Fig. S1). The superimpositionwas used to gen-
erate a model of the SARS-CoV-2-nsp14 protein in complex with RNA
and two Ca2+ ions. The model was subjected to energy minimization
which converged to a minimum energy of −4.96 × 105 kcal/mol. The

nsp10

nsp14

exoN

MTase

N

C

N

C

Active site

Fig. 2. Model of SARS-CoV-2-nsp10-nsp14 complex. The homology model is displayed
here and the nsp10 chain is shown in magenta. The exoribonuclease (exoN) domain of
nsp14 is coloured green and the methyltransferase (MTase) region is displayed in cyan.
The N- and C-termini of the two chains are highlighted. The active site residues
responsible for the exoribonuclease activity are shown in stick representation and
coloured according to element.
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Ramachandran plot of the minimized model showed that only 1.69%
residues were in the disallowed regions.

3.2. In silico screening identifies ritonavir as a potential binder

The SITEMAP program showed three possible binding sites in the
SARS-CoV-2-nsp14 protein, which were ranked according to their abil-
ity to bind to various ligands. Site 3, with a site score of 0.839 was se-
lected as it overlapped with RNA binding site. The residues spanning
site 3 were used to generate a receptor grid used for molecular docking.
Molecular docking was carried out using annotated libraries of

molecules that could bind to the exoribonuclease active site of SARS-
CoV-2-nsp10-nsp14 complex using GLIDE docking program. The top
hits from each of these libraries were ranked according to their docking
score and GLIDE energy based on the interaction between the protein
and ligand (Table 1). Based on the docking score, the top fourmolecules
(Table 1) were Guanosine (−10.56), carfilzomib (−10.41), Inosine
(−10.34) and Ritonavir (−10.144). Among these ritonavir showed
the highest GLIDE energy value of −68.78 kcal/mol. Guanosine and
Insoine are naturally occurring nucleotides in humans. Guanosine is a
product of pentose phosphate pathway and inosine is produced by de-
amination of adenosine [31]. Carfilzomib on the other hand is a chemo-
therapy drug used in the treatment of multiple myeloma, it forms
covalent bond with 20S proteasome and inhibit its activity [32]. Ritona-
vir is a known inhibitor of the HIV-1 protease and therefore, the possi-
bility of adverse side effects is lower as compared to carfizomib. Also,
the GLIDE energy value for ritonavir is better than that for carfilzomib
(−50.11 kcal/mol) and for these reasons ritonavir was used for further
analysis.

The model of the SARS-CoV-2-nsp14:ritonavir complex prepared
this way was then subjected to energy minimization. The model con-
verged to minimum energy of −5.7 × 105 kcal/mol. The final model of
the complex shows the presence of one molecule of ritonavir bound in
the exoribonuclease active site of the nsp14 enzyme.

3.3. Energy of binding of SARS-CoV-2-nsp10-nsp14 with natural substrates
versus ritonavir

MD simulation was utilized to improve the fit between ritonavir/
RNA and the SARS-CoV-2-nsp10-nsp14 complex. Based on the number
of contacts, the best frame was selected from theMD run. These frames
correspond to 5.9 ns and 52.5 ns for the SARS-CoV-2-nsp10-nsp14:
ritonivar and SARS-CoV-2-nsp10-nsp14:RNA complexes, respectively.
After energy minimization, the energy of interaction between SARS-
CoV-2-nsp10-nsp14 and RNA was compared with that of between the
protein complex and ritonavir. The calculatedMMGBSA binding energy
for the interaction of RNA and incoming nucleotide with SARS-CoV-2-
nsp10-nsp14 is −98.4 kcal/mol. In comparison, the calculated

Table 1
List of possible binder from different small molecule databases with GLIDE score better
than−9.5.

Title Docking
score

GLIDE
gscore

GLIDE
energy

FDA
Guanosine −10.559 −10.559 −50.109
Carfilzomib (PR-171) −10.411 −10.411 −70.15
Inosine −10.335 −10.335 −45.499
Ritonavir −10.144 −10.144 −68.779
Adrenalone hydrochloride −10.03 −10.03 −40.834
Paclitaxel −9.972 −9.972 −62.916
Danoprevir −9.958 −9.958 −67.981
Chlorhexidine hydrochloride −9.59 −9.59 −74.705

Antiviral compounds
Ritonavir −10.144 −10.144 −68.779
VIRA-A (vidarabine) −10.117 −10.117 −47.451
Ammonium glycyrrhizinate −9.959 −9.959 −73.835
Danoprevir (RG7227, ITMN-191, RO5190591) −9.958 −9.958 −67.981

Natural products
Adenosine −10.128 −10.128 −47.4
VIRA-A (vidarabine) −10.117 −10.117 −47.451
Vitamin B12 −10.008 −10.008 −86.131
Paclitaxel −9.842 −9.842 −63.528
Docetaxel −9.81 −9.81 −69.759
Etoposide −9.634 −9.634 −57.574
Tigecycline −9.629 −9.629 −58.596
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E92
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Q245

Q246
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E191 V91
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H95
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A187
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3’

Fig. 3. Model of the SARS-CoV-2-nsp10-nsp14 complex bound to RNA. nsp10 and nsp14 are coloured magenta and light orange, respectively. The RNA molecule and the interacting
residues from nsp14 are shown in stick representation and coloured according to element. The cofactor ions are shown in the form of blue spheres. The site of cleavage is marked by
an arrow.
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MMGBSA binding energy value for the interaction of ritonavir with
SARS-CoV-2-nsp10-nsp14 is −78.3 kcal/mol. These values suggest
that ritonavir can bind with a significant affinity at the exoribonuclease
active site of the SARS-CoV-2-nsp10-nsp14 enzyme.

Ritonavir is generally prescribed for long term use and in some pa-
tients is known to cause side effects such as hepatotoxicity, pancreatitis,
retinal toxicity and allergic reactions/hypersensitivity. The oral lethal
dose for this drug inmice is about 2500mg/kg and the doses prescribed
to HIV patients are much lower than this value [33]. The normal main-
tenance dose for adult HIV patients is 600 mg daily twice a day. Overall,
the level of ritonavir induced toxicity appears to be low and adverse side
effects are observed in only certain patients.

3.4. Comparison of interactions in SARS-CoV-2-nsp10-nsp14:ritonavir
complex and the SARS-CoV-2-Nsp10-nsp14:RNA complex

The model of the functional complex of SARS-CoV-2-nsp10-nsp14
with RNA was analyzed to identify the interacting residues (Fig. 3).
The residues that form Van der Wall interactions with RNA are Asp90,
Val91, Glu92, Gly93, Cys94, His95, Ala96, Thr97, Pro141, Phe146,
Leu149, Trp186, Ala187, Gly189, Phe190, Gln245, Gln246, Gln254 and
Asp27 (Fig. 3). The residues Asp90, Glu92, Gly93, His95, Gln245,
Gln254, and Asp273 form polar interactions with RNA (Fig. 3).

The SARS-CoV-2-nsp10-nsp14:ritonavir complex was analyzed to
identify the residues that interact with the drug (Fig. 4). The nsp14 res-
idues that formVan derWaal contactswith the ritonavir includeMet58,
Gly59, Phe60, Asp90, Val91, Glu92, Gly93, Gln145, Phe146, His148,
A187, Ala187, Gly189, Phe190, Thr193, and His268. The residues
Asp90, Gln145, Phe190 also form polar interactions with the ritonavir
molecule. Among the five catalytic residues, Asp90, Glu92, and H268
form interactions with the Ritonavir molecule (Fig. 4).

A superimposition of the model of the SARS-CoV-2-nsp10-nsp14:
RNA and the SARS-CoV-2-nsp10-nsp14:ritonavir complexes were car-
ried out to ascertain the level of overlap between the binding sites of
the natural substrates of nsp14 and the ritonavir molecule. The super-
imposition showed that the binding site of ritonavir overlaps with that
of the RNA substrate (Fig. 5). Therefore, the binding of ritonavir may in-
hibit the formation of the complex of nsp14 with RNA and thus prevent
the excision of nucleotides from the 3′ end of the growing RNA strand
during genome duplication.

Since Ritonavir is a known protease inhibitor drug we also tried to
dock ritonavir into the active site of the SARS-CoV-2main protease (PDB
site: 6 LU7) [34]. It was found that Ritonavir docked at the ligand binding
site with a docking score of −8.527. The energy of binding as calculated
using theMMGBSAmethodwas found to be−68.66 kcal/mol. Therefore,
it is possible that ritonavir may also bind to the protease active site and
possibly inhibit the activity of this enzyme. However, it has been observed
that ritonavir in combination with lopinavir does not provide any mean-
ingful benefit in the treatment of COVID-19 and therefore the level of in-
hibition of the protease may not be significant [35].

4. Discussion

The studies presented here suggest that ritonavir may be a possible
inhibitor of the 3′ to 5′ exoribonuclease activity of the SARS-CoV-2-
nsp14 enzyme. The enzyme is involved in correcting mismatches that
arise during genome duplication, like the proofreading exonucleases
of DNA polymerases. Since this enzyme is critical for accurate replica-
tion of the viral enzyme, the inhibition of this enzyme can result in lethal
mutagenesis and lower viral titres to reduce the severity of the COVID-
19 disease [36,37]. In the case of Mouse hepatitis virus (MHV), amurine
coronavirus, the exoribonuclease activity of nsp14 is shown to be im-
portant for evading the host innate immune response [38]. It is, there-
fore, possible that ritonavir treatment may render the SARS-CoV-2
virus more susceptible to detection and clearance by the human im-
mune system.

The exoribonuclease activity of nsp14 has been implicated in the ex-
cision of drugs that are incorporated into RNA [39,40]. The inhibition of
proofreading may potentiate the effect of drugs such as remdesivir and
favipiravir [41,42]. Thesemolecules are prodrugs that get converted into
active triphosphate forms in the body and are incorporated into prog-
eny RNA by the viral RNA-dependent-RNA polymerase [41,43]. The
presence of the modified nucleotides corresponding to these drugs re-
sults in premature termination of viral replication [44–46]. It has been
seen before that a mutant version of MHV without the exoribonuclease
activity exhibited higher sensitivity to remdesivir [39]. The 3′ to 5′
exoribonuclease activity of nsp14 can potentially excise out the incor-
porated modified nucleotides and thus reduce the efficacy of the corre-
sponding drugs. For these reasons, it has been proposed that the
combination of nucleoside analogs with nsp14 inhibitors may be more
effective [47]. Consequently, inhibition of ritonavir by nsp14 may

H268
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E92
E191A187
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Fig. 4.Model of the SARS-CoV-2-nsp10-nsp14 complex bound to ritonavir. nsp10 and nsp14 are colouredmagenta and light orange, respectively. The ritonavir molecule is shown in stick
representation and coloured according to element (carbon = blue). The residues of nsp14 that interact with ritonavir are shown in stick representation (carbon = yellow).
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potentiate the effect of drugs that function through inhibition of viral
genome replication by premature chain termination. The C-terminal re-
gion of SARS-CoV-2 nsp14 houses a methyltransferase guanine-N7
methyltransferase. Recently, Selvaraj and colleagues have identified dif-
ferent compounds from traditional Chinesemedicinal preparations that
can potentially inhibit the RNA capping activity of nsp14 [48].

Ritonavir in combination with lopinavir has been found to be inef-
fective against COVID-19 and therefore its potential ability to inhibit
the exoribonuclease or protease activity may not be enough to prevent
viral replication [35]. Ritonavir may be more effective in combination
with chain terminating drugs such as remdesivir, favipiravir or ribavirin.
A recent clinical trialwherein the test patients exhibited significantly re-
duced hospitalization time on administration of a combination of
ritonavir-lopinavir, ribavirin and interferon β-1B provides support for
this idea [49,50]. The combination of lopinavir-ritonavir and ribavirin
was also found to be helpful during the first SARS epidemic [51].

The number of patients suffering fromCOVID-19 are increasing daily
andmany of them are in serious condition. Hence, the ability of the rito-
navir plus chain terminators such as remdesivir, favipiravir or ribavirin
to inhibit viral replication should be tested urgently using in vivo assays
and inmodel animals. In addition, given the urgency of the situation and
the fact that separate clinical trials are already going on with ritonavir,
remdesivir and favipiravir, new trials involving a combination of ritona-
vir plus remdesivir and ritonavir plus favipiravir may be initiated [2].
Remdesivir treatment improved the condition of about 70% of COVID-
19 patients who were severely ill and treatment with a combination
of ritonavir and remdesivirmay significantly enhance the number of pa-
tients who recover completely from the viral infection [52]. Also,
remdesivir is known to cause liver damage at the currently prescribed
doses and a combination with ritonavir may permit formulation of
lower doses and thus reduce the possibility of liver damage [53].

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.12.038.
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A B S T R A C T   

COVID-19 caused by SARS-CoV-2 corona virus has become a global pandemic. In the absence of drugs and 
vaccine, and premises of time, efforts and cost required for their development, natural resources such as herbs are 
anticipated to provide some help and may also offer a promising resource for drug development. Here, we have 
investigated the therapeutic prospective of Ashwagandha for the COVID-19 pandemic. Nine withanolides were 
tested in silico for their potential to target and inhibit (i) cell surface receptor protein (TMPRSS2) that is required 
for entry of virus to host cells and (ii) viral protein (the main protease Mpro) that is essential for virus replication. 
We report that the withanolides possess capacity to inhibit the activity of TMPRSS2 and Mpro. Furthermore, 
withanolide-treated cells showed downregulation of TMPRSS2 expression and inhibition of SARS-CoV-2 repli-
cation in vitro, suggesting that Ashwagandha may provide a useful resource for COVID-19 treatment.   

1. Introduction 

The outbreak of a new strain of coronavirus SARS-CoV-2 in Wuhan, 
China, in December 2019, the cause of COVID-19, is now a global 
pandemic that has spread across 213 countries. WHO has reported more 
than 169,597,415 confirmed cases of COVID-19, including 3,530,582 
deaths worldwide as of May 30, 2021 [1]. This global emergency has 
affected the lives of millions of people, challenged healthcare systems, 
and hit hard on the global economy. The situation is anticipated to 
worsen if SARS-CoV-2 spread is not contained, or effective treatments 
are not developed. 

Coronaviruses are grouped into four classes - alpha, beta, gamma and 
delta, which can infect both humans and animals. Similar to SARS-CoV- 
2, the previous outbreaks of severe acute respiratory syndrome (SARS- 
CoV, 2002/2003 in Guangdong, China) and Middle East respiratory 
syndrome (MERS-CoV, 2012 in Saudi Arabia) were caused by beta 

coronaviruses [2]. This beta class of coronaviruses is pathogenic for 
humans, characterized by a single-stranded RNA genome encapsulated 
by a membrane envelope [3]. The protruding transmembrane spike 
glycoproteins (S proteins) from the surface of these viruses give them a 
crown-like morphology and hence the name corona [4]. The infection 
cycle of coronaviruses starts with their entry into the host cells. The S1 
unit of viral glycoprotein first attaches to the host cellular receptor 
angiotensin-converting enzyme 2 (ACE2). The entry of the virus into the 
cell further depends upon the S protein priming by the host cellular 
protease called transmembrane protease serine 2 (TMPRSS2). TMPRSS2 
cleaves the S protein at the S1/S2 and the S2’ site, and facilitates the 
fusion of viral particle with the host cellular membrane [5], thus be-
comes crucial factor for infectivity and propagation of SARS-CoV-2. 
SARS-CoV-2 can also employ endosomal cysteine proteases CatB/L for 
the priming of its glycoprotein in cells deficient in TMPRSS2. However, 
TMPRSS2 but not CatB/L was shown to be essential for the entry and 
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spread of the viral particles [6]. In another report, Vero E6 cell line was 
engineered for high expression of TMPRSS2. These cells were found to 
be highly susceptible to SARS-CoV-2 infection and hence were suggested 
to be appropriate for isolation and propagation of the virus [7]. Notably, 
the importance of TMPRSS2 in the process of normal development, 
growth or organ function has not been established as yet. The knockout 
of TMPRSS2 in mouse model for cancer research has also been shown to 
be entirely dispensable with no significant phenotypic alterations [8]. 
Overexpression of TMPRSS2 and HAT has been previously reported to 
promote the growth of different subtypes of human and avian influenza 
viruses [9,10]. In these premises, TMPRSS2 has emerged as a promising 
target for treatment/prevention of SARS-CoV-2 and other related 
infections. 

After the entry into the host cell, the replicase gene of the viral 
genome encodes for two overlapping polyproteins, namely pp1a and 
pp1ab [11,12]. The functional polypeptides required for viral replica-
tion and transcription of the viral genome are then released from these 
polyproteins by extensive proteolytic activity, which is predominantly 
mediated by the main protease (Mpro) of SARS-CoV-2. The Mpro (also 
known as 3C-like protease) cleaves the polyprotein at multiple 
conserved sites after the autolytic cleavage of itself from pp1a and pp1ab 
[13]. The importance of Mpro in the infection cycle of virus and absence 
of proteins homologous to this enzyme in the host cell, make Mpro also 
an attractive target for developing antiviral therapies [14]. Mpro from 
different human and animal coronaviruses possess high similarity in 
terms of primary amino acid sequence and the functional tertiary 
structure. The antiviral drugs designed for Mpro are mainly targeted to its 
highly conserved substrate binding pocket [15]. Similar to other coro-
naviruses, SARS-CoV-2 also shares this homology in its Mpro enzyme. 
Several key identical residues at the various sub-sites of substrate 
binding pocket of Mpro of different coronaviruses including SARS-CoV-2 
have been reported [16]. These conserved residues mainly include 
His41, Tyr54, His163, Glu166, His172, Asp187 and Gln192. 

Various strategies to inhibit TMPRSS2 and Mpro, and its potential for 
management of COVID-19 have been reported and discussed here. 
Peptide-conjugated phosphorodiamidate morpholino oligomers that 
sterically blocked TMPRSS2 transcription has been reported to signifi-
cantly suppress the viral titers [17]. BAPA (benzylsulfonyl-d-arginine- 
proline-4-amidinobenzylamide), a potent inhibitor of HAT and 
TMPRSS2 has also been shown to strongly affect the virus propagation 
[18,19]. Camostat mesylate, a clinically proven and commercially 
available serine protease inhibitor, in use for the treatment of oral 
squamous cell carcinoma [20], dystrophic epidermolysis [21], exocrine 
pancreatic enzyme inhibition [22,23], and chronic pancreatitis [24,25], 
has also been suggested as a candidate antiviral drug. It has been shown 
to suppress infection of SARS-CoV and human coronavirus NL63 in HeLa 
cells that express ACE2 and TMPRSS2 proteins [26]. Camostat was 
shown to partially block the entry of MERS-CoV into TMPRSS2 
expressing Vero cells, effect of which was enhanced on the simultaneous 
use of inhibitors of cathepsin L. Of note, Camostat was shown to suppress 
the entry of MERS-CoV into Calu-3 cells by 10-fold that led to 270-fold 
decrease in virus titer [27]. Most recently, Camostat mesylate was 
shown to block the entry of SARS-CoV-2 into the cells [5]. Many anti-
viral drugs have also been proposed in the past against the Mpro enzyme 
of different coronaviruses, however, many candidates have now been 
successfully identified and shown to inhibit the Mpro of SARS-CoV-2. A 
series of candidate drugs, mainly derived from the already known in-
hibitors, have been co-crystallized with SARS-CoV-2 protease [28,29]. 
Crystal structure of SARS-CoV-2 Mpro bound to X77 and baicalein as 
inhibitors is also available at PDB ID- 6W63 and 6M2N, respectively. 
Repurposing of approved drugs and clinical candidates has also led to 
the identification of six small molecules, ebselen, disulfiram, carmofur, 
tideglusib, shikonin and PX-12, as inhibitors of SARS-CoV-2 Mpro [30]. 
Lopinavir and Ritonavir, found to be effective in adults with severe 
COVID-19 symptoms [31], were also shown to be targeting the main 
protease of SARS-CoV-2 [32]. 

Ashwagandha (Withania somnifera), an Indian Ayurvedic herb, is 
known for its therapeutic activities and potential to boost the body 
immunity. Withaferin-A (Wi-A), a bioactive steroidal lactone from 
Ashwagandha, has been shown to be capable of inhibiting herpes sim-
plex virus and suppress HIV-1 LTR transcription and viral replication 
[33,34]. Wi-A has also been predicted to target the neuraminidase of 
H1N1 influenza virus [35]. We have reported anticancer activity of two 
withanolides, Wi-A and Withanone (Wi-N) that work through multiple 
mechanisms, including activation of tumor suppressor proteins, p53 and 
pRB, inactivation of NF-kB, Aurora A, DNA damage repair and oxidative 
stress [36–43]. On these premises, we investigated the anti-COVID-19 
potential of Wi-A and Wi-N using bioinformatics and experimental 
tools. We reported that both Wi-A and Wi-N could dock into the catalytic 
site of TMPRSS2, however, the interactions of Wi-N were stronger than 
that of Wi-A [44]. By expression analyses of control and Wi-N-treated 
cells, we found that the latter possess low level of TMPRSS2 mRNA, 
suggesting that Wi-N has capability to downregulate the expression of 
TMPRSS2 [44]. We have also reported Wi-N to be a potential inhibitor of 
SARS-CoV-2 Mpro protein [16]. In the present study, we examined the 
potential of several withanolides for their ability to (i) block the inter-
action of SARS-CoV-2 with host cells receptor (TMPRSS2) and down-
regulate the expression of TMPRSS2 at the mRNA and protein levels, and 
(ii) interact at the substrate binding site of main protease (Mpro) of SARS- 
CoV-2. Among the tested compounds, six withanolides- Withaferin-A, 
Withanone, Withanolide-A, Withanoside-IV and Withanoside-V signifi-
cantly inhibited the expression of TMPRSS2 at both transcriptional and 
translational level. Furthermore, molecular docking and computational 
analyses predicted that most of these withanolides may also inhibit the 
Mpro of SARS-CoV-2. Anticipating the value of these findings for COVID- 
19 treatment, we tested their anti-viral potential in a cell-based assay 
and found that the most withanolides, although to a variable extent 
(ranging from 17 to 84%) caused inhibition of infection as determined 
by RT-PCR amplification of viral envelope and nucleocapsid sequences. 
We also report here that the water-based Ashwagandha extracts, con-
taining a mixture of withanolides, may provide a useful resource for 
COVID-19 treatment. 

2. Methods 

2.1. Preparation of protein and ligands structure for molecular docking 

The crystal structure of TMPRSS2 is not yet available in the Protein 
Data Bank, hence its modeled structure was retrieved from the Swiss 
model repository (ID: O15393). The structure was modeled based on 
another homologous Transmembrane class II family protein, Serine 
protease hepsin. The identity between the sequence of TMPRSS2 and 
hepsin is 33.82%, and the Q mean of the modeled structure has been 
reported to be − 1.62, which is an indicative of a good quality modeled 
structure. The catalytic domain in both the proteins was found to be well 
conserved with His296, Asp345 and Ser441 as functional residues [45]. 
Further, the structure of Mpro complexed with a peptide-like inhibitor N3 
was retrieved from the PDB (6LU7) [30]. These structures were opti-
mized and prepared for docking studies using the protein preparation 
wizard of the Schrodinger suite [46]. Preparation of the structure 
included the removal of water molecules, addition of polar hydrogen 
atoms, filling of missing amino acid side chains and minimization of the 
structure using the OPL3e force field [47]. 

The structure of Camostat mesylate (CID-5284360) and various 
withanolides- Withaferin-A (CID-265237), Withanone (CID-21679027), 
Withanoside-V (CID-10700345), Methoxy Withaferin-A (CID- 
10767792), Withanolide-A (CID-11294368), Withanolide-B (CID- 
14236711), 12-deoxywithastramonolide (CID-44576309) and 
Withanoside-IV (CID- 71312551), as shown in Supplementary Fig. 1, 
were retrieved from PubChem and prepared for docking using the Lig-
Prep tool of the Schrodinger suite [46,48]. This preparation mainly 
included the generation of ionization states at pH 7 ± 2 using the Epik 
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program, desalting of the ligands, generation of tautomers and stereo-
isomers while retaining the specific chiralities and minimization of the 
generated ligand structures using OPL3e forcefield [47,49]. 

2.2. Molecular docking of the ligands with TMPRSS2 

The key catalytic residues of TMPRSS2 involved in the proteolytic 
activity have been reported as His296, Asp345 and Ser441 [50,51]. The 
20 Å3 grid for docking with TMPRSS2 was generated taking its catalytic 
residues- His296, Asp345 and Ser441 as the centroid. In case of Mpro, the 
grid of 20 Å3 was generated by covering the residues making polar 
contacts with N3 inhibitor in the native crystal structure of Mpro that 
mainly involved Phe140, Asn142, Gly143, His164 and Glu166. The 
Glide module of Schrodinger was used for the extra precision (XP) 
flexible docking of the ligands at the generated grid sites [46,52]. 

2.3. Explicit water molecular dynamics (MD) simulation and its analysis 

To investigate the stability of binding and interactions between the 
proteins and ligands, the docked complexes were subjected to MD sim-
ulations. The MD simulations were done using the Desmond tool inte-
grated with the maestro of the Schrodinger suite [46,47,53]. Firstly, the 
systems were built, in which the docked complexes were solvated with 
TIP3P water model. Appropriate number of ions (Na+/Cl− ) were then 
added to neutralize these systems enclosed in the orthorhombic periodic 
boundary boxes. The energy of the prepared systems was minimized by 
running 100 ps low-temperature (10K) Brownian motion MD simulation 
in NVT ensemble to remove steric clashes and move the system away 
from an unfavourable high-energy conformation. The systems were 
further relaxed using default parameters of ‘relax system before simu-
lation’ option of Desmond. The equilibrated systems were then sub-
jected to 100 ns simulation in NPT ensemble with 300 K temperature 
maintained by Nose–Hoover chain thermostat, constant pressure of 1 
atm maintained by Martyna–Tobias–Kelinbarostat, the time step of 2 fs, 
and recording interval of 20 ps. 

The generated MD simulation trajectories were visualized and 
analyzed using the system event analysis and simulation interaction 
diagram tools. To account for the stability of the simulated complexes, 
the global deviation or the Root Mean Square Deviation (RMSD) in the 
structures with reference to initial docked structures throughout the 
simulation run was analyzed. The Root Mean Square Fluctuation (RMSF) 
was also calculated to investigate the average fluctuation in the amino 
acid residues of the apo proteins and their complexes with different li-
gands. As hydrogen bonds are crucial in determining the specificity and 
affinity of a drug towards its receptor, we next calculated the average 
number of the hydrogen bonds formed during the simulation time for 
each protein-ligand complex [54]. Furthermore, to investigate the sig-
nificant interactive residues of the proteins, which were making contact 
with the ligands during the MD simulation, the polar and non-polar 
interactions, as well as the occupancy time of those interactions was 
calculated. Finally, the MM/GBSA (molecular mechanics energies 
combined with the generalized Born and surface area continuum sol-
vation) free binding energy was calculated using the prime module of 
the Schrodinger suite [46,55] to determine the binding affinity of the 
ligands towards the target proteins. A hundred frames equally spanned 
between 40 and 100 ns of the trajectory were used for this computation 
using the following equation: 

MM
/

GBSA ΔGbind = ΔGcomplex −
(
Greceptor +Gligand

)

ΔG = ΔEgas +ΔGsol − TΔSgas  

ΔEgas= ΔEint +ΔEelec +ΔEvdw  

ΔGsol = ΔGgb +ΔGsurf 

The prime module of Schrodinger software was used to compute all 

the energy components using the coordinates of complex, receptor and 
ligand using OPL3e forcefield. The binding free energy (ΔGbind) can be 
dissociated into the binding free energy of the complex (ΔGcomplex), 
receptor (ΔGreceptor) and ligand (ΔGligand). The gas-phase interaction 
energy (ΔEgas) was calculated as the sum of electrostatic (ΔEelec) and van 
der waal (ΔEvdw) interaction energies, while internal energy term was 
neglected. The solvation free energy (ΔGsol) contains non-polar (ΔGsurf) 
and polar solvation energy (ΔGgb), which was calculated using the VSGB 
solvation model and OPL3e force field, neglecting the entropy factor. 

2.4. Cell culture and treatments 

Human-derived esophageal squamous carcinoma (T.Tn), human 
breast carcinoma (MCF7), non-small lung cancer (A549), and tongue 
oral squamous carcinoma (HSC3) cell lines were procured from the 
Japanese Collection of Research Bioresources (JCRB) Cell Bank, Japan. 
Vero E6 cells were procured from the National Centre for Cell Science 
(NCCS), Pune, India. Cells were cultured in Gibco Dulbecco's Modified 
Eagle Medium (DMEM)- supplemented with 2–10% fetal bovine serum 
and 1% penicillin/streptomycin in a humidified incubator (37 ◦C and 
5% CO2). Cells were treated with non-toxic doses of the test reagents as 
determined by independent viability experiments for each cell line. 

2.5. Cell viability assay 

Cytotoxicity of the various withanolides was tested in T.Tn and other 
cells using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) assay. Five thousand cells per well were plated in a 96-well 
plate, allowed to settle overnight, and treated with each compound. 
The control (DMSO) or treated cells were incubated for 48 h followed by 
the addition of 10 μL of phosphate-buffered saline (PBS) containing 5 
mg/mL MTT (M6494, Life Technologies, Carlsbad, CA, USA), and 
further incubated for 4 h. The culture medium containing MTT was then 
aspirated and replaced with DMSO. The plates were placed on a shaker 
for 5 min followed by measurement of optical density at 570 nm using 
Tecan infinite M200 Pro microplate reader (Tecan Group Ltd., Man-
nedorf, Switzerland). Cell viability was calculated as a percentage 
against the control to identify their inhibitory concentration (IC) value 
using Microsoft™ Office 2016. Statistical significance was calculated by 
an unpaired t-test of Microsoft Excel software (2016). 

2.6. Quantitative cell viability (QCV) assay 

2.6.1. Short-term QCV 
A total of 1 × 105 cells per well were plated in a 12-well plate and 

allowed to settle overnight, followed by treatment with each of the 
withanolides. The control or treated cells were incubated at 37 ◦C and 
5% CO2. After 48 h, cells were fixed with acetone: methanol (1:1), 
stained with Crystal Violet (CV), and de-stained into the solution, which 
was quantified by the help of a spectrophotometer at 570 nm. Statistical 
significance was calculated by an unpaired t-test of Microsoft Excel® 
software (2016). 

2.6.2. Long-term QCV 
100 cells per well were plated in a 12-well plate and allowed to settle 

overnight, followed by treatment with each of the withanolides. The 
control or treated cells were incubated at 37 ◦C and 5% CO2, and the 
withanolide-supplemented medium was replaced every alternate day. 
After 9 days, cells were fixed, stained, and de-stained into the solution, 
which was quantified by the help of a spectrophotometer as described in 
the earlier section. Statistical significance was calculated by an unpaired 
t-test of Microsoft Excel software (2016). 

2.7. Reverse transcription - polymerase chain reaction (RT-PCR) 

A total of 2 × 105 cells per well were plated in a 6-well plate, allowed 
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to settle overnight, followed by treatment with each of the withanolides. 
The control or treated cells were incubated at 37 ◦C and 5% CO2. After 
48 h, the cells were harvested from the petri dishes and lysed with Trizol 
(Ambion®, Foster City, CA, USA, 15596018) at room temperature for 5 
min, segregated in chloroform (Wako, Tokyo, Japan, 038–02606) at 
room temperature for 5 min, centrifuged at 12,000 rpm for 15 min and 
supernatant was separated. The supernatant was then washed in iso-
propanol (Wako, 166-04836) at room temperature for 10 min, centri-
fuged at 12,000 rpm for 15 min and pellet was washed in 70% ice-cold 
ethanol and centrifuged at 8000 rpm for 5 min twice, followed by air- 
drying and resuspension in nuclease-free water to extract the pure 
RNA. The concentration and quality of RNA was evaluated through a 
spectrophotometer (ND-1000, Nanodrops, Wilmington, NC, USA). The 
cDNA was prepared using a reverse transcription kit (Qiagen, Hilden, 
Germany, 205,313) following the manufacturer's instructions. The 
master mix for amplification was prepared by mixing 1 μL cDNA with 
0.1 μL Ex Taq (Takara, Kusatsu, Shiga, Japan, RR001), 2 μL 10× TAQ 
buffer, 2 μL dNTP, 1 μL each of forward and reverse primers (indicated 
earlier) in 12.9 μL nuclease free water and amplified using ‘denaturation 
= 95◦C, 10 min ➔ amplification = 95◦C, 45s - 60◦C, 1 min - 72◦C, 45s 
(35~37 cycles) ➔ annealing = 72◦C, 10min ➔ 4◦C' protocol. The 
amplified products were resolved on a 1% agarose gel containing 
0.0625 μg/mL EtBr (Ethidium Bromide; Invitrogen, 15,585–011), and 
image was acquired using a Lumino Image Analyzer (LAS3000-mini; 
Fuji Film, Tokyo, Japan) equipped with a CCD (charge-coupled device) 
camera. Band intensity was quantified using ImageJ software (NIH) and 
plotted as a percentage using Microsoft™ Office 2016. Statistical sig-
nificance was calculated by an unpaired t-test of Microsoft Excel 2016. 
The details of primers used are: 

TMPRSS2: F’–GAGGACGAGAATCGGTGTGT, R’–TCCAGTCGTCT 
TGGCACA; 103bp, Tm- 61◦C; 

GAPDH: F’–TGGAAATCCCATCACCATCT, R’–TTCACACCCA 
TGACGAACAT; 417bp; Tm- 60◦C. 

2.8. Western blotting 

A total of 2.5 × 105 cells per well were plated in a 6-well plate, 
allowed to settle overnight, followed by treatment with each of the 
withanolides. The control or treated cells were incubated at 37 ◦C and 
5% CO2. After 48 h, control and treated cells were harvested and washed 
twice with PBS, followed by lysis in RIPA buffer (89,900, Thermo Fisher 
Scientific) containing complete protease inhibitor cocktail 
(4,693,159,001, Roche Applied Science, Penzberg, Bavaria, Germany) 
on ice for 45 min. Lysates were separated on an SDS-polyacrylamide gel 
using Mini-Protean® Tetra cell equipment (Bio-Rad, Hercules, CA, USA) 
and subjected to western blotting using protein-specific primary anti-
bodies [anti-TMPRSS2 (AbCam ab92323), anti-β-actin (AbCam 
ab49900)], and horseradish peroxidase-conjugated secondary HRP 
antibody (31,430 or 31,460, Thermo Fisher Scientific). Blots were 
developed using chemiluminescence solution (GE Healthcare, Buck-
inghamshire, UK) and visualized using a Lumino Image Analyzer (LAS 
3000-mini; Fuji Film, Tokyo, Japan). Band intensity was quantified 
using ImageJ software (NIH) and plotted as a percentage using Micro-
soft™ Office 2016. 

2.9. Immunostaining 

Cells (5 × 104) were seeded on 18-mm glass coverslips, placed in 12- 
well plates and cultured for 24 h in a humidified incubator (37 ◦C and 
5% CO2) for attachment. The cells were then treated with the with-
anolides or extracts for 24 h. The cells were then washed with PBS and 
fixed with methanol: acetone (1:1) at 4 ◦C for 10 min. After that, fixation 
solution was removed, and cells were again washed with PBS and per-
meabilized by PBST for 10 min. After permeabilization, the glass cov-
erslips were blocked for an hour with 2% bovine serum albumin in PBST. 
The coverslips were then incubated overnight at 4 ◦C with anti- 

TMPRSS2 primary antibodies [AbCam (ab92323)]. Protein localiza-
tion and expression were visualized by secondary staining with either 
Alexa Flour-488 conjugated Goat Anti-rabbit IgG (Catalogue#A-11034) 
or Alexa Flour-546 conjugated Goat Anti-rabbit (Catalogue#A-11035) 
antibody. After the incubation with secondary antibody, cells were 
washed with PBST for 10 min followed by nuclear counter staining with 
Hoechst 33342 (Molecular Probes, Oregon, U.S.A.). The cells were again 
washed with PBST for 10 min, followed by PBS washing for 10 min, and 
afterwards, a Milli-Q H2O wash for 10 min. Finally, the cells were 
mounted in FA mounting solution (VMRD, Inc., WA, U.S.A.) and 
examined using a Zeiss Axiovert 200 M immunofluorescence microscope 
and analyzed by AxioVision 4.6 software (Carl Zeiss, Oberkochen, 
Germany). 

2.10. Anti-viral activity assay 

The assay was done in a 96-well plate in triplicates for each sample. A 
total of 1 × 104 Vero E6 (kidney epithelial cells from Cercopithecus 
aethiops, ATCC) cells were plated per well and incubated at 37 ◦C 
overnight for the monolayer formation. Cells were incubated with the 
culture medium with the test substance (dissolved in DMSO) at a non- 
cytotoxic concentration of 5–10 μM and the final DMSO concentration 
of 0.5%. This was followed by the addition of SARS-CoV-2 (USA-WA1/ 
2020 strain) at a 0.01 multiplicity of infection. Control cells were 
incubated with culture medium with 0.5% DMSO. Plates were incubated 
at 37 ◦C and culture supernatant harvested at 24 h and 48 h later. Viral 
RNA was isolated from 100 μl cell culture supernatant using PureLink 
Viral RNA/DNA Mini Kit (Invitrogen). cDNA was prepared using 
ImProm-II Reverse Transcription System (Promega). Real-time PCR was 
performed in QuantStudio 6 Flex Real-Time PCR System using TB Green 
Premix Ex Taq II (TaKaRa). The following primers were used to quantify 
viral RNA levels: (a) Envelope (E) primers FP 5’-ACAGGTACGTTAA-
TAGTTAATAGCGT-3’ RP 5′- ATATTGCAGCAGTACGCACACA-3′ (b) 
Nucleocapsid (N) primers FP 5’-GACCCCAAAATCAGCGAAAT-3’ RP-5′- 
TCTGGTTACTGCCAGTTGAATCTG-3′. The Ct values for N and E gene 
sequence detection were determined and used for calculating the 
percent virus inhibition with respect to the control. 

2.11. Statistical analyses 

Statistical significance was calculated by an unpaired t-test of 
GraphPad software (2018–2019) (GraphPad, San Diago, CA, USA) using 
mean, SD (standard deviation), and N (number) from three independent 
experiments, and shown as *p < 0.05, **p < 0.01, ***p < 0.001 or ns =
not significant. 

3. Results 

In order to explore the therapeutic potential of Ashwagandha in the 
current COVID-19 pandemic, we considered host cell surface protein 
TMPRSS2, which facilitates the process of virus entry to the cells, as the 
target. Ashwagandha-derived nine withanolides were examined for 
their ability to (a) interact with/block, and (b) reduce TMPRSS2 
expression using (i) molecular docking and computational analyses, and 
(ii) mRNA and protein expression in control and withanolide-treated 
cells, respectively. 

3.1. Binding affinity of withanolides towards TMPRSS2 predicted 
Withanoside-V and Withanoside-IV as the best among all the withanolides 

Camostat mesylate is a known inhibitor of TMPRSS2. It was thus 
used as a reference molecule for molecular docking analysis. At first, we 
estimated the binding affinity of Camostat mesylate at the catalytic site 
of TMPRSS2; the docking score in the best binding pose was found to be 
− 5.90 kcal/mol. Among the different non-bonded interactions, only one 
hydrogen bond was observed with Gly464 of TMPRSS2. Next, 
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Fig. 1. Interactions of TMPRSS2 residues with the ligands in the best docked pose. (A) TMPRSS2-Camostat mesylate (B) TMPRSS2-Withanoside-V (C) TMPRSS2- 
Withanoside-IV (D) TMPRSS2-Methoxy Withaferin-A (E) TMPRSS2-Withanolide-B (F) TMPRSS2-Withaferin-A (G) TMPRSS2-Withanone (H) TMPRSS2-12- 
deoxywithastramonolide (I) TMPRSS2-Withanolide-A. 
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Withaferin-A, Methoxy Withaferin-A, Withanone, Withanolide-A, 
Withanolide-B, Withanoside-IV, Withanoside-V and 12-deoxywithastra-
monolide were docked at the same catalytic site of TMPRSS2. The best 
docking pose for each with hydrogen bonded interactions is shown in 
Fig. 1. Among these, Withanoside-IV and Withanoside-V had a docking 
score better than that of Camosat mesylate, while the docking score for 
the other compounds was also comparable. The binding score for 
Withanoside-IV and TMPRSS2 complex was − 6.92 kcal/mol. On the 
other hand, TMPRSS2-Withanoside-V complex had a docking score of 
− 7.96 kcal/mol in the best binding pose. The details of molecular in-
teractions (polar and non-polar) for all the complexes with their docking 
scores are shown in Table 1. The docked complexes were simulated in an 
explicit water environment to assess the dynamic behaviour of the in-
teractions between protein and ligands. Despite a good docking score, 
the binding of Withanolide-A and 12-deoxywithastramonolide with 
TMPRSS2 was found to be unstable in molecular dynamics simulations. 
The ligands moved out from the catalytic pocket of TMPRSS2 within 50 
ns of the simulation run. All other compounds were found to be inter-
acting stably throughout the 100 ns of the MD simulation, similar to 
Camostat mesylate (Supplementary Fig. 2A). The overall conformation 
of the docked complexes also did not deviate much from their original 
docked pose, as inferred from the RMSD plot (Supplementary Fig. 2B). 
The RMSF plot of the complexes was found to be similar to TMPRSS2 
(Apo) residues, where no significant fluctuation was found in the cata-
lytic triad. The fluctuations were observed only in the outer loop region, 
Pro335 to Lys340 of the protease enzyme (Supplementary Fig. 2C). No 
significant change in secondary structure conformation as well as global 
structure was seen due to the binding of these ligands with TMPRSS2 
when compared with the Apo form. The hydrogen bond interactions 
strongly influence the specificity, metabolization, and absorption of the 
drugs and are considered a reliable measure for drug design [54]. So, we 
next calculated the number of hydrogen bonds formed between the 
protein-ligand complexes throughout the simulation run. Withanoside- 
IV formed the highest number of hydrogen bonds, followed by Camo-
stat mesylate, Withanoside-V, Withanolide-B, and Methoxy Withaferin- 
A as shown in Fig. 2A. All the ligands except Methoxy Withaferin-A, 
showed binding in the same binding pocket and interacted with 
similar residues in the best docked pose. Furthermore, various other 
ligand properties bound to the protein were also calculated to analyze 
their binding stability, compactness and solvent accessibility. All prop-
erties of these ligands were found to be comparable with each other, and 
all the calculations with the average values and standard deviation 
throughout the 100 ns of the simulations are shown in Supplementary 
Table 1. The consistency and the number of polar as well as non-polar 
interactions play a crucial role in drug specificity and affinity towards 
the target protein. Hence, we next analyzed the number of residues and 
their occupancy in interactions throughout the simulations. Mainly four 
kinds of interactions were calculated, namely, hydrogen bonding, hy-
drophobic contacts such as pi-cation and pi-pi contacts, and ionic in-
teractions between two oppositely charged residues. While analyzing 
these interactions, it was found that all the compounds were making 

Table 1 
TMPRSS2 residues interacting with the ligands in their best docked pose.  

Complex Molecular 
docking 
(kcal/mol) 

Types of interactions and residues 
involved (Pre-molecular dynamic 
simulations) 

H-bonds Hydrophobic, polar 
and pi-pi stacking 

TMPRSS2-Camostat 
mesylate  

− 5.90 Gly464 Val275, Gln276, 
Val278, Val 280, 
His296, Cys297, 
Leu302, Asp435, 
Ser436, Cys437, 
Gln438, Gly439, 
Ser441, Thr459, 
Trp461, Gly462, 
Cys465, Ala466, 
Gly472, Val473 

TMPRSS2-Withaferin-A  − 5.60 Glu299, 
Lys342 

His296, Tyr337, 
Glu389, Asp435,, 
Asp435, Ser436, 
Cys437, Gln438, 
Asp440, Ser441, 
Thr459, Ser460, 
Trp461, Gly462, 
Ser463. Gly464, 
Cys465, Ala466, 
Gly472 

TMPRSS2-Withanone  − 4.30 Gly462 His296, Glu299, 
Tyr337, Lys342, 
Glu389, Asp435, 
Ser436, Cys437, 
Gln438, Ser441, 
Thr459,Ser460, 
Trp461, Ser463, 
Gly464, Cys465, 
Gly472, Val473 

TMPRSS2-Withanoside-V  − 7.96 Glu299, 
Tyr337, 
Ser339 

His296, Lys300, 
Tyr337, Asp338, 
Lys340, THr341, 
Lys342, Asp435, 
Ser436, Cys437, 
Gln438, Gly439, 
Ser441, Thr459, 
Ser460, Trp461, 
Gly462, Gly464, 
Cys465, Gly472, 
Val473 

TMPRSS2- Withanoside- 
IV  

− 6.92 Asp338, 
Lys342, 
Glu389, 
Ser436, 
Ser441 

His296, Glu299, 
Tyr337, Asp435, 
Cys437, Gln438, 
Gly439, Asp440, 
Thr459, Ser460, 
Trp461, Gly462, 
Gly464, Cys465, 
Ala466, Gly472, 
Val473 

TMPRSS2- Methoxy 
Withaferin-A  

− 4.35 Lys342, 
Ser436, 
Cys437 

His296, Glu299, 
Tyr337, Asp435, 
Gln438, Asp440, 
Ser441, Thr459, 
Ser460, Trp461, 
Gly462, Gly464, 
Cys465, Ala466, 
Gly472, Val473 

TMPRSS2- Withanolide-B  − 4.29 His296 Val280, Cys281, 
Cys297, Leu302, 
Glu389, Ser436, 
Cys437, Gln438, 
Gly439, Ser441, 
Thr459, Ser460, 
Trp461, Gly462, 
Gly464, Cys465, 
Ala466, Gly472, 
Val473 

TMPRSS2-Withanolide-A  − 4.26 Glu389 His296, Leu419, 
Ly342, Ser436, 
Cys437, Gln438,  

Table 1 (continued ) 

Complex Molecular 
docking 
(kcal/mol) 

Types of interactions and residues 
involved (Pre-molecular dynamic 
simulations) 

H-bonds Hydrophobic, polar 
and pi-pi stacking 

Gly439, Ser441, 
Thr459, Ser460, 
Trp461, Gly462, 
Gly464, Cys465 

TMPRSS2-12- 

deoxywithastramonolide 
− 4.04–His296, Glu299, Ly342, Ser436, Cys437, Gln438, Gly439, Ser441, Thr459, 
Ser460, Trp461, Gly462, Gly464, Cys465 
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Fig. 2. The analysis of the Molecular Dynamics (MD) simulations of TMPRSS2 with Camostat mesylate and Ashwagandha derived withanolides. The comparison of 
number of hydrogen bond counts throughout the simulations showing Withanoside-V to have the highest hydrogen bond interactions with TMPRSS2 (A). The oc-
cupancy of TMPRSS2 residues while making polar and non-polar interactions with Camostat mesylate and different withanolides as observed over the entire 
simulation trajectory. (B) TMPRSS2-Withanoside-IV (C) TMPRSS2-Camostat mesylate (D) TMPRSS2-Withanoside-V (E) TMPRSS2-Methoxy Withaferin-A (F) 
TMPRSS2-Withanolide-B (G) TMPRSS2-Withaferin-A (H) TMPRSS2-Withanone. 
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numerous polar and non-polar interactions with a varying fraction of 
time at the catalytic site of TMPRSS2. In further analyses, we found that 
Withanoside-IV had the highest number of consistent interactions 
(>30% of the simulation time), better than already known inhibitor 
Camostat mesylate at the catalytic site of TMPRSS2. Only Withanoside- 
IV, Camostat mesylate and Withanoside-V were found to interact with 
the catalytic residues (His296, Asp345 and Ser441) for significant 
duration of simulation time (Fig. 2B-D). Though, Methoxy Withaferin-A 
and Withanolide-B also had numerous interactions, but no significant 
bonds were observed with the catalytic domain residues of TMPRSS2 
(Fig. 2E and F). On the other hand, Withaferin-A and Withanone inter-
acted most significantly with Ser441 among the important residues 
(Fig. 2G and H). 

MM/GBSA binding energy was then calculated by extracting 100 
frames for each protein-ligand complex from the simulated trajectories 
within the duration of 40 to 100 ns, taking an interval of 30 frames. The 
average MM/GBSA free binding energy showed that Withanolide-B 
(− 51.69 ± 7.37 kcal/mol), Withanoside-IV (− 42.80 ± 7.46 kcal/mol) 
and Camostat mesylate (− 54.98 ± 13.31 kcal/mol) had almost similar 
binding affinities towards the TMPRSS2, while Withanoside-V (− 36.19 
± 7.83 kcal/mol) and Methoxy Withaferin-A (− 39.40 ± 3.60 kcal/mol) 
had little less binding energy, but the values were still comparable with 
Camostat mesylate. The MM/GBSA binding free energies, as well as all 
polar and non-polar interactions during the MD simulations are listed in 
Table 2. These computational analyses thus suggested Withanoside-V 

Table 2 
Residues of TMPRSS2 interacting with the ligands during the course of MD 
simulations along with the free binding energy of each protein-ligand complex.  

Complex MMGBSA free 
binding 
energy (kcal/ 
mol) 

Types of interactions and residues involved 
(During Molecular Dynamic Simulations at any 
fraction of time) 

H-bonds Hydrophobic and pi-pi 
stacking 

TMPRSS2- 
Camostat 
mesylate 

− 54.98 ±
13.31 

Asp435, Ser436, 
Gly439, Ser441, 
Thr459, Gly462, 
Gly464 

Gln164, Arg165, 
Lys166, Val275, 
Val278, His279, 
Val280, Gly282, 
His296, Cys297, 
val298, Glu299, 
Leu302, Lys342, 
Asp345, Glu389, 
Lys390, Lys392, 
Thr393, Asp345, 
Aser436, Cys437, 
Gln438, Gly439, 
Asp440, Ser441, 
Gly442, Asp440, Gly 
442, Asp458, Thr459, 
Ser460, Trp461, 
Gly462, Ser463, 
Gly464, Ala466, 
Lys467, Val473, 
Tyr474 

TMPRSS2- 
Withaferin-A 

− 37.80 ±
5.80 

Lys390, Ser436, 
Cys437, Ser441, 
Thr459, Ser460, 
Trp461, Gly462, 
Gly464, Tyr474 

Ser206, His296, 
Glu299, Lys342, 
Glu388, Glu389, 
Lys390, Gly391, 
Asp435, Ser436, 
Cys437, Gln438, 
Gly439, Asp440, 
Ser441, Thr459, 
Ser460, Trp461, 
Gly464, Lys467, 
Arg470, Pro471, 
Val473, Tyr474 

TMPRSS2- 
Withanone 

− 46.80 ±
5.13 

Gln438, Gly439, 
Asp440, Ser441, 
Gly462, Ser463, 
Gly464 

His296, Glu299, 
Lys342, Asp435, 
Ile381, Ala386, 
Glu389, Lys390, 
Val434, Ser436, 
Cys437, Gln438, 
Gly439, Asp440, 
Ser441, Thr459, 
Ser460, Trp461, 
Gly462, Ser463, 
Gly464, Cys465, 
Ala466, Lys467, 
Tyr474 

TMPRSS2- 
Withanoside- 
V 

− 36.19 ±
7.83 

Ala295, His296, 
Val298, Lys300, 
Asn303, Ser333, 
Tyr337, Ser339, 
Thr341, Lys342, 
Asn343 

Ala259, His296, 
Val298, Glu299, 
Lys300, Asn303, 
Val331, Ile332, Ser333, 
His334, Pro335, 
Asn336, Tyr337, 
Asp338, Ser339, 
Lys340, Thre341, 
Lys342, Asn343, 
Asn344 < asp345, 
Ile346, Glu389, 
Cys437, Gln438, 
Gly439, Asp440, 
Ser441, Ser460, 
Trp461, Gly462, 
ser463, Gly464, 
Cys465, Lys467, 
Arg470, Tyr474 

TMPRSS2- 
Withanoside- 
IV 

− 42.80 ±
7.46 

His296, Ser339, 
Lys340, Glu389, 
Asp435, Ser436, 
Gln438, Ser441, 
Ser460, Gly462, 
Gly464, Cys465 

VAl280, His296, 
Glu299, Lys300, 
Asn336, Tyr337, 
Asp338, Ser339, 
Lys340, Thr341, 
Lys342, Glu338,  

Table 2 (continued ) 

Complex MMGBSA free 
binding 
energy (kcal/ 
mol) 

Types of interactions and residues involved 
(During Molecular Dynamic Simulations at any 
fraction of time) 

H-bonds Hydrophobic and pi-pi 
stacking 

Glu389, Lys390, 
Val415, Asp417, 
ASn418, Alu419, 
Ile420, Thr421, 
Asp435, Ser436, 
Cys437, Gln438, 
Gly439, Asp440, 
Ser441, Gly442, 
Asp458, Thr459, 
Ser460, Trp461, 
Gly462, Ser463, 
Gly464, Cys465, 
Lys467, Arg470 

TMPRSS2- 
Methoxy 
Withaferin-A 

− 39.40 ±
3.60 

Ser346, Cys437, 
Ser460, Trp461 

His296, Glu299, 
Tyr337, Lys340, 
Lys342, Asp345, 
Ala386, Glu389, 
Lys390, Gly391, 
Lys392, tyr416, val434, 
Ser436, Cys437, 
Gln438, Gly439, 
Asp440, Ser441, 
Thr459, Ser460, 
Trp461, Gly462, 
Ser463, Cys465, 
Lys467, Arg470, 
Pro471, Val473, 
Tyr474 

TMPRSS2- 
Withanolide- 
B 

− 51.69 ±
7.37 

His296, Gly464, 
Cys465, Ala466 

Val280, His296, 
Cys297, Glu299, 
Pro301, Leu302, 
Tyr337, Lys340, 
Thr341, Lys342, 
Asp345, Glu389, 
Lys390, Ser436, 
Cys437, Gln438, 
Gly439, Ser441, 
Trp461, Gly462, 
Ser463, Gly464, 
Cys465, Ala466  
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and Withanoside-IV are the best among all the withanolides studied 
against TMPRSS2 in comparison with Camostat mesylate. In contrast, 
the interaction of Withanolide-A and 12-deoxywithastramonolide was 
not stable with TMPRSS2. However, the other withanolides can also be 

suggested to have the potential to block the interaction between SARS- 
CoV-2 and TMPRSS2. 

Fig. 3. Interactions of Mpro residues with the ligands in the best docked pose. (A) Mpro-N3 inhibitor (B) Mpro-Withanoside-V (C) Mpro-Withanolide-A (D) Mpro- 
Methoxy Withaferin-A (E) Mpro-12-deoxywithastramonolide (F) Mpro-Withaferin-A (G) Mpro-Withanolide-B (H) Mpro- Withanone (I) Mpro-Withanoside-IV. 
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3.2. Binding affinity of withanolides towards SARS-CoV-2 Main protease 
(Mpro) predicted Withanoside-V as the best among all the withanolides 

N3, a synthetic peptidomimetic compound has been reported to 
target the substrate binding pocket of the main protease across different 
variants of coronavirus including SARS-CoV-2 [30,56]. We first esti-
mated the docking score for the N3 inhibitor bound to Mpro at the same 
site as in PDB 6LU7, which was found to be − 5.68 kcal/mol. The N3 
inhibitor was making hydrogen bonds with Glu166 and Thr190 of Mpro. 
Among all the withanolides, Withanoside-V docked with Mpro with a 
score of − 10.10 kcal/mol, which was almost double the docking score 
for the N3 inhibitor. The docking score for other withanolides was also 
comparable to that of N3 inhibitor. The best-docked pose for all the 
Mpro-ligand complexes showing the hydrogen bonded interactions is 
illustrated in Fig. 3, while all the polar and non-polar interactions of 
best-docked pose along with docking scores, has been summarized in 
Table 3. In order to further look into the binding affinity and the stability 
of the docked ligands, we subjected each of the protein-withanolide 
complex to MD simulations. The interactions of Withanoside-IV, With-
aferin-A and Withanolide-B were not strong enough and the ligands 
came out of the binding pocket of Mpro within 30–40 ns of the simulation 
run. While the other withanolides - Withanone, Withanoside-V, With-
anolide-A, Methoxy Withaferin-A and 12-deoxywithastramonolide 
interacted stably with the protein throughout the course of simulation. 
The inhibitory potential of Withanone against Mpro has been shown in 
one of our previous reports as well [16]. No significant fluctuations were 
observed in the RMSD of these ligands just after 10 ns of simulation time 
(Supplementary Fig. 3A). All the interacting Mpro-ligand complexes got 
stable within 10 ns of the simulation (Supplementary Fig. 3B). The RMSF 
plot showed that all the complexes along with the Apo form of Mpro had 
similar flexibility/fluctuation of amino acid residues, and overall, these 
fluctuations were less than 2.5 Å in each of the system (Supplementary 
Fig. 3C). Next, we investigated the hydrogen bonding pattern for all 
these complexes. We found that N3 inhibitor was forming the highest 
number of the hydrogen bonds (4.9 ± 1.1) with Mpro, followed by 
Withanoside-V (2.16 ± 1.4), 12-deoxywithastramonolide (1.3 ± 1.01), 
Methoxy Withaferin-A (0.89 ± 0.65) and Withanolide-A (0.43 ± 0.57) 
(Fig. 4A). Further various properties of the ligands were calculated and 
assessed, and it was found that all the withanolides had similar stability 
bound with Mpro. All the properties of the complexes, as well as ligands 
alone, are given in Supplementary Table 2. To further explore the crucial 
catalytic site residues of Mpro, which were involved in significant in-
teractions (more than 30% of the simulation time) with withanolides, 
simulation interaction occupancy was calculated. It was found that in 

Mpro-N3 inhibitor complex, Asn142, Glu166 and Thr190 were mainly 
involved in the significant interactions. Interestingly, all the ligands had 
various polar and non-polar interactions at the catalytic site of Mpro, but 
Glu166, Cys145 and Gln192 were found to be the crucial residues which 
were forming significant interactions with the ligands and providing 
them stability (Fig. 4B-G). Finally, to investigate the binding affinity of 
the ligands towards Mpro, the MM/GBSA free binding energy was 
calculated using 100 frames spanned over 40 to 100 ns for each of the 
protein-ligand complex. N3 was estimated to have the highest free 
binding energy of − 64.10 ± 10 kcal/mol, followed by Withanoside-V 
(− 35.69 ± 5.17 kcal/mol), Withanolide-A (− 30.19 ± 7.27 kcal/mol), 
12-deoxywithastramonolide (− 28.09 ± 6.77 kcal/mol) and Methoxy 
Withaferin-A (− 27.84 ± 3.15 kcal/mol). All the interactions and MM/ 
GBSA free binding energy for each of the Mpro-withanolide complex are 
given in Table 4. This data thus suggests the potential of these with-
anolides as possible inhibitors of the main protease of SARS-CoV-2. 

3.3. Withanolides caused downregulation of TMPRSS2 expression in host 
cells 

Next, we performed cell-based TMPRSS2 expression screening for 
the withanolides. We first examined the levels of TMPRSS2 expression in 
various cancer cell lines (Supplementary Fig. 4A) and selected four i.e., 
T.Tn, HSC3, A549 and MCF7 possessing low to moderate levels of 
TMPRSS2 expression. T.Tn cells were used for the initial screening of the 
withanolides by reverse transcription PCR (RT-PCR) using TMPRSS2- 
specific primers. Cells were treated with non-toxic doses of with-
anolides. As shown in Fig. 5A, Withaferin-A, Withanone, Withanoside-IV 
and Withanoside-V treated cells showed remarkable decrease in the 
level of TMPRSS2 mRNA. Triethylene glycol that is also found in Ash-
wagandha leaves did not show any effect. Taken together, these data 
suggested that, in addition to Withanone reported earlier [16], 
Withaferin-A, Methoxy Withaferin-A, Withanolide-A, Withanolide-B, 
Withanoside-IV and Withanoside-V could cause downregulation of 
TMRPSS2 expression and therefore may be useful for COVID-19 man-
agement. Furthermore, Withanolide-A and 12-deoxywithastramonolide 
although did not show stable interaction with TMPRSS2 in molecular 
docking analyses, caused a significant decrease in the TMPRSS2 mRNA 
suggesting multiple inhibitory mechanism of these withanolides. 

Based on the above data, we shortlisted Withaferin-A, Withanone, 
Withanolide-A, Withanoside-IV and Withanoside-V and investigated 
their effects on TMPRSS2 mRNA and protein in additional cell lines. 
Supplementary Fig. 5A shows the MTT assay with the non-toxic doses of 
withanolides, where no significant decrease in cell viability was 

Table 3 
Mpro residues interacting with the ligands in their best docked pose.  

Complex Molecular docking 
(kcal/mol) 

Types of interactions and residues involved (Pre-molecular dynamic simulations) 

H-bonds Hydrophobic, polar and pi-pi stacking 

Mpro-N3 inhibitor  − 5.68 Glu166, Thr190 His41, Cys44, Met49, Pro52, Tyr54, Phe140, Leu141, Asn142, His164, Met165, Leu167, 
Pro168, Thr169, Gly170, His172, Asp187, Arg188, Gln189, Ala191, Gln192 

Mpro- Withanoside-V  − 10.10 Phe140, Glu166, Pro168 His41, Met49, Tyr54, Gly138, Ser139, Leu141, Asn142, Gly143, Ser144, Cys145, His163, 
His164, Met165, Leu167, Thr169, Gly170, His172, Asp187, Arg188, Gln189 

Mpro- Withanoside-IV  − 6.39 Phe140, Leu141, Cys145, 
Glu166, Gln189 

Lys5, His41, Gln127, Tyr126, Lys137, Gly138, Ser139, Asn142, Gly143, Ser144, His163, 
His164, Met165, Gly170, Val171, His172, Glu290 

Mpro-Methoxy Withaferin-A  − 4.24 Thr26, His41, Phe140 Thr25, Leu27, Met49, Leu141, Asn142, Gly143, Ser144, Cys145, His163, His164, Met165, 
Glu166, His172, Gln189 

Mpro- Withanolide-B  − 3.36 Thr26 Thr24, Thr25, His41, Ser46, Met49, Tyr54, Asn142, Gly143, Ser144, Cys145, His164, 
Met165, Glu166, Asp187, Arg188, Gln189 

Mpro- Withanolide-A  − 4.15 Gly143 Thr25, Thr26, Leu27, His41, Met49, Leu141, Asn142, Ser144, Cys145, His163, Met165, 
Glu166, Leu167, Pro168, Arg188, Gln189, Thr190, Ala191, Gln192 

Mpro-12- 
deoxywithastramonolide  

− 3.36 Gly143, Glu166 Thr25, Thr26, Leu27, His41, Met49, Leu141, Asn142, Ser144, Cys145, His163, His164, 
Met165, Leu167, Pro168, Gly170, Gln189 

Mpro-Withaferin-A  − 3.75 Thr26, Gly143 Thr25, Leu27, His41, Met49, Phe140, Leu141, Asn142, Ser144, Cys145, His163, His164, 
Met165, Glu166, His172, Gln189 

Mpro-Withanone  − 4.42 Asn142 Thr 24, Thr 25, Thr26, Leu27His41, Met49, Tyr54, Gly 143, Cys145, His164, Met165, Glu166, 
Arg188, Gln189  
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Fig. 4. The comparison of number of hydrogen bond counts throughout the simulations for different Mpro-ligand complexes (A). The occupancy of Mpro residues 
while making polar and non-polar interactions with N3 inhibitor and different withanolides as observed over the entire simulation trajectory. (B) Mpro-N3 inhibitor 
(C) Mpro-Withanoside-V (D) Mpro-Methoxy Withaferin-A (E) Mpro-Withanolide-A (F) Mpro-12-deoxywithastramonolide (G) Mpro-Withanone. 
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observed upon treatment, in comparison to the untreated control group. 
Short-term and long-term cell viability assays were also performed to 
determine the non-toxic doses for each cell line using QCV assay as re-
ported earlier [57]. As shown in Supplementary Figs. 5B and 5C, no 
significant difference was observed in cell number or colony forming 
ability of the T.Tn cells when compared to the untreated control group. 
Next, we treated HSC3 cells with non-toxic doses of Withaferin-A, 
Withanone, Withanolide-A, Withanoside-IV and Withanoside-V, and 
investigated TMPRSS2 mRNA. As shown in Fig. 5B and similar to T.Tn 
cells, all the compounds (used at their non-toxic doses, determined by 
independent experiments) caused a significant reduction in TMPRSS2 
mRNA in HSC3 cells. To further validate the above data, the protein 
level of TMPRSS2 was determined in control and treated cells by 
Western blotting. Treatment with Withaferin-A, Withanone, 
Withanoside-IV and Withanoside-V was found to downregulate 
TMPRSS2 protein; maximum reduction was observed in cells treated 
with Withanone (Fig. 5C). Consistent with the Western blotting results, 
we observed decrease in TMPRSS2 protein in treated cells by immuno-
staining (Fig. 5D). The expression of TMPRSS2 has been reported to vary 
among different tissues/organs [58,59]. To account for this variation 
and to examine that the effect of withanolides is not dependent on cell 
lines used, we performed the same analyses in two more cell lines i.e., 
A549 and MCF7. All the five withanolides - Withaferin-A, Withanone, 
Withanolide-A, Withanoside-IV and Withanoside-V, caused decrease in 
the mRNA levels of TMPRSS2 in both the cell lines. TMPRSS2 protein 
was also found to be less in the treated cells in comparison to the control 
group (Supplementary Fig. 6). 

3.4. Selected withanolides caused inhibition of SARS-CoV-2 replication 

We then tested the different withanolides for their ability to inhibit 
SARS-CoV-2 replication in Vero E6 cells. As shown in Table 5, several 
withanolides caused downregulation of expression of viral envelope (E- 
gene) and nucleocapsid sequences (N-gene) (as determined by Real-time 
PCR) signifying their potential to inhibit virus replication. A known anti- 
virus drug, Remdesivir, was used as a positive control. It caused dose- 
dependent decrease in virus replication as determined by RT-PCR of E- 
gene (Supplementary Fig. 4B). Remdesivir-treated cells showed 68% 
and 75% inhibition of virus replication based on the of E-gene and N- 
gene expression at 24 h post-infection, respectively. At 48 h post- 
infection, Remdesivir (10 mM) caused 99% inhibition of virus replica-
tion. Methoxy Withaferin-A caused the least effect (17%; average inhi-
bition of E-gene and N-gene expression) among all withanolides tested. 
Withanolide-A, Withanoside-IV and 12-deoxywithastramonolide caused 

<50% inhibition of E-gene and N-gene. On the other hand, Withanone, 
Withanolide-B and Withanoside-V treated cells showed average of 
~66%, 84% and 73% inhibition of E-gene and N-gene expression, 
respectively at 48 h post-infection (Table 5). Dose-response analysis 
revealed 35–99% reduction of virus titer in the range of 0.01 to 10 mM 
Remdesivir-treated cells even at 24 h incubation. On the other hand, 
withanolides did not show effect at doses lower than 10 mM. 

3.5. Water-based Ashwagandha leaf extracts caused decrease in 
TMPRSS2 

Based on the above data showing that cells treated with different 
withanolides showed significant downregulation of TMPRSS2, and most 
of these withanolides showed potential to block activitiy of TMPRSS2 
and Mpro, we predicted that the extracts enriched in withanolides may 
provide an easy and economic source to block entry of corona virus to 
host cells as well as inhibit its replication. We have earlier optimized the 
extraction of two of the major withanolides- Withaferin-A and With-
anone using cyclodextrin [60]. As reported earlier, leaves possess 
highest content of withanolides; whereas stem possesses a relatively 
high ratio of Withanone to Withaferin-A [60–61]. We prepared leaf and 
stem extracts [60], and investigated the content of 8 withanolides. As 
shown in Fig. 5E, along with Withaferin A and Withanone, we detected 
Withanolide IV, Withanolide V and 12-deoxywithastramonolide in 
water soluble and insoluble extracts of leaves. 12-deoxywithastramono-
lide was also detected in stem extracts. We next examined TMPRSS2 
expression in the extract (non-toxic concentration, as determined by 
short and long term MTT assays; Supplementary Fig. 5)-treated cells. As 
shown in Fig. 5F-H, the extracts caused downregulation of TMPRSS2 
expression at both transcriptional (Fig. 5F) and translational levels 
(Fig. 5G and H), thereby suggesting the possible use of extracts as an 
effective alternative to the pure Ashwagandha-derived compounds. 

4. Discussion 

COVID-19 pandemic has triggered research on the anti-viral activity 
of various kinds of natural products. In traditional home medicine sys-
tems, herbs and other natural products are commonly used to enhance 
immunity, strengthen physical and metal health, as well as prevent and 
treat various diseseaes. Given that the herbs offer widely available, easy 
and economic resource, numerous research groups began to investigate 
anti-SARS-CoV-2 potential of herbal component including flavonoids, 
steroids, phenols and withanolides [62–65]. Most of these studies have 
tested the efficacy of the test compounds to target either the SARS-CoV-2 

Table 4 
Residues of Mpro interacting with the ligands during the course of MD simulations along with the free binding energy of each protein-ligand complex.  

Complex MMGBSA free binding 
energy (kcal/mol) 

Types of interactions and residues involved (During Molecular Dynamic Simulations at any fraction of time) 

H-bonds Hydrophobic and pi-pi stacking 

Mpro- N3 inhibitor − 64.05 ± 10.17 
Asn142,Glu166, Arg188, Gln189, 
Thr190, Gln192 

Thr25, His41, Ser46, Met49, Lys137, Gly138, Phe140, Leu141, Asn142, Gly143, 
Cys145, His163, His164, Met165, Glu166, Leu167, Pro168, Thr169, Gly170, 
His172, Val186, Arg188,Gln189, Thr190, Ala191, Gln192, Ala193 

Mpro- Withanoside-V − 35.70 ± 5.17 
Phe140, Asn142, Glu166, Pro168, 
Thr169, Arg188, Gln189, Thr190, 
Gln192, Arg222 

Thr25, His41, Ser46, Met49, Lys137, Gly138, Ser139, Phe140, Leu141, Asn142, 
Ser144, Cys145, Met165, Glu166, Leu167, pro168, Thr169, Gly170, His172, 
Val186, Asp187,Arg188, Gln189, Thr190, Ala191, Gln192, Ala193, Ala194, 
Gly195, Thr196, Arg217, Leu220, Asn221, Arg222, Phe223, Thr224, Glu270 

Mpro- Methoxy Withaferin-A − 27.84 ± 3.15 His41, Glu166, Gln189, Thr190 

Thr24, Thr25, Thr26, Leu27, His41, Cys44, Thr45, Ser46, Glu57, Met49, Leu50, 
Asn51, Ser139, Phe140, Asn142, Gly143, Cys145, Met165, Glu166, Leu167, 
Pro168, Thr169, Gly170, Val186, Asp187, Arg188, Gln189, Thr190, Ala191, 
Gln192 

Mpro-12- 
deoxywithastramonolide 

− 30.19 ± 7.27 
Thr25, Asn142, Gly143, Glu166, 
Gln189, Gln192 

Thr24, Thr25, Thr26, Leu27, His41, Cys44, Thr45, Ser46, Met49, Asn142, 
Gly143, Ser144, Cys145, His163, Met165, Glu166, Leu167, Pro168, Thr169, 
Phe185, Gln189, Thr190, Ala191, Gln192, Ala193 

Mpro-Withanone − 28.07 ± 6.77 
Thr26, Ser46, Asn142, Gly143, 
Glu166, Gln189 

Gln19, Thr21, Gly23, Thr24, Thr25, Thr26, Leu27, Asn28, His41, Val42, Cys44, 
Ser46, Glu47, Met49, Asn119, Gly120, Phe140, leu141, Asn142, Gly143, 
Ser144, Cys145, Met165, Glu166, Leu167, Pro168, Val186, Asp187, Arg188, 
Gln189, Thr190, Gln192  
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Fig. 5. Effect of different withanolides on TMPRSS2 
mRNA levels in T.Tn cells (A). Effect of Withaferin-A, 
Withanone, Withanolide-A, Withanoside-IV and 
Withanoside-V, in particular, on TMPRSS2 in HSC3 
cells. Downregulation of TMPRSS2 mRNA was 
observed (B), TMPRSS2 protein was also found to be 
decreased due to the treatment with withanolides as 
seen using western blots and immunostaining (C and 
D). Withanolide content in Ashwagandha leaf and 
stem extracts (E) and downregulation of TMPRSS2 
mRNA (F) and protein (G and H) in cells treated with 
extracts.   
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proteins or host cell surface proteins (ACE-2 and TMPRSS2) by in-silico 
analysis such as virtual screening, molecular docking and MD simula-
tions [44,66,67]. In this study, we have carried out extensive compu-
tational, experimental as well as anti-viral assays to emphasize on the 
anti-SARS-CoV-2 activities of major withanolides and withanolides 
enriched Ashwagandha extracts. 

The computational analysis carried out to study the interaction of 
different withanolides with TMPRSS2 and Mpro predicted Withanoside- 
IV and Withanoside-V to be the top scoring compounds after docking. 
The binding of Withanoside-V to both the molecular targets was 
remarkably stable when the docked complexes were subjected to 100 ns 
MD simulation. Although Withanoside-IV interacted well with 
TMPRSS2, it could not stay within the binding pocket of Mpro subsequent 
to MD simulations. In line with these predictions, we observed ~70% 
decrease in the viral replication in cells treated with Withanoside-V, 
whereas Withanoside-IV showed inhibition of viral activity by ~40%. 
Moreover, despite a comparative low docking score, the MM/GBSA 
binding free energy of Withanolide-B with TMPRSS2 was found to be the 
highest, which corresponded well in the antiviral activity assay also. The 
MM/GBSA binding free energy is generally used for predicting the 
binding affinity of the candidate ligands with respect to each other 
against a specific target. Further, the most substantial inhibition of the 
viral activity (~80%) was obtained with the treatment of cells with 
Withanolide-B. Next, Withanone was consistently predicted to be a po-
tential candidate with inhibitory activity against both TMPRSS2 and 
Mpro. It could also cause the transcriptional downregulation of the 
expression of TMPRSS2, as shown in Fig. 5A and B, and had also been 
reported in our previous study [44]. TMPRSS2 is enriched in cancer cells 
(especially in case of pancreatic cancer) and has been considered as a 
anti-cancer drug target [5,8,48,50,51]. The downregulation of 
TMPRSS2 in Withanolide-treated cells may also account for anti-cancer 
potential of Withanolides. Withanone has earlier been shown to cause 
activation of tumor suppressor pathways and inhibit cancer cell prolif-
eration [36–43] some of which may also account for its anti-viral ac-
tivity. It also interacted with Mpro with a docking score of − 4.42 kcal/ 
mol, and possessed good binding affinity (− 28.07 ± 6.77 kcal/mol) 
towards the Mpro enzyme as indicated by the MM/GBSA binding free 
energy analysis. The effect of Withanone on SARS-CoV-2 was further 
supported by the antiviral activity assay, where a drop of 45–60% was 
recorded in viral E-gene and N-gene expressions signifying inhibition of 
virus replication in several independent experimentsAmong all the 
tested withanolides, Methoxy Withaferin-A was the weakest candidate 
with low interaction energies. In line with the computational data, only 
~17% inhibition in viral replication was observed in the SARS-CoV-2 
antiviral assay. It also did not cause significant downregulation of 
TMPRSS2 mRNA in RT-PCR screening. Similar to this, 12-deoxywithas-
tramonolide was not selected in RT-PCR assay. The computational assay 
showed that it can interact with Mpro, but not TMPRSS2. Very much in 
line with these data, its effect on virus replication was weak (<50%). 

Furthermore, Withanolide-A was the only withanolide that did not 
interact stably with any of the two molecular targets as observed during 
the MD simulations. However, it caused significant downregulation of 
TMPRSS2 mRNA (Fig. 5A and B) that could be attributed to only ~28% 
inhibition of viral infection in Withanolide-A treated cells. Dose 
response (0.01 to 10 mM) experiments showed that while Remdesivir 
caused 35–99% inhibition of virus replication in Vero E6 cells, most 
withanolides neither showed any effect at doses lower than 10 mM, nor 
any clear dose response. We anticipated that such effect may be due to 
the stability issues of the purified compounds and therefore recruited 
crude extracts from Ashwagandha leaves and stems that provided nat-
ural mixture of a variety of withanolides. As shown in Fig. 5 and Sup-
plementary Fig. 6, human cells treated with non-toxic doses of these 
extracts showed inhibition of TMPRSS2 expression both at the mRNA 
and protein levels. In anti-viral assays, SARS-CoV-2 infected Vero E6 
cells treated with non-toxic doses (0.001, 0.005 and 0.01%) of leaf 
extract showed a dose-dependent downregulation (38%, 44% and 90%, 
respectively) of viral E gene signifying inhibition of viral replication in 
extract-treated cells. Of note, although most of the withanolides have 
been shown to be non-toxic (Withaferin-A and Withanone are the only 
two that have been shown to be cytotoxic in in vitro and in vivo studies 
using human cancer cells and mice models), extensive dose response 
analyses on the anti-viral activity of high doses of withanolides are 
warranted. Collectively, computational and in vitro analyses highlighted 
the multi-mode mechanism of action of different withanolides. Inter-
estingly, the water-based Ashwagandha extracts containing a natural 
mixture of withanolides also caused a significant reduction of TMPRSS2 
mRNA in treated cells, and thus is proposed as a candidate resource for 
COVID-19 treatment, warranting further laboratory and clinical studies. 

5. Conclusion 

The grave consequences of the COVID-19 pandemic have brought an 
urgent need for rapid search of effective therapy against SARS-CoV-2. 
Repurposing of the existing drugs in last few months has promoted 
some molecules to clinical testing. We have earlier reported the poten-
tial of Ashwagandha withanolides (Withaferin-A and Withanone) to 
inhibit host cell receptor TMPRSS2 and the main protease of SARS-CoV- 
2. By extensive computational and experimental analyses on nine 
withanolides, we report that most of these can downregulate TMPRSS2 
and some, including Withanoside-V, Withanone and Methoxy 
Withaferin-A possess the ability to inhibit the activity of both TMPRSS2 
and Mpro. Importantly, some of the withanolides caused inhibition of 
SARS-CoV-2 replication in the cell culture. These data warrant further 
validation at the experimental and clinical levels. Due to the fact that 
pure compounds are often expensive and not widely available, we pre-
pared Ashwagandha extracts enriched with withanolides that may be 
useful resource for COVID-19 treatment. 

Table 5 
Inhibition of SARS-CoV-2 replication by withanolides.  

Compound (10 μM) Percent cell viability Percent inhibition 

24 h 48 h 

24 h 48 h E N E N 

Methoxy Withaferin A  95.15  85.7  0  13.47  8.78  25.78 
Withanone  96.09  90.43  20.73  24  65.93  66.52 
Withanolide A  87.8  74.76  0  15.38  21.38  35.09 
Withanolide B  96.17  78.12  7.18  28.14  86.25  82.18 
Withanoside IV  89.85  77.35  16.28  37.77  45.03  44.79 
Withanoside V  94.35  78.68  18.55  39.65  74.9  72.99 
12-deoxywithastramonolide  89.18  76  17.35  37.14  54.75  35.09 
Remdesivir  99.23  94.37  68.84  75.63  99.76  99.78 

Percent inhibition of virus replication based on the Ct values for the detection of envelope (E) and nucleocapsid (N) gene sequences is shown at 24 and 48 h post- 
infection. 
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A B S T R A C T   

The functional and structural versatility of Ribonucleic acids (RNAs) makes them ideal candidates for over-
coming the limitations imposed by small molecule-based drugs. Hence, RNA-based biopharmaceuticals such as 
messenger RNA (mRNA) vaccines, antisense oligonucleotides (ASOs), small interfering RNAs (siRNAs), micro-
RNA mimics, anti-miRNA oligonucleotides (AMOs), aptamers, riboswitches, and CRISPR-Cas9 are emerging as 
vital tools for the treatment and prophylaxis of many infectious diseases. Some of the major challenges to 
overcome in the area of RNA-based therapeutics have been the instability of single-stranded RNAs, delivery to 
the diseased cell, and immunogenicity. However, recent advancements in the delivery systems of in vitro tran-
scribed mRNA and chemical modifications for protection against nucleases and reducing the toxicity of RNA 
have facilitated the entry of several exogenous RNAs into clinical trials. In this review, we provide an overview of 
RNA-based vaccines and therapeutics, their production, delivery, current advancements, and future translational 
potential in treating infectious diseases.   

1. Introduction 

The discovery of diverse classes of Ribonucleic acids (RNAs) has led 
to a significant evolution in the understanding of the functional roles 
that these molecules play in mammalian cells (Cech, 2000; Fire et al., 
1998). RNAs serve as regulators of gene expression in all living organ-
isms at multiple levels including transcription, RNA processing, and 
translation. Some classes of RNAs can direct genome rearrangement 
while others protect genomes from foreign nucleic acid invasions. While 
most classes of RNAs utilize base-pairing interactions to selectively bind 
and regulate other nucleic acids, some of these utilize RNA structure for 
conferring their biological activity. RNAs can adopt unique secondary 
and tertiary scaffolds, indispensable for executing functions that range 
from molecular recognition to catalysis. Collectively, the chemical, 
structural and functional adaptability of RNAs makes them potential 
targets for drug development (Connelly, Moon and Schneekloth, 2016; 
Dammes and Peer, 2020b). RNA-based therapeutics can be broadly 
classified into four categories based on their mode of action (Fig. 1). (i) 
RNA-based therapies that code for proteins (mRNA vaccines); (ii) ther-
apeutics like RNA aptamers that target proteins; (iii) therapeutics that 

target nucleic acids (antisense RNAs, miRNAs, siRNAs, double-stranded 
RNAs in RNAi, ribozymes and CRISPR/Cas gRNAs); and (iv) RNAs 
molecules that can serve as therapeutic targets for small molecules 
(riboswitches). 

However, RNAs are susceptible to nucleases, being negatively 
charged these biomolecules require delivery vehicles for efficient uptake 
into target cells and are potentially immunogenic. Despite significant 
challenges encountered, an increasing number of RNA therapeutics are 
being evaluated in a clinical set-up. Advances in the strategies employed 
to chemically modify RNAs and ultimately their efficacy as well as 
intracellular uptake have led to a major boost in the field of RNA ther-
apeutics and have resulted in the inclusion of several RNA-based drugs 
in clinical studies focused on the treatment of infectious diseases. 
Because of the expeditious developments in this field, this review fo-
cuses specifically on RNA therapeutics and vaccines in infectious 
diseases. 

2. Classes of RNA biopharmaceuticals 

Traditionally small-molecule therapeutics and antibodies have 
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dominated the pharmaceutical industry owing to their ability to 
competitively bind and antagonize diverse protein targets (Gurevich and 
Gurevich, 2014). The feasibility of large-scale production, high ther-
mostability, and oral bioavailability make small molecules more 
attractive as drug candidates compared to antibody-based drugs (Hop-
kins and Groom, 2002). However, the functionality of small molecule 
drugs is limited by the availability of suitable high affinity docking sites 
on the biological target, and hence complex biologics such as mono-
clonal antibodies that have a longer half-life, and wider applicability are 
becoming key players in disease treatment (Walker and Burton, 2018). 
One limitation of antibodies is that these drugs target either secreted 
proteins or cell surface receptors and hence, nucleic-acid based therapies 
that intervene at the level of protein expression have emerged as the 
third class of biopharmaceuticals that have the capability of specifically 
recognizing and modulating the activity of targets that are “undrug-
gable” by either small molecules or antibodies (McKnight and Heinz, 
2003; Ozcan, Ozpolat, Coleman, Sood and Lopez-Berestein, 2015). More 
importantly in recent years, tremendous progress has been made in the 

field of RNA-based therapeutics owing to both the discovery of new 
classes of RNAs and their newer assigned roles (Cech and Steitz, 2014; 
Matsui and Corey, 2017). RNA biopharmaceuticals range from mRNA 
vaccines, antisense oligonucleotides, siRNAs, miRNA mimics, 
anti-miRNA oligonucleotides, single guide RNAs for CRISPR/Cas9 sys-
tems, ribozymes, aptamers, and riboswitches (Fig. 1). In this section, we 
provide an overview of each of these RNA drugs and discuss how the 
structural, functional and chemical determinants contribute to the effi-
cacy of these biopharmaceuticals. 

2.1. Messenger ribonucleic acid-based therapeutics and vaccines 

mRNAs were the first class of ribonucleic acids (RNAs) to be 
discovered and are characterized by the presence of coding sequences 
for proteins along with the 5′ and 3’ untranslated regions (UTRs) 
(Brenner, Jacob and Meselson, 1961). In vitro transcribed (IVT) mRNAs 
are currently regarded as a promising class of therapeutics in the field of 
vaccine development and protein replacement therapy. The earliest 

Fig. 1. Overview of endogenous RNA mediated pathways that can be utilized for therapeutic strategies. 1. Exogenous mRNAs can be introduced in cells to 
elicit an immune response. 2. siRNAs/miRNA mimics inhibit the translation of target mRNAs. 3. ASOs bind to target mRNAs by complementary base-pairing in-
teractions and inhibit their expression. 4. CRISPR-Cas9 system can be used to knockout pathogenic gene expression. 5. Riboswitches can be used to inhibit the 
translation of mRNAs. 6. Ribozymes hybridize with the target mRNA and inhibit its expression. 
Abbreviations: RISC, RNA-induced silencing complex; ASOs, antisense oligonucleotides; siRNA, small interfering RNAs; miRNA, microRNA. 
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proof of concept of using mRNA-based therapeutics for the generation of 
proteins was the demonstration that injection of DNA or in vitro tran-
scribed (IVT) mRNAs encoding chloramphenicol acetyltransferase, lucif-
erase or β-galactosidase into the skeletal muscle of mice was sufficient to 
lead to the expression of the proteins encoded by the mRNAs in the 
injected tissue (Wolff et al., 1990). This experiment proved that this 
method could be used to design and express proteins that would coun-
teract pathogenic diseases. mRNAs offer several advantages over DNA as 
these molecules degrade rapidly and do not integrate into the genome. 
mRNA-based therapeutics have been utilized for protein replacement 
therapies, monoclonal antibody production, and vaccines for infectious 
diseases (Magadum, Kaur and Zangi, 2019; Van Hoecke and Roose, 
2019; Versteeg, Almutairi, Hotez and Pollet, 2019; C. Zhang, Maruggi, 
Shan and Li, 2019). 

2.1.1. mRNA vaccines 
Vaccines are biological substances that aid in the control and pre-

vention of diseases by inducing an immune response that confers pro-
tection upon subsequent exposure to the pathogen (Pollard and Bijker, 
2020)(Fig. 1). Historically, vaccines were developed for protection 
against diseases that were caused by microorganisms and were produced 
as inactivated or live-attenuated forms. Heat or chemical treatment was 
used for the production of inactivated vaccines and animals or cell lines 
were employed for the development of live-attenuated vaccines (LAVs) 
(C. Zhang et al., 2019). Inactivated vaccines conferred protection to 
infectious diseases by eliciting specific humoral immune responses and 
antigen-specific antibodies. However, mutations on the surface antigen 
of pathogens can result in decreased efficacy or failure of inactivated 
vaccines. Though administration of LAVs elicits strong cellular immune 

Fig. 2. Schematic representation of the two classes of mRNA vaccines. (A) Conventional/non-replicating mRNA (NRM) vaccines contain mRNA molecules with 
an ORF that codes for the antigen, 3’and 5′ untranslated regions (UTRs), 5-‘cap and a 3′-poly A tail. (B) Self-amplifying mRNA (SAM) vaccines contain mRNA 
molecules that code both for the ORF of interest and some non-structural viral proteins that direct self-amplification of the antigenic mRNA. Multiple copies of the 
antigenic mRNA allow the amplification of antigen expression. NRM and SAM are encapsulated by delivery systems such as lipid nanoparticles that protect the RNA 
and facilitate the uptake of the mRNA into the cell by endocytosis. Endosomal escape of the NRM releases it into the cytoplasm, where the mRNA undergoes 
translation into the desired antigen which undergoes post-translational modifications and is then presented to immune cells through MHC molecules. SAM constructs 
are translated into the replicase machinery as well as the antigen of interest. The replicase machinery is critical for the self-amplification of the mRNAs. The mode of 
delivery and mechanism of immune presentation remain same for NRM and SAM. 
Abbreviations: mRNA, messenger ribonucleic acid; ORF, open reading frame; UTRs, untranslated regions; MHC, major histocompatibility complex. 
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responses that are required for the eradication of pathogens, they are 
capable of reverting into a virulent form or causing disease in in-
dividuals with compromised immunity (B. Zhou et al., 2016). More 
importantly, the concerns of newer emerging pathogens, previously 
uncharacterized pathogens, and the potential of known pathogens to 
mutate and lead to pandemics have led researchers to exploit non-viral 
sources for the generation of vaccines. A safe and effective alternative to 
the conventional protein vaccines is a nucleic-acid based vaccine that 
does not utilize viral components but is capable of mimicking infection 
by triggering helper T-cell and B-cell immune responses (Hollister et al., 
2014; Loomis and Johnson, 2015; Pardi, Parkhouse, et al., 2018; Rauch, 
Jasny, Schmidt and Petsch, 2018). Non-viral delivered nucleic acids are 
categorized as DNA and mRNA vaccines and are processed through 
different pathways. Several studies in the 1990s demonstrated that de-
livery of plasmid DNA induced humoral and cellular immune response 
against several antigens (Coban, Kobiyama, Jounai, Tozuka and Ishii, 
2013; Dupuy and Schmaljohn, 2009; M. A. Liu and Ulmer, 2005; Ulmer, 
Wahren and Liu, 2006). However, multiple administrations of both DNA 
and mRNA vaccines are required for induction of protective immunity as 
a single immunization may not be effective. Although, clinical trials that 
have assessed DNA vaccines in humans showed both cellular and hu-
moral responses, however, these responses were not significant to elicit 
significant clinical benefits. Therefore, DNA vaccines have largely been 
licensed for use in veterinary medicine(Hobernik and Bros, 2018). The 
RNA based vaccine approaches have a safer profile as they do not 
require delivery to the nucleus, are expressed transiently, and hence, 
have a less likelihood of integrating into the host genome (F. Wang, 
Zuroske and Watts, 2020). Based on the mRNAs used for the vaccine 
generation, there are two categories in which the mRNA vaccines can be 
classified. 

2.1.1.1. Conventional (non-replicating) RNA vaccines. These mRNA- 
based vaccines comprise the RNA that encodes the open reading frame 
(ORF) of the immunogen or antigen of interest along with the cap 
structure (7-methyl guanylate [m7G] cap), 5′ and 3’ untranslated re-
gions (UTRs), and the poly A tail (Fig. 2A). The host translational ma-
chinery is utilized by the mRNA vaccine to generate the corresponding 
antigen (Pardi, Hogan, Porter and Weissman, 2018). 

2.1.1.2. Self-amplifying RNA (saRNA) vaccines. The saRNA vaccines 
encode the machinery required for viral replication in addition to the 
antigen (Bloom, van den Berg and Arbuthnot, 2020). The viral replica-
tion machinery is derived from positive-sense single-stranded RNA vi-
ruses belonging to the Alphavirus genus and includes Sindbis virus, 
Semliki Forest virus, Kunjin virus, and Venezuelan equine encephalitis 
virus (Anraku et al., 2002; Erasmus et al., 2020; Johanning et al., 1995; 
Zhou et al., 1994). These viral genomes are modified to contain genes 
that code for the RNA replication machinery and the structural genes are 
substituted with the antigen or gene of interest. The engineered viral 
genome is referred to as replicon as it can direct synthesis of the RNA 
dependent polymerase complex and consequentially lead to its replica-
tion (Fig. 2B). 

In trans-amplifying RNA vaccines, the RNA-dependent polymerase 
complex is co-delivered as a conventional mRNA with 5′ and 3’ UTR 
sequences (Bloom et al., 2020). Introduction of the replicon into the host 
cell cytoplasm leads to the generation of multiple copies of the encoded 
antigen, thus triggering immune responses similar to the production of 
antigens upon viral infections (Bloom et al., 2020; Geall et al., 2012; 
Lundstrom, 2016; Tews and Meyers, 2017). Compared to conventional 
mRNA vaccines, the self-amplifying mRNA vaccines result in compara-
ble protection but at much lower doses in addition to persisting in the 
host cell for longer periods (Vogel et al., 2018). 

2.1.1.3. Design and production of mRNA vaccines. One of the major ad-
vantages of mRNA vaccines is the rapidity of design requiring only the 

antigen’s sequence and production at a large scale using synthetic pro-
cesses (Maruggi, Zhang, Li, Ulmer and Yu, 2019). Unlike live or atten-
uated vaccines, the production of mRNA vaccines does not require the 
production of recombinant proteins or culture of pathogenic strains. 
Some of the approaches for improvement in the bioavailability and 
pharmacological aspect of the mRNA-encoded antigen are modifications 
in the 5′UTR and 3′UTR. Regulatory elements in the UTRs, poly(A) tail, 
synthetic cap analogs, and capping enzymes stabilize the mRNA and 
enhance its translation (Fig. 3) (Gallie, 1991; Stepinski, Waddell, Sto-
larski, Darzynkiewicz and Rhoads, 2001). The length of 3′UTR has been 
inversely linked to the stability of the mRNA, while mRNAs with shorter 
3′UTRs are not translated efficiently (Tanguay and Gallie, 1996). Globin 
3′UTRs are broadly used for mRNA delivery into various cell types 
(Orlandini von Niessen et al., 2019; Russell, Morales and Liebhaber, 
1997). The mRNA can be optimized for stability, immunogenic prop-
erties, and codon usage in the host (Pardi, Hogan, et al., 2018)(Fig. 3). 

The first step in the production of a mRNA vaccine is the construction 
of a plasmid that contains a promoter sequence (T7, T3 or SP6) and a 
sequence encoding the relevant mRNA vaccine (Fig. 4). The plasmid 
DNA is linearized and used as a template for in vitro transcription. 
Synthetic mRNA can be manufactured at any scale by in vitro tran-
scription using a phage RNA polymerase in a simple, fast, and cost- 
effective manner. Both conventional and self-amplifying vaccines are 
produced in a cell-free system using an enzymatic transcription reaction. 
After the in vitro reaction, the mRNA is purified to remove residual 
template DNA, reaction components, enzymes, truncated and double- 
stranded aberrant transcripts (Fig. 4). Chromatographic methods such 
as reverse-phase fast protein liquid chromatography (FPLC) or high- 
performance liquid chromatography (HPLC) are used for the removal 
of contaminating dsRNA from the in vitro transcribed mRNA. The IVT 
mRNA can either be capped during the in vitro transcription reaction by 
addition of a cap analog or the cap can be added post-transcriptionally 
(Kwon et al., 2018; Yisraeli and Melton, 1989). Two different cap 
structures are possible for the 5’cap. The simplest structure is the Cap 
0 structure which is characterized by a methyl-7-guanine nucleotide 
linked to the 5′ position through a 5′ triphosphate. The Cap 1 structure is 
generated by the methylation of the mRNA first nucleotide at the ribose 
2′-O position. Both caps can be added during in vitro mRNA transcription 
using a synthetic cap analogue or the proprietary Cap dinucleotide 
CleanCap® (Sahin, Kariko and Tureci, 2014; Tusup et al., 2019). The 
Cap modification improves the translation initiation by recruiting 
translation initiation factors, protects the synthetic mRNA against 
exonuclease degradation and avoids an innate immunity overactivation 
response (Fig. 3) (Linares-Fernandez, Lacroix, Exposito and Verrier, 
2020). The addition of a 3′ poly(A) tail also improves mRNA stability 
and translational ability, as it protects mRNA from nuclease degradation 
by the poly(A)-binding protein (PABP)(Kwon et al., 2018). The poly A 
tail can be added to the transcript by either inserting a poly (A) sequence 
in the DNA template or by an enzymatic reaction. Optimization of the 
tail length is important for the expression and stabilization of the mRNA. 
Longer poly (A) tails can improve stability and mRNA translation (Kwon 
et al., 2018). In addition, the structure and sequence of the untranslated 
regions (5′UTR and 3′UTR) are important for the transcription regula-
tion and mRNA stability. These regulatory regions strongly affect the 
translational efficiency by recognition and recruitment of translational 
machinery and mRNA trafficking. Other critical modifications such as 
incorporation of unnatural nucleosides (NTPs) for modulating the innate 
immune response and codon optimization for improving translational 
efficiency are also commonly used in mRNA production (Fig. 3)(Sahin 
et al., 2014; Tusup et al., 2019). Purification of the mRNA from 
double-stranded contaminants as well as the incorporation of chemically 
modified nucleosides like pseudouridine,1-methyl-pseudouridine, and 5 
methyl cytosine (5 mC) are crucial for the potency of the vaccine and is 
essential for efficient translation and reduced immune activation (Kar-
iko et al., 2008; Maruggi et al., 2019)(Fig. 3). 
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Fig. 3. Characteristic determinants of stability and expression levels of an in vitro transcribed mRNA. (A) Schematic of an in-vitro transcribed mRNA (IVT 
mRNA) indicating the key components that can be modified to increase the levels and half-life of the encoded protein. (B) Many 5′-cap analogs can be incorporated in 
in-vitro transcribed mRNA (IVT mRNA) molecules to increase their stability and translational efficiency and decrease its immunogenicity and prevent harmful 
immune responses. (C) The length of 3′-poly-A tail is an important determinant of mRNA stability and can be tweaked to improve the efficiency of IVT mRNAs. (D) 
The coding sequence of IVT mRNA can be extensively modified to increase stability and protein expression. Nucleosides can be chemically modified; codons can be 
optimized for maximal translation and the coding sequence can be modified for self-amplification by adding non-structural viral sequences. (E) The 3′ and 5′-UTRs of 
IVT mRNAs can be modified in length, structure, and sequence to greatly improve stability and protein expression. Novel regulatory/structural motifs can also be 
incorporated for the same purpose. 
Abbreviations: 5′ Cap, 5 prime cap; UTR, untranslated region; 3′-poly A, 3 prime polyadenylic acid tail; CDS, coding sequence. 

Fig. 4. Schematic representation of mRNA vaccine production. (A, B) The first step in mRNA vaccine production is genome sequencing of the causal pathogen 
and determination of appropriate antigen/s. (C, D) The DNA sequence that codes for the antigen/s is then identified and is cloned or synthesized. (E, F) This template 
is used to direct in-vitro transcription of mRNA molecules in large scale bioreactors. At this step, modified nucleosides, 5′-cap analogs, modified UTRs can be 
incorporated in the mRNA using specific enzymes. (G) The mRNA molecules are then subjected to stringent purification/concentration steps and finally mixed with a 
delivery vehicle like LNPs. (H, I) The vaccine formulation is scaled up for large scale manufacturing and is finally exported for trials in animals and humans. 
Abbreviations: mRNA, messenger ribonucleic acid; DNA, deoxyribonucleic acid; UTRs, untranslated regions; LNPs, lipid nanoparticles. 
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2.1.1.4. Evaluation of RNA-based vaccines. mRNA vaccines have 
emerged as front runners in the field of RNA therapeutics with mRNA 
vaccines (mRNA-1273 [Phase III] by Moderna; BNT162 [Phase II/III] by 
BioNTech) for the treatment of Covid19 authorized for use in the United 
States (Baden et al., 2020; Jackson et al., 2020; Polack et al., 2020). The 
reasons for the effectiveness of the SARS-CoV-2 vaccines when 
compared to the mRNA vaccines against other pathogens include the 
chemical modifications in the nucleosides constituting the mRNA and 
methods for enhanced stability and cellular delivery. Some of the con-
cerns with regards to the temperature of storage of these vaccines are 
still in the process of being resolved and newer heat resistant RNA 
vaccine designs that can be stored at 5 ◦C are in early phase clinical trials 
(CVnCoV Vaccine [Phase I]by CureVac). In addition, mRNA vaccines for 
a wide range of infectious diseases including rabies, HIV, influenza, 
Chikungunya, and Zika virus infections have been clinically tested in 
early phase clinical trials (Table 1) (Alberer et al., 2017; de Jong et al., 
2019a; 2019b; Doener et al., 2019; Feldman et al., 2019; Jagger et al., 
2019; Kose et al., 2019; Richner et al., 2017). 

2.2. Antisense oligonucleotides (ASOs) targeting mRNA 

ASOs are 15–20 nucleotide long single-stranded oligonucleotides 
that bind to their target RNAs through complementary base-pairing in-
teractions and modulate the expression of proteins (Moser, 1995). Due 
to the different mechanisms by which ASOs can function, the ASOs can 
be either DNA or RNA-based (Bajan and Hutvagner, 2020). DNA-based 
ASOs are the classical types of ASOs that target RNA by forming 
DNA-RNA heteroduplexes, that serve as substrates for cytoplasmic 

Ribonucleases (RNases) (H. Wu et al., 2004). These RNases cleave the 
RNAs in the heteroduplex and cause their degradation. Most drugs that 
are currently approved by FDA exert their antisense effects via RNases 
(Dhuri et al., 2020)(Table 2)(Fig. 1). ASOs can also target RNA se-
quences close to the initiation codon and cause translational arrest by 
steric blockage or hybridize to untranslated regions and sterically hinder 
interactions with RNA-binding proteins (Bennett and Swayze, 2010; 
Dias et al., 1999). ASOs have been shown to alter splicing efficiency by 
binding to splice sites or splicing signals to cause exon skipping or in-
clusion (Passini et al., 2011; Siva, Covello and Denti, 2014; van der Wal, 
Bergsma, Pijnenburg, van der Ploeg and Pijnappel, 2017). 

2.2.1. ASOs in the clinic 
The therapeutic potential of ASOs has been explored for over two 

decades, however, in the last five years there has been a significant 
recognition of these modalities for the treatment of genetic diseases 
(Scharner and Aznarez, 2021). Six ASO therapies have been approved in 
the last four years and these therapies mainly address genetic diseases 
with neurological, metabolic or muscular conditions. The approved 
therapies utilize three types of single-stranded oligonucleotides modal-
ities, namely, gapmers, steric blocking and CpGs to modulate gene 
expression and pre mRNA splicing. 

The first ASO therapy to be approved was formivirsen, which was a 
21-mer DNA ASO with a phosphorothioate (PS) backbone(Roehr, 1998). 
It was an antiviral molecule designed to target cytomegalovirus. How-
ever, formivirsen is currently not being used. The second ASO drug to be 
approved by the US Food and drug administration (FDA) was mipo-
mersen, to treat homozygous familial hypercholesterolemia (HoFH) via 

Table 1 
Preclinical and clinical studies with RNA-based vaccines in infectious diseases.  

Infectious 
Disease 

Type/ 
modification 

Target/ 
Immunogen 

Therapy/Sponsor Delivery 
Vehicle 

Ro Clinical trial (Phase) References 

Covid-19 Nucleoside 
modified mRNA 

SARS-CoV-2 
spike protein 

BNT162b2 
(BioNTech and 
Pfizer) 

LNP IM NCT04368728 (II/ 
III) 

Polack et al. (2020) 

Covid-19 Nucleoside 
modified mRNA 

SARS-CoV-2 
spike protein 

mRNA-1273 
(Moderna) 

LNP IM NCT04283461 (I) (Baden et al., 2020; Jackson 
et al., 2020) 

Covid-19 mRNA SARS-CoV-2 
spike protein 

CVnCoV (CureVac) LNP IM NCT04449276 (I) (CureVac & Coalition for 
Epidemic Preparedness, 2021) 

Covid-19 Self-amplifying 
RNA (saRNA) 

SARS-CoV-2 
spike protein 

LUNAR-COV19 
Arcturus 

LNP IM Preclinical de Alwis et al. (2021) 

Covid-19 Self-amplifying 
RNA (saRNA) 

SARS-CoV-2 
spike protein 

ICL LNP IM Preclinical McKay et al. (2020) 

Zika Nucleoside 
modified mRNA 

Viral antigenic 
proteins 

mRNA1325 
(Moderna) 

LNP ID NCT03014089 (I) 
Completed 

Richner et al. (2017) 

Zika Nucleoside 
modified mRNA 

Undisclosed mRNA-1893 
(Moderna) 

LNP IM NCT04064905 (I) Jagger et al. (2019) 

Influenza mRNA (chem. 
modified) 

H10N8 antigen 
influenza 

VAL506440 
(Moderna) 

LNP ID NCT03076385 (I) 
Completed 

Feldman et al. (2019) 

Influenza mRNA (chem. 
modified) 

H7N9 Antigen 
influenza 

VAL339851 
(Moderna) 

LNP ID NCT03345043 (I) 
Completed 

Feldman et al. (2019) 

Metapneumovirus and 
parainfluenza 

mRNA (chem. 
modified) 

Viral antigen mRNA1653 
(Moderna) 

LNP ID NCT03392389 (I) 
Completed 

ModernaTx (2019) 

Chikungunya mRNA (chem. 
modified) 

Anti-CK virus 
mAb 

mRNA-1944 
(Moderna) 

LNP IV NCT03829384 (I) Kose et al. (2019) 

Chikungunya mRNA (chem. 
modified) 

Structural 
polyprotein 

VAL-181388 
(Moderna) 

LNP IV NCT03325075(I) 
Completed 

(ModernaTx & Defense 
Advanced Research Projects, 
2019) 

Rabies mRNA Rabies virus 
glycoprotein 

CV7201 (Curevac) RNActive 
Tech. 

IM, 
ID 

NCT02241135 (I) 
Completed 

Alberer et al. (2017) 

Rabies mRNA Rabies virus 
glycoprotein 

CV7202 (Curevac) LNP ID NCT03713086 (I) CureVac (2022) 

HIV Naked mRNA HIV-1 iHIVARNA-01(EMC) ELP INO NCT02888756 (II) 
Terminated 

(de Jong et al., 2019a; 2019b) 

RSV, HIV, rabies mRNA (Naked) RNA-based 
adjuvant 

CV8102 ELP IM NCT02238756 (I) 
Completed 

Doener et al. (2019) 

Abbreviations: Covid-19, Coronavirus disease-2019; ICL, Imperial College London; HIV, human immunodeficiency virus; RSV, respiratory syncytial virus; LNP, lipid 
nanoparticle;; PS, phosphorothioate;; IM, intramuscular injection; ID, intradermal injection; IV, Intravenous infusion; INO, Intranodal; NA, not available; VP24, Viral 
protein 24; VP25, Viral protein 25; EMC, Erasmus Medical Center;SARS-CoV-2, severe acute respiratory syndrome coronavirus; mRNA, messenger ribonucleic acid; 
ELP, electroporation, Ro, route. 
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Table 2 
Summary of Antisense oligonucleotides (ASOs) that are in clinical trials or are approved.  

Disease Type/ 
modification 

Target Therapy/ 
Sponsor 

Delivery 
Vehicle 

Route Clinical trial (Phase) References 

FH 2′-O-MOE PS 
gapmer 

Apo B-100 Kynamro 
(Mipomersen) 
Genzyme 

No carrier 
(naked) 

SC FDA approved (Duell et al., 2016; Parham 
and Goldberg, 2019; Rader 
and Kastelein, 2014; Santos 
et al., 2015) 

DMD PMO Dystrophin 
exon 51 

Exondys 51 
(Eteplirsen) 
Sarepta 
Therapeutics 

No carrier 
(naked) 

IV FDA approved (Alfano et al., 2019; Khan 
et al., 2019; Lim, Maruyama 
and Yokota, 2017; Mendell 
et al., 2016) 

SMA 2′-O-MOE PS SMN2 exon 
7 

Spinraza 
(Nusinersen) 
Biogen 

No carrier 
(naked) 

ITH FDA approved (Corey, 2017; Finkel et al., 
2016; Finkel et al., 2017;  
Hache et al., 2016; Mendell 
et al., 2017; Sheng, Rigo, 
Bennett, Krainer and Hua, 
2020) 

ATTR 2′-O-MOE PS 
gapmer 

TTR Tegsedi 
(Inotersen) 
Ionis 

No carrier 
(naked) 

SC FDA approved (Benson et al., 2018; Coelho 
et al., 2020; Gales, 2019;  
Gertz et al., 2019; Mathew 
and Wang, 2019) 

CMV 
Infection 

PS CMV Fomivirsen 
Ionis 

No carrier 
(naked) 

IVI FDA approved (Not in use) (de Smet, Meenken, & van 
den Horn, 1999; Vitravene 
Study) 

Hepatitis B Modified ASO HBV 
Surface 
antigen 

IONIS-HBV Rx 
Ionis 

LICA 
technology 

SC NCT02981602 (II) Completed (GlaxoSmithKline & Ionis 
Pharmaceuticals) 

Hepatitis C LNA PS miR-122 Miravirsen 
Santaris 

No carrier 
(naked) 

SC NCT01200420(II) 
CompletedNCT02508090Completed 
NCT02452814 (II) Completed 
(Unsucessful) 

(H. L. Janssen et al., 2013;  
van der Ree et al., 2014) 

Hepatitis C LNA miR-122 RG-101 
Regulus 

No carrier 
(naked) 

SC EudraCT 
2013-002978-49 Suspended 

van der Ree et al. (2017) 

DMD PMO Dystrophin 
exon 53 

Vyondys 53 
(Golodirsen) 
Sarepta 
Therapeutics 

No carrier 
(naked) 

IV FDA approved (Frank et al., 2020; Heo, 
2020; Scaglioni et al., 2021) 

Batten disease 2′-O-MOE, PS, 5 
mC 

CLN7 Milasen Boston 
Children’s 
Hospital 

No carrier 
(naked) 

ITH FDA approved (J. Kim et al., 2019) 

Cancers Lipid-conjugated 
thio- 
phosphoramidate 

RNA 
template of 
telomerase 

GRN163L 
(Imetelstat 
Sodium) Geron 

Lipid 
conjugation 

IV NCT01731951 (II) Completed 
NCT01243073 (II) Completed 

(Baerlocher et al., 2015;  
Oppliger Leibundgut et al., 
2020; X. Shen and Corey, 
2018; Steensma et al., 2021; 
Tefferi et al., 2015) 

FCS/FPL 2′-O-MOE- 
gapmer 

Apo-CIII Waylivra 
(Volanesorsen) 
Ionis 

No carrier 
(naked) 

SC NCT02300233 (III) 
CompletedNCT02211209 (III) 
Completed 

(Digenio et al., 2016; Esan 
and Wierzbicki, 2020;  
Gouni-Berthold et al., 2021; 
Kaczmarek et al., 2017;  
Witztum et al., 2019) 

Glaucoma PS-LNA gapmer TGF-β2 ISTH0036 
Isarna 

No carrier 
(naked) 

IVI NCT02406833 (I)Completed Pfeiffer et al. (2017) 

Liver cancer PS-LNA ASO HIF-1α RO707017(EZN 
2968) Roche 

No carrier 
(naked) 

IV NCT02564614 (I)Completed (J. Wu et al. 2019;  
NCT02564614) 

FCS GalNAc Apo-CIII AKCEA- 
APOCIII-LRx 
Ionis 

GalNAc 
conjugated 

SC NCT02900027 (I) 
CompletedNCT03385239 (II) 
CompletedNCT04568434 (III) 
Recruiting 

(Alexander et al., 2019;  
NCT03385239;  
NCT04568434) 

ALS 2′-O-MOE- 
gapmer 

SOD1 BIIB067 
(Tofersen) Ionis 

No carrier 
(naked) 

ITH NCT02623699 (III)Active NR 
NCT04856982 (II) New,NYR 

(Miller et al., 2020;  
NCT04856982) 

Prostate cancer cEt BNA AR AZD5312 
Ionis 

No carrier 
(naked) 

IV NCT02144051 (I)Completed Chowdhury et al. (2016) 

Diabetes/FLD cEt gapmer ANGPTL3 Vupanorsen 
Ionis 

GalNAc 
conjugated 

SC NCT04516291 (II) Recruiting; 
NCT04459767 (I) Completed 

(Dhuri et al., 2020; Gaudet 
et al., 2020; Investigation 
Of Safety; NCT04516291) 

CF 2′-OMe PS F508del 
CFTR 

QR-010 
(Eluforsen) 
ProQR 

No carrier 
(naked) 

I NCT02564354 (I) Completed; 
NCT02532764 (I,II) Completed 

(Drevinek et al., 2020;  
Sermet-Gaudelus et al., 
2019) 

Hyperlipoproteinemia 2′-O-MOE 
GalNAc 

ApoA AKCEA-APO(a)- 
LRx 
Ionis 

GalNAc 
conjugated 

SC NCT03070782 (II) Completed (Stiekema et al., 2020;  
Tsimikas, 
Karwatowska-Prokopczuk 
and Xia, 2020) 

Alport syndrome Modified ASO miR-21 RG 012 
(Lademirsen) 
Genzyme 

- SC NCT03373786 (I) Completed 
NCT02855268 (II)Recruiting 

(Study of Lademirsen 
(SAR339375) in Patients 
With Alport Syndrome;  
NCT03373786) 

(continued on next page) 
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RNase H-mediated degradation of apolipoprotein B (APOB)(Geary, 
Baker and Crooke, 2015). Mipomersen is a new generation drug 
(gapmer) with 2′-O-methoxyethyl (2′MOE) modifications and a design 
to enhance stability, potency with improved pharmacokinetic and 
pharmacodynamic properties. HoFH is caused by homozygous or com-
pound heterozygous mutations in one of three genes (APOB, LDLR, or 
PCSK9), leading to severely elevated low-density lipoprotein cholesterol 
(LDL-C) levels(Goldberg et al., 2011). Mipomersen binds to the coding 
region of the APOB-100 mRNA (an isoform encoded by the APOB gene) 
and elicits RNase H-mediated degradation of the mRNA and a conse-
quential reduction in ApoB protein levels(R. M. Crooke et al., 2005). In 
humans, pharmacodynamic studies showed a mipomersen-mediated 
reduction of ApoB protein of 46%, which resulted in a 47% decrease 
of LDL-C(Geary et al., 2015). However, clinical trials indicated hepa-
totoxicity which led to a black label warning for this drug. Other adverse 
effects reported included injection site reaction, fever, flu-like symp-
toms, and fatigue. Mipomersen was not approved by European 

Medicines Agency (EMA) due to safety concerns and its marketing was 
discontinued in 2018. 

Inotersen was approved by FDA and EMA in 2018 for the treatment 
of patients with hereditary amyloid transthyretin (ATTR) amyloidosis, a 
rare systemic disorder that is characterized by progressive peripheral 
polyneuropathy, cardiomyopathy, nephropathy, and gastrointestinal 
dysfunction. The disorder is caused by dominant-negative mutations in 
the TTR gene that lead to destabilization of the tetrameric TTR protein 
complex, causing aggregation of monomers into extracellular amyloid 
deposits(Sekijima, 2015). The design and mechanism of action of ino-
tersen are analogous to mipomersen, and it was designed to bind and 
elicit RNase H-mediated degradation of mutant and wild-type TTR 
transcripts, resulting in decreased mutant and wild-type TTR proteins 
(Ackermann et al., 2016). Clinical data indicated that inotersen 
improved the course of the neurological disease as well as the quality of 
life of ATTR amyloidosis patients. During clinical trials, safety concerns 
included thrombocytopenia (fatal in some patients) and 

Table 2 (continued ) 

Disease Type/ 
modification 

Target Therapy/ 
Sponsor 

Delivery 
Vehicle 

Route Clinical trial (Phase) References 

Obesity 2′-O-MOE PS FGFR4 ISIS-FGFR4Rx 
Ionis 

No carrier 
(naked) 

SC NCT02476019 (II)Completed ("A Safety, Tolerability, PK, 
and PD Study of Once 
Weekly ISIS-FGFR4RX SC in 
Obese Patients,") 

NAFLD 2′-O-MOE 
PS 

DGAT2 IONIS- 
DGAT2Rx 
Ionis 

No carrier 
(naked) 

SC NCT03334214 (II)Completed Loomba et al. (2020) 

HAE 2′-O-MOE 
PS 

Pre 
kallikrein 

IONIS-PKK LRx 
Ionis 

GalNAc 
conjugated 

SC NCT04030598 (II)Completed (Ferrone et al., 2019;  
NCT04030598) 

Type 2 diabetes 2′-O-MOE Glucagon 
receptor 

ISIS-GCGRRx 
Ionis 

GalNAc 
conjugated 

SC NCT01885260 (II) 
CompletedNCT02583919 (II) 
CompletedNCT02824003 (II) 
Completed 

Morgan et al. (2019) 

Cancers 2′-O-MOE Hsp27 OGX-427 
(Apatorsen) 
Achieve Life 
Sciences 

No carrier 
(naked) 

IV NCT00487786 (I)Completed Chi et al. (2016) 

Cancers 2′-O-MOE 
PS 

STAT3 AZD9150 
(Danvatirsen) 
Ionis 

No carrier 
(naked) 

IV NCT02983578 (II)Active, NR (H. Xu et al., 2019;  
Danvatirsen) 

CTCL LNA miR-155 MRG 106 
(Cobomarsen) 
miRagen 

No carrier 
(naked) 

IT NCT02580552 (I)Completed (Anastasiadou et al., 2021;  
Seto et al., 2018; Safety) 

Keloids 2′-O-MOE miR-29 MRG-201 
(Remlarsen) 

Cholesterol 
conjugation 

ID NCT02603224 (I)Completed (Gallant-Behm et al., 2019;  
Weng et al., 2020) 

DMD cEt BNA Dystrophin 
exon 45 

DS-5141b 
Daiichi Sankyo 

No carrier 
(naked) 

SC NCT02667483 (I,II)Completed (Kaczmarek et al., 2017; " 
Study of DS-5141b in 
Patients With Duchenne 
Muscular Dystrophy,")( 
NCT02667483,) 

Asthma Modified ASO GATA-3 SB010 Sterna 
biologicals 

No carrier 
(naked) 

I DRKS00006087(II) 
CompletedNCT01743768 (II) 
Completed 

(Greulich et al., 2018; Krug 
et al., 2015) 

Leukemia LNA Grb2 BP1001 
(Prexigebersen) 
Bio-Path 
Holdings 

Lipid 
nanoparticle 

IV NCT01159028 (I)Completed 
NCT04196257 (I)NYR 

Ohanian et al. (2018)( 
NCT04196257,) 

Pouchitis PS ICAM-1 Alicaforsen 
Atlantic 

No carrier 
(naked) 

Enema NCT02525523 (III)Completed (Jairath, Khanna and 
Feagan, 2017; Yacyshyn 
et al., 2007)(NCT02525523, 
) 

Abbreviations: ASO, antisense oligonucleotide; 2′-MOE PS, 2′-O-methoxyethyl phosphorothioate; Apo B-100, apolipoprotein B-100; IV, intravenous; GalNAc, N- 
Acetylgalactosamine; Apo-CIII, apolipoprotein CIII; PMO, phosphorodiamidate morpholino oligomer; SMN2, survival Of Motor Neuron 2; ITH, intrathecal; TTR, 
transthyretin; SC, subcutaneous; CMV, cytomegalovirus; IVI, intravitreal; I, inhalation; PS-LNA, phosphorothioate locked nucleic acid; TGF-β2, transforming growth 
factor- β2; HIF-1α,hypoxia inducible factor-1α; SOD1, super oxide dismutase; cEt BNA, constrained ethyl bridged nucleic acid; AR, androgen receptor; ANGPTL3, 
angiopoietin-like protein 3; 2′-OMe PS, 2′-O-methyl phosphorothioate; F508del-CFTR, deletion of phenylalanine in position 508 of the cystic fibrosis transmembrane 
conductance regulator; ApoA, apolipoprotein A; 5 mC, 5-methyl cytosine; FGFR4, fibroblast Growth Factor Receptor 4; DGAT2, diacylglycerol O-acyltransferase 2; 
Hsp27, heat shock protein 27; LNA, locked nucleic acid; STAT3, signal transducer and activator of transcription 3; IT, intratumoral; ID, intradermal; ENA, ethylene- 
bridged nucleic acid; Grb2,growth factor receptor-bound protein 2; ICAM-1, intercellular Adhesion Molecule 1,FH, familial hypercholesterolemia,DMD, duchenne 
muscular dystrophy; SMA, spinal muscular atrophy; ATTR hereditary Transthyretin Amyloidosis; FCS, familial chylomicronemia; FPL, familial partial lipodystrophy; 
ALS, amyotrophic lateral sclerosis; FLD, fatty liver disease; CF, cystic fibrosis; NAFLD, non-alcoholic fatty liver disease; HAE, hereditary angioedema; CTCL, cutaneous 
T-cell lymphoma; NR, not recruiting; NYR, not yet recruiting. 
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glomerulonephritis, which occurred independently in 3% of patients 
(Benson et al., 2018). 

Volanesorsen received a conditional market authorization in Europe 
issued by the EMA in 2019 for the treatment of familial chylomicrone-
mia syndrome (FCS), which is characterized by 10- to 100-fold increased 
levels of triglycerides compared to the healthy population which leads to 
hypertriglyceridemia and recurrent episodes of pancreatitis. This dis-
ease is caused due to lack of Lipoprotein lipase due to recessive muta-
tions in its gene (LPL)(Johansen, Kathiresan and Hegele, 2011). 
Volanesorsen is a second generation gapmer ASO that was designed to 
reduce the levels of APOC3 mRNA and apolipoprotein C (ApoC)-III 
protein to decrease plasma triglycerides via an LPL-independent mech-
anism. Clinical data indicated that 77% of patients treated with vola-
nesorsen had significantly reduced levels of triglyceride in plasma, 
reaching values lower than 750 mg/dL, well below the 880 mg/dL 
required to reduce the risk of pancreatitis. Similar to other systemically 
administrated ASO gapmers, thrombocytopenia and site of injection 
reactions were common adverse events(Witztum et al., 2019). 

Nusinersen is an 18-mer fully modified 2′MOE-PS that has been 
approved for the treatment of spinal muscular atrophy (SMA), a rare 
neuromuscular disorder that is caused by recessive mutations in the 
survival motor neuron 1 (SMN1) gene, and the disease severity is miti-
gated by a copy gene, SMN2, which produces low levels of normal SMN 
protein(Feldkotter, Schwarzer, Wirth, Wienker and Wirth, 2002). SMN2 
exon 7 carries a single nucleotide change with respect to SMN1 that 
severely decreases its inclusion in the final mRNA, leading to an unstable 
SMN protein(Monani et al., 1999). Nusinersen binds to position +10 of 
intron 7 of the SMN1/2 pre-mRNA and blocks access of the splicing 
repressor hnRNPA1 to its cognate intronic splicing silencer(Hua, Vick-
ers, Okunola, Bennett and Krainer, 2008). This results in increased levels 
of SMN2 exon 7 inclusion, leading to correctly spliced mRNA and 
increased levels of SMN protein, which compensates for the loss of SMN1 
(Hua et al., 2011). Clinical trials have successfully demonstrated efficacy 
in infants and older children treated with nusinersen shown by an in-
crease in motor function and survival. Adverse reactions include lower 
respiratory infection, upper respiratory infection, and constipation. 

Eteplirsen is another approved drug that targets splicing of the DMD 
gene and is used for treatment of Duchenne muscular dystrophy (DMD), 
which is caused by complete loss-of-function mutations in the X-linked 
DMD gene and predominantly affects males. DMD is a fatal disease due 
to loss of muscle function caused by the lack of dystrophin protein. Loss 
of function mutations in the DMD gene that result in partially functional 
albeit truncated dystrophin protein (e.g., in-frame deletions) lead to a 
milder disease presentation known as Becker muscular dystrophy(Koe-
nig et al., 1989). Eteplirsen was designed as a 30-mer phosphor-
odiamidate morpholino oligomer (PMO) that binds to exon 51 of the 
DMD gene, causing the skipping of exon 51 to avoid deleterious muta-
tions. The skipping of exon 51 restores the mRNA frame and leads to the 
production of an internally truncated, partially functional dystrophin 
protein(Arechavala-Gomeza et al., 2007). Unlike nusinersen that can 
treat the vast majority of SMA patients (patients with no SMN2 are very 
rare), eteplirsen can only address patients who are amenable to exon 51 
skipping, which account for 13% of the DMD patient population 
(Aartsma-Rus and Krieg, 2017; Aartsma-Rus et al., 2017). Clinical 
assessment of patients treated with eteplirsen concluded that there was 
some preservation of the distance walked in 6 min compared to patients 
in natural history studies. Despite the small increase in dystrophin and 
the small number of patients in the clinical trials, the FDA granted 
conditional approval for eteplirsen for the treatment of males with 
mutations amenable to exon 51 skipping. Adverse reactions include 
balance disorder and vomiting. The label has no warnings; however, 
eteplirsen was not approved by the EMA in 2019, citing lack of efficacy. 
Follow-on studies are still underway. 

Golodirsen and viltolarsen are treatments for DMD that were 
approved by the FDA in 2019 and 2020, respectively. The rationale for 
the development of golodirsen and viltolarsen and their mechanism of 

action is analogous to eteplirsen. Golodirsen is a 25-mer PMO that was 
designed to bind to exon 53 of the DMD gene and cause the skipping of 
exon 53 to avoid deleterious loss-of-function frameshifting mutations. 
Likewise, viltolarsen is a 21-mer PMO that also binds to exon 53 to avoid 
mutations. In both cases, the skipping of exon 53 restores the frame and 
leads to the production of an internally truncated, partially functional 
dystrophin protein. Both golodirsen and viltolarsen address 8% of DMD 
patients. The following adverse reactions have been described for 
golodirsen: hypersensitivity reactions, including rash, pyrexia, pruritus, 
urticaria, dermatitis, and skin exfoliation, with some requiring treat-
ment. The most common adverse reactions observed in patients treated 
with viltolarsen include upper respiratory tract infection, injection site 
reaction, cough, and pyrexia. In both cases, renal toxicity was observed 
in animals who received golodirsen or viltolarsen in preclinical studies, 
but not in clinical studies. Taken together, these approved ASO therapies 
represent a broad platform with applicability in different tissues and 
different mechanisms of action. Further improvements in the dose and 
therapeutic quality will likely make this class of sequence specific 
therapeutic molecules as the drugs of choice for the treatment of a 
number of diseases. We have summarized the details of other ASOs that 
are being tested in preclinical and clinical studies in Table 2. 

2.3. Non-coding RNA based biotherapeutics 

Non-coding RNAs are endogenous RNAs that regulate gene expres-
sion at the level of transcription, translation, and RNA processing. In 
some cases, the RNA structure directs their function and in others, se-
lective base-pairing is utilized to bind to other nucleic acids. They pro-
tect genomes from foreign nucleic acids and direct genome 
rearrangements. Here we discuss some of the features and consider-
ations that go into designing non-coding RNA-based drugs. 

2.3.1. Small interfering RNA (siRNA) 
siRNAs are 21–25 nucleotides long, double-stranded endogenous 

RNA molecules that play a critical role in silencing of genes by RNA 
interference (RNAi)(Bumcrot, Manoharan, Koteliansky and Sah, 2006; 
Elbashir et al., 2001; Fire et al., 1998; Grunweller and Hartmann, 2005). 
The phenomenon of RNAi was first discovered in plants and then in 
C. elegans by Andrew Fire and colleagues (Fire et al., 1998; Jorgensen, 
1990). The endogenous siRNAs play essential roles in defense mecha-
nisms against transposable elements, viruses and other nucleic acid se-
quences. A single siRNA molecule can facilitate the cleavage of several 
mRNA molecules in a highly efficient and sequence-specific manner 
(Dykxhoorn and Lieberman, 2006). 

Exogenous siRNAs are double-stranded RNA oligonucleotides that 
function as pro-drugs and are metabolized to the pharmacologically 
active drugs upon administration (Zamore, Tuschl, Sharp and Bartel, 
2000). The duplex is characterized with a 2-nucleotide overhang on the 
3’ end of either strand. The sense strand of the duplex performs the key 
function of delivering the antisense strand to the RNA induced silencing 
complex (RISC) that comprises of AGO2 (Matranga, Tomari, Shin, Bartel 
and Zamore, 2005). Once the siRNA duplex is delivered to the RISC 
complex, the passenger (sense) strand is cleaved and released to form 
the active RISC complex containing the antisense strand (Matranga 
et al., 2005). The activated AGO2-RISC complex scans and binds mRNAs 
that have perfectly complementary sequences and silences their 
expression by cleaving the mRNA. The cleavage of the target mRNA 
leads to rapid degradation of the RNA and releases the RISC complex to 
seek and catalytically destroy another target. 

The endogenous RNAi machinery can be harnessed for therapeutic 
applications in two ways: (i) by expressing short hairpins RNAs 
(shRNAs) using viral vectors or (ii) by administering siRNAs that mimic 
the endogenous siRNAs into the cytoplasm. These siRNAs can then 
directly load onto the AGO2-RISC complex and cause gene silencing. 
The second approach of delivering siRNAs into the cytoplasm is the most 
advanced in preclinical and clinical studies. 
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Designing siRNA-based therapeutics includes three major steps and 
starts with bioinformatic analysis and in vitro experiments to quantitate 
the efficiency of silencing. Several algorithms for designing siRNAs are 
readily available and can be utilized as a starting point for identifying 
active siRNAs (Reynolds et al., 2004; Pei and Tuschl, 2006). These 
prediction tools need to be followed up with experiments to select those 
siRNAs that can induce effective silencing at the lowest concentrations. 
Other critical considerations during the design of potent siRNA duplexes 
include the optimal length of the siRNA that would confer silencing 
without activating immune responses and nucleotide substitutions that 
would increase the chances of the active strand to be incorporated in the 
RISC complex ( Kim et al., 2005; Reynolds et al., 2006; Schwarz et al., 

2003). Additionally, the absence of off-target effects needs to be verified 
experimentally. Lastly, chemical modifications that enhance the stabil-
ity, specificity, and potency of siRNAs are introduced. The two main 
off-target effects that are encountered by exogenous siRNAs are (i) 
activation of the innate immune response and (ii) and silencing of un-
intended targets that have partial complementarity with the siRNA. 
Since many of the off-target genes whose mRNAs are silenced contain 
regions that are complementary to one of the two strands of the siRNA 
duplex and the most critical base-pairing interactions occurring with the 
nucleotides 2–8 at the 5’ end of the guide strand. One approach to 
reduce the off-target effects of siRNAs is by minimizing exact seed 
pairings. Alternatively, chemical modifications of ribose groups in the 

Table 3 
Summary of siRNAs that are approved or are in clinical trials.  

Disease Type/ 
modification 

Target Therapy/Institution/ 
Sponsor 

Delivery 
Vehicle 

Route Clinical trial (Phase) References 

Chronic 
hepatitis B 

siRNA (GalXC 
based) 

HBsAg RG6346 (DCR-HBVS) 
(Dicerna) 

GalNAc- 
conjugated 

SC NCT03772249 (I)Recruiting (Dicerna Pharmaceuticals) 

Chronic 
hepatitis B 

siRNA HBsAg JNJ-3989 (Arrowhead) TRiM 
formulation 

SC NCT04208386 (I) Completed 
NCT04439539 (II)Recruiting 

(R. Janssen & Development; 
Janssen Sciences Ireland;  
Janssen Sciences Ireland, 
2020) 

RSV siRNA Nucleocapsid ALN RSV01 (Alnylam/ 
Cubist) 

No carrier 
(naked) 

I NCT01065935 (II) Completed (Chakraborty et al., 2017;  
Gottlieb et al., 2016) 

Ebola Modified 
siRNA 

L-polymerase, 
VP24,VP35 

TKM-100201 (TKM- 
Ebola) (Tekmira 
Pharma) 

LNP IV NCT01518881 (Terminated) (Arbutus Biopharma & United 
States Department of) 

Ebola siRNA L- polymerase, 
VP35 

siEbola-3/TKM- 
130803 

LNP IV PACTR201501000997429 (II) 
Completed 

Dunning et al. (2016) 

Ebola siRNA L -polymerase, 
VP24,VP35 

TKM-100802 (Tekmira 
Pharma) 

LNP IV NCT02041715 (Suspended) (Arbutus Biopharma & United 
States Department of) 

ATTR 2′-OMe TTR Onpattro (Patisiran) 
Alnylam 
Pharmaceuticals 

LNP IV FDA approved (Adams et al., 2018, 2021; 
Obici et al., 2020; Zhang, 
2019); 

PH1 2′-F, 2′-OMe 
PS 

GO ALN –GO1 (Lumasiran) 
Alnylam 
Pharmaceuticals 

GalNAc 
conjugated 

SC FDA approved (Garrelfs et al., 2021; Zhang, 
Bahal, Rasmussen, Manautou 
and Zhong, 2021) 

AHP 2′-F, 2′-OMe 
PS 

ALAS1 GIVLAARI (Givosiran) 
Alnylam 
Pharmaceuticals 

GalNAc 
conjugated 

SC FDA approved (Balwani et al., 2020; Berk 
et al., 2020; Sardh et al., 2019) 

ATTR 2′-OMe, 2′-F TTR ALN TTRsc02 
(Vutrisiran) Alnylam 
Pharmaceuticals 

GalNAc 
conjugated 

SC NCT03759379 (III)Active, 
NRNCT04153149 (III)Recruiting 

( Zhang, Bahal, Rasmussen, 
Manautou and Zhong, 2021) 

FH 2′-OMe, 
2′-F, 2′-O- 
MOE 

PCSK-9 ALN-60212 (Inclisiran) 
Novartis, Alnylam 
Pharmaceuticals 

GalNAc 
conjugated 

SC NCT03399370 (III) 
CompletedNCT03400800 (III) 
CompletedNCT03397121 (III) 
Completed 

(Kosmas et al., 2018; Raal 
et al., 2020; Ray et al., 2020) 

Hemophilia 
A,B 

2′-OMe, 2′-F AT3 ALN-AT3SC (Fitusiran) 
Alnylam 
Pharmaceuticals, 
Genzyme 

GalNAc 
conjugated 

SC NCT02035605 (I)Completed 
NCT03417102 (III) 
CompletedNCT03549871 (III) 
CompletedNCT03754790 (III) 
Recruiting 

( Pasi et al., 2015; Pasi et al., 
2017; Sorensen et al., 2014) 

PH1 2′-OMe, 2′-F LDH DCR-PHXC 
(Nedosiran) Dicerna, 
Alnylam 
Pharmaceuticals 

GalNAc 
conjugated 

SC NCT03392896 (I)Completed 
NCT04042402 (III)EBI 

(Long Term Extension Study in 
Patients With Primary 
Hyperoxaluria) 

Acute kidney 
injury 

2′-OMe p53 QPI-1002(Teprasiran) 
Quark, Novartis 

No carrier 
(naked) 

IV NCT02610283 (II) 
CompletedNCT02610296 (III) 
CompletedNCT03510897 (III) 
Active, NR 

(Zhang et al., 2021;  
NCT02610296;  
NCT03510897) 

NAION 2′-OMe Casp-2 QPI-1007 (Cosdosiran) 
Quark 

No carrier 
(naked) 

IVT NCT01064505 (I)Completed 
NCT02341560 (II,III)Terminated 

(Antoszyk et al., 2013;  
Kupersmith and Miller, 2016;  
Toxicological and 
pharmacokinetic, 2014) 

Dry eyes 
ocular pain 

2′-OMe TRPV 1 SYL1001 (Tivanisiran) 
Sylentis 

No carrier 
(naked) 

Topical NCT03108664 (III)Completed (Benitez-Del-Castillo et al., 
2016; Moreno-Montanes, 
Bleau and Jimenez, 2018) 

Abbreviations: siRNA, small interfering RNA; 2′-OMe,2′-O-methyl; 2′-F, 2′-fluoro; PS, phosphorothioate; LNP, lipid nanoparticle; GalNAc, N-Acetylgalactosamine; IV, 
intravenous; SC, subcutaneous; TTR, transthyretin; GO, glycolate oxidase; ALAS1, 5-aminolevulinate synthase; HBsAg, hepatitis B surface antigen; I, inhalation; ATTR, 
hereditary transthyretin amyloidosis; PH1, primary hyperoxaluria type 1; AHP, acute hepatic porphyria; RSV, respiratory syncytial virus; VP 24, viral protein 24; VP 
35, viral protein 35; 2′-O-MOE, 2′-O-methoxyethyl; FH, familial hypercholesterolemia; PCSK-9, proprotein convertase subtilisin/kexin type 9; AT3; antithrombin III; 
LDH, lactate dehydrogenase; IVT, intravitreal; NAION, non-arteritic anterior ischemic optic neuropathy; Casp-2, caspase − 2; TRPV 1, transient receptor potential 
cation channel subfamily V member 1,Ro,route, NR, not recruiting, EBI, enrolling by invitation. 
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guide strand can suppress off-target effects without influencing the 
silencing of the target mRNA ( Jackson et al., 2006). 

To summarize there are several therapeutic considerations in the 
design of siRNA-based drugs in addition to identifying a target sequence. 
Identifying a conserved target sequence that would function in all 
relevant species to be utilized for safety and efficacy would allow the 
development and evaluation of a single therapeutic candidate from 
discovery to clinical stage. Another major consideration is the uncer-
tainty regarding the in vivo properties of siRNAs that necessitate char-
acterization of several candidate siRNAs that display specific activity, 
stability to nucleases, and lack immunostimulatory activity. 

2.3.2. siRNA-based therapeutic strategies 
Guided by the principles of sequence-specific gene silencing, several 

studies have focused on targeting viral RNA with siRNA-based thera-
peutics. The viruses that have been targeted include respiratory syncy-
tial virus (RSV), HIV-1, Rotavirus, Hepatitis B Virus (HBV), and 
influenza virus (Bitko and Barik, 2001; Dector, Romero, Lopez and 
Arias, 2002; B. J. Li et al., 2005; McCaffrey et al., 2003). The target sites 
have been selected in the conserved genomic region of the virus such as 
the viral polymerase-encoding region from different subtypes for 
developing a broadly effective therapy in which a single siRNA is uti-
lized. This strategy has been utilized against infectious viruses such as 
the Influenza virus (Tompkins, Lo, Tumpey and Epstein, 2004), and 
members belonging to flaviviruses such as Japanese encephalitis virus 
(JEV), West Nile Virus (WNV), and Dengue Virus (DENV) serotype1-4 
(Kumar, Lee, Shankar and Manjunath, 2006; Stein et al., 2011; Sub-
ramanya et al., 2010). 

2.3.2.1. siRNA approved drugs and those in clinical and preclinical stud-
ies. There are currently no approved siRNA-based drugs for infectious 
diseases. However, the clinical studies with siRNA-based therapeutics 
for Chronic hepatitis B (DCR-HBVS and JNJ-3989), RSV (ALN RSV01) 
and, Ebola (siEbola-3/TKM-130803) are advancing (Chakraborty, 
Sharma, Sharma, Doss and Lee, 2017; Dunning et al., 2016; Gottlieb 
et al., 2016)(Table 3). However, there are currently 3 siRNA drugs that 
are approved namely, patisiran, givosiran and lumasiran(Garrelfs et al., 
2021; Scott, 2020; Wood, 2018). Partisiran, branded as ONPATRRO, is 
the first siRNA therapeutic drug to be commercialized(Hoy, 2018). It is 
used for the treatment of a peripheral nerve disease secondary to he-
reditary transthyretin-mediated amyloidosis (hATTR). This is a fatal 
orphan disease caused by mutations in the hepatocyte-derived protein 
transthyretin (TTR), which results in the buildup of amyloid deposits in 
key organs, including the peripheral and central nervous systems, heart, 
kidneys, and gastrointestinal tract(Hund, 2012). This causes debilitating 
symptoms including severe neuropathy, cardiomyopathy, and death 
within 5–15 years of diagnosis(Adams et al., 2015). Patisiran is an siRNA 
molecule that targets a conserved sequence on all variants of TTR 
mRNA, thereby reducing the production of TTR protein in amyloid de-
posits (Hawkins et al., 2015). The drug is made up of two 21-base 
strands, with eleven 2′-OMe modifications present on all pyrimidines 
in the sense strand and two of the uridines in the antisense strand. It is 
packaged in second-generation LNPs. The efficacy and safety of patisiran 
have been determined in numerous clinical trials. However, further 
studies need to be done to determine its long-term safety and efficacy 
profile (Coelho et al., 2013). Additionally, with the development of 
other hATTR treatments, such as inotersen and vutrisiran, use of pati-
siran in the future may be limited. 

Givosiran is the second siRNA drug that has been approved for the 
treatment of adults with acute hepatic porphyria (AHP). AHP is a rare 
genetic disorder where mutations in the heme synthetic pathway result 
in up-regulation of aminolevulinate synthase 1 (ALAS1), the first 
enzyme in this biosynthetic pathway (K. E. Anderson, 2019). Induction 
of ALAS1 results in increased production and accumulation of the 
neurotoxic metabolites aminolevulinic acid (ALA) and porphobilinogen 

(PBG), which cause debilitating and sometimes life-threatening symp-
toms, including severe abdominal pain, vomiting, hypertension, tachy-
cardia, mental status changes, seizures, muscle weakness, and paralysis. 
Givosiran binds to a target sequence on ALAS1 mRNA, resulting in 
decreased ALAS1 synthesis and therefore decreased production of ALA 
and PBG, the mediators of the disease’s symptoms (Agarwal et al., 
2020). Givosiran consists of a 21-base sense strand and a 23-base anti-
sense strand and utilizes Alnylam’s ESC GalNAc technology. It is fully 
modified with 16 nucleotides containing a 2′-F substitution and the 
remaining 2′-OMe substituted nucleotides. Six of its backbone linkages 
distributed at the ends of the strands are PS-modified. Conjugation to 
tri-GalNAc allows for high-uptake into the liver, the major site of ALAS1 
synthesis, through subcutaneous administration. 

Lumasiran is the third siRNA drug that has been approved for the 
treatment of orphan disease primary hyperoxaluria type 1 (PH1), Pri-
mary hyperoxalurias are characterized by deficiencies in hepatic en-
zymes and subsequent accumulation of oxalate, a toxic metabolite. In 
PH1, mutations in the AGT gene that encodes an enzyme that metabo-
lizes glyoxylate to pyruvate and glycine, result in the accumulation of 
glyoxylate. Lumasiran targets the mRNA that translates the hepatic 
enzyme glyoxylate oxidase (GO), which synthesizes glyoxylate. By 
decreasing the expression of GO, lumasiran decreases the production of 
glyoxylate and subsequently decreases oxalate synthesis (Dindo et al., 
2019; Kletzmayr, Ivarsson and Leroux, 2020). Lumasiran is made up of 2 
subunits: one 21-base strand and another 23-base strand. It utilizes 
Alnylam’s ESC-GalNAc platform and is fully modified with 10 2′- F 
substituted nucleotides and the other 34 2′-OMe substituted nucleotides. 
Like other ESC compounds, it has six PS linkages at the strand extrem-
ities. Conjugation to GalNAc allows for specifically efficient hepatic 
uptake through subcutaneous administration. Based on the promising 
results from clinical trials in which lumasiran was assessed, lumasiran 
received both Orphan Drug and Breakthrough Therapy designations. 
Given this status, lumasiran’s November 2020 approval was celebrated, 
but expected. In addition to the three approved siRNA therapeutic drugs, 
there are seven other siRNA drugs (vutrisiran, nedosiran, inclisiran, 
fitusiran, teprasiran, cosdosiran, and tivanisiran) in phase III clinical 
trials. Most of these are for the treatment of genetic and metabolic dis-
eases and are in clinical trials. Some of the reasons for the success of 
siRNA-based therapeutics is the improvement in GalNAc and the 
development of newer strategies for targeting and delivery of siRNAs to 
tissues other than liver. 

2.3.3. MicroRNAs (MiRNAs) 
MicroRNAs are a class of non-coding RNA molecules that play crit-

ical roles in several normal biological processes including development, 
metabolism, differentiation, cell fate determination, and aging. MiRNAs 
were discovered in 1993 in the laboratories of Victor Ambros and Gary 
Ruvkun in studies that discovered that a 22 nucleotide RNA regulated 
the expression of a protein-coding gene (Lee, Feinbaum and Ambros, 
1993; Wightman, Ha and Ruvkun, 1993). There are currently >2000 
miRNAs encoded by the human genome and these miRNAs are esti-
mated to regulate up to 60% of the protein-coding mammalian genes 
(Friedman, Farh, Burge and Bartel, 2009). These evolutionary conserved 
small RNAs function by binding to complementary target RNAs through 
imperfect base-pairing interactions and silence target expression by 
either degradation, deadenylation, or translational inhibition of their 
mRNA targets (Bartel, 2004). MiRNAs have been implicated in 
host-pathogen interactions in the context of several infections and 
several viruses encode miRNAs to regulate both cellular and viral gene 
expression (Drury, O’Connor and Pollard, 2017). Virally encoded miR-
NAs have been implicated in the silencing of host mRNAs during 
infection to inhibit the host immune response or to aid in evasion of 
innate immune response by infected cells (Cullen, 2007; Dorhoi et al., 
2013; Fassan et al., 2016; Li et al., 2016; Maudet et al., 2014; Nachmani, 
Lankry, Wolf and Mandelboim, 2010; Schulte, Eulalio, Mollenkopf, 
Reinhardt and Vogel, 2011; Stern-Ginossar et al., 2007; Wong, Abd-Aziz, 
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Affendi and Poh, 2020; Xiao et al., 2009; X. Zhou, Li and Wu, 2018). 
Hence, targeting these pathogenic viral miRNAs has been considered as 
a viable antiviral therapy, and mimicking these miRNAs could be 
applied for developing immunosuppressive therapies (Stern-Ginossar 
et al., 2007). 

2.3.4. miRNA mimics and anti-miR oligonucleotides (AMOs) 
miRNA-based therapeutics have been grouped into two major classes 

based on their mechanism of action: miRNA mimics and anti-miRs. The 
miRNA mimics are synthetic RNA duplexes that mimic miRNAs and are 
used to restore the level of a miRNA whose level has been lowered 
during disease progression. The chemically synthesized miRNA duplexes 
differ from the natural miRNA duplexes, in that the sense (passenger) 
strand is perfectly complementary to the processed miRNA and is 
chemically modified to enhance stability and decrease toxicity (Lima, 
Cerqueira, Figueiredo, Oliveira and Azevedo, 2018). Viral vectors have 
also been utilized for overexpression of miRNAs that utilizes a vector 
system that integrates into the host and encodes a short hairpin (shRNA) 
driven by RNA Polymerase II (Pol II)(Xia, Zhou and Xu, 2006). These 
shRNA hairpins are processed within the cell upon delivery. 

Anti-miR oligonucleotides (AMOs) and miRNA-Masking Antisense 
oligonucleotides function by suppressing the function of specific miR-
NAs that are overexpressed or mechanistically involved in disease pa-
thology(Lima et al., 2018). miRNA-Masking antisense oligonucleotides 
(miR-Mask/BlockmiR, target protectors, or target site blockers) function 
by binding the mRNA target and blocking access of the miRNA to the 
particular target of interest(Z. Wang, 2011). This technology operates 
without influencing the targeting of other mRNAs by the miRNA. AMOs 
are the most popular therapeutics that are being utilized for correcting 
aberrant expression of miRNAs. These synthetic reverse complementary 
oligonucleotides function by sterically blocking the target miRNA and 
inactivating it by binding tightly to the miRNA. Since miRNAs are 
relatively small RNAs (19–24 base long), the AMOs are designed to 
base-pair with the entire miRNA. For designs where the length of the 
AMO is shorter than that of a miRNA, chemical modifications are 
employed to enhance binding affinity. In these cases, the AMO is 
designed to be complementary to the 5′ end of the mature miRNA that 
harbors the “seed region”. The use of 2′-O-methyl RNAs (2′OMe) has 
been successfully employed in several studies as they offer several ad-
vantages over DNA for use as AMOs(Majlessi, Nelson and Becker, 1998). 
Firstly, the binding affinity for RNA duplexes is significantly higher than 
DNA-RNA duplexes for identical sequences (Freier and Altmann, 1997). 
Secondly, the 2′-OMe modification delays the degradation of the 
oligonucleotide by nucleases(Egli et al., 2005). However, these AMOs 
are still susceptible to exonucleases in serum that degrade nucleic acids 
by cleaving phosphate bonds between the nucleotides. The phosphor-
othioate (PS) modification in the phosphate backbone can decrease the 
susceptibility of 2′OMe AMOs to nucleases(Davis, Lollo, Freier and Esau, 
2006; Krutzfeldt et al., 2005). However, one constraint with the use of 
PS linkages is that the binding affinity of the oligonucleotide is reduced. 
The in vivo delivery of 2′OMe AMOs containing PS linkages is increased 
upon the addition of a cholesterol group at the 3’end (Krutzfeldt et al., 
2007). The addition of other chemical modifications such as LNA and 2′F 
have been successfully utilized for improving the efficacy of AMOs 
(Lennox and Behlke, 2011)(Table 2). Another consideration during the 
design of AMOs is the presence of unmethylated 
deoxycytidine-deoxyguanosine (CpG) motifs that trigger immune re-
sponses by activating toll-like receptor-9 (TLR9) in B lymphocytes and 
dendritic cells (Vollmer, Weeratna, Payette, et al., 2004; Vollmer, 
Weeratna, Jurk, et al., 2004). Since the CG dinucleotide is predomi-
nantly present in the bacterial and viral genome, it is recognized as a 
marker for invading pathogens by the immune system and is usually 
avoided(Vollmer, Weeratna, Payette, et al., 2004). 

2.3.5. miRNA therapeutics in infectious diseases 
The concept that miRNAs can directly target viral transcripts has 

been utilized for the generation of attenuated vaccines by introducing 
miRNA response elements (MREs) into viral vaccine genomes. Upon 
introduction into cells that express the miRNA, the virus is attenuated 
while in cells that do not express the miRNA, it functions as a live vac-
cine. Examples of studies in which this approach has been successfully 
utilized is the introduction of miR-93 MRE into live influenza virus, miR- 
124 MRE in polio, West Nile and Dengue viruses (Drury et al., 2017; 
Perez et al., 2009). Another most well-studied miRNA in the context of 
viral infections is miR-122. miR-122 plays a role in Hepatitis C Virus 
(HCV) replication and an artificial oligonucleotide was tested as an 
anti-HCV drug (Miravirsen)(Lanford et al., 2010). Miravirsen is a locked 
nucleic acid (LNA) that binds and inhibits miR-122 and was under Phase 
II clinical trials and was undergoing assessment for its safety and 
effectiveness in patients. However, it did not successfully pass the clin-
ical trial. One modification of the anti-miR that was shown to signifi-
cantly enhance accumulation in the mouse liver was conjugation with 
N-acetyl galactosamine (GalNAc). GalNAc-anti-miR-122 also known as 
RG-101 showed its tolerability, safety, and antiviral effect for chronic 
Hepatitis C patients in a clinical study (Prakash et al., 2014; van der Ree 
et al., 2017; van der Ree et al., 2014). However, some serious adverse 
events of severe jaundice were declared during the clinical trial and FDA 
put the study on hold. Additional miRNA drugs that were being tested in 
phase I clinical trials include RG-125 (also referred to as AZD4076), an 
antagomir that targets miR-103/miR-107 for treatment of nonalcoholic 
steatohepatitis (NASH; Identifier NCT02612662 and NCT02826525) as 
well as RGLS5040, an anti-miR-27 aiming to reduce cholestatic diseases. 
However, these studies were also suspended. So far, all miRNA-based 
drugs are currently in clinical trials and none have been approved so 
far. Some that have entered clinical trials for the treatment of infectious 
diseases include anti-miRs and antagomiRs for treatment of Hepatitis C, 
ribozymes and shRNA for treatment of HIV, and antisense oligonucle-
otides for the treatment of Hepatitis B and CMV infection(Amado et al., 
2004; Anderson et al., 2007; Feng et al., 2000; van der Ree et al., 2017; 
van der Ree et al., 2014)(Table 2). 

2.3.6. gRNA for CRISPR/Cas9-directed gene editing 
Clusters of regularly interspersed short palindromic repeats 

(CRISPR/CRISPR-associated) system is an RNA-mediated adaptive de-
fense system in bacteria and archaea that protects these organisms from 
invading viruses and plasmids (Jinek et al., 2012)(Fig. 5). These systems 
are composed of a CRISPR array of identical repeats interspersed with 
invader DNA-targeting spacers. The CRISPR/Cas mediated immunity 
occurs via three steps: (i) insertion of the short sequence of the foreign 
DNA as a spacer in CRISPR array; (ii) transcription of the precursor 
cRNA (pre-cRNA) followed by its processing to generate individual 
cRNAs that comprise of a repeat and a spacer; and (iii) recognition of the 
target sequence by cRNAs and cleavage of the foreign nucleic acid by 
Cas DNA nucleases at sites complementary to the cRNA spacer sequence. 
Cleavage of the DNA is followed by DNA repair by one of the two host 
mechanisms, either nonhomologous end-joining (NHEJ) or 
homology-directed repair (HDR). The NHEJ is an error-prone mecha-
nism and results in random insertions or deletions and frameshift mu-
tations that often result in loss of function of the encoded protein. The 
HDR mechanism allows a more precise genetic modification and is uti-
lized for CRISPR-Cas9 gene editing. In this repair mechanism, the 
introduction of a donor repair template with homology to the area of the 
dsDNA break allows more precise edits to be made ( Jiang and Doudna, 
2017). There are three CRISPR-Cas systems (I, II, and III) that recognize 
and cleave nucleic acids by different mechanisms, while the Type I and 
III systems utilize large complexes of Cas proteins for targeting, the Type 
II system requires only a single protein (Cas9) for RNA-guided recog-
nition and cleavage of DNA (Jinek et al., 2012). Another small 
trans-activating RNA (tracrRNA) encoded upstream of the type II 
CRISPR-Cas locus of Streptococcus pyogenes was shown to be required for 
the crRNA maturation and the tracRNA: cRNA duplex was shown to be 
required for CRISPR-Cas9 catalyzed DNA cleavage (Deltcheva et al., 
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2011; Jinek et al., 2012). The discovery and development of CRISPR/-
Cas9 gene editing has disproved the notion that RNAs function down-
stream of DNA by demonstrating that RNAs alter DNA by mediating 
large-genome rearrangements and DNA elimination (Cech and Steitz, 
2014). This sequence-specific RNA programmable technology can be 
repurposed for the creation of genetic mutations and reengineering the 
mammalian genome to interrupt the expression of disease-causing genes 
or pathogenic viruses (Badia, Ballana, Este and Riveira-Munoz, 2017; G. 
Wang, Zhao, Berkhout and Das, 2018). This system has been extremely 
useful for applications involving the generation of a gene knock-out in 
the laboratory due to the feasibility of introducing Cas9 protein and 
sgRNA (engineered dual tracRNA: cRNA) into cells by viral transfection, 

electroporation, and plasmid DNA transfection. However, ex vivo 
manipulation of cells with the re-introduction of edited cells into the 
body is the method being utilized currently for therapeutic applications 
of CRISPR-Cas9 ( Li, Glass, Huang, Chen and Xu, 2020). 

Some considerations in the designing of effective and specific 
sgRNAs involve the use of predictive tools (Cui, Xu, Cheng, Liao and 
Peng, 2018). CRISPR-Cas9 can tolerate mismatches in the RNA-DNA 
duplex, and consequentially the cleavage can occur at off-target sites. 
These off-target sites can be identified through available online pre-
diction tools and genome-wide assays (Cameron et al., 2017; Tsai et al., 
2017). 

Fig. 5. An overview of the functioning of CRISPR-Cas system. The CRISPR-Cas system operates in three stages: (A) adaptation, (B) expression/processing and (C) 
interference. (A) During adaptation the nucleic acid molecules of the pathogen are broken down and a target sequence is inserted as a spacer (flanked by repeats) in 
the CRISPR array. (B) Transcription from the CRISPR locus produces pre-crRNA along with Cas9 protein and tracrRNA. Cas9 protein binds and stabilizes the pre- 
crRNA: tracrRNA complex and recruits RNase III leading to formation of mature crRNA. This is the expression or processing stage. (C) During interference, the crRNA 
binds to the complementary target sequence adjacent to the PAM motif and this results in clevage of the target sequence by Cas9 endonuclease. 
Abbreviations: CRISPR, clustered regularly interspaced short palindromic repeats; PAM, protospacer adjacent motif; tracrRNA, trans-activating CRISPR RNA; crRNA, 
CRISPR RNA; Cas9, CRISPR associated protein 9; Cas1, CRISPR associated protein 1; Cas2, CRISPR associated protein 2; RNase III, ribonuclease III. 
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2.3.7. Applications of CRISPR/Cas systems 
The ability to customize the binding specificity of Cas effectors using 

a short guide RNA has been shown to create new capabilities for 
manipulating DNA or RNA. There are two main types of molecular tools 
based on Cas proteins (Fig. 6), and the first category utilizes the intrinsic 
nuclease activity of each effector and the second exploiting nuclease- 
inactivated Cas proteins (dCas) as RNA-guided nucleic acid binding 
domains to target effector modules to modulate, monitor, or modify 
target DNA or RNA. Since, these tools rely on the specificity of RNA- 
guided recognition, one key area of research has been to assess the 
specificity of Cas effectors and to engineer solutions to enhance the 
specificity. Several recent reviews on CRISPR/Cas have highlighted the 
approaches used(Barrangou and Doudna, 2016; H. Li et al., 2020; F. 
Zhang, 2019). The applications of CRISPR/Cas gene editing cover a 
broad range, and we highlight some of these in Fig. 6. The CRISPR/Cas 
technology can be used to transcriptionally activate or repress gene 
expression(Gilbert et al., 2013). Gene expression can be repressed in cell 
lines by generating fusions of dCas9 with transcriptional repressors such 
as Kruppel-associated box (KRAB). These systems have been combined 
with inducible Cas9 systems for fine-tuning of gene regulatory networks 
(Mandegar et al., 2016). dCas9 can also be used to facilitate transcrip-
tional activation of target genes(Bikard et al., 2013). Additionally, fu-
sions of dCas9 with epigenetic modifiers has been performed to achieve 
targeted histone acetylation, histone demethylation, and DNA methyl-
ation and demethylation(Hilton et al., 2015; Kearns et al., 2015; X. S. Liu 

et al., 2016; Vojta et al., 2016; Xu et al., 2016). This technology has also 
been used for genomic locus and chromosome imaging as well as spatial 
manipulation of genomic organization (Fig. 6). The CRISPR/Cas gene 
editing technology has also been used for RNA imaging, to achieve 
targeted exon skipping, to identify proteins associated with a specific 
genomic locus, for diversification of DNA sequence within a few-100bp 
window. DNA base editing by CRISPR has been applied to disease 
models, highlighting the potential of this technology for therapeutic use. 
This extremely powerful and versatile strategy is rapidly being opti-
mized to increase specificity, efficacy, and precision. 

2.3.8. Preclinical studies utilizing CRISPR-Cas gene editing 
While there are currently no ongoing clinical trials for the treatment 

of infectious disease with CRISPR/Cas9 components, the scenario is 
likely to change soon due to advances being made in the effective de-
livery strategies. We have summarized some of the preclinical studies 
that have utilized CRISPR-based gene editing specifically for infectious 
diseases in Table 4. However, clinical trials to treat non-infectious dis-
eases with CRISPR-based therapies are underway. The first set of clinical 
trials are ex vivo and use SpCas9 for treatment of β-thalassemia and 
sickle cell disease NCT03655678 (2018); NCT03745287 (2018). In 
addition, there are several ongoing studies that are developing Cas9, 
Cas12 and Cas13-based strategies for treatment of genetic disorders and 
cancer. Another in vivo trial, that utilizes delivery by AAV into the retina 
to treat Type 10 Leber congenitalamaurosis (LCA10) that causes 

Fig. 6. Various applications of CRISPR/Cas genome editing technology. CRISPR-Cas genome editing technology can be successfully employed for the following 
applications: (A) Cleavage of the target DNA/RNA sequence. (B) Cas protein fused to a transcriptional activator/repressor for repression or activation of transcription 
at the target site. (C) Epigenetic modifiers coupled with the CRISPR/Cas system can be used to alter epigenetic state of the target sequence. (D) Fluorescent reporters 
tethered to the Cas proteins can be used to visualize/image genomic loci. (E, F) Creation of insertions/deletions or editing of bases in the target sequence is one of the 
most important application of CRISPR-Cas system. (G) CRISPR/Cas system can also be efficiently used to organize genomic loci in different parts of the nucleus. 
Abbreviations: DNMT3A, DNA methyltransferase 3 
A; NHEJ, non-homologous end joining; HDR, homology directed repair; sgRNA, single guide RNA. 
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blindness(NCT03872479, 2019). Preclinical studies have reported the 
use of SaCas9 to correct a splice-site mutation causing LCA10 and shown 
that in human retinal explants, humanized mice, and non-human pri-
mates, editing rates exceed the threshold of 10% thought to be clinically 
relevant for disease amelioration(Maeder et al., 2019). In addition, 
CRISPR-based diagnostic tools have also come to light and some recent 
studies that report development of diagnostic test for detecting 
SARS-CoV-2. SHERLOCK is one of detection technique that allows 
multiplexed, portable and ultrasensitive detection of RNA or DNA from 
clinical samples(Y. Wang, Kang, Liu and Tong, 2020). Additional 
research methods have been developed for diagnostics for SARS-CoV-2. 
In the recent methods, two viral genes that were targeted are the S gene 
and Orf1ab, along with synthetic COVID-19 virus RNA fragments as 
positive-control tests (Berber et al., 2020). 

2.4. Ribozymes 

RNA therapeutics usually take advantage of complementary base- 
pairing interactions or rely on the sequence information residing in 
the linear mRNA. However, therapeutic strategies that make use of the 
ability of RNAs to attain complex three-dimensional conformations with 
a wide range of biological functions such as transcription/translation 
regulation or RNA cleavage are now gaining momentum (Breaker and 

Joyce, 2014). 
Until the 1980s the role of a biological catalyst was solely reserved 

for proteins. Nevertheless, the discovery of an RNA species with protein- 
like catalytic activity later termed as ‘ribozymes’, dispelled this notion. 
The first experimental evidence that RNA owns enzymatic properties 
was given by Thomas Cech (Kruger et al., 1982) and Altman et al.. 
(Guerrier-Takada, Gardiner, Marsh, Pace and Altman, 1983). Since then, 
several different classes of catalytic RNA molecules have been identified 
and characterized. Ribozymes perform cleavage of RNA phosphodiester 
backbone, and to achieve this, ribozymes adopt a three-dimensional 
binding module that is amenable to its recognition by various ligands 
such as metal ions. Given the importance of different classes of ribo-
zymes in cellular functions, such as RNA splicing, RNA processing, and 
replication of genomes, together with their broad-spectrum distribution 
in numerous pathogenic viruses and bacteria, ribozymes serve as an 
interesting ground for the development of therapeutics to treat infec-
tious diseases. 

2.4.1. Key features of ribozymes as a therapeutic tool 
Ribozymes possess several characteristics that make these catalytic 

RNAs suitable to be used as a therapeutic tool and these include: (i) its 
ability to cleave the target RNA in a sequence-specific manner; (ii) A 
ribozyme is an RNA transcript that is functional by itself and thus does 

Table 4 
Preclinical studies with CRISPR-Cas gene editing in infectious diseases.  

Disease Causal organism Target CRISPR-mediated effect Model Reference 

Coronavirus infections SARS-CoV 1, SARS-CoV- 
2 and MERS-CoV 

Multiple host factors Gene disruption Vero-E6 cells Wei et al. (2021) 

COVID 19/Influenza SARS-CoV-2 and 
influenza A virus 

Viral RNA RNA degradation HEK293T, A549 cells Abbott et al. (2020) 

COVID 19 SARS-CoV-2 hACE2 Knock-in Mice S. H. Sun et al. (2020) 
Hepatitis B HBV HBsAg, HBeAg and 

cccDNA 
Cleavage of cccDNA, reduced 
expression of HBsAg/HBeAg 

Huh7,HepG2.2.15, 
HepAD38 cells 

Y. Liu et al. (2018) 

Herpes HSV-1 ICP0 (Capsid 
associated) 

InDel mutations TC620,Vero cells Roehm et al. (2016) 

Hepatitis B HBV Full length 
integrated HBV 
genome 

Complete excision HepG2.A64 cells H. Li et al. (2017) 

Hepatitis B HBV HBV cccDNA and 
host PD-1 

InDel mutations HepG2.2.15 cells/mice Zhen et al. (2021) 

Progressive multifocal 
leukoencephalopathy 

JCV T-antigen(viral 
replication 
associated) 

InDel mutations TC620,SVG-A,HJC-2,BsB8 
cells 

Wollebo et al. (2015) 

Mononucleosis EBV EBNA1(viral 
replication 
associated) 

Removal of EBV episomes Akata-Bx1 cells van Diemen et al. (2016) 

Reproductive tract infections HPV E6, E7 InDel mutations HeLa,293T,SiHa cells Kennedy et al. (2014) 
Poxvirus infections Orthopoxviruses A17L, E3L, and I2L Double stranded breaks HEK293 cells Siegrist, Kinahan, 

Settecerri, Greene, & 
Santarpia (2020) 

AIDS HIV-1 Complete provirus Complete excision U1,TZM-bI cells Hu et al. (2014) 
AIDS HIV-1 Complete provirus Complete excision Humanized mice C. Yin et al. (2017) 
AIDS HIV-1 Complete provirus Complete excision Humanized mice Bella et al. (2018) 
AIDS HIV-1 HIV-1 LTR and Gag 

gene 
Excision of a portion of viral 
genome 

Mouse embryonic 
fibroblasts/mice 

Kaminski et al. (2016) 

AIDS HIV-1 CXCR4(host protein) InDel mutations HEK293T,Ghost-CXCR4 
(X4), Jurkat T,CD4+ T cells 

Hou et al. (2015) 

AIDS HIV-1 Viral RNA RNA degradation HEK293T, HEK293 cells L. Yin et al. (2020) 
AIDS HIV-1 Complete provirus/ 

HIV-1 LTR 
Excision/InDel mutations 293 T, HeLa, Jurkat cells Ebina, Misawa, Kanemura, 

& Koyanagi (2013) 
AIDS HIV-1 Complete provirus Excision/InDel mutations HEK 293A, 293T,Sup-T1,J- 

Lat, H1 hPSC, CD4+ T cells 
Liao et al. (2015) 

Osteomyelitis and soft tissue 
infection 

Staphylococcus aureus Bacterial cells Lysis by CRISPR-Cas9 
modified bacteriophages 

S. aureus biofilm/mice Cobb et al. (2019) 

Clostridioides difficile 
infection(CDI) 

Clostridioides difficile Bacterial cells Lysis by CRISPR-Cas9 
modified bacteriophages 

Clostridioides difficile 
culture/mice 

Selle et al. (2020) 

Abbreviations: AIDS, acquired immunodeficiency syndrome; HIV-1, human immunodeficiency virus − 1; LTR, long terminal repeat; Gag (HIV structural protein); 
CXCR4, C-X-C chemokine receptor type 4; InDel, insertion–deletion mutations; HSV-1, herpes simplex virus-1; ICP0, infected Cell Polypeptide 0; HBV, hepatitis B virus; 
HBsAg, hepatitis B surface antigen; HBeAg, hepatitis B e-antigen; cccDNA, covalently closed circular DNA; PD-1, programmed cell death protein 1; JCV, john Cun-
ningham Virus; EBV, epstein barr virus; EBNA1, epstein-Barr nuclear antigen 1; HPV, human papillomavirus; E6/E7(HPV oncoproteins); SARS- CoV, severe acute 
respiratory syndrome coronavirus; MERS-CoV, middle east respiratory syndrome coronavirus; hACE2, human angiotensin-I converting enzyme 2. 
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not require any additional translation process; (iii) Ribozymes can be 
transcribed from small transcriptional units, hence, incorporating mul-
tiple ribozymes targeting different genomic regions within a single 
expression system is feasible; (iv) the catalytic activity of a ribozyme is 
governed by the conformational changes in its secondary structure, 
hence, the function of ribozymes can be easily manipulated at the 
sequence level; (v) the chances of off-target effects are less with ribo-
zymes as the target must have the correct sequence at the correct posi-
tion which is very crucial for the formation of the active cleavage site; 
(vi) ribozymes are not consumed during cleavage reaction; hence, even a 
single molecule of ribozyme can inactivate a large number of target 
molecules. Considering all these features, the use of ribozymes in a 
therapeutic set up would be favorable to develop systems that target 
virus or disease-related genes (Fig. 7). To this goal, several therapeutic 
tools based on ribozymes have been developed to cure diseases ranging 
from genetic aberrations to infectious diseases (Asha et al., 2018; W. Li 
et al., 2018). 

2.4.2. Design of ribozymes against pathogenic mRNA 
The most prevalent ribozyme therapies are derived from “hammer-

head” (HH), “hepatitis delta virus” (HDV), or “hairpin” (HP) ribozymes 
given their simple, efficient, and well-characterized catalytic mecha-
nism (Bagheri and Kashani-Sabet, 2004). The use of a ribozyme as a 
therapeutic tool to knock down the expression of the target virulence 
gene involves three key steps: (i) selection of the target gene and iden-
tification of the highly conserved ribozyme target sites in the mRNA of 
the target gene; (ii) design and construction of a library of engineered 
ribozymes with clinical potential; and (iii) in vitro and in vivo screening 
of the anti-infective activity of these ribozymes against the targeted 
pathogens. 

2.4.3. Ribozyme-based antiviral therapeutics 
To develop an anti-HIV therapeutic tool, Nazari et al. designed a 

multimeric hammerhead ribozyme RZ1-7. The RZ1-7 targeted and 
downregulated the expression of the human chemokine receptor CCR5 
mRNA that has been shown to be recognized by HIV-1 as a co-receptor 
and is crucial for the entry of the virus to further infect the healthy cells 

(Nazari, Ma and Joshi, 2008). The ribozyme-mediated downregulation 
of CCR5 mRNA showed the complete inhibition of the entry of R5-tropic 
HIV-1 into the healthy cells. In another effort of targeting HIV-1, a 
therapeutic vector (OZ1) expressing a hammerhead ribozyme was 
designed against overlapping reading frames of the viral genes vpr and 
tat in unspliced and spliced viral transcripts, respectively. This 
vpr/tat-specific anti-HIV ribozyme was found to inhibit the viral repli-
cation of laboratory and clinical isolates of HIV-1 in vitro and also 
reached a phase 2 clinical trial (Mitsuyasu et al., 2009). In another study, 
Feng et al. developed an anti-HIV-1 hairpin ribozyme against the CCR5 
mRNA. The stable introduction of the hairpin ribozyme into PM1 cells 
effectively reduced the cellular as well as surface CCR5 levels, thus 
protecting the cells from infection (Feng et al., 2000). Another study 
reported engineering of the mature hematopoietic progenitor cells 
(HPC) of the HIV-positive individuals via introduction of anti-HIV-1 
ribozyme-based gene therapeutics targeted against tat and vpr genes. 
Since the HPCs differentiate into multiple lineages of cells including 
CD4+ T cells, the genetically modified CD4+ T cells were protected from 
producing functional HIV-1 virus (Amado et al., 2004). 

Certain nucleic acid-based gene silencing technologies such as RNA 
interference (RNAi) and ribozymes have shown therapeutic potential for 
treating influenza infections. Motard et al. targeted the nucleic acid 
regions that are highly conserved among the various influenza A pop-
ulations. A specific on/off adapter (SOFA) module was added to HDV 
ribozyme to increase the accuracy and to reduce the off-target effects. 
These engineered SOFA-HDV-Ribozymes were able to recognize the 
conserved regions and cleave the corresponding viral mRNA target. This 
study demonstrated the potential of using SOFA-HDV-Ribozyme’s novel 
strategy to develop antiviral therapies against genetically variable vi-
ruses (Motard et al., 2011). 

In another study, Kruger et al. used a combination of a hairpin 
ribozyme and a siRNA to target the highly conserved 5′ and 3′-UTRs 
present in the hepatitis C virus to inhibit its replication and protein 
translation. Notably, an additive HCV inhibitory effect was observed for 
the combination of tRNAVal-driven hairpin ribozyme and U6-derived 
siRNAs both directed against highly conserved 5′- and 3′-UTR 
sequence(Jarczak, Korf, Beger, Manns and Kruger, 2005). Fraser et al. 

Fig. 7. An overview of Ribozyme-mediated cleavage of target mRNA for therapeutic applications.  
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used trans-splicing group I introns to develop a series of anti-HCV 
ribozymes that targeted conserved sites within the HCV IRES. The 
effectiveness of the two anti-viral group I introns I19 and I20, to target 
the highly conserved U329 of the domain IIIf and U343 of the domain IV 
respectively in the IRES was investigated. To further increase the intron 
splicing efficacy these introns were modified from the original intron 
sequence to include an extended complementary External Guide 
Sequence (EGS), Internal Guide Sequence (IGS), and a P10 helix. It was 
observed that each of these introns correctly spliced their 3′ apoptotic 
exons onto the virus RNA genome at the targeted Uracil and resulted in 
greater than 80% suppression of viral replication (Nawtaisong, Fraser, 
Carter and Fraser, 2015). Though studies have shown ribozymes to be 
effective against viral infections none of these have been developed into 
a promising therapeutic application (Table 5). So, the potential of 
ribozymes as potential therapeutic molecules is yet to be fully explored. 

2.5. RNA aptamers 

RNA aptamers are short single-stranded oligonucleotides that adopt 
complex tertiary structures that mediate interactions with other mole-
cules. These molecules form stable three-dimensional conformations to 
bind the molecular target. In addition, aptamers have been described to 
possess numerous secondary motifs such as the hairpin, pseudoknot or 
the G-quadruplex (Huang et al., 2003; Mashima, Matsugami, Nishikawa, 
Nishikawa and Katahira, 2009) (Fig. 8). An interesting aspect of aptamer 
discovery was, that the first RNA aptamer was engineered artificially 
even before its discovery as a natural component of certain metabolites 
sensing RNA domains. The concept that nucleic acids could function as 
ligands and regulate the activity of target proteins was the result of 
research performed mainly on viruses. In the 1990s, two 
ground-breaking studies demonstrated that nucleic acid ligands could be 
isolated virtually against any protein or a molecule (Ellington and 
Szostak, 1990; Gold, Singer, He and Brody, 1997). Since their discovery, 
aptamers have been generated and isolated against a wide variety of 
target molecules such as amino acids, antibiotics, enzymes, and even 
whole cells. 

The specificity and high affinity of an aptamer against its target 
molecule are uniquely determined by three-dimensional structural ar-
rangements that it acquires to precisely fit the molecule. Due to this 
property, aptamers are also referred to as ‘chemical antibodies.’ How-
ever, unlike antibodies, they can be tailored to bind a wide range of 
pathogenic proteins. Also, being synthetic, aptamers are less expensive 
to manufacture and modify in completely in vitro conditions as 
compared to antibodies. Given the numerous unique attributes of 
aptamers, the number of aptamer-based therapeutics entering the clin-
ical stage is increasing. For instance, the first ever FDA-approved RNA- 
based therapeutic: ‘Macugen’ is also an RNA aptamer and several others 
are also being tested in clinical trials (Nimjee, White, Becker and Sul-
lenger, 2017). 

2.5.1. Generation of therapeutic aptamers 
The RNA aptamers are usually generated by an in vitro selection 

process known as Systematic Evolution of Ligands by EXponential 

enrichment (SELEX) (Ellington and Szostak, 1990; Gold et al., 1997). 
(Fig. 9). In the following sections, we highlight studies where RNA 
aptamers have been utilized as therapeutic tools for the treatment of 
infectious diseases. 

2.5.2. RNA aptamers in antiviral therapy 
RNA aptamers have been used to disrupt the protein-protein or 

protein-nucleic acid interactions in viruses by blocking either of the two 
binding partners. In the past decades, several attempts have been made 
in this direction to develop effective RNA aptamers-based antiviral 
therapy (Wandtke, Wozniak and Kopinski, 2015). HIV-1 associated 
clinical complications pose a major threat while combating this infec-
tion and HIV-1 associated cardiomyopathy (HIVCM) is one of them. The 
interaction of gp120 with a chemokine receptor CXCR4 is believed to 
exert cardiotoxic effects in a caspase-dependent manner. Hence, to 
disrupt this interaction, Lopes et al. developed a synthetic gp120 binding 
RNA aptamers ‘UCLA1’. The results showed significant inhibition of 
HIV-1 induced apoptosis of cardiomyocytes (Lopes de Campos et al., 
2014). The role of CycT1 in HIV transcription has already been estab-
lished hence; a CycT1 binding RNA aptamer was generated using the 
SELEX technique. The results showed that the CycT1-binding aptamer, 
interferes with the binding of cyclin-dependent kinase 9 (Cdk9) to 
CycT1, consequently preventing the formation of positive transcription 
elongation factor leading to the inhibition of HIV transcription (Um, 
Kim, Lee and Kim, 2012). In another novel approach by London et al. the 
whole HIV-1CAP45 enveloped pseudotyped virus was subjected to SELEX 
method to probe and target the surface molecules that aid the entry of 
the virus into the host cells and thus infection. As a result, aptamers that 
could effectively bind to gp120, gp41, and several other surface mole-
cules required by the virus for its virulence were successfully isolated. 
The selected aptamers were found to exhibit anti-HIV activity with IC50 
values in the range of 0.1–50 nM (London, Mayosi and Khati, 2015). 
Inhibition of reverse transcriptase (RT); an enzyme used by viruses to 
copy the RNA genome into the double-stranded DNA before its inte-
gration into the host genome, is yet another widely used strategy to 
inhibit HIV progression. However, the drug-resistant viral strains have 
put major constraints while using RT as a potential drug target. Taking 
this into consideration, RNA aptamers that could bind to RT and hence, 
compete with nucleic acid templates for access to RT were developed. 
These RNA aptamers were found to inhibit enzymatic activity of RT in 
vitro and also showed reduced viral replication when expressed in 
human cells (Whatley et al., 2013). 

Human papillomavirus (HPV) infection caused by HPV type 16 has 
been reported to be associated with ~50% of cervical tumors world-
wide. The very first step towards the HPV infection is the binding of the 
viral capsid protein to the heparin sulfate (HS), present on the cell 
surface of human keratinocytes. Thus, a strategy to effectively hamper 
this interaction was tested in a study that reported the use of a high- 
affinity RNA aptamer ‘Sc5c3’ that specifically interacts with HPV16 L1 
virus-like particles (VLPs) and resulted in inhibition of HPV infection in 
a pseudovirus model (PsVs) (Valencia-Resendiz et al., 2018). 

Dengue virus (DENV) encodes a positive, single-stranded RNA 
genome, with a type-I cap structure at the 5’ end (m7GpppAm). 

Table 5 
Preclinical studies with Ribozymes in infectious diseases.  

Disease Causal organism Target Ribozyme-mediated effect Model Reference 

AIDS HIV Chemokine receptor CCR5 
mRNA 

Inhibition of the entry of R5-tropic HIV- 
1 

PM1 cells Nazari et al. (2008). 

AIDS HIV vpr and tat reading frames Replication inhibition CD4+ T cells or CD34+ HSCs Mitsuyasu et al. (2009) 
Influenza Influenza A virus Conserved influenza sequences Replication inhibition HEK-293 cell line Motard et al. (2011). 
Hepatitis C HCV HCV 5′ NCR Translation inhibition HepG2 cells HeLa cells Gonzalez-Carmona et al. (2006) 
Hepatitis C HCV HCV 5′- and 3′-UTR HCV replicons Huh-7 cells Jarczak et al. (2005) 
Hepatitis C HCV HCV IRES trans-splicing reaction Huh7.5 cells Nawtaisong et al. (2015) 

Abbreviations: AIDS, acquired immunodeficiency syndrome; HIV, Human immunodeficiency virus; CCR5, C-C chemokine receptor type 5; tat, trans activator of 
transcription; vpr, viral protein R; HCV, Hepatitis C Virus; IRES, Internal ribosome entry site; NCR, Non coding region. 

M. Pandey et al.                                                                                                                                                                                                                                



Molecular Aspects of Medicine xxx (xxxx) xxx

18

Methyltransferase (MTase) enzyme is a critical enzyme involved in the 
process of this cap formation. An RNase resistant RNA aptamer devel-
oped against MTase inhibited the methylation activity of the enzyme 
and further suggested that this approach can be used to develop effective 
anti-DENV therapy (Jung, Han and Lee, 2018). Capsid (C) protein plays 
an important role as a structural component of the virus. In DENV, the 
capsid (C) is known to interact with the host nucleoprotein (NCL), which 
is crucial for viral replication. A NCL-binding RNA aptamer was devel-
oped to disrupt the NCL-C interaction and also showed a significant 
reduction in the virus titer in the treated cells (Balinsky et al., 2013). 

2.5.3. RNA aptamers as diagnostic tools 
Aptamers have also been shown to function as promising candidates 

for the development of robust, sensitive, and economical detection tools. 

One example is the diamond-FET-based RNA aptamer for detection of 
the HIV-1 Tat protein (Rahim Ruslinda, Tanabe, Ibori, Wang and 
Kawarada, 2013). In this detection system, the RNA aptamers were used 
as a sensing element on a diamond-field-effect-transistor to study the 
changes in surface charge density of HIV-1 Tat protein. In another study, 
a single-molecule detection approach was reported wherein a protein 
biomarker of HIV-1 virus; the nucleocapsid protein 7 (NCp7) was 
detected using synthetic nanopore and resistive-pulse technique 
(Niedzwiecki, Iyer, Borer and Movileanu, 2013). The specific interaction 
of NCp7 binding RNA aptamers and the NCp7 was the key mechanism 
for the detection mode. Another work by Roh et al. reported the 
development of an octet interferometry-based detection assay for the 
detection of HCV NS5B protein (Roh, Kim and Jo, 2011). Also, another 
study by Jun et al. reported the development of multilayered 

Fig. 8. Different types of RNA aptamer structures. (A) Single-stranded RNA represents the primary structure of RNA aptamer consisting of a chain of nucleotides. 
(B) Hairpin represents the secondary structure of RNA aptamer which forms when two regions of the same strands base-pair to form a double helix ending with an 
unpaired loop. (C) Pseudoknot represents the tertiary structure of RNA aptamer in which two helical segments are connected by the single-stranded regions or loops 
of the same molecule. (D) G-quadruplex represents another extensive tertiary structure of the RNA aptamer in which the RNA containing G tracts, form quadruplex 
structures via non-Watson-Crick base pairing. 

Fig. 9. A diagrammatic representation of the general scheme of SELEX method. A typical SELEX consists of iterative cycles which include three steps: (i) in the 
first step, a library of in vitro synthesized RNA molecules of 10–60 nucleotide length (1015 random sequences) is incubated with the target molecule for a specific time 
duration; (ii) second step involves the recovery of target-bound aptamers from the unbound aptamers; (iii) and finally the amplification of the target-bound aptamers 
by RT-PCR. 
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fluorescence optically encoded beads for protein detection (Jun et al., 
2010). In this detection method, an RNA aptamer against HCV helicases 
was introduced to the optically encoded beads which upon specific 
interaction with the target protein were identified by the specific color 
codes. 

2.6. Riboswitches 

Riboswitches are naturally occurring regulatory RNAs capable of 
binding small molecules, a capability that was believed to be possessed 
only by proteins or the artificially generated RNA aptamers (Garst, 
Edwards and Batey, 2011). However, the discovery of ribozyme by 
Thomas Cech in 1982 and the development of artificial RNA aptamers 
by Gold and Szostak in the 1990s, paved the way towards the discovery 
of riboswitches. Riboswitches are RNA elements that are capable of 
binding to cellular metabolites and in turn control the expression of the 
genes involved in maintaining the intracellular homeostasis of the 
metabolite being sensed (Mironov et al., 2002). To date, more than 40 
different classes of riboswitches have been identified and characterized 
(Barrick and Breaker, 2007). Additionally, several comparative 
sequence analyses have helped researchers to reveal new classes of 
riboswitches whose ligands were not identified and were collectively 
termed as ‘orphan riboswitches’ (Sherlock and Breaker, 2020). Struc-
turally a typical riboswitch is composed of two domains: (i) the highly 
conserved aptamer or sensor domain, which is responsible for sensing 
diverse ligands via an array of secondary and tertiary scaffolds and, (ii) 
the expression platform or the regulatory domain usually located 
immediately downstream of the aptamer domain, which undergoes 
pervasive structural rearrangements in response to the ligand-binding 
and thus controls the gene expression (Roth and Breaker, 2009). To 
function accurately, a riboswitch must recognize its cognate ligand in a 
specific manner that is unique and selective for the ligand, for this 
reason, riboswitches exhibit a huge diversity of structures (Mandal et al., 
2004). Most often riboswitches control the genes involved in the 
biosynthesis, metabolism, and transport of the metabolite being sensed. 
Riboswitches act as natural switches that can turn ‘ON’ and ‘OFF’ the 
gene expression in a manner governed by the ligand binding and the 
downstream gene being regulated (Fig. 10). 

The widespread increase in bacterial resistance to many conven-
tional antibiotics has become a worldwide health concern, with 

infectious diseases being the second leading cause of death globally 
(Reygaert, 2018). Most of the currently available antibiotics are losing 
their foothold as an effective means for treating infectious diseases. This 
emergence of antimicrobial resistance (AMR) has brought attention to 
the need for new validated molecular targets that have not been 
explored yet. In this account, the metabolite-binding riboswitches 
represent a novel and promising solution. The ability of the riboswitches 
to precisely discriminate between different cognate molecules as well as 
their common existence in several pathogenic bacteria, controlling 
genes essential for their survival and virulence makes them a promising 
target for antibacterial drug therapy. 

3. Chemical modifications to improve the efficacy of RNA-based 
biopharmaceuticals 

The negatively charged phosphate backbone and high molecular 
weight of RNA impedes the intake of RNA into cells (Kaczmarek, 
Kowalski and Anderson, 2017). Unmodified single-stranded RNAs are 
highly immunogenic and susceptible to cellular nucleases. RNA mole-
cules utilize multiple signaling pathways to enhance the synthesis of 
proinflammatory cytokines and type I interferons (Brisse and Ly, 2019; 
Freund, Eigenbrod, Helm and Dalpke, 2019; Kariko, Ni, Capodici, 
Lamphier and Weissman, 2004). Hence, chemical modifications of 
nucleoside base, sugar group (ribose), phosphate backbone, and RNA 
termini of RNAs have been employed to reduce its immunogenicity and 
increase its stability (Selvam, Mutisya, Prakash, Ranganna and Thila-
gavathi, 2017)(Table 6)(Fig. 11). Some of the modifications at the 2′-O 
position of the ribose group that has been demonstrated to increase the 
stability of siRNAs in serum include 2′-OMe, 2′-F, and 2′-O-methox-
yethyl (Selvam et al., 2017). These modifications increase thermal sta-
bility by allowing a more energetically favorable conformation to be 
adopted by the oligonucleotide(S. Shukla, Sumaria, & Pradeepkumar, 
2010). Functional phosphate modifications in which one or more non-
bridging phosphate oxygen atoms are replaced with either sulfur 
(phosphorothioates) or borane (Boron-modified phosphorus) and 
phosphorodithioate linkages have been reported to confer resistance to 
nucleases (Selvam et al., 2017; Yang et al., 2012). Effective modification 
strategies for protecting the RNA termini from nucleases include the 
addition of palmitic acid, covalent attachment of aromatic residues, 
locked nucleic acids (LNA), cholesterol, and inclusion of inverted 

Fig. 10. Mechanism of Riboswitch regulation. A. Inhibition of translation initiation; in the absence of ligand, the riboswitch adopts the ON state in which the 
ribosome binding site (RBS) is accessible and translation initiation is allowed. Upon binding of the specific ligand, the riboswitch adopts the OFF state in which the 
RBS is sequestered, and translation initiation is prevented causing gene repression. B. Termination of transcription: In the absence of ligand, the riboswitch folds into 
the ON state to allow the RNA polymerase to perform transcription elongation and gene expression ensues. Whereas upon ligand binding, the riboswitch folds into 
the OFF state, thus promoting premature transcription termination and gene repression. Abbreviation: ORF, open reading frame. 
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thymidine residues at the 3’end (Elmen et al., 2005; Kubo et al., 2011; 
Kubo et al., 2012; Selvam et al., 2017; Soutschek et al., 2004). Though 
these modifications enhance the stability of a siRNA, they also reduce 
the efficacy of gene silencing. Conjugation with aromatic compounds 
has been shown to improve the gene silencing activity of siRNAs(Kubo 
et al., 2012)(Table 3). 

4. Delivery of RNA-based biopharmaceuticals 

The delivery approaches of RNA-based therapeutics have been 
another significant challenge in harnessing the versatility of these bio-
logical macromolecules as drugs. While chemical modifications of RNAs 
can significantly increase stability and decrease immunogenicity, they 
encounter additional difficulties pertaining to passage through mem-
branes and escaping endosomes and phagocytic clearance by mono-
nuclear phagocyte system (MPS)(Tatiparti, Sau, Kashaw and Iyer, 
2017). The small size of unmodified siRNAs results in an increased 
clearance of these molecules by the kidney which can be circumvented 
by introducing PS modifications that increase binding to plasma pro-
teins, thus leading to a longer serum half-life (S. T. Crooke, Vickers and 
Liang, 2020). Non-targeted systemic delivery of naked siRNA via 
intravenous injection causes the drug to accumulate in organs such as 
the kidney, liver, spleen, and lymph nodes and this route is utilized if 
these organs are the intended site of action for the drug (Burnett and 
Rossi, 2012). However, the lack of specific targeting increases the 
chances of off-target effects and much higher doses are required due to 
increased clearance rate. Hence, local administration is the preferred 
delivery route for unmodified siRNA to eye, brain, and tumor tissues 
(Pan, Ni, He, Gao and Duan, 2015). For vaccination purposes, delivery of 
unmodified mRNA is considered a viable option as dendritic cells can 
utilize a process called micropinocytosis to internalize naked mRNA 
(Diken et al., 2011)(Fig. 12A). 

Here we describe some of the delivery strategies that are being 
developed and utilized for cell- and tissue-specific delivery of RNA- 
based drugs (Table 7). 

4.1. Lipid nanoparticles 

Lipid nanoparticles (LNPs) have been used extensively for the de-
livery of large RNA molecules, siRNAs and saRNAs (Fig. 12E). Owing to 
the large size they can encapsulate large amounts of RNA and protect it 
from degradation and renal clearance. However, these internalized 
vesicles are prone to degradation by the cellular endosomal machinery. 
To overcome the endosomal clearance synthetic cationic lipids such as 
1,2-dioleoyl-3-timethylammonium-propane (DOTAP) are incorporated 
in the LNPs to facilitate the release of the drug. The anionic lipids within 
the cell neutralize these lipids and aid in the release of the RNA cargo. 
Other modifications of the LNPs or liposomes that have been utilized to 
increase efficacy and specificity include the incorporation of surface- 
attached antibodies to facilitate targeted delivery (Peer, Park, Mor-
ishita, Carman and Shimaoka, 2008)(Fig. 12D). The addition of 
PEG-Lipid conjugates to liposomes enhances plasma concentration, cell 
internalization, and the release of the RNA drug (Morrissey et al., 2005; 
Sonoke et al., 2008)(Fig. 12B). 

4.2. Nanoemulsions 

Cationic nanoemulsions (CNEs) are water-in-oil emulsions that have 
a well-defined safety profile in humans(Brito et al., 2014)(Fig. 12E). This 
emulsion is similar to an adjuvant that contains squalene, sorbitan tri-
oleate, polysorbate 80 and DOTAP. Comparative analysis of CNEs with 
other delivery vehicles such as DOTAP polymeric nanoparticles, DOTAP 
liposomes and DDA liposomes has shown that CNE induces the highest 
level of antibodies(Anderluzzi et al., 2020). Overall, CNEs have been 

Table 6 
Chemical modifications to enhance therapeutic properties of native RNAs.  

Name Moiety/ 
region 
modified 

Type of 
therapeutic 

Mechanistic basis Attributes References 

2′-O-Methyl (2′-O-Me) Sugar siRNA, ASO, 
AMO 

Steric hindrance Increased stability, protects against 
endonuclease degradation, higher binding 
affinity, reduced immune stimulation 

(Czauderna et al., 2003; Davis et al., 
2006; Hutvagner, Simard, Mello and 
Zamore, 2004) 

Locked nucleic acid (LNA) Sugar siRNA, 
ASO, 
AMO 

Steric hindrance, 
RNase H1 
cleavage 

Increased thermal stability, higher binding 
affinity, improved cellular uptake, improved 
potency and specificity 

(Braasch and Corey, 2001; Hagedorn 
et al., 2018; Kurreck, Wyszko, Gillen 
and Erdmann, 2002; Obad et al., 
2011) 

Unlocked nucleic acid 
(UNA) 

Sugar AMO Steric hindrance Increased conformational flexibility, mismatch 
discrimination within miRNA families 

Robertson et al. (2017) 

2′-O-methoxyethyl (2′-O- 
MOE) 

Sugar siRNA, 
ASO 

Steric hindrance Increased stability, higher binding affinity, 
reduced immune stimulation, reduced sequence 
dependent off-target effects 

(Davis et al., 2006; Esau et al., 2006;  
Freier and Altmann, 1997; Hutvagner 
et al., 2004) 

2′-Fluoro (2′-F) Sugar siRNA, ASO Steric hindrance Higher binding affinity, protects against 
endonuclease degradation 

(Davis et al., 2009; Freier and 
Altmann, 1997) 

Phosphate (PO) Sugar AMO Natural backbone Low-toxicity, inexpensive Zamecnik & Stephenson (1978) 
Phosphorothioate (PS), 

Phosphorodithioates, 
Boranophosphate 

Phosphate siRNA, ASO RNase H1 
cleavage 

Increased stability, protects against exonuclease 
degradation, reduced renal clearance, increased 
cellular uptake 

(Davis et al., 2006; C. A. Stein and 
Cheng, 1993) 

PACE/thio-PACE Phosphate AMO RNase H1 
cleavage 

Increased stability, protects against nucleases, 
efficient cellular uptake and improved potency 

(Sheehan et al., 2003; Threlfall, 
Torres, Krivenko, Gait and Caruthers, 
2012) 

Phosphorodiamidate 
morpholino (PMO) 

Sugar- 
phosphate 

ASO Steric hindrance Improved solubility, higher binding affinity, 
increased thermal stability, uncharged-so easy 
to conjugate with other molecules, increased 
stability 

Kloosterman, Lagendijk, Ketting, 
Moulton, & Plasterk (2007) 

Peptide nucleic acid (PNA) Sugar- 
phosphate 

ASO Steric hindrance Increased stability, higher binding affinity, 
reduced immune stimulation 

(Fabani and Gait, 2008; Lundin et al., 
2008; Pellestor and Paulasova, 2004) 

5’methylcytosine Nucleobase ASO RNase H1 
cleavage 

Higher binding affinity, no immune stimulation Krieg (2012) 

G clamp Nucleobase ASO Steric hindrance Higher binding affinity (Chenna et al., 2008; Rapireddy, Bahal 
and Ly, 2011) 

Abbreviations: ASO, antisense oligonucleotide; siRNA, small interfering RNA; AMO, anti-miR oligonucleotide; miRNA, microRNA; PACE, phosphonoacetate. 
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shown to serve as highly potent and versatile delivery vehicles for 
saRNAs against a number of pathogens, including influenza, rabies and 
Group A and B Streptococci (Anderluzzi et al., 2020; Brazzoli et al., 2016; 
Maruggi et al., 2017). 

4.3. Polymers 

Positively charged synthetic polymers that are compatible with 
various targeting moieties have been utilized for the delivery of RNA- 
based drug nanoparticles (Dammes and Peer, 2020b)(Fig. 12F). These 
polymers maybe linear, branched, or radially symmetrical in the case of 
dendrimers. Polyethyleneimine (PEI) is a non-degradable polymer that 
has been utilized for the delivery of siRNAs and self-amplifying mRNAs 
(W. Shen et al., 2016; Vogel et al., 2018). Like liposomes, this delivery 
system utilizes different mechanisms for releasing the drug from the 
polymer once the nanoparticle is internalized. One mechanism to release 
the bound drug involves cleavage of disulfide linkages in the polymer 
upon exposure to the “reducing” environment of the cytoplasm (S. H. 
Kim, Jeong, Kim, Kim and Bull, 2009). Dendrimers possess several at-
tributes (such as chemical diversity, polyvalency, stability, low cyto-
toxicity, solubility, self-assembling ability, biocompatibility, and ability 
to provide target specificity via the addition of surface ligand) that have 
been utilized for delivery of RNA drugs. These polymers have been 
successfully used for the targeted delivery of a saRNA and siRNA to 

silence Hsp27 in vivo (Dong et al., 2018). 

4.4. Viral vectors 

Viral vectors have been utilized for the delivery of RNA drugs for a 
long time (Fig. 12H). Adenoviral-associated virus (AAV) vectors encode 
a single-stranded RNA genome, which allows the packaging of up to 4 kb 
inserts. These vectors provide long term transgene expression through 
chromosome integration and are not pathogenic or toxic (Samulski and 
Muzyczka, 2014). Lentiviral vectors can infect both dividing and 
non-dividing cells and can accommodate up to 8 kb of a foreign insert 
and are routinely utilized for long term expression (Kay, Glorioso and 
Naldini, 2001). One drawback of using integrating viral vectors is the 
risk of off-target effects due to integration in coding or regulatory re-
gions of the genome. 

4.5. Aptamers 

Aptamers have been successfully utilized for the targeted delivery of 
RNAs (Fig. 12D). The aptamer RNA molecules are comparable to anti-
bodies with regards to the specificity and binding affinity but are 
smaller, easier to generate, and are highly stable. Combining aptamers 
with either siRNA or CRISPR technology has been demonstrated to 
result in cell-type- specific delivery (Zhen, Takahashi, Narita, Yang and 

Fig. 11. Chemical modifications to improve the therapeutic properties of RNA molecules. Many chemical modifications can be incorporated in the sugar 
moieties, phosphate groups, sugar phosphate backbone and nucleobases of the RNA molecules to increase their therapeutic efficiency. 
Abbreviations: 2′-OMe, 2′-O-methyl; 2′-MOE, 2′-O-methoxyethyl; LNA, locked nucleic acid; UNA, unlocked nucleic acid; 2′-F, 2-fluoro; PS, phosphorothioate; PACE, 
phosphonoacetate; PMO, phosphorodiamidate morpholino oligomer; PNA, peptide nucleic acid; 5 mC, 5-methyl-cytosine, PS2, phosphorodithioate; MP, methyl 
phosphonate; MOP, methoxypropyl-phosphonate; 5′-VP, 5′-vinyl phosphonate; 5′-PS, 5′- phosphorothioate; 2′-O-Bn, 2′-O-benzyl; 2′-O-CH2Py(4), 2′-O-methyl-4- 
pyridine; cEt-BNA, constrained ethyl bridged nucleic acid; tcDNA, tricyclo DNA; GNA, glycol nucleic acid; Ψ, pesudouridine; s2U, 2′-thiouridine; m6A, N6′-meth-
yladenosine; 5 mC, 5′-methylcytidine; PhpC, 6′-phenylpyrrolo-cytosine; rF, 2′,4′-difluorotoluyl ribonucleoside; FUdR, 5′-fluoro-2′-deoxyuridine. 
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Li, 2017; J. Zhou et al., 2018; J. Zhou et al., 2009). Furthermore, in vivo 
studies have demonstrated that the addition of polyethylene glycol 
(PEG) to the 5’ end of the siRNA duplex increased the bioavailability of 
the aptamer-siRNA molecule (Dassie et al., 2009). 

4.6. Delivery by ligand-based targeting moieties 

Cell or tissue-specific targeting of therapeutic RNAs can be facilitated 
by attachment of targeting moieties such as antibodies or aptamers. 
Targeting moieties are characterized by the presence of active groups for 
conjugation, reduced immunogenicity, and high binding affinity. N- 
acetylgalactosamine binds with high affinity to the Asialoglycoprotein 
receptor (ASGR)(Fig. 12I). Conjugation with three N-acetyl galactos-
amine (GalNAc) in the FDA-approved Givosiran aids in the internali-
zation of the siRNA into the hepatocytes (Prakash et al., 2014). This 
liver-specific uptake makes GalNAc an extremely effective vehicle for 
siRNA delivery to the liver for hepatic diseases. Due to their well-defined 
structure, specificity and high affinity, and long in vivo circulation time, 
antibodies are recognized as the most suitable targeting moieties 
(Dammes and Peer, 2020a). Some of the other receptor families that 
have been utilized for delivery of oligonucleotides include integrins, 
receptor tyrosine kinases (RTKs), toll-like receptors (TLR), and scav-
enger receptors (Fig. 12I). Several studies have used antibody-siRNA 
conjugates and these studies have utilized either covalent or non-
covalent methods for linking the antibody to the siRNA (Ibtehaj and 
Huda, 2017; Sugo et al., 2016). To further increase the efficacy of up-
take, cleavable linkages are used as they allow the antibody and siRNAs 
to separate, thus leading to alterations in endosomal release and RISC 

loading (Benizri et al., 2019; Lorenzer et al., 2019). Photosensitivity and 
pH sensitivity are used as strategies in the design of cleavable linkers 
(Chernikov, Vlassov and Chernolovskaya, 2019). Smaller antibody de-
rivatives such as single-chain variable fragment (scFv) have also been 
utilized as alternatives for full-length antibodies (Fig. 12D). For exam-
ples of studies utilizing different delivery vehicles for infectious diseases, 
please refer to Table 7. 

4.7. Delivery vehicles in the clinic 

The two major delivery vehicles for RNAs in the clinic are LNPs and 
CNE. The RNA delivery field gained tremendous momentum after the 
FDA approval of the LNP-formulated siRNA drug, Onpattro (Akinc et al., 
2019). Newer approaches for delivery of siRNAs that are being tested 
include bioconjugation with ligands(Chernikov et al., 2019). 

Targeting ligands such as peptides or antibodies allow specific de-
livery and often mediate internalization, resulting in increased 
bioavailability and efficacy and decreased off-target effects(Seth, 
Tanowitz and Bennett, 2019). Additionally, bioconjugates are less toxic 
and less immunogenic, due to their relatively smaller size(Chernikov 
et al., 2019). One robust example of bioconjugate that was discussed 
earlier in this section is glycoproteins terminating with N-acetylga-
lactosamine (GalNAc) sugars with high binding affinity and specificity 
to asialoglycoprotein (ASGPR), a receptor that is abundantly expressed 
in hepatocytes. Triantennary GalNAc (tri-GalNAc) has the highest af-
finity toward ASGPR and tri-GalNAc-conjugated antisense oligonucleo-
tides display a highly specific delivery and internalization into 
hepatocytes(Prakash et al., 2014). Since ASGPR is a high-capacity 

Fig. 12. Strategies for cellular delivery of RNA therapeutics. RNA therapeutics can be delivered to their targets by various methods, and these depend mainly on 
the chemistry of RNA molecules and the target cells/tissues. (A) RNA molecules can be delivered directly to the target as ‘naked RNA’ or by electroporation. (B) 
Hybrid systems combining lipid-based vehicles with polymers or molecules such as cholesterol or polyethylene glycol. (C) Peptide based delivery systems. (D) RNA 
molecules can be chemically conjugated to antibodies, aptamers, complex sugars, cholesterol and protamines to facilitate delivery. (E) Lipid-based delivery systems 
and their multiple modifications. (F) Polymers derived from different molecules serve as efficient delivery vehicles, (G) Inorganic nanoparticles and (H) Viral vectors 
are other popular delivery systems. (I) Various receptors on target cells that are thought to be involved in the delivery process. 
Abbreviations: PEI, polyethylenimine; PBAE, poly (β-amino ester); GalNAc, N-Acetylgalactosamine; CNE, cationic nano-emulsion; LDL receptor, low density lipo-
protein receptor; ASGP receptor, asialoglycoprotein receptor. 
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receptor with rapid recycling and turnover, a single administration of 
GalNAc-siRNA conjugate yields very high siRNA uptake(Springer and 
Dowdy, 2018). Tri-GalNAc was successfully used to deliver givosiran 
and lumasiran (de Paula Brandao, Titze-de-Almeida, & 
Titze-de-Almeida, 2020) and it has rapidly become the most popular 
platform for siRNA bioconjugation. Compared to LNPs, GalNAc-siRNA 
conjugates are much more straightforward to synthesize and refine 
(Dowdy, 2017). Additionally, GalNAc conjugates are clinically conve-
nient as they can be self-administered subcutaneously, resulting in rapid 
absorption, high uptake, and long half-life(Springer and Dowdy, 2018). 
GalNAc conjugates have a very favorable toxicity profile and therefore 
do not require the pre-infusion anti-inflammatory treatment that LNPs 
formulations do. GalNAc conjugates have been so successful that up to 
2/3 of all RNAi drugs in clinical trials are GalNAc conjugates, including 
givosiran, vutrisiran, nedosiran, inclisiran, and fitusiran(Setten, Rossi 
and Han, 2019). Other ligand-receptor pairs that are currently in 
development include transferrin and its receptor protein 1 in skeletal 
and cardiac muscle, cyclic arginyl-glycyl-aspartic acid (R-G-D) and 
integrins on cancer cells, folate and folate receptors on cancer cells, 
glucagon-like peptide-1 and its receptor in pancreatic beta cells, and 
antibodies and their cell-specific receptors(Chernikov et al., 2019; Seth 
et al., 2019; Y. Sun et al., 2017). Conjugation of siRNA drugs to cationic 
peptide moieties, such as penetratin and Endo-Porter, allows effective 
penetration into tissues and cell membranes (Y. Sun et al., 2017). Serum 
stability and pharmacokinetic properties are improved upon 

conjugation with cholesterol(Chen, Yang and Tang, 2018; Chernikov 
et al., 2019). 

Out of the three ongoing saRNA SARS-CoV-2 vaccines trials and two 
in prerecruiting stage, either the LNP or the CNE platforms are being 
used for delivery (Table 1). In addition, LNPs have been used extensively 
as delivery vehicles for saRNA vaccines in studies of influenza, rabies, 
Toxoplasma gondii, and respiratory syncytial virus(Lou et al., 2020; Luo 
et al., 2017; Magini et al., 2016; Pepini et al., 2017). Taken together, 
majority of the approved mRNA vaccines are formulated with LNPs and 
hence, LNPs constitute the most advanced delivery platform. However, 
polymeric formulations and CNE may offer greater efficacy and stability 
for future formulations. 

5. Challenges and future potential of RNA-based 
biopharmaceuticals for the treatment of infectious diseases 

RNA-based vaccine approaches have received a major boost in the 
recent past owing to the approval of two mRNA-based vaccines for the 
treatment of the Covid-19(Dolgin, 2021). This recent success of the 
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) vac-
cine has highlighted the potential of a previously unproven mRNA-based 
medical technology, and this will further enable research and testing of 
other RNAs for treatment of infectious diseases that require a platform 
with the capability of responding rapidly to outbreaks. Some key reasons 
for mRNA-based vaccines and some mRNA drugs to have reached the 

Table 7 
Strategies for enhancing the delivery of RNA-based vaccines and therapeutics.  

Delivery strategy RNAs Conjugation Attributes References 

Targeting moiety-based 
antibody (full length) or 
single-chain variable 
fragment (scFV) 

siRNA Antibody conjugated to RNA 
with protamines or 
maleimide/thiol chemistry or 
with linkers 

Increased in vivo circulation, increased 
specificity towards target cells and 
increased affinity to RNA. 

(Dammes and Peer, 2020a; Ibtehaj and Huda, 
2017; Safdari et al., 2016; Sugo et al., 2016) 

Lipid-based (Liposomes, lipid 
nanoparticles, lipoplexes) 

siRNAs, 
ASOs, 
mRNAs 

LNPs Resistance to nuclease degradation and 
renal clearance 

(Belliveau et al., 2012; Hatakeyama et al., 2011;  
Ramishetti, Landesman-Milo and Peer, 2016;  
Veiga, Diesendruck and Peer, 2020; Veiga et al., 
2018) 

Inorganic nanoparticles siRNA, 
miRNA 

Gold nanoparticles, quantum 
dots, silica nanoparticles 

Large surface area for loading of 
molecules, easily modifiable surface 
chemistry 

(Ding et al., 2014; Y. Jiang, Huo, Hardie, Liang 
and Rotello, 2016; X. Li, Xie, Zhang, Xia and Gu, 
2011; Y. Li et al., 2018; Lin et al., 2017; Moller 
et al., 2016; Y. Xiao, Shi, Qu, Chu and Qian, 2019) 

Aptamers siRNAs, 
CRISPR/ 
Cas9 

Aptamer Increased cell-type-specific and target site 
delivery 

Zhen et al. (2017) 

Enhanced stabilization 
chemistry-based 

siRNA N-acetyl galactosamine Enhanced stabilization in hepatocytes, 
plasma, lymphatic system and reduced 
immune stimulation 

Prakash et al. (2014) 

LNA siRNA, 
miRNA 

None Enhanced stabilization and functionality Elmen et al. (2005) 

Aromatic compounds-based siRNA Conjugation with phenyl, 
hydroxyphenyl, napthyly at 
the 5′ sense strand 

Resistance to nuclease degradation, 
enhanced thermodynamic stability, 
increased membrane permeability in cell 
line, stronger gene silencing activity 

Kubo et al. (2012) 

Nanoformulation ASO, 
mRNA 

PLGA, PBAE Increased delivery and decreased 
endosomal entrapment 

(Cai et al., 2017; Danhier et al., 2012; Schiffelers 
et al., 2004; Zhu et al., 2015) 

Cationic polymers mRNA, 
siRNA, 
saRNA 

Dendrimers, PEI, pABOL Enhanced endosomal escape, cellular 
uptake and targeted delivery 

(Biswas and Torchilin, 2013; Blakney et al., 2020; 
Dong et al., 2018; McKinlay et al., 2017; W. Shen 
et al., 2016) 

Lipid polymer hybrid systems mRNA, 
siRNA 

Cholesterol, PEG, Lipids with 
various polymers, 

Higher permeability and stability (Bochicchio, Lamberti and Barba, 2021; Zhao 
et al., 2018) 

Peptide based systems ASOs, 
SSOs, 
siRNA 

Protamines, cell penetrating 
peptides 

Facilitate cellular uptake by cells and 
prevents degradation 

(Boisguerin et al., 2015; McClorey and Banerjee, 
2018; R. S. Shukla, Qin and Cheng, 2014; Zeng, 
Zhang, Walker, & Dong) 

Electroporation mRNA, 
siRNA, 
saRNA 

None High delivery efficiency (Cu et al., 2013; Luft and Ketteler, 2015; Zhong 
et al., 2019) 

Viral vectors siRNA, 
miRNA, 
shRNA 

Virus based vectors Highly efficient cellular delivery and high 
expression, higher resistance to 
degradation 

(Lundstrom, 2020a; 2020b; 2021; Schaar et al., 
2017) 

Abbreviations: siRNA, small interfering RNA; ASO, antisense oligonucleotide; mRNA, messenger RNA; LNPs, Lipid Nanoparticles; miRNA, microRNA; CRISPR, clusters 
of regularly interspersed short palindromic repeats; LNA, Locked nucleic acid; PLGA, Polymer of lactic acid and glycolic acid; PBAE, Poly (beta-amino ester); PEI, 
Polyethleneimine; PEG, poly-ethylene glycol; SS0, single-stranded oligonucleotide; shRNA, short hairpin RNA. 
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clinic more rapidly than others is the number of doses required and the 
delivery vehicles. For some vaccines and some drugs, administration is 
relatively simple, and the effects of the medicine persist longer than the 
drug’s half-life. The most appropriate example is the administration of a 
vaccine where the protein synthesized does not need to be replenished 
once the immune system is trained to deal with the pathogen. Moreover, 
for medicines that require one or two doses only, there is a much less 
likelihood of developing side effects due to the delivery vehicles when 
compared to drugs that need to be administered in multiple doses. Some 
improvements to enhance tolerance to repeated doses of mRNA-based 
drugs that are being investigated include testing of biodegradable 
nanoparticle delivery particles with enhanced ability to escape endo-
somal clearance. Though the race for mRNA vaccines for Covid19 has 
not solved the challenges associated with dosing and delivery but it has 
opened the doors to getting mRNAs to the clinic. Other strategies that 
can be adopted for testing the efficacy of the delivery and molecular 
components of mRNA vaccines would be to employ other models such as 
skin explants that have immune cells for rapid evaluation of newer 
vaccines. One major logistical challenge that still needs to be overcome 
for mRNA-based vaccines is thermal stability and requirement for stor-
age at lower temperature for most RNA formulations. Additionally, the 
feasibility to generate single-dose vaccines that can provide protection 
against multiple antigens and/or pathogens with minimum side effects 
needs to be worked out. 

RNA-based therapeutics including siRNAs, and ASOs have demon-
strated great potential for the treatment of diseases and some of these 
therapies are already approved and several are being tested in clinical 
trials. However, poor bioavailability, rapid degradation, poor cellular 
uptake, immunogenicity, and off-target effects continue to be significant 
challenges that need to be addressed in the further development of the 
siRNA therapeutic platform. Chemical modifications play an important 
role in technologies focused on gene knockdown, more specifically when 
synthetic oligonucleotides are involved. Depending on the specific 
mechanism of action involved and the characteristics of the nucleic acid 
targeted, several chemical modifications have been employed to opti-
mize function (Table 6). In general, chemical modifications that increase 
binding affinity also increase potency and a combination of modifica-
tions have been utilized for increasing the efficacy of some of these 
therapeutics. The analysis of the effect of chemical modifications on 
toxicity and characterization of the pharmacokinetic profile is another 
major hurdle that needs to be overcome in preclinical research. 

The future success of RNA therapeutics requires efficient delivery 
systems and ongoing research for improving extrahepatic delivery is a 
critical component being pursued. For siRNAs, conjugation with GalNac 
or cholesterol is being pursued and targeting moieties are being 
employed for cell-specific targeting. Other delivery vehicles include 
polymers and lipid nanoparticles, and optimization of composition, size, 
and charge are being undertaken to prevent phagocytosis, renal excre-
tion/clearance, and endosome capturing of the cargo. 

CRISPR-based therapeutic strategies hold promise for the prevention 
and diagnosis of infectious diseases and though there are no approved 
CRISPR-based drugs available and only limited clinical trials are 
ongoing, this approach has been successfully utilized for the develop-
ment of portable diagnostic tests that are accurate. However, these 
emerging platforms need to be validated against approved methods. So 
far research in the field of therapies targeting infectious diseases has 
focused on the prevention and treatment of pathogenic drug-resistant 
bacteria and persistent viral infections (Herrera-Carrillo, Gao and 
Berkhout, 2020)(Table 4). In addition to the considerations regarding 
safe and effective delivery, the genetic polymorphisms of gRNA targets 
that may result from viral and bacterial plasticity need to be overcome. 
One approach that needs to be tested in this regard is the delivery of 
multiple gRNAs with a range of targets (Deveau et al., 2008). With the 
standardization of delivery methods, this gene editing technology will 
likely be utilized routinely for the treatment of infectious diseases. 

Recent breakthroughs in the treatment of infectious diseases have 

gregariously enhanced the enthusiasm and promise of RNA-based drugs 
and several RNA based companies are now devoting significant re-
sources towards the development of RNA-based vaccines and thera-
peutics and several RNA molecules including vaccines, aptamers, 
siRNAs and AMOs are currently being tested in clinical trials (Table 1). 
The diagnostic potential of non-coding RNAs is also being utilized and 
the field of RNA-based diagnostics is slowly and steadily picking up 
(Table 3). Improvements in rational design, delivery vehicles, and 
strategies used to reduce toxicity are likely to expedite the translational 
process in the near future and lead to the development of safe and highly 
effective RNA-based therapeutics and vaccines for the treatment and 
prevention of infectious diseases. 
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