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A B S T R A C T

Emerging infectious diseases always pose a threat to humans along with plant and animal life. SARS-CoV2 is the
recently emerged viral infection that originated from Wuhan city of the Republic of China in December 2019.
Now, it has become a pandemic. Currently, SARS-CoV2 has infected more than 27.74 million people worldwide,
and taken 901,928 human lives. It was named first ‘WH 1 Human CoV’ and later changed to 2019 novel CoV
(2019-nCoV). Scientists have established it as a zoonotic viral disease emerged from Chinese horseshoe bats,
which do not develop a severe infection. For example, Rhinolophus Chinese horseshoe bats harboring severe
acute respiratory syndrome-related coronavirus (SARSr-CoV) or SARSr-Rh-BatCoV appear healthy and clear the
virus within 2–4 months period. The article introduces first the concept of EIDs and some past EIDs, which have
affected human life. Next section discusses mysteries regarding SARS-CoV2 origin, its evolution, and human
transfer. Third section describes COVID-19 clinical symptoms and factors affecting susceptibility or resistance.
The fourth section introduces the SARS-CoV2 entry in the host cell, its replication, and the establishment of
productive infection. Section five describes the host’s immune response associated with asymptomatic, symp-
tomatic, mild to moderate, and severe COVID-19. The subsequent seventh and eighth sections mention the
immune status in COVID-19 convalescent patients and re-emergence of COVID-19 in them. Thereafter, the
eighth section describes viral strategies to hijack the host antiviral immune response and generate the “cytokine
storm”. The ninth section describes about transgenic humane ACE2 (hACE2) receptor expressing mice to study
immunity, drugs, and vaccines. The article ends with the development of different immunomodulatory and
immunotherapeutics strategies, including vaccines waiting for their approval in humans as prophylaxis or
treatment measures.

1. Introduction

Emerging infectious diseases (EIDs, comprise diseases originating
due to pathogenic microbes and have recently originated and entered in
a given population for the first time or an infectious disease that has
occurred previously, but increased incidence, impact and/or geo-
graphic location has already occurred or expected to increase in future
with a given time period) always remain a threat to human life along
with animals and plants on the planet [1]. The phrase “emerging dis-
eases” has been in use in the scientific community since the early 1960s.
However, the emergence of outbreaks of genital herpes (in 1970s,
caused by herpes simplex virus -2 or HSV-2) and human im-
munodeficiency virus-1 (HIV-1) infection causing acquired im-
munodeficiency syndrome (AIDS, discovered in 1981 in patients having
unusual cancer (Kaposi’s sarcoma) and opportunistic infections

(pneumonia caused by Pneumocystis carinii), and the HIV-1 was first
identified in 1983 by Luc Montagnier’s team at the Pasteur Institute in
Paris) raised the concern about EIDs and the use of the term became
popular worldwide [2–5]. Luc Montagnier and Françoise Barré-Si-
noussi from his team won the 2008 Nobel Prize in physiology and
medicine for isolating and characterizing the HIV-1 for the first time.

In 2004, Woolhouse and Gaunt have noted four major character-
istics to describe most EIDs: (1) causal organism is a RNA virus, (2)
disease is caused by the pathogen having a non-human or animal re-
servoir, (3) pathogen having a wide host range, and (4) have a potential
for human-to-human transmission [6]. The details of factors, including
pathogen-derived, environment derived, human derived, political, and
other factors (bioterrorism and technology) have been described in
detail somewhere else [7]. The emergence of Ebola virus (although first
discovered in 1947 near Ebola river, Democratic Republic of Congo)
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infection in 2013–2015 in West Africa that started in a rural setting of
south-eastern Guinea, spread to urban area and within weeks crossed
the border, and became a global epidemic in months [8]. The discovery
of Bombali virus (BOMV) in African free-tailed bats in Sierra Leone
[(little free-tailed (Chaerephon pumilus) and Angolan free-tailed (Mops
condylurus)] indicates the bat origin of the Ebola virus [9]. Zika virus (a
Flavivirus from Aedes aegypti, discovered in Uganda in 1947) infection
outbreak occurred more recently in 2013–2014 in French Polynesia, in
May 2015 in Brazil, which moved to Americas in 2016 infecting more
than twenty countries of the continent [10,11].

The 1918 influenza pandemic caused by the H1N1 influenza virus
with genes of avian origin comprises the largest epidemic of the last or
20th century with an infection of more than 500 million people. The
number of deaths associated with H1N1 influenza worldwide comprise
approximately 50 million with ≥675,000 death in the USA alone
[12,13]. However, the exact origin of H1N1 pandemic is unknown [14].
The 1957–1958 global pandemic due to H2N2 influenza virus (emerged
in the East Asia and triggered Asian flu) killed 1.1 million people
around the world and the USA alone had 116,000 deaths [15,16]. The
1968 H3N2 influenza A pandemic emerged in September 1968 in the
USA killing over 1 million people worldwide and about 100, 000 in the
USA [12]. In 1997 the first human infection with avian H5N1 was re-
ported in Hong Kong. On 15th April 2009, a new H1N1 influenza virus
detected in California, USA and world health organization (WHO) on
11th June 2009 declared new H1N1 pandemic. According the center for
disease control (CDC) at least 1 million people infected with 2009
H1N1 pandemic in the USA.

Bats serve as crucial animal reservoirs for EIDs (Marburg virus in-
fection, Nipah virus infection, Rabies virus infection, Ebola virus in-
fections, severe acute respiratory syndrome or SARS, and Middle
Eastern respiratory syndrome or MERS) in humans [17,18]. SARS ori-
ginated from Guangdong district in China in year 2002–2003 (spread to
thirty countries worldwide) due to SARS-CoV and MERS first reported
in a hospital in Jeddah, Saudi Arabia with the death of the patient in
2012 due to MERS-CoV that spread to twenty seven countries world-
wide causing an epidemic are [19,20]. Both, these viruses belong to the
Coronaviridae family and are betacoronaviruses (βCoVs). The emer-
gence of SARS-CoV2 infection in the December 2019, in the Wuhan city
of Hubei district of the Republic of China has led to the modern day
pandemic infecting more than 27.74 million people around the world
[21]. These EIDs are very challenging in terms of identifying their
primary or secondary reservoirs, control, and treatment. The SARS-
CoV2 has been categorized as a Group 4 virus on the basis of occupa-
tional hazards due to the non-availability of effective prophylaxis and
antiviral treatment [22]. Hence, it becomes essential to study the SARS-
CoV2 emergence, infection strategies, associated immune response, and
factors controlling the pathogenesis to design and develop immune-
based therapeutics against COVID-19.

2. Unsolved mystery of SARS-CoV2 origin and infection

The SARS-CoV2 infection is named as corona virus disease-19
(COVID-19) by the WHO. SARS-CoV2 is most closely related to a group
of SARS-like coronaviruses (SARS-LCoVs, i.e. bat-SL-CoVZC45 and bat-
SL-CoVZXC21) with the 89.1% similarity in the nucleotide sequence
(nts). SARS-CoV2 protein sequence has also a high degree of similarity
with bat-SL-CoVZXC21 and SARS-CoV [23]. SARS-LCoVs (bat-SL-
CoVZC45 and bat-SL-CoVZXC21) discovered in bats in the eastern

Zhoushan of eastern China belong to βCoV genus and the subgenus
Sarbecovirus [24,25]. Of note, severe acute respiratory syndrome-re-
lated coronavirus (SARSr-CoV) in Rhinolophus Chinese horseshoe bats
(SARSr-Rh-BatCoV) causes an acute, but a self-limiting infection, which
serve as a primary reservoir for recombination between strains from
different geographical locations within a reachable foraging range [26].
This needs to establish for SARS-CoV2 evolution. SARS-CoV2 is closely
related to SARS-CoV, but is also distinct from SARS-CoV [27]. For ex-
ample, SARS-CoV2 has a higher binding affinity for ACE2 receptor than
SARS-CoV, and the monoclonal antibodies (mAbs) raised against SARS-
CoV receptor binding domain (RBD) do not bind effectively to SARS-
CoV2 S-protein RBD [28]. This indicates the limited cross-reactivity of
mAbs raised against SARS-CoV S-protein RBD with SARS-CoV2 S-pro-
tein RBD. Hence, the bioinformatics tools-based prediction for the RBDs
of SARS-CoV and SARS-CoV2 as epitopes and the generation of B cell
immune response needs further investigations. The two novel bat CoVs
(RsSHC014 and Rs3367) from Chinese horseshoe bats (family: Rhino-
lophidae) in Yunnan, China are more closely related to SARS-CoV in
their RBD of the spike (S) protein [29]. The isolated live SL-CoV (bat SL-
CoV-WIV1) from bat faecal samples in Vero E6 cells have 99.9% se-
quence identity to Rs3367, and use ACE2 receptors to enter the cell and
cause infection in humans, civets, and Chinese horseshoe bats [29].

A bat CoV RaTG13, a SARS-related CoV (SARS-rCoV)] found in
Rhinolophus affinis from Yunnan province shares 96.2% overall
genome sequence identity with the SARS-CoV2 (Fig. 1) [30]. And, this
4% difference between the genome sequences of RaTG13-CoV and
SARS-CoV2 may involve decades of genetic evolution, which may have
occurred during the passage and survival in the secondary host that
may have spread the infection in humans. However, SARS-CoV2 may
not be directly evolved from the bat RaTG13-CoV due to the difference
in the amino-acid (AA) sequence divergence in the RBD, despite an-
giotensin converting enzyme 2 (ACE2) receptor usage by both to enter
the cell for initiating the infection [31]. Also, the RaTG13-CoV binds to
the ACE2 receptor in human cells without spike (S) protein cleavage
into S1 and S2 due to the absence of furin cleavage site in its RBD [32].
Metagenomic analysis of 227 samples obtained from the bats (Rhino-
lophus malayanus or Malayan Horseshoe bat) of the Yunnan province of
the China between May and October 2019 has identified another bat-
derived CoV called RmYN02 (Fig. 1) [33]. RmYN02 shares 93.3% nts
identity with SARS-CoV-2 at the scale of the complete virus genome and
97.2% identity in the lab gene (21,285 nucleotides), indicating it as the
closest relative of SARS-CoV2 reported to date [33]. RmYN02 exhibits
far lower sequence identity to SARS-CoV2 in the S gene (nucleotide
71.8%, AA 72.9%), compared to 97.4% AA similarity between RaTG13
and SARS-CoV2. However, RmYN02 exhibits a low AA sequence iden-
tity (only 62.4%) to SARS-CoV2 in its RBD, and may not bind to the
human ACE2 to cause infection. A similarity plot, called Simplot has
also showed that the RmYN02 is more similar to the SARS-CoV2 than
RaTG13 in most genome regions [33]. Of note, the multiple AAs in-
sertion at the junction site of the S1 and S2 subunits of the S protein
characterized the RmYN02. Hence, insertion of AAs may occur natu-
rally in βCoVs to which SARS-CoV2 belongs. Thus we know that the
COVID-19 is of bat origin but we do not have its confirmatory proof. We
do not have a confirmatory report for the transmission of SARS-CoV2
from bats to humans.

Some researchers have also suggested its transmission to humans
from snakes [Bungarus multicinctus (the many-banded krait) and Naja
atra (the Chinese cobra)] and pangolins via serving as secondary or

Fig. 1. Origin of SARS-CoV2 infection or COVID-19 in humans. The BatCoV RaTG13 and RmYN02 are most closely related to SARS-CoV2. However, they are not able
to cause infection in their natural form. So different theories have emerged, including the use of secondary animal hosts (which are not confirmed yet) by the virus to
evolve there to cause infection to humans. However, another theory suggest the RaTG13 and RmYN02 evolved or undergone positive episodic selection in horseshoe
bats. Fruit bats and ferret can also get the SARS-CoV2 infection through intranasal route. However, fruit bats do not develop visible symptoms and clear the infection,
whereas ferrets can serve an animal model for asymptomatic SARS-CoV2 infection of the humans as they develop subclinical symptoms. The severe infection with
SARS-CoV2 in humans causes severe pneumonia and the associated ALI/ARDS through generating the cytokine storm to cause death of the patient.

V. Kumar International Immunopharmacology 88 (2020) 106980

3



reservoir hosts [34–36]. However, we do not have any evidence of
SARS-CoV2 transmission from snakes to humans. SARS-CoV-2-like CoV
(named Pangolin-CoV) isolated from dead Malayan pangolins is 91.02%
and 90.55% identical to SARS-CoV2 and BatCoV RaTG13 at the whole
genome level [36]. Another pangolin CoV, called pangolin-CoV2020
isolated from three sick Malayan pangolins does not provide the evi-
dence of direct emergence of SARS-CoV2 from it [37]. Also, all the
pangolin βCoVs isolated to date have no polybasic (furin-like) S1//S2
cleavage site in their S protein like SARS-CoV2 [38]. Both, Pangolin-
CoV and RaTG13 have lost their putative furin recognition sequence
motif at S1/S2 cleavage site, which is present in SARS-CoV2 [36]. Only
SARS-CoV2 has an unique peptide called PRRA, which may be involved
in the proteolytic cleavage of the spike protein by cellular proteases to
impact host range and transmissibility and pangolin CoVs lack it [39].
Hence, the RatTG13-CoV is more closer to SARS-CoV2 than CoVs ob-
tained from two pangolin samples (SRR10168377 and SRR10168378)
[39]. Thus, hypotheses supporting genetic recombination, convergence,
and adaptation for the SARS-CoV2 evolution from these known sources
of virus are still the hot topic for debate and need further investigation.

A recent study has contrasted the role of positive selection and re-
combination in the Sarbecoviruses in horseshoe bats to SARS-CoV-2
evolution in humans [40]. The incidence of some positive selection in
SARS-CoV2 may be attributed to recombination and sequencing arte-
facts. The purifying selection is also weaker in SARS-CoV2 than the -
Sarbecoviruses in horseshoe bats, but the purifying episodic selection are
present in the bat virus lineage from SARS-CoV2 has emerged [40]. The
bat virus RmYN02 has a recombinant CpG content in its S protein that
indicates coinfection and evolution in bats without the involvement of
other species (Fig. 1). This study suggests that non-human progenitor of
SARS-CoV-2 is capable of human-human transmission as a result of its
natural evolution in bats [40]. Another study indicates the divergence
of SARS-CoV-2 from BatCoV RaTG13 through limited episodic positive
selection process (Fig. 1) [41]. Thus natural selection occurred in bat
CoVs, which infected humans through SARS-CoV2, but not in humans.
Of note, SARS-CoV2 infects horseshoe bats intestinal epithelial cell
(IEC) organoid in vitro and also replicates there [42]. However, in vivo
infection of SARS-CoV2 infection in the horseshoe bats will be inter-
esting to study as the natural presence of SARS-CoV2 and clinical in-
fection or symptoms in horseshoe still needs experimental investiga-
tions.

A phylogenetic and phylodynamic analysis of SARS-CoV2 has in-
dicated the time to the most recent common ancestor (TMRCA) and
evolutionary rate of SARS-CoV-2 to be 12 November 2019 (95% BCI: 11
October 2019 and 09 December 2019) and 9.90 × 10−4 substitutions
per site per year (95% BCI: 6.29 × 10−4–1.35 × 10−3) [43]. Another
study based on Bayesian time-scaled phylogenetic analysis using the
tip-dating method has estimated the TMRCA and evolutionary rate for
SARS-CoV2 ranges from 22 to 24 November 2019 and 1.19 to
1.31 × 10−3 substitutions per site per year [39]. Another phylogenetic
dating study has indicated that divergence dates between SARS-CoV2
and the bat sarbecovirus (RaTG13) reservoirs comprise as 1948 (95%
highest posterior density (HPD): 1879–1999), 1969 (95% HPD:
1930–2000) and 1982 (95% HPD: 1948–2009) [44]. This study in-
dicates that the lineage giving rise to the current SARS-CoV2 has been
circulating without any notice in bats for decades. Thus horseshoe bats
are the primary reservoirs for SARS-CoV2 lineage, and SARS-CoV2 and
RaTG13 may have single ancestral lineage. A recent study has indicated
that SARS-CoV2 can also infect fruit bats (Rousettus aegyptiacus)
through intranasal route, who develop transient infection without any
clinical sign and may serve as reservoir host (Fig. 1) [45]. Oral and fecal
shedding of the virus has also been reported from infected fruit bats. Of
note, despite the virus detection by RT-qPCR, no viral antigen (Ag) is
detectable in the lungs of these fruit bats. Ferrets develop SARS-CoV2
subclinical infection resembling to asymptomatic human patients
showing efficient virus replication in the nasal cavity and infection
transmission (Fig. 1). Ferrets have also not shown viral Ag in their

lungs, but it is seen in their nasal cavity, nasal respiratory and olfactory
epithelium, and olfactory epithelium of the vomero-nasal organ. Thus
ferrets may prove beneficial animal model for SARS-CoV2 infection and
testing the efficacy of vaccines or antiviral drugs (Fig. 1). The intranasal
inoculation of the SARS-CoV2 does not produce infection in pigs and
chickens, and they remain healthy and SARS-CoV2 free [45]. The ACE2
in chickens has alteration in its three AAs residues out of five AAs
((Lys31Glu, Glu35Arg, and Met82Arg), which does not support the
SARS-CoV2 binding and entry in the host cells.

We still do not know the exact origin of the SARS-CoV2 and it has
created a panic around the whole world by causing overwhelming
hospitalization of the affected people, death, fear, psychological stress,
and social stigma in both COVID-19 infected and non-infected people,
and financial crisis in the major economies of the world. Despite not
knowing the exact source of its transmission to humans, we know that it
is an enveloped βCoV of Coronaviridae family with single stranded (ss),
positive sense RNA genome (30 kb long) encoding four structural pro-
teins, spike (S), envelope (E), membrane (M), and nucleocapsid (N),
which is foreign to the immune system. It has 11 genes in total with 11
open reading frames (ORFs,) described somewhere else [46]. For ex-
ample, ORF1ab and ORF2 (S protein), ORF3a and ORF4 (E protein),
ORF5 (M protein), ORF6, ORF7a, ORF7b, ORF8, and ORF9 (N protein),
and ORF10 codes for ORF10 protein [46]. ORF7 is not essential for
SARS-CoV2 replication in vitro [47]. A SARS-CoV2 variant with 382-
nucleotide deletion (Δ382) truncates the ORF7b, which deletes ORF8-
transcription-reegulatory sequence to eliminate ORF8 transcription has
caused infection in January and February 2020 in Singapore [48]. Thus,
this variant has successfully caused infection in the early phase of the
epidemic in Singapore, but it disappeared after March 2020. Travellers
returning to Taiwan from Wuhan, China in early February 2020 also
had the identical SARS-CoV2 Δ382 variant, whereas SARS-CoV2 dif-
ferent variants with different deletion in the ORF8 have been reported
in Australia (Δ138), Bangladesh (Δ345), and Spain (Δ62) [48]. The
SARS-CoV2 Δ382 variant is associated with the milder phenotype of
COVID-19 with less pro-inflammatory cytokine response and less in-
cidence of hypoxia in patients [48]. Hence, ORF8 inhibition in severe
COVID-19 patients may prove helpful to decrease the severity and
mortality among patients.

Out of 4 structural proteins, S protein serves as a major protective
antigen, which elicits highly potent neutralizing antibodies (NAbs), 16
non-structural proteins (Nsp1-Nsp16), and many other accessory pro-
teins also impact host immune response [46,49]. Of note, S proteins of
SARS-CoV and SARS-CoV2 share 75% homology in AA sequence [47].
Table 1 mentions the functions of different SARS-CoV2 proteins. The
emergence of SARS-CoV-2 variant carrying the S protein AA change
D614G (an A-to-G nucleotide mutation at position 23,403 in the Wuhan
reference strain that appeared first in the Europe) has become most
prevalent in this global pandemic of COVID-19 and its recurrent pattern
(G614) has increased at multiple geographic levels, including national,
regional, and municipal [50]. The D614-G614 transition has occurred
asynchronously in different regions worldwide with a starting from the
Europe to North America and Oceania, and then to Asia [50]. The viral
shift from D614 to G614 has also occurred in even local epidemics
(Wales, Nottingham, Spain, New South Wales, China, Japan, Hong
Kong, and Thailand) with established D614 infection, indicating the
fitness advantage of G614.

The G614 variant grows to a higher titre as a pseudovirion and in
infected individuals it is linked with low RT-PCR cycle threshold, sug-
gesting its higher levels in the upper respiratory tract, but no associa-
tion with disease severity [50]. Thus G614-bearing viruses have sig-
nificantly higher infectious titers (2.6- to 9.3-fold increase) than their
D614 counterparts as G614 increase the S protein stability and mem-
brane incorporation preventing S1 shedding [50,51]. Of note, S protein
with G614 does not bind ACE2 more efficiently than S protein having
D614 [51]. Hence, SARS-CoV2 with S protein having G614 transmit
more easily due to the increased S protein stability without any change
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in the tendency to infect the host cell as compared to the virus with S
protein having D614 [50,51]. This is because D614G mutation does not
affect TMPRSS2 activity required for virus entry along with ACE2.
Hence, this study indicates changes crucial for understanding the me-
chanisms of virus infection, including the continuing surveillance of S
protein mutations to design immunological interventions. This is be-
cause S protein is responsible for establishing COVID-19 infection and
NAbs developing against S protein RBDs provide protection to the host.
Of note, SARS-CoV2 sequence has a very low diversity, but still natural
selection may act upon rare but favourable mutations [52]. SARS-CoV2
has some evidence of seasonal waning and the persistence of current
pandemic may enable immunologically relevant mutations in the virus
[53]. For example, antigenic drift has been seen in influenza viruses and
SARS-CoV, but not seen in SARS-CoV2 yet. However, SARSCoV2 can
acquire mutations for its fitness and immune escape [50]. This study
needs further investigation. Thus along with different viral proteins and
their variants, different host genetic factors controlling immune

response play a significant role in SARS-CoV2 and other related CoVs
infections [54]. Hence, host immune system plays a significant role in
the pathogenesis and outcome of the infection, including the determi-
nation of the host resistance and susceptibility to the infection that will
be discussed in later sections.

3. Clinical picture of SARS-CoV2 infection or COVID-19, including
in pregnant women and pregnancy outcome

The symptoms of COVID-19 in adult patients include fever, dry
cough, malaise, myalgia, vomiting, diarrhea, and abdominal pain.
Severe COVID-19 patients also show neurological symptoms (headache,
loss of taste and smell, and vision impairment etc.), described in detail
somewhere else [19,55,56]. Ageusia (loss of taste) occurs specifically to
the COVID-19 patients as compared to other flu-like upper respiratory
infections [57]. Loss of taste in severe COVID-19 patients may be ex-
plained on the basis of ACE2 receptors expression on tongue epithelial

Table 1
Different proteins of SARS-CoV2 and their function in virus life cycle (replication, assembly, and pathogenesis).

SARS-CoV2 proteins Functions

1. ORF1ab Expressed as polyprotein comprising of 16 Nsps (mentioned below)
2. Nsp1 Binds to host 40S ribosome and promotes host cell RNA degradation, Blocks RIG-1-dependent antiviral immune response
3. Nsp2 Binds to host cell prohibitin 1 and 2 (PHB1 and PHB2) to disrupt host cell environment
4. Nsp3 (a papain-like protease) 1. Releases Nsp1, Nsp2, and Nsp3 from the N-terminal region of polyproteins 1a and 1ab from CoVs for virus replication

2. Nsp3 interacts with TBK1 to inhibit potent type-1 IFN-based antiviral immune response
5. Nsp4 Binds to Nsp3 and helps in virus replication
6. Nsp5 Cleaves at 11 sites of (3C-like proteinase) NSP polyprotein
7. Nsp6 1. Autophagosome formation facilitating assembly of replicase proteins

2. Prevents autophagosome and lysosome fusion to form autophagolysosome or autolysosomes to escape lysosomal degradation
8. Nsp7 Forms complex with Nsp8 and Nsp12 to yield NSP8 RNA polymerase activity
9. Nsp8 1. Forms complex with Nsp7 and Nsp12 to act as RNA polymerase

2. Binds to TRIM59 to inhibit pro-inflammatory immune response
3. Nsp8 binds to LC3-II to get into autophagosome and then to autolysosomes for virus replication

10. Nsp9 Interacts with DEAD-box RNA helicase 5 (DDX5) of host cell to increase viral replication
11. Nsp10 Activates NSP14 and NSP16, which are methyltransferases
12. Nsp11 Unknown
13. Nsp12 RNA-dependent RNA polymerase, forms complex with Nsp7 and Nsp8
14. Nsp13 1. Acts as an Helicase to unwind the duplex RNA, Nsp12 binding enhances its helicase activity

2. Also exerts 5′-trophosphatase activity for introducing 5′-terminal cap in the viral RNA
3. Blocks type 1 IFN release via binding to TBK1 and TBKBP1
4. Interacts with TLE3 and TLE4 to inhibit IL-6 and IL-12 release

15. Nsp4 Exerts 3′-5′ exoribonucleaseactivity and N7-methyltransferase activity
16. Nsp15 1. Acts as an endoribonuclease that cleaves RNA at uridylates at the 3-position to form a 2-3′cyclic phosphodiester product by using

manganese (Mn) as a cofactor
2. Targets specifically, viral polyuridine sequences to prevent the virus recognition by the host innate immune system
3. Degrades viral RNA to escape from cytosolic or endosomal PRR-mediated recognition
4. Binds to RNF41 (RING finger protein 41)/Nrdp1 (an E3 ubiquitin-protein ligase) to inhibit IRF-3-dependent Type 1 IFN release
5. Binds to neuregulin receptor degradation protein 1 (Nrdp1, a E3 ubiquitin-protein ligase) to aggravate TLR signaling-dependent pro-

inflammatory cytokines release
17. Nsp16 Acts as a 2′‑O‑Ribose‑Methyltransferase and methylates the 2′-hydroxy group of adenine using S-adenosylmethionine (SAM) as the methyl

source
18. Spike or S protein Recognizes and binds to ACE2 receptor of the host cells to enter for replication and productive infection
19. ORF3a 1. Interacts with TRAF3 to activate ASC for caspase-1 activation required for NLRP3 inflammasome to release pro-inflammatory cytokines

(IL-1β and IL-18)
2. Binds to TRIM59 and inhibits NF-κB and ISRE-dependent antiviral immune response

20. Envelope or E protein 1. Can for ion channel
2. Virus assembly
3. Virion release
4. Infection pathogenesis

21. Membrane or M protein 1. Virus assembly
2. May induce apoptosis among infected host cells
3. Interacts with N protein to for capsomeres to form capsid around viral RNA

22. ORF6 Interacts with Nsp8 to promote RNA polymerase activity
23. ORF7a Accessory protein acting as a type 1 trans-membrane protein
24. ORF7b Accessory protein, localizes to Golgi apparatus, may help in virus assembly
25. ORF8 Comprises of ORF8a and ORF8b, binds to IRF association domain (IAD) of IRF3 via ORF8b to inhibit type 1 IFNs release
26. ORF9c Interacts with NLRX1 and inhibits RLR and NLRP3-mediated innate immune response, but promotes TLR signaling-dependent pro-

inflammatory immune response
27. ORF10 Unknown
28. Nucleocapsid or N protein 1. Binds to viral RNA to increase its stability

2. Antagonizes host antiviral RNAi
3. Inhibits cyclin-dependent kinase (CDK) to block the S-phase progression of the cell cycle progression
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cells (TECs), which can be infected and may cause pro-inflammatory
damage due to increased pro-inflammatory cytokines. Anosmia (loss of
smell) in patients with COVID-19 may be correlated to the ACE2 ex-
pression in the nasal epithelia and their infection with SARS-CoV2
(Fig. 2). SARS-CoV2-mediated ultrastructural remodeling in both apical
and basal sides of human airway epithelial cells (HAECs) of nasal and
bronchial origin occurs at 48 h post infection [58]. The increase in the
virus replication and virus number in HAECs reduces the epithelial
integrity at 48 h post infection [58]. The nasal HAECs at 48 h post
infection contain high amount of Nsp14 RNA. Also, the SARS-CoV2 may
infect ACE2 and TMPRSS2 expressing supporting cells and vascular
pericytes of the olfactory epithelium and bulb causing loss of smell
(Fig. 2) [59]. However, neurons of olfactory epithelium and bulb do not
express ACE2. The loss of smell occurs in response to the increase in the
pro-inflammatory cytokines, including TNF-α in the olfactory epithe-
lium [60]. However, IL-1β levels remain same in the control and

infected patients with anosmia. Neuroleptic malignant syndrome (NMS)
has also been reported in severe COVID-19 patient [61]. NMS is char-
acterized by severe rigidity, tremor, fever, altered mental status, auto-
nomic dysfunction, and elevated serum creatinine phosphokinase and
white blood cell (WBC) count [62].

Pneumonia is one of the major symptoms of the COVID-19 causing
acute lung injury (ALI) or acute respiratory distress syndrome (ARDS)
to put the patient on the respiratory support system (ventilator). Chest
radiographs of some patients show ground-glass lung changes, normal
or lower than average WBC count, and platelet counts, hypoxemia,
along with kidney and liver dysfunction [19]. The gastrointestinal
symptoms (vomiting, diarrhea, nausea, and abdominal discomfort)
occur in some COVID-19 patients first, before fever and cough in-
dicating its feco-oral transmission [63]. The differentiated human gut
enterocytes, including ileal absorptive enterocytes highly express ACE2
receptor and TMPRSS2 for SARS-CoV2 entry and promoting the

Fig. 2. Entry, replication, and productive infection
establishment by the SARS-CoV2 in humans. The
SARS-CoV2 enters and infects the ciliated epithelial
cells (nasal or pulmonary epithelial cells primarily)
via the interaction of its S protein with the ACE2
receptors of the host cells. The interaction is
mediated by S1 protein that generates due to clea-
vage of S protein into S1 and S2 by the furin or
PCSK3. The furin acts on the PRAR, a dibasic furin
binding site at the S protein. The S2 protein bins to
the TMPRSS, which further increases the SARS-
CoV2 entry in the host cell. SARS-CoV2 also enters
the cell through CD147 as the mAb, meplazumab
against it inhibits the severity and symptoms of
COVID-19. SARS-CoV2 and ACE2 interaction pro-
motes its cellular endosomal entry via cathepsin-L-
dependent endocytosis. TPC2 on early endosome
and lysosome, and PIKfyve on early endosome also
play a crucial role in virus entry in the endosome
via maintaining endolysosomal homeostasis. The
IFITM3 on endosomes fuse with the SARS-CoV2 to
enhance its trafficking to the lysosomes. The en-
dosomes fuse with lysosomes to form endolyso-
somes or autolysosomes containing the virion. On
the other hand, the interaction between LC3-II of
the phagophore and Nsp8 forms the autophago-
some containing virus. The autophagosome fuses
with lysosomes to form autophagolysosomes or
autolysosomes. The ssRNA of ORF1a and ORF1b
release in the cytosol and translate into polyprotein
1a (PP1a) and PP1b synthesizing 15Nsps, which
form RTC. The RTC forms full length genomic and
subgenomic RNAs, which form the virion that via
endoplasmic reticulum (ER) to Golgi apparatus
ERGIC. The virion in the vesicle comes out form the
cell via exocytosis.
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productive infection and viral replication (Fig. 2) [64,65]. Along with
TMPRSS2, TMPRSS4 also helps in the SARS-CoV2 infection of the in-
testinal epithelial cells (IECs) [66]. A recent study has shown the SARS-
CoV2 infection of human IECs [42]. The virus replicates in IECs and has
been detected in the stool samples of COVID-19 patients with diarrhea
[42]. However, the SARS-CoV2 virus released in the lumen of the colon
becomes inactive in response to the human colonic fluid as infectious
virus is absent in the stool samples of the patients [66]. Hence, the first
appearance of gastrointestinal symptoms in patients without fever and
cough indicates the oral transmission of the SARS-CoV2.

Male patients with COVID-19 show higher mortality rate as com-
pared to their counterpart females, and the case fatality rate (CFR) in
males is 1.7 times higher than that of females independent of age
[67–70]. In addition to the increased severity and mortality among
males, they also comprise high (71.4%) recovery from severe COVID-19
[71]. The laboratory findings have suggested that male patients with
moderate COVID-19 have higher plasma levels of CCL5 than female
patients [72]. These males also show higher levels of non-classical
monocytes (CD14−CD16+) in circulation than females and females
show higher numbers of intermediate monocytes (CD14+CD16+).
Hence, these males have increased number of CD14−CD16+ non-clas-
sical monocytes and CCL5, which are significantly correlated, but lower
number of T cells in circulation as compared to female COVID-19 pa-
tients having increased number of intermediated monocytes. Female
COVID-19 patients show a higher number of CD38+HLA-DR+ activated
T cells (Both CD4+ and CD8+T cells) than male patients [72]. Also,
females have higher number of TIM-3 and PD-1 positive exhausted or
terminally differentiated CD4+ and CD8+T cells than male patients.
This gender-based difference in T cells is most robust for CD8+T cells.
However, this study has drawback regarding healthy donors (HDs) who
were not age, body mass index (BMI), and underlying risk factors
matched, but it has suggested the immunological difference between
male and female may indicate the higher severity of the infection in
males. Future studies will help to explore sex-based immunological
differences in SARS-CoV2 pathogenesis.

Even the patient with blood group A are at high risk of developing
severe COVID-19 in comparison to others and people with blood group
O are more resistant to develop COVID-19 [73]. One can hypothesize
the presence of anti-B antibodies (Abs) in patients with blood group A
may be enhancing the virus immune escape or entry in the cells for its
replication and productive infection. Whereas, people with the blood
group O have both anti-A and anti-B Abs, which may be neutralizing the
SARS-CoV2 due to cross-reactivity, we do not know yet now. Hence,
this will be interesting to study in detail. We do not know the cause of
anti-A Ab origin, but the anti-B Abs originate as a result to immunity to
gut microbiota [74,75]. The similar pattern (blood group O people were
resistant to it and blood group A people were most susceptible) has also
been observed in SARS-CoV infection-induced severe acute respiratory
syndrome (SARS) 2002–2003 epidemic [76]. This is also true for ma-
laria, for example, people with blood group A are more susceptible to
severe malaria and people with blood group O are resistant to it due to
the reduced rosetting (a virulent Plasmodium falciparum phenomenon
associated with severe malaria [77,78]. Hence, the relationship be-
tween COVID-19 infection and its severity with the person’s blood
group is an interesting research direction.

The transplacental transmission or vertical transmission of COVID-
19 from mother to the offspring has also been reported along with the
infection in the placenta (syncytiotrophoblasts) and the macrophage
infiltration [79–85]. The pregnant mother shows a high degree of vir-
emia and the neonate born also, following the placental infection [82].
However, possibility of vertical transmission of SARS-CoV2 from a
mildly symptomatic pregnant woman has also been indicated in a study
[83]. Even a case of second trimester miscarriage of the pregnancy in a
woman with COVID-19 has also been reported due to the transfer of the
SARS-CoV2 the fetus through infected placenta [86]. Hence, SARS-
CoV2 infection may transfer vertically to the new born from the

infected mother. The patients dying with severe COVID-19 more com-
monly show dyspnoea, chest tightness, consciousness disorders, leuco-
cytosis, and lymphopenia. COVID-19 patients also have dysregulated
serum or plasma biochemical markers of the acute infection and in-
flammation (alanine aminotransferase (ALT), aspartate amino-
transferase (AST), creatinine, creatine kinase (CK), lactate dehy-
drogenase (LDH), ferritin, cardiac troponin I, N-terminal pro-brain
natriuretic peptide, and D-dimer (increases due to increased plasmin
levels and activity during hyperfibrinolysis) [19,71,87,88]. Severe-
COVID-19 patients have high serum ferritin levels [71]. The patients
with COVID-19 also show an increased biliverdin (an oxidized form of
bilirubin) plasma levels, indicating increase oxidative stress during
disease, which decreases in the recovered patients [89]. Plasma 5-hy-
droxy-tryptophan (5-HT) levels also increase in the COVID-19 patients.
Thus patients dying due to severe COVID-19 develop ARDS and sepsis
along with other complications, including type 1 respiratory failure,
acute cardiac injury, heart failure, alkalosis, hyperkalemia, acute
kidney injury (AKI), thromboembolic complications, and hypoxic en-
cephalopathy [71,87]. For example, patients with severe or critical
COVID-19 have a higher acute physiology and clinical health evalua-
tion (APACHE) III score than moderate COVID-19 subjects [71].

The high APACHE III score in severe COVID-19 patients directly
correlates with the increased age. On the other hand, children and in-
fants do not develop severe COVID-19 [90]. For example, children
younger than 10 years of age have accounted for only 1% of the total
COVID-19 cases [91]. The author has described in details regarding the
decreased susceptibility of children to severe COVID-19 over adults
[19]. Females, young children, and patients with blood group O are
more resistant to severe COVID-19. And, age, sex, pregnancy status, and
blood group impact the immunological status of the host along with the
existence of previous chronic diseases, including obesity, hyperlipi-
demia, hypertension, and other heart diseases, diabetes, cancer, lung
diseases, including asthma, chronic obstructive pulmonary disease
(COPD), cystic fibrosis, smoking habits etc. [19,71,92,93]. People with
impaired fasting glucose levels, type 1 and 2 diabetes mellitus develop
severe COVID-19, require more hospitalization, and exhibit higher
mortality than people with normal blood glucose level [94–97]. For
example, people with underlying pulmonary diseases and depending on
their smoking status (current or former smokers) have high incidence of
COVID-19 [71]. Immune status of the healthy host significantly varies
from patients with senile life style and chronic inflammatory and me-
tabolic diseases. Hence, the immune status of the host plays a crucial
role in the SARS-CoV2 infection and its severity, described in detail in
the following sections.

4. SARS-CoV2 entry in the different cell types and the infection
pathogenesis

The S protein of the SARS-CoV2 recognizes ACE2 receptor of the
host cells to enter. ACE2 is expressed on the nasal epithelia, airway
epithelia, cornea, gastrointestinal tract (GIT), gall bladder, cholangio-
cytes (epithelial cells lining the bile duct), urinary tract, testes, cardio-
vascular system, endothelial cells, oral mucosal epithelial cells
(OMECs), including TECs [19,98–103]. In humans, respiratory epithelia
lining the nasal epithelia contain low amount of ACE2, squamous epi-
thelium lining oropharyngeal tonsillar tissue also express ACE2, and
progressively reduced ACE2 expression occurs in the lower airway re-
gions, which culminates to the minimum level in alveolar region [47].
Nasal epithelia express higher ACE2 levels than bronchial epithelial
tissues, but it has a low TMPRSS2 expression [47]. The nasal goblet
secretory cells co-express ACE2 and TMPRSS2 [65]. However,
TMPRSS2 expression is higher in whole respiratory tract than ACE2.

Human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) also express ACE2 receptor through which SARS-CoV2
enter and replicate in cardiomyocytes [104]. The increased viral re-
plication in cardiomyocytes and cytopathic effects induce their
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apoptotic death via caspase 3 (CASP3) activation, and cardiomyocytes
cease to beat after 72 h of SARS-CoV2 infection [104]. The SARS-CoV2
infection to cardiomyocytes decreases ACE2 expression, but increases
the CXCL2 expression along with different interleukins (ILs, IL-1β and
IL-11), and antiviral protein called 2′-5′-oligoadenylate synthetase 3
(OAS3), which is induced by IFNs, and are activated by viral dsRNA
[104]. The IL-11 is crucial for cardiovascular fibrosis and acts through
binding to IL-11 receptor expressed on cardiac fibroblasts to activate
non-canonical, ERK-dependent autocrine signalling to synthesize fi-
brogenic protein [105]. The OAS3 activates antiviral enzyme RNase L
that inhibits viral and cellular RNAs restricting protein synthesis, and
viral replication to prevent the infection spread [106]. However, SARS-
CoV2 inhibits IFN generation so it should be novel to check the OAS3 at
protein level in cardiomyocytes and other infected cells, including im-
mune cells. The SARS-CoV2 infection in cardiomyocytes also reduces
cardiomyocyte marker genes (TNNT2, encodes cardiac muscle troponin
T and TNNC1, encodes troponin C1) and mitochondrial gene re-
sponsible for oxidative phosphorylation (OXPHOS) called creatine ki-
nase M2 (CKMT2) [104]. Hence, SARS-CoV2 infection in cardiomyo-
cytes changes their gene expression program regulating metabolism
and immune response.

The epithelial cells of renal system (kidney epithelial cells (KECs),
renal tubular cells (RTCs)) and male reproductive system (Leydig cells,
seminal vesicles, and cells of seminiferous tubules, including sperma-
tids) also express ACE2 receptor [19,107–109]. In human female re-
productive system ovaries, decidua, and uterus (epithelial cells) express
ACE2 receptor [109–111]. Hence, these organs may also be infected
with SARS-CoV2. A recent study has shown the negligible co-tran-
scription of ACE2 and TMPRSS2 in human placenta throughout the
pregnancy that minimally expresses the canonical cell-entry mediators
for SARS-CoV-2 [112]. However, CD133+CD34+Lin−CD45− cells in
human umbilical cord blood (UCB), classified as hematopoietic stem
cells (HSCs) and endothelial progenitor cells (EPCs) express ACE2 and
TMPRSS2 [113]. The cells called very small embryonic-like stem cells
(VSELs) and HSCs interact with SARS-CoV2 through ACE2 receptor and
activate NLRP3 inflammasome [113]. A higher ACE2 expression on
OMECs explains feco-oral transmission of COVID-19 [19,114]. Even
human immune cells (monocytes, B cells, and T cells are susceptible to
the active SARS-CoV2 infection and show virus replication [115]. The
immunohistochemical analysis of lungs from severe COVID-19 patients
has shown the presence of SARS-CoV2 infected immune cells. Also, the
whole peripheral blood monocytes (PBMCs) get infected with SARS-
CoV2 in vitro.

The ACE2 (a metallopeptidase with molecular weight 110 kDa)
serves as a binding receptor and entry site of the SARS-CoV2 causing
COVID-19 (Fig. 2) [116,117]. Of note, SARS-CoV2 does not recognize
mouse and rat ACE2. The S1 proteins of SARS-CoV2 bind to the ACE2
and its enzymatic activity cleaves S protein into S1 and S2 (Fig. 2). The
S1 binds to the ACE2 and S2 activated by the host cell serine protease
transmembrane protein serine 2 (TMPRSS2) induces membrane fusion
to enter the cell through the cathepsin-L-dependent pathway (Fig. 2)
[118,119]. Thus, TMRSS2 enhances the virus entry in the cells and the
infection spread in the lung alveolar cells. The presence of a multi-basic
cleavage site (cleaved by host furin) in the S protein at S1/S2 site of the
SARS-CoV2 is essential for infecting human lung epithelial cells or
HAECs (Fig. 2) [120]. Hence, both TMPRSS2 and furin enhance the
virus entry and replication in the cell, and cytopathology of SARS-CoV2
[47]. A mammalian two-pore channel, TPC2 (two-pore channel 2, a
cation channel for endocytic membrane trafficking) in intracellular
endosomes and lysosomes, and the kinase PIKfyve (Phosphatidylino-
sitol 3-phosphate 5-kinase or Fab1 in yeast) synthesizing PI(3,5)P2 in
early endosome required for endolysosomal homeostasis plays a sig-
nificant role in SARS-CoV2 entry (Fig. 2) [121]. PIKfyve inhibition
dysregulates endolysosomal functions, endosomal homeostasis, and
autophagy [122–125]. The SARS-CoV-2 receptor binding motif (RBM)
of RBD plays a crucial role in S protein interaction with ACE2 [32].

RBM, which contains all residues interacting with ACE2 is present in
the carboxy-terminal of the RBD [126]. Hence, RBD comprises of a core
and the RBM [32]. The mutations in the RBD of S protein of SARS-CoV2
may enhance or decrease their binding capacity or affinity for ACE2.
However, there is no evidence that these ACE2-affinity enhancing
mutations may have been selected in current SARS-CoV-2 pandemic
isolates [127]. Most AA mutations to the RBD are deleterious for RBD
expression and activity that is ACE2 binding, but substantial number of
mutations are well tolerated and even enhance ACE2 binding, including
the one at ACE interface residues, which vary across SARS-CoV-related
viruses [127]. The details of SARS-CoV2 S protein (RBM of the RBD)
interaction with ACE2 has been discussed by the author somewhere else
[19].

All cell types (including epithelial cells and immune cells) express
CD147 that also serves as a potential SARS-CoV-2 receptor, suggesting
another route for SARS-CoV2 infection [128–130]. The PBMCs isolated
from children highly express CD147, and adolescents and adults express
it at lower level [130]. Also, the CD147 expression increases with BMI
and older age in the circulating immune cells, but not in barrier cells,
including epithelial cells of the lungs [130]. Thus, older people and
conditions with increased BMI (obesity, diabetes, and hypertension) are
more prone to develop COVID-19. CD147 is slightly highly expressed in
the human bronchial epithelial cells (HBECs) of chronic obstructive
pulmonary disease (COPD) [130]. Azithromycin treatment in hospita-
lized COVID-19 patients decreases the viral load via blocking the SARS-
CoV2 interaction with CD147 [131]. Meplazumab (a humanized mAb
raised against CD147) has successfully treated COVID-19-associated
pneumonia and along with improving the lymphopenia and C-RP levels
(Fig. 2) [132].

Certain cytokines, including IL-1β and IFN-β increase the ACE2
expression in the alveolar epithelial cells (AECs), but they decrease the
TMPRRS2 expression [47]. IL-13 (a crucial Th2 cytokine, which has
anti-inflammatory action) increased in the lungs of asthmatic patients
also decreases the ACE2 expression in AECs [47]. However, HBECs
isolated from asthma patients show a higher TMPRSS2 expression
raising the possibility of increased S protein cleavage into S1 and S2
[130]. Cigarette smoking increases the ACE2 expression in HBECs
[130]. Hence, patients with previous pulmonary disorders (cystic fi-
brosis (CF), tuberculosis, viral infections (influenza, SARS or MERS),
and asthma) may show different outcome of the COVID-19 than people
not previously exposed to these infections or not having CF or asthma.
The lymphocyte antigen 6 complex locus E (LY6E), an interferon-sti-
mulated gene (ISG) restricts the SARS-CoV2 entry in the cell via S
protein (Fig. 2) [133–135]. The increased TMRSS2 expression or am-
photericin treatment neutralizing the interferon-induced transmem-
brane protein 3 (IFITM3)-mediated restriction of SARS-CoV entry do
not affect the LY6E-mediated SARS-CoV2 entry restriction [133]. The
IFITM3 levels increase in lung epithelial cells during COVID-19 [136].
IFITM3 fusion with the virus particles in the endosome enhances virus
trafficking to lysosomes (Fig. 2) [137]. S-plamitoylation plays a crucial
role in the IFITM3-mediated virus trafficking to the lysosome. A pro-
found IFITM3 expression arrests internalized virus particles within
endocytic vesicles and prevents the virus release in the cytosol
[138–140].

COVID-19 patients have clusters of T cells and monocytes char-
acterized by interferon-response genes (ISGs) such as IFN-α inducible
protein 27 (IFI27 or p27, a hydrophobic mitochondrial protein reg-
ulating apoptosis and congenital immunity), IFITM3, or ISG15 [141].
The microtubule associated protein 1B light chain 3-II (LC3-II)-medi-
ated internalization of SARS-CoV2 in the phagophore and, then into
autophagosome also occurs [142]. The Nsp8 co-localizes with LC3-II in
the phagophore [143]. The conversion of microtubule-associated pro-
tein 1B light chain 3-1 (LC3-I) to LC3-II involves the autophagy (Atg)
protein complex (Atg4 + Atg3 + Atg7). The autophagosomes and ly-
sosomes containing the virus fuse to form autolysosomes. The autop-
hagy genes, including Atg5, Atg12, and LC3-I upregulate during SARS-
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CoV2 infection [144]. Atg5−/− mice show an aberrant CoV replication
[145]. The CoV Nsp6 protein via LC3 fusion also induces the omega-
some (The ER domains containing double FYVE-domain containing
protein (DFCP1), which recruits ULK1, Atg14, Atg5, and LC3 proteins)
formation, which matures into autophagosome that delivers LC3 and
the CoV in the autophagolysosomes via lysosome fusion [146]. Hence,
along with endosomes and lysosomes, autophagy also plays a crucial
role in the SARS-CoV2 replication and infection process. Thus with the
release and uncoating of viral nucleocapsid in the cytosol, the CoV
replication starts with the ORF1a and ORF1b translation into poly-
protein (PP) 1a and PP 1b (Fig. 2) [147].

The downstream of translation of ORF1a and ORF1b occurs through
ribosomal frameshift mechanism. Subsequently, PP 1a and PP 1b are
cleaved into at least 15 Nsps, which form a replication-transcription
complex (RTC) (Fig. 2) [147]. Following replicase-polymerase as-
sembly, the full-length positive strand of genomic RNA transcribes to
form a full-length negative-strand template to synthesize new genomic
RNAs and overlapping subgenomic negative-strand templates (Fig. 2)
[147]. These subgenomic RNAs then transcribe and translate to form
structural and accessory proteins [147]. The assembly of virion occurs
once the helical nucleocapsid containing the genomic RNA interacts
with other viral structural proteins (S, E, and M proteins) [147]. The
CoV assembly completes with the budding of the helical nucleocapsid
through membranes early in the secretory pathway from the en-
doplasmic reticulum to the Golgi intermediate compartment (ERGIC)
(Fig. 2). Host proteins do not take part in this phase of the infection
cycle.

The viral M protein interacts with various structural proteins, in-
cluding S and E protein to assemble into a mature CoV. The M protein, a
central player of CoV assembly, turns cellular membranes into work-
shops for virus, and host factors get together to synthesize new virus
particles [148]. The interaction between M and structural proteins (E
protein) generates the scaffold of virion envelope to induce the budding
and release of the M protein-modified membrane with S protein as-
sembled into spikes in the virus envelope [148–150]. Thereafter, the
CoV moves to the vesicle for the exocytosis. The exocytosed virus is
ready to infect new host cells. However, the detailed discussion of
human CoV (hCoV), including SARS-CoV2 replication process and
virion assembly is beyond the scope of the current review and has been
discussed in detail somewhere else [151–154]. More recently, a tran-
sition model from Nsp7-Nsp8 hexadecameric primase complex to the
Nsp12-Nsp7-Nsp8 polymerase complex has also been proposed to un-
derstand CoV transcription and replication machinery [155].

The SARS-CoV2 infection of the host epithelial cell (Caco-2 cells)
changes the phosphoproteome within 24 h post infection and main
fractions of phosphopeptides, include modified serines (86.4%),
threonine (13.4%), and tyrosine (0.2%) [156]. SARS-CoV2 infection of
the host cells reshapes their splicing machinery and inhibition of spli-
cing by pladeinolide B decreases SARS-CoV2 pathogenic effects. The
SARS-CoV2 infection of the host epithelial cells increases growth factor
receptor (GFR) signaling and phosphorylation of the whole pathway,
including related components of cytoskeleton remodelling and receptor
endocytosis [156]. The GFR signaling, amongst others, activates 1) the
RAF/MEK/ERK MAPK signaling cascade and 2) integrates [via phos-
phoinositide 3 kinase (PI3K) and protein kinase B (AKT)] with mTORC1
signaling to regulating proliferation [156]. The PI3KB inhibitors (pic-
tilisib and omipalisib) inhibit the SARS-CoV2 replication. Both, RAF
inhibitor sorafenib and the dual RAF/MEK inhibitor RO5126766 de-
crease the cytopathic effect of the virus and decrease its replication. The
same inhibitory effects of the GFR inhibition have been observed in
another cell line (UKF-RC-2 cells) infected with SARS-CoV2. Hence,
activation of GFR signaling during SARS-CoV2 infection increases its
replication in host epithelial cells.

5. Immunology of the SARS-CoV2 infection or the COVID-19

The immune system plays a crucial role in the outcome of the SARS-
CoV2 infection. The data from 63 hospitals involved in treating COVID-
19 patients in the UK has identified a core peripheral blood immune
signature indicating the enrichment with SARS-CoV2-specific Abs,
plasmablasts, cytokines (IL-6, IL-8, and IL-10), chemokine (CXCL10 or
IFN-γ-induced protein 10 or IP-10), highly cycling T cells and CD8+T
cells with exhaustion phenotype (expressing T-cell immunoglobulin
mucin-3 (TIM-3) and programmed cell death-1 or PD-1), altered B cells
compartment, and depletion of αβ and γδT cells [157]. The increased
plasmablasts correlate with the COVID-19 severity, but the dynamic B
cell biology essentially contributes to the immunophenotype of all
COVID-19 patients [157]. Also, the increased circulating IL-6 and IL-10
levels correlate well with the severity along with the chemokine IP-10
that is also highest in severe COVID-19 patients [157]. Both, IP-10 and
IFN dynamics do not correlate concomitant C-reactive protein (CRP)
measurements. People, who are q-PCR positive for SARS-CoV2 infection
develop IgG anti-N, IgM anti-N, IgG anti-S1, and IgA anti-S1 Abs, which
increase over two months after q-PCR diagnosis and remain at plateau
over the next two months [158]. IgM anti-N Abs increase in con-
centration rapidly soon after COVID-19 diagnosis and they become
undetectable after two months [158]. IgA anti-S1 Abs start to decrease
after 1 month of diagnosis but remain detectable thereafter. IgG anti-N
and anti-S1 antibody levels increase during the first 6 weeks after di-
agnosis and their number increases with the severity of the disease.
Hence, the potency and the severity of immune response determines the
following phenotype among COVID-19 patients: (1) Asymptomatic, (2)
mild, (3) moderate, and (4) severe cases of COVID-19.

5.1. The immune response in asymptomatic COVID-19 patients

Asymptomatic COVID-19 cases cannot be differentiated on the basis
of anatomy and extent of infection from symptomatic cases of the dis-
ease as 50% of asymptomatic COVID-19 patients show radiographic
abnormalities, including ground-glass opacities on chest CT scans
[159,160]. Another study had shown approximately 50% patients of
634 people screened for COVID-19 were asymptomatic in Yokoyama,
Japan, in a cruise ship hosting 3711 people [161]. Hence, im-
munological investigations become a crucial laboratory-based diagnosis
to differentiate asymptomatic patients from symptomatic ones.
Asymptomatic individuals show mild clinical and laboratory indica-
tions, and mild lung lesions indicating a low pro-inflammatory innate
immune response generation than the symptomatic individuals (Fig. 3)
[162]. For example, SARS-CoV2 positive asymptomatic individuals in-
duce a weaker pro-inflammatory tissue damaging innate immune re-
sponse (very low levels of eighteen pro- and anti-inflammatory cyto-
kines) and the median virus shedding (the time period between first and
last nasopharyngeal swab) duration among this group is nineteen days
(interquartile range (IQR), 15–26 days) [163].

Asymptomatic individuals have higher circulating stem cell factor
(SCF), IL-13, IL-12p40 (a subunit of IL-12), and leukemia inhibitory
factor (LIF) levels than healthy controls (Fig. 3). The increase in IL-12
levels increase the antiviral immune response of NK cells and Th1 cells
(direct cytotoxic action and IFN-γ generation) during early phase of the
immune response (Fig. 3) [164,165]. IL-12 inhibits early viral replica-
tion through activating NK cell cytotoxic action and IFN-γ release, but is
not essential to clear the infection in case of influenza virus infection
[165]. Mice deficient in IL-12 are defective in IFN-γ production and
show impaired Th1 immune response without affecting cytotoxic T
lymphocyte (CTL) generation [166]. However, IL-12 is not an essential
cytokine for the generation of polarized Th1 cell cytokine expression
and associated immune response generation during viral infections,
including mouse hepatitis virus (MHV, a murine coronavirus)
[167,168]. Antigen presenting cells (APCs), including macrophages and
DCs secrete IL-12 in response to the viral infection [169]. The IL-12
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production may antagonize Th2 cell differentiation and inhibits the
class switching to IgE to a greater extent than to other Immunoglobulins
(Igs, IgM and IgGs) [170]. Hence, early IL-12 induction from APCs in
asymptomatic patients helps in the SARS-CoV2 clearance through ac-
tivating NK and Th1 cell-mediated cytotoxic action and antiviral IFN-γ
release. However, the exact role of IL-12 during SARS-CoV2 action
should be studied in different transgenic mice or ferrets that can de-
velop asymptomatic COVID-19 resembling humans. The increased IL-
13 level is associated with the decreased ACE2 expression in lungs in-
dicating that in asymptomatic individuals SARS-CoV2 tendency to in-
fect the cell via ACE2 receptor decreases for a productive infection
(Fig. 3). However, CD147-dependent SARS-CoV2 infection of the host
cells remains unchanged. Thus a less severe SARS-CoV2 infection
without severe pro-inflammatory immune reaction may develop in
these people as indicated by their asymptomatic phenotype. Also, IL-13
cytokine induces macrophage polarization towards anti-inflammatory

alternatively activated macrophages (AAMs, which secrete anti-in-
flammatory IL-10) or M2 macrophages and suppresses the pro-in-
flammatory cytokines (IL-6, IL-1, TNF-α, and IL-8) secretion [171,172].
On the other hand, IL-13 has a little positive effect in inducing IFN-γ
from large granular lymphocytes (LGLs, which have large azurophilic
granules in their cytoplasm), which include NK cells and CD8+ cyto-
toxic T cells [171]. However, the increased SCF levels may induce
apoptotic cell death of CD8+T cells expressing the c-kit or CD117 (the
ligand for SCF) in the asymptomatic patients (Fig. 3) [173]. Hence,
CD8+T cell-mediated antiviral immune response (direct cytotoxicity
and IFN-γ production) decreases in asymptomatic SARS-CoV2 positive
people (Fig. 3). Higher the CD117 or c-kit expression on CD8+T cells,
lesser is their proliferation and differentiation, but higher is their
apoptotic death.

The magnitude of the CD117 on CD8+T cells inversely depends on
the strength of the stimuli. In asymptomatic patients, decreased SARS-

Fig. 3. The immune response in the SARS-CoV2
positive asymptomatic patients. Asymptomatic pa-
tients are SARS-CoV2 infected but do not show the
signs of the COVID-19. They produce a higher
amount of IL-13, SCF, IL-12, and LIF. IL-13 de-
creases the ACE2 expression on pulmonary epithe-
lial cells (PECs) and other immune cells therefore a
decreased virus entry and replication occurs
without the productive infection. SCF increases the
apoptosis among CD8+ cytotoxic T cells that de-
crease cytotoxic and pro-inflammatory action
against the virus. IL-12 increases the NK cell and T
cell antiviral immunity. LIF inhibits the IFN-γ pro-
duction and induces FoxP3+Tregs causing im-
munosuppression. Hence, a decrease in the virus
entry in the cell, generation of the weak pro-in-
flammatory immune response, and the activation of
NK and Th1 cells-mediated anitviral action gen-
erate the asymptomatic phenotype in SARS-CoV2
infected people. These asymptomatic patients at
their convalescent phase show very low amount of
neutralizing IgG Abs.
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CoV2 infection of CD8+T cells occurs due to the decreased ACE2 ex-
pression that increases the CD117 expression over them (Fig. 3). Thus,
CD8+T cells response is weaker in asymptomatic patients of COVID-19.
Also, the SCF-c-kit (CD117) interaction maintains gut immune home-
ostasis and thus asymptomatic SARS-CoV2 people may not be showing
gastrointestinal disturbance, an area remains to explore [174]. LIF also
suppresses the IFN-γ release from T cells, promotes FoxP3+ regulatory
T (Tregs) and Th2 cell proliferation, suppresses Th17 cells, and exerts
host protective anti-inflammatory effects opposite to the pro-in-
flammatory cytokine, IL-6 (Fig. 3) [175–178]. Although, LIF belongs to
IL-6 cytokine family. These immunological effects may lead to the
asymptomatic phenotype in certain people infected with SARS-CoV2.
Thus elevated IL-12 promote direct cytotoxic action of NK cells and
antiviral IFN-γ release, and elevated IL-13 and LIF levels suppress in-
creased viral invasion to the host cells and generate anti-inflammatory
immune response (AAMs activation) to protect the tissue damage,
generation of Tregs further suppress pro-inflammatory tissue damaging
immune response. Hence, infection gets cleared in asymptomatic pa-
tients without the generation of severe pro-inflammatory immune re-
sponse causing severe harm. Further studies in animal models will put
light on immune response associated with asymptomatic phenotype in
patients.

Also, the asymptomatic individuals show very low levels of SARS-
CoV2 S protein-specific IgG Abs as compared to acute symptomatic
COVID-19 patients [159,163]. Even convalescent asymptomatic in-
dividuals show reduction in the SARS-CoV2 NAbs and IgGs during the
early convalescent phase as compared to the symptomatic convalescent
patients. For example, higher number (40%) of asymptomatic con-
valescent patients become seronegative for SARS-CoV2-specific IgGs in
the early convalescent phase (8 weeks after their hospital discharge),
whereas only 12.9% symptomatic convalescent patients become ser-
onegative for SARS-CoV2-specific Abs during this period [163]. How-
ever, convalescent asymptomatic COVID-19 patients develop a robust
memory T cell-based immunity [179]. This may be due to less cytotoxic
CD8+T cell response in these patients and exposure to the virus for
longer duration may induce CD8+ memory T cells precursors expres-
sing lymphoid homing molecules (CCR7, L-selectin) and homeostatic
cytokine receptors (IL-7α, IL-2/IL-15β) [180,181]. The CD4+T cell help
for CD8+T cell primary response depends on the degree of inflamma-
tion as asymptomatic COVID-19 patients do not develop severe in-
flammation, they do not require CD4+T cells for the process [182].
However, primary CD8+T cell immune response occurring without the
help of CD4+T cells may be of a good quality, but their ability to make
good quality secondary immune response fades away. Hence, it will be
better to see the effectiveness of CD8+ memory T cells in terms of its
durability and strength with time. Further studies are required in the
field to explore the generation of CD8+T memory cells in asymptomatic
convalescent COVID-19 patients.

5.2. The immune response in symptomatic COVID-19 patients

The symptomatic COVID-19 patients have higher IgG levels as
compared to asymptomatic patients and their IgGs also stays for longer
duration during convalescent stage than the asymptomatic con-
valescent patient (Fig. 3) [163]. The symptomatic patients have in-
creased levels of tumor necrosis factor-related apoptosis-inducing li-
gand (TRAIL), macrophage colony-stimulating factor (M-CSF), growth-
regulated oncogene-α (GRO-α), granulocyte colony-stimulating factor
(G-CSF), and IL-6 [163]. GRO-α belongs to the chemokine ligand family
and is also called CXCL1, it increase the neutrophil infiltration in the
infected target organ through CXCR2, a G-protein coupled chemokine
receptor (Fig. 4) [183]. GRO-α supports luminal and sub-endothelial
cell neutrophil crawling to get in the target organ (Fig. 4) [184]. GRO-α
is a 73 AA 8-kDa protein that resembles GRO-β/CXCL2, GRO-γ/CXCL3,
and IL-8 [185]. GRO-α is 48% identical to IL-8 at the AA level and
shares similar functions [186]. GRO-α modulates immune cell

migration and angiogenesis. GRO-α production increases the virus
(HIV-1) replication and survival in the infected macrophages and T cells
to increase the disease severity [187]. Also, it activates ORF74 of the
Kaposi's sarcoma-associated herpesvirus (KSHV) to induce angiogenic
phenotype of Kaposi’s sarcoma lesions via activating JNK/SAPK and
p38MAPK signaling as induced by inflammatory cytokines capable of
activating the angiogenesis [188,189]. Hence, it should be checked in
context to SARS-CoV2 infection as both (HIV-1 and SARS-CoV2) are
enveloped ssRNA viruses. GRO-α is also called melanoma growth sti-
mulatory activity (MGSA) as it was first discovered in malignant mel-
anoma cells as an autocrine growth factor [190].

G-CSF and M-CSF are required for neutrophil and monocyte devel-
opment, maturation, and infiltration in the target organ to clear the
infection and induce pro-inflammatory immune response (Fig. 4) [191].
On the other hand, elevated levels of TRAIL can promote apoptosis
among primary plasma cells generated in a T cell-dependent immune
response [192]. However, resting and activated B cells are resistant to
TRAIL-dependent apoptosis despite the comparable TRAIL and death
receptors (DRs, DR5 and DR4) expression (Fig. 4) [192]. On the other
hand, TRAIL also induces apoptosis among immature DCs, although
mature DCs are resistant to it [193]. TRAIL also induces apoptosis
among differentiating CD4+Th1 cells and CD8+T cells generated in the
absence of CD4+T cells (Fig. 4) [194]. TRAIL also induces cell cycle
arrest in G2/M phase among CD8+T cells, rather inducing their apop-
tosis [195].

TRAIL may also induce apoptosis among human neutrophils to
prevent exaggerated inflammation [196]. It will comprise a novel ap-
proach to measure the circulating serum/plasma and bronchoalveolar
lavage fluid (BALF) levels of these factors (CXCL1, TRAIL, G-CSF, and
M-CSF) in patients who have recovered from mild symptomatic stage or
have progressed to moderate or severe COVID-19. We can interpret that
in symptomatic COVID-19 patients the pro-inflammatory and antiviral
innate immune response generation prevents its exaggeration to severe
COVID-19 phenotype. Also, as the neutrophils are not resistant to the
apoptotic death so they do not cause profound bystander tissue damage
as observed during sepsis-induced acute lung injury (ALI) [197]. The
prevention of apoptotic cell death among resting and activated B cells
plays a crucial in the protective IgG generation, which is maintained at
higher levels in the convalescent patients as compared to asymptomatic
convalescent patients. The presence of Abs in these patients is the in-
dicator of presence of Abs secreting plasma cells generated in the ab-
sence of T cell-dependent immune response. Hence, the Abs generated
do not have longevity and their plasma cells reside within extra-folli-
cular region of secondary lymphoid organs (SLOs), including spleen
[198]. Further studies are required in the field.

5.3. The immune response in mild to moderate COVID-19 patients

The mild cases of COVID-19 show lower body temperature and their
body temperature normalizes faster as compared to patients with severe
COVID-19 [199]. They have the median viral shedding duration of
fourteen days [163]. The patients with mild COVID-19 also have viral
shedding restricted to the respiratory tract and lack detectable virus
RNA 10 days after the disease onset as indicated [200]. The neutrophils
infiltrated in the lungs of mild COVID-19 patients execute their antiviral
action (type 1IFN production) in an immunologically ‘controlled’
manner under the regulation of fully differentiated Th17, Th1, CD8+T
resident memory (TRMs), and partially exhausted T (TEX) cells [201].
The dying apoptotic neutrophils are efficiently cleared through effer-
ocytosis (phagocytic clearance of dead cells) by macrophages, in-
dicating the mechanisms controlling exaggerated inflammation and
tissue repair in these patients [201–203]. For example, mild to mod-
erate COVID-19 patients before symptomatic recovery (on day 7th of
the infection) that persists for at least seven days following the con-
valescence show higher levels of CD3–CD19+CD27hiCD38hi antibody-
secreting cells (ASCs), CD4+CXCR5+ICOS+PD-1+ circulating follicular
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helper T cells (cTFH cells), activated CD38+HLA-DR+ CD4+T, and
CD38+HLA-DR+ CD8+T cells, along with IgM and IgG antibodies
binding to SARS-CoV2 in their peripheral blood samples (Fig. 5) [204].
The IgM levels are very low in mild COVID-19 patients as compared to
the severe cases of COVID-19 [200]. The increase in cTFH cells corre-
lates well with the increase in IL-6 as it inhibits the IL-2Rβ (CD122)
upregulation via preventing the STAT5 association with the Il2rb locus
to allow germinal center (GC)-TFH cells for receiving sustained T cell
receptor (TCR) signaling and producing IL-2 without initiating a TCR/
IL-2 inhibitory feedback loop [205].

The human B cell compartment in COVID-19 patients alters rapidly
with the early recruitment of B cells expressing a limited subset of
variable heavy (VH) chain genes, and extensive polyclonal IgG and IgA
Abs activation without a significant somatic hypermutation (SHM)
[206]. However, COVID-19 individuals show a broad range of SHMs
[207]. The high SHM pattern is associated with clinically more severe

pattern of the COVID-19 and B cell receptors (BCRs) with high SHM do
not show clonal expansion [207]. The clusters of related BCR sequences
in Ab-positive COVID-19 repertoires spanning different individuals,
independently of one another, show a very similar B cell response as
indicated by the preferential usage of Ig heavy chain variable region 3
(IGHV3) subfamily genes, mostly rearranged with Ig heavy chain
joining region 4 (IGHJ4) or IGHJ6 gene segments [207]. The majority
of COVID-19-specific IGHV3 BCR clusters have unmutated BCR se-
quences. This suggests that the patients with effective immune response
have a large pool of naïve B cells. Expansion of B cell clones and highly
convergent Abs with highly similar sequences across SARS-CoV2 in-
fected patients highlights their stereotyped naïve nature against the
infection [206]. Recently, polyclonal IgGs and Fabs recognizing SRAS-
CoV2 S protein have been isolated from convalescent COVID-19 pa-
tients, which differ in their binding to the RBD epitopes, recognizing α-
and β-CoVs, and contribution to avidity to increased binding/

Fig. 4. The immune response in the COVID-19
symptomatic patients. The symptomatic patients
produce a high amount of GRO-α or CXCL1, which
increase neutrophil infiltration in the lung via en-
hancing luminal and sub-endothelial cell neu-
trophil crawling. The increased G-CSF and M-CSF
in these patients also increase neutrophil and
monocyte infiltration in the lungs and their survival
and differentiation. The increased IL-6 levels also
increase the neutrophil and monocyte infiltration in
the lungs. The increased TRAIL levels prevent the
resting and active B cell apoptosis, induce apoptosis
among CD4+T and CD8+T cells, and neutrophils to
prevent the exaggeration of inflammation and the
lung injury. These patients have higher neutralizing
Abs in their convalescent stage than asymptomatic
individuals.
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neutralization of IgGs against Fabs [208]. Also, the polyclonal plasma
Fabs recognize both S1A and RBD epitopes on SARS-CoV2 S protein,
including the epitope that blocks ACE2 receptor binding. Even these
IgGs do not get affected with identified S protein mutations of the
SARS-CoV2 [208]. Hence, the characterization of these recurrent
polyclonal IgGs against SARS-CoV2 provide us a criteria to evaluating
vaccine elicited Abs.

The neutralizing Abs showing minimum somatic mutation and the
limited clonal expansion recognize epitopes of the RBD and inhibit the
SARS-CoV2 S-ACE2 receptor interaction through neutralizing the SARS-
CoV2 (Fig. 5) [209]. SARS-CoV2 NAbs develop within 10–15 days post
infection and their titers well correlate with S-protein binding Abs
targeting S1, RBD, and S2 regions [210]. The elderly and middle-aged

patients have high levels of plasma NAbs and SARS-CoV2-S protein-
specific Abs than younger patients. Whereas, the non-NAbs generated
within first seven days of the infection target epitopes outside the RBD
of the S protein to disrupt the interaction between ACE2- SARS-CoV2-S
protein without undergoing the considerable maturation [209]. Hence,
both neutralizing and non-neutralizing Abs have a potential for im-
munotherapeutics. However, convalescent patients with mild COVID-
19 rapidly loss protective Abs against SARS-CoV2, which is more rapid
than the SARS-CoV (serum IgG Abs were present even after 1 year
(3 years) but IgM Abs lost after 6 months) [163,211–213].

Another study has shown the low frequency of NAbs in COVID-19
convalescent patients in addition to the presence of rare, but recurring
RBD-specific Abs with a potent antiviral activity [214]. The production

Fig. 5. The immune response in the mild to moderate COVID-19 patients. These patients show an increase in Ab secreting plasma cells, cTFH cells, CD4+T cells, and
CD8+T cells with a decrease in the Tregs in the circulation. These patients have residential memory T cells (Trems) in their lungs, which exert a direct cytotoxic action
on SARS-CoV2 via granzyme B. The neutralizing Abs protect the host form the severe infection via virus clearance and also provide future protection to the host.
These patient during convalescent stage do not show lymphopenia and exhibit a higher level of neutralizing Abs that asymptomatic and symptomatic patients.
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and level of anti-RBD IgG Abs moderately correlate with the age of the
patient and the severity of infection. Whereas, anti-RBD IgM Abs do not
correlate with the duration of symptoms and the timing of sample
collection [214]. Of note, women show less anti-RBD and anti-spike (S)
IgG titers than male patients independent of age, severity of symptoms,
timing of sample collection relative to the onset or duration of symp-
toms [214,215]. The IgG titers are greater than either IgM or IgA for S1,
full length S, and S-RBD in the overall COVID-19 convalescent patients
and 80% patients show NAbs [215]. Some mild COVID-19 patients
show very low undetectable NAbs levels indicating that they have T
cell-mediated immunity to protect against the virus [210].

The mild COVID-19 patients have increased level of
ZNF683hi CD8+ Trm (resident memory T) cells in their BALF (Fig. 5)
[129]. The CD8+Trm memory cell formation occurs through the ex-
tracellular adenosine triphosphate (eATP) recognition via purinergic
receptor P2X 7 (P2RX7) expressed on CD8+T cells, which enhances
their responsiveness to the transforming growth factor-β (TGF-β), an
essential step for tissue residency of memory T cells [216]. The long
term maintenance of CD8+Trms requires sustained P2RX7 signaling at
barrier sites, including respiratory tract or lungs. Thus only healthy
individuals with healthy mitochondria will have CD8+Trms for longer
duration, which could clear the related infection in near future. The
zinc finger protein 683 (ZNF863 or Hobit) is a homolog of B lympho-
cyte-induced maturation protein-1 (Blimp-1) in T cells. The quiescent
and long-lived effector-type CD8+T cells highly express ZNF863 or
Hobit [217]. The T-bet and IFN-γ expression within the effector CD8+

T-cell population highly correlate with the Hobit expression. Hence, T-
bet and Hobit, both are crucial for IFN-γ production by the effector
memory CD8+T cells (Fig. 5) [217].

The Hobit or ZNF683 maintain cytotoxicity (via regulating gran-
zyme B) in a deployment-ready mode in Trm [218]. Blimp-1 controls the
generation of these CD8+Trm cells in the lungs [219]. However, in
mature human NK cells, ZNF683 or Hobit negatively regulates IFN-γ
production by mature human NK cells [220]. Therefore, the ZNF683
expression in human NK cells isolated from COVID-19 should also be
explored as severe COVID-19 patients fail to produce IFN-γ. Thus, pa-
tients with mild COVID-19 are efficient in clearing the virus due to the
presence of high number of ZNF683hi CD8+ Trm cells, which are cap-
able of exerting direct and immediate cytotoxic action on the SARS-
CoV2 (Fig. 5). Of note, some (20–28%) HDs with no prior history of
SARS-CoV2 infection also have SARS-CoV2 reactive memory T cells
directed against S or M protein, but not against nucleocapsid (N pro-
tein) [179,221,222]. This indicates the induction of SARS-CoV2 cross-
reactive T cells in response to the common cold. And these SARS-CoV2
reactive T cells in the unexposed population may help to clear the in-
fection via causing mild or moderate infection.

The COVID-19 recovered patients show the presence of neutralizing
IgG antibody and majority of recovered patients also have anti-RBD IgM
and IgA antibodies [222–224]. However, convalescent COVID-19 pa-
tients do not have expanded plasmablasts [71]. The frequency of
plasmablasts in individuals with severe COVID-19 does not correlate
with age, since days onset of the COVID-19 symptoms, APACHE III
score, and frequency of CD4+ cTFHs [71]. The CD4+cTFHs generated
from SARS-CoV2 S protein-specific CD4+T cells and M or N-specific
CD4+T cells skew towards Th1 or Th1/Th17 cells [179,207]. The
presence of RBD-specific IgGs has been detected in COVID-19 patients
six days post PCR confirmation of the infection [224]. These IgG Abs
show class switching to IgG1 and IgG3 subclass, and no IgG2 and IgG4
have been detected [224]. Hence, NAbs production and IgG class-
switching occur early during acute COVID-19. The plasmablast (express
Ki-67 and low levels of CXCR5) frequency does not correlate with the
anti-RBD IgM or IgG levels, but a positive correlation between the anti-
RBD-specific IgM and IgG levels, and time since the onset of the in-
fection in moderate and severe COVID-19 patients occurs [71]. The S
protein-specific CD4+ T cell responses correlate well with the magni-
tude of the anti-spike RBD IgG titers, while the non-spike SARS-CoV-2-

specific CD4+ T cell response does not correlate well with anti-spike
RBD IgG titers. The anti-RBD IgM and IgA production depends on the
generation of S protein-specific CD4+T cells immune response, but the
non-spike SARS-CoV-2-specific CD4+ T cell response is independent of
anti-spike RBD IgG titer [222]. Hence, the Ab, CD4+, and CD8+ T cell
responses specific to S protein of SARS-CoV-2 generally correlate well,
but less strongly correlate with circulating pro-inflammatory cytokines
(IL-6, IL-10, and TNF-α) [179].

The T cell repertoire increase their diversity and richness above the
level of convalescent HDs [207]. The COVID-19 patients show a skewed
usage of T cell receptor β chain variable and joining (TRBV/J) gene.
More than 80% COVID-19 patients have SARS-CoV2 S protein-specific
CD4+T cells [225]. The majority of the CD4+ T cell response in COVID-
19 cases is directed against highly expressed SARS-CoV-2 ORFs S, M,
and N proteins. On an average, these Ags account for 27%, 21%, and
11% of the total CD4+ T cell response, respectively [222]. Most COVID-
19 patients also generate SARS-CoV-2 Nsp3, Nsp4, and ORF8 specific
CD4+ T cells, which account for ~5% of the total CD4+T cell response
each. Whereas E, ORF6, hypothetical ORF10, and Nsp1 are all small
Ags, and remain unrecognized by CD4+T cells. On the other hand, the
SARS-CoV2 unexposed control group have about 23–35% of CD4+T
cells against S protein of SARS-CoV2, indicating the widely distributed
cross-reactivity with SARS-CoV2 [222,225]. However, these S protein-
reactive CD4+T cells from HDs target primarily to C-terminal epitopes
indicating their higher homology to S glycoproteins of human endemic
coronaviruses (HCoVOC43 and HCoV229E) compared to N-terminal
epitopes [225].

The immunodominance pattern of SARS-CoV-2 CD8+ T cells com-
prises as, with spike protein accounts for ~26% of the reactivity, and N
accounts for ~12%. For other proteins or antigens, it comprises as M
(22%), Nsp6 (15%), ORF8 (10%), and ORF3a (7%). The less CD8+T
cells are present in uninfected control group (HDs) showing cross-re-
activity with SARS-CoV2. The recovered patients show slightly in-
creased CD3+ cells as compared to the control non-exposed group.
There is no significant difference between CD4+ and CD8+ T cells in
both (recovered and control) groups [222]. However, CD19+ cells de-
crease in recovered patients as compared to the control group, but
CD3–CD19– cells or CD14+CD16– monocytes (classical monocytes) re-
main same in both groups [71,222]. Even the total portion of mono-
cytes (CD14+ and HLA-DR+) and monocytes depending on CD14 and
CD16 expression [classical (CD14+CD16–) monocytes, intermediated
CD14+CD16+) monocytes, and non-classical monocytes
(CD14−CD16–)] do not alter significantly in control, mild, severe, and
COVID-19 recovered patients in the peripheral circulation [71]. The
convalescent patients do not show the signs of lymphopenia (Fig. 5).

5.4. The immune response in severely ill COVID-19 patients

In severely infected COVID-19 patients the absolute number of T
cells, CD4+T, and CD8+T cells decreases (Fig. 6) [71,179,226–229].
The severity of COVID-19 increases with the older age and comorbidity
as these patients have higher number of SARS-CoV2-specific CD4+T
cells, harbor higher IL-2 levels, and their IFN-γ producing cells (NK,
NKT, γδT, CD4+Th1, and CD8+ cytotoxic T, and CD11ahiFcγRIIIhi B
cells, also called IFN-γ producing B cells) decrease [230–232]. The di-
minished frequencies of membrane protein reactive IFNγ+ T cells
(CD4+ and CD8+T cells) in severe COVID-19 patients admitted in the
intensive care unit (ICU) well correlate with APACHE II score of the
severity. Hence, age and comorbidities (hypertension, diabetes, chronic
respiratory diseases) predetermine the SARS-CoV2-specific T cell im-
mune response. The decrease in the T cells can be suggested as a result
of their apoptotic cell death as indicated by increased apoptosis marker
(Annexin V) upon infection with the SARS-CoV 2 [115,201]. Total T
cell count, including CD8+ T cells or CD4+ T cells decreasing below
800, 300, or 400/μL is associated with the mortality among severe
COVID-19 patients [229]. The CXCR5+CD38+CD8+T cells
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significantly decrease in the peripheral blood of severe COVID-19 pa-
tients, but their number increases in the lungs correlating with the se-
verity of the pneumonia [233]. The T cell number in circulation is in-
versely correlated with the systemic IL-6, TNF-α, and IL-10 levels.
Hence, COVID-19 convalescent patients with low IL-6, TNF-α, and IL-
10 levels have T cell numbers equal to healthy controls. Also, IFN-γ
expressing CD4+T and CD8+T cells get lower in severe cases as com-
pared to mild or moderate cases (Fig. 6) [227,234]. The CD38+ and
HLA-DR+CD38+ memory CD4+ and CD8+T cells increase in severe
COVID-19 patients as compared to healthy controls [71]. Severe
COVID-19 patients also have higher frequency of PD-1+ CD4+ T
memory cells but not CD8+T cells depending on the age, than healthy
controls.

The increased PD-1 and TIM-3 expression indicates their exhaustion

and terminal differentiation [229,235]. However, PD-1 expression is
more pronounced on CD4+T cell subsets than CD8+T cells, and TIM-3
is more expressed on CD8+T cells and CD4+T cell subsets correlating
with a strong downregulation of the metabolically active ecto-5′-nu-
cleotidase CD73 [207]. Another study has shown that the memory
CD8+T cells in severe CVID-19 patients express CD38, HLA-DR, Ki-67,
and PD-1 [179]. The CD4+T effector memory cells (CD4+TEM) show
lower expression of genes encoding T cells receptor (TCR) signaling
components and highly express HIF-1α as an adaptation to the hypoxia
or dysoxia (abnormal tissue oxygen utilization) during severe COVID-
19 [157]. On the other hand, CD8+TEMs highly express cytolysis-asso-
ciated genes NCR1 (encoding NKp46), FASLG (encodes Fas Ligand or
CD95-L, also called Tumor necrosis factor ligand superfamily member 6
or TNFSF6), several GZM (encode granzymes) genes

Fig. 6. The immune response in the severe
COVID-19 patients. These sever COVID-19
patients show a decrease in the CD4+T cells,
CD8+T cells, IFN-γ+CD4+T cells, and Tregs.
Due to decreased IFN-γ levels the viral load
increases. The increase in the circulating
GM3 is well correlated with the decreased
CD4+T cell number in the circulation. The
increased CD4-CTLs along with peripheral
monocytes, pulmonary epithelial cells
(PECs) and pulmonary Th17 cells secrete
various chemokines, which increase the
neutrophil and monocyte infiltration in the
lung. The increased accumulation of neu-
trophils, monocytes, CD4+T cells, and Th17
cells induce pulmonary cytokine storm to
cause ALI/ ARDS. The systemic cytokine
also generates but does not involve mono-
cytes, NK cells, and T cells. The increased IL-
6 levels cause lymphopenia, increase Th17
cells secreting pro-inflammatory cytokines
(IL-17, IL-22 etc.). IL-6 also decreases HLA-
DR expression on immune cells, including
monocytes, which migrate to the lungs. The
HLA-E and HLA-F expression on immune
cells also decreases. Tocilizumab inhibits IL-
6-mediated immune response to protect
against COVID-19-induced pneumonia and
ALI. Acalabrutinib, a BTK inhibitor also in-
hibits IL-6 production and the associated
lymphopenia and other severe COVID-19
symptoms, including ALI. The CS activation
also play a crucial role in sever COVID-19.
The increased C5a, C3a, C4, and membrane
attack complex (MAC) levels well correlate
with COVID-19 severity and ALI. The anti-
C5a mAb protects against severe COVID-19
and ALI. Anakinra, an IL-1R antagonist also
inhibits neutrophils and monocytes infiltra-
tion in the lung to protect against severe
COVID-19-induced ALI. These patients show
increased levels of plasma cells than mild or
moderate COVID-19 patients. A decrease in
the systemic NK cells, pDCs, cDCs (CD1c+

and CD141+DCs), and CD16+ monocytes
occurs systemically causing an impaired
antiviral immune response.
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and PRF1 (encoding perforin), and overexpression of TNFRSF10B (en-
coding TRAIL-receptor) and caspase 3 (CASP3) indicates their increased
susceptibility to apoptotic cell death than the CD8+TEMs of healthy
controls [157].

Both, CD4+ and CD8+T cells highly express B and T lymphocyte
attenuator (BTLA), which is responsible for increased mortality during
sepsis via dysregulating innate immune response and lymphocyte
apoptotic death [207,236,237]. However, the CD4+/CD8+T cell ratio
in COVID-19 patients is higher than HDs indicating that CD8+T cell loss
is higher than CD4+T cells [207,230,234]. The CD8+T cells from se-
vere COVID-19 patients also show lower IL-2 expression than HDs.
These patients also show conserved T central memory (Tcm
CD45RA+CCR7+) cells, but naive CD4+T cells and T effector memory
(TEM, CDR45+RA−CCR7−) cells decrease as compared to HDs [234].
The number of senescent or exhausted CD8+T cells increase in severe
COVID-19 patients as compared to HDs. Both, moderate and severe
COVID-19 patients have reduced CD4+CD25+CD127low and
CD45RA+Tregs (Fig. 6) [226,238]. Also, the patients with acute COVID-
19 show delayed RBD- and nucleocapsid protein (NP)-specific T cell
responses in the first three weeks of the first appearance of symptoms
[228]. The decrease in the systemic CD4+T cell count in severe COVID-
19 patients negatively correlates with the plasma monosialodihexosyl
ganglioside (GM3) levels as it increases with severity of the disease and
CD4+T cells decrease with increasing severity of COVID-19 (Fig. 6)
[89]. Thus exosomes containing GM3 may participate in the severe
COVID-19 via directly targeting systemic CD4+T cells. However, severe
COVID-19 patients have increased number of CD4+ cytotoxic lym-
phocytes (CD4-CTLs) or cytotoxic T helper cells than mild cases [238].
These cytotoxic T helper cells may explain the high level of IFN-γ at
early admission of the patients, which decreases through the recovery.
The increased IFN-γ stimulates the CD62L+ eosinophil expansion from
day 2 to day 6 after admission, which are reminiscent of lung resident
neutrophils [199]. This transient expansion of CD62L+ eosinophils
occurs just prior to the development of ALI in severe COVID-19 patients
around 1 week after admission. Hence, an early IFN-γ and CD62L+ axis
should also be investigated in the ALI associated with severe COVID-19.
These CD4-CTLs highly express chemokines for myeloid cell (mono-
cytes, macrophages, neutrophils, and DCs) infiltration in the lungs
(Fig. 6) [238].

The infiltrated myeloid cells are responsible for the pro-in-
flammatory cytokine generation and inflammatory lung damage among
severe COVID-19 patients (Fig. 6). All acute COVID-19 patients show
specific CD4+T cells against, S, M, and N proteins of SARS-CoV2 [230].
Of note, males have more CD4+T cells against SARS-CoV2 N proteins
than female patients, which comprise lower frequencies of IFNγ+ and
IFNγ+TNFα+ bifunctional T cells than those specific for S- and M-
protein [230]. The SARS-CoV-2-specific CD4+ and CD8+ T cells in
100% and 80% of COVID-19 patients with ARDS have been observed,
which induce a strong pro-inflammatory immune response against
SARS-CoV2 S protein, and also release Th1 and Th17 cytokines (Fig. 6)
[221,222]. The high circulating and lung-specific IL-6 promotes the
differentiation of Th17 cell, which secrete various pro-inflammatory
cytokines, including IL-17, IL-21, and IL-22, and induce neutrophil and
monocyte infiltration in the lungs via releasing CXCL8 (Fig. 6)
[239,240]. The actively proliferating CD8+T cells in acute moderate
and severe COVID-19 patients are defined by the expression of Ki-67
and are CCR7−CD27+CD28+CD45−CD127− [179]. However, these
patients during convalescent stage do not contain these SARS-CoV2-
specific CD8+T cells because they skew towards the TEMs, which are
CCR7+CD127+CD45RA+/−TCF1+, and their number increases with
number of days without infection and symptoms [179]. The granzyme
B (GrB) of these CCR7+CD127+CD45RA+/−TCF1+ TEMs decreases
with the increase in infection and symptoms free days. Thus, severe
SARS-CoV2 infection causes the emergence of stem-like memory SARS-
CoV2-specific CD8+T cells. The CD8+T cells and γδT cells comprise the
most affected T cell population in severe COVID-19 patients [157]. The

frequencies of TCRα/β- and γ/δ-positive T cells do not differ between
COVID-19 patients and HDs along with frequencies of Tregs and TFHs

[234] Also, Vγ9Vδ2 T cells (non-conventional T cells, which can sense
phosphorylated metabolites or antigens (pAgs) generated through me-
valonate pathway of host cells) also show a severe decrease in COVID-
19 patients, and this loss shifts the compartment composition to Vδ+T
cells [157].

The total B cell count remains normal or increases in active COVID-
19 patients [207]. However, both moderate and severe COVID-19 pa-
tients have low number of CD21+CD27+ B cells in the circulation as
compared to HDs [71]. On the other hand, COVID-19 recovered pa-
tients and HDs have same amount of CD21+CD27+ B cells. Both,
moderate and Severe COVID-19 patients have a higher number of
CD21−CD27− B cells than HDs. The moderate COVID-19 patients also
have lower levels of CD11c+CD21−CD27− B cells than HDs. B cell
activating factor (BAFF) is higher in active COVID-19 patient’s plasma
than HDs, but a proliferation inducing ligand (APRIL, supports long
lived plasma cells in its microenvironment) is higher only in the plasma
of COVID-19 recovered patients [207]. Also, secretory variants of im-
mune checkpoint molecules, including soluble TIM-3 (sTIM-3), lym-
phocyte activation gene-3 (sLAG-3), sCD25, and sGalectin-9 are higher
in active COVID-19 patients, which get lower in convalescent patients.
Severe COVID-19 patients and recovered patients have higher levels of
SARS-CoV2-RBD-specific IgM and IgG Abs independent of plasmablasts
frequency [71]. The severe COVID-19 is associated with oligoclonal
expansion of B cells with Abs having long and divergent com-
plementarity determining region 3 (CDR3) sequences.

The patients with severe COVID-19 also have higher serum levels of
IL-2R (sCD25), IL-6, IL-10, and TNF-α than mild or moderate cases
(Fig. 6) [207,226,227]. IL-13 levels are low in both active and con-
valescent COVID-19 patients [207]. The profound circulating IL-6 levels
cause low HLA-DR expression on immune cells (macrophages, B cells,
DCs, and NK cells) and lymphopenia (due to profound CD4+T,
CD3−CD19+ (B cells), and CD3−CD56+ NK cell depletion) in patients
with COVID-19-induced severe respiratory failure (SRF) due to its
sustained production and hyper-inflammation (Fig. 6) [141,234,241].
Among CD3+ cells, CD4+, CD8+, and CD56+ (NKT) cells significantly
reduce in circulation [234]. The decrease in the HLA-DR expression on
CD14+ monocytes is responsible for COVID-19 associated SRF (Fig. 6).
The increased serum IL-6 levels in severe COVID-19 patients and the
impairment in antiviral cytokine production by CD4+T cells, CD8+T
cells, and NK cells well correlate, and these patients have less GrA
positive NK cells [234,242]. The IL-6 responsive genes, including IL-6R,
signal transducer and activator of transcription 3 (STAT3), and sup-
pressor of cytokine signaling 3 (SOCS3) increase with the severity of
COVID-19, indicating that high IL-6 levels play a crucial role in the
dysregulated immune response [243].

The TNF-α-induced gene TNFSF10 increase also indicates its role in
inflammation. CD8+T cells and NK cells in patients with high serum IL-
6 level requiring intensive care admission also show less cytotoxic ac-
tion against SARS-CoV2 [234,242]. Tocilizumab, an IL-6 inhibitor
treatment in plasma-enriched cells increases the HLA-DR expression on
immune cells in vitro, and in vivo it reverses the lymphopenia and re-
stores NK cell cytotoxicity potential (restores GrA and perforin) in se-
vere COVID-19 patients (Fig. 6) [234,241,242]. The intravenous toci-
lizumab, a recombinant humanised mAb of the IgG1 class against both
soluble and membrane-bound IL-6 receptor (IL-6R) (8 mg/kg body-
weight (up to a maximum of 800 mg) in two infusions, 12 hrs apart or
subcutaneous (162 mg administered in two simultaneous doses, one in
each thigh) decreases the risk of mechanical ventilation and death in
severe COVID-19 patients with pneumonia [244]. Tocilizumab also
decreases circulating CRP levels, indicating its potential inhibitory ac-
tion on IL-6-mediated pro-inflammatory activity [234]. However, 13%
of the 179 patients treated with tocilizumab have developed new in-
fection in the study. Hence, the tocilizumab should be used with a
caution. Recently, Roche’s Actemra/RoActemra (tocilizumab) has failed
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to meet the primary endpoint of improved clinical status in the Phase III
COVACTA trial in hospitalized adult patients with severe COVID-19-
induced pneumonia and ALI. The high IL-6 levels during severe COVID-
19 well correlates with the auto phosphorylation of Bruton’s tyrosine
kinase (BTK) in macrophages [245]. The BTK inhibitor, acalabrutinib
treatment improves lung oxygenation within 1–3 days in severe COVID-
19 without any toxicity. This treatment also decreases inflammatory
markers (C-RP and IL-6) and normalizes lymphopenia (Fig. 6) [245].
Thus BTK inhibitor may serve as an immunomodulatory agent during
severe COVID-19. However, Sanofi and Regeneron’s the phase 3 clinical
trial of the IL-6 inhibitor sarilumab [Kevzara, used in rheumatoid ar-
thritis (RA)] has also failed.

Severe COVID-19 patients show increase in circulating IL-2, IL-7, G-
CSF, IP-10, MCP-1 or CCL2, MIP1-α, and TNF-α, indicating the cytokine
storm generation responsible for severe COVID-19 induced acute lung
injury (ALI) and multiorgan failure (Fig. 6) [246,247]. Additionally,
tumor necrosis factor superfamily 14 (TNFSF14) protein, (also called
LIGHT or CD258, which binds to the herpes virus entry mediator
(HVEM) or decoy receptor 3 (DR3) or lymphotoxin β receptor), extra-
cellular newly identified RAGE (receptor for advanced glycation end
product) binding protein (EN-RAGE or S100A12, which serves as a
marker for coronary heart disease (CHD) and promotes sepsis-induced
ALI/ARDS), and oncostatin-M (OS-M, an IL-6 regulator) also increase
systemically in severe COVID-19 patients [141,248,249]. The increased
EN-RAGE expression occurs specifically in monocytes of COVID-19
patients without inducing pro-inflammatory cytokines, which well
correlates with its higher levels in the plasma. The severe COVID-19
also induces the systemic releases of gut or pulmonary microbial pro-
ducts, including bacterial DNA or lipopolysaccharide (LPS), which well
correlates with plasma IL-6, MCP-3, TNF-α, EN-RAGE, TNFSF14, and
OS-M levels [141]. Thus, pro-inflammatory damage in lugs or gut to the
commensal bacteria may release their microbial-associated molecular
pattern (MAMPs) to further enhance the cytokine storm.

The coagulation factor III (F3) variant allele rs72729504 has a very
strong association with COVID-19 severity as these people are prone to
form more fibrin fragment D-dimers (most widely used clinical marker
for blood coagulation), and increased D-dimer levels (> 1µg/ml) are
associated poor outcome in COVID-19 patients [250–252]. The lead
common variant rs12029080 associated with higher D-dimer levels has
also shown a great association with severe COVID-19 [251]. Anakinra
(a 17 kD recombinant, non-glycosylated human IL-1 receptor antago-
nist (hIL-1ra) with a half-life of about 3–4 h and good safety profile)
seems to be promising in patients with COVID-19-induced cytokine
storm as indicated by improve clinical and laboratory findings (Fig. 6)
[253]. Another study has shown the safety (without serious side effects)
of the anakinra use in severe COVID-19 patients to decrease the me-
chanical ventilation and death [254]. Anakinra is safe to use as an
immunomodulatory agent with remdesivir (an antiviral drug) in severe
COVID-19 patients [255]. Remdesivir should be used with caution as a
randomised, double-blind, placebo-controlled, multicentre trial and the
compassionate use of remdesivir have indicated that it does not sig-
nificantly improves clinical symptoms among adult patients with severe
COVID-19 [256,257].

IL-1β is absent in all severe and moderate cases of COVID-19 pa-
tients requiring ICU admission, indicating that Caspase 1 (CASP1) and
NLRP3 inflammasome activation to release mature IL-1β does not oc-
curs at severe stages of COVID-19 requiring ICU admission and venti-
lator support for oxygen [258,259]. Hence, inflammasomes are not
crucial in the induction of COVID-19-induced cytokine storm at later
stages. Authors has mentioned the details of IL-1β during COVID-19
somewhere else [19]. IL-1α in circulation has also not been detected in
severe COVID-19 patients [243]. Severe or critical COVID-19 patients
show IL-10 levels in the circulation but they do not have IFN-γ. The
increased circulating furin during severe COVID-19 may increase TNF-α
expression in macrophages during COVID-19 via activating TNF-α
Converting Enzyme (TACE) required to release soluble TNF-α from its

membrane-bound precursor [260]. Hence circulating furin may also
play crucial role in the severity of COVID-19 that is discussed some-
where else [19].

The complement system (CS) robustly comes in action during SARS-
CoV2 infection [251]. Patient with both moderate and severe COVID-19
have higher plasma levels of C5a and sC5b-9 (Fig. 6) [261]. Of note,
sC5b-9 or membrane attack complex (MAC) levels are also higher in
those patients having normal C5a level due to its faster clearance. Thus
sC5b-9 may serve as a crucial marker for in vivo complement activation
that may cause pulmonary damage and endothelial damage during
severe COVID-19. The N protein of SARS-CoV2 activates the mannose-
binding lectin (MBL) pathway of the CS through MBL-associated serine
protease 2 (MASP-2) binding that activates MAC causing inflammatory
tissue damage (Fig. 6) [262]. COVID-19 patients with lung injury show
high MBL, MASP-2, C3, C4a, C4d, and C5b-9 deposition even in the
vascular endothelium [263]. The damage to the vascular endothelium
is confirmed by the presence of higher levels of von Willebrand factor
(vWF) released from endothelial cell’s Weibel-Palade bodies in severe
COVID-19 patients [264,265]. The treatment with anti-C5a monoclonal
Ab (mAb) suppresses COVID-19-induced ALI (Fig. 6) [262]. Thus pro-
inflammatory cytokines and CS play crucial roles in the COVID-19 se-
verity and associated ALI. Severe COVID-19 patients show an increase
in neutrophil extracellular traps (NETs), tissue factor (TF) activity, and
sC5b-9 (MAC) levels in the plasma [266]. The thrombin or NETosis
inhibition or the C5aR blockage attenuates platelet-mediated NET-in-
duced thrombogenicity [266].

The C3 inhibition with compstatin Cp40 disrupts TF expression in
neutrophils, and thus the NET, TF, and platelet-mediated thrombus
formation. Thus the CS, neutrophils (NETs and TF) play crucial role in
immunothrombosis and ALI. Men (between 20 and 50 years of age)
have higher C3 and C4 levels in their plasma and cerebrospinal fluid
(CSF), which may also explain the high mortality rate in males than
females of their counterpart age due to the higher inflammatory and
tissue damaging activity of CS during severe COVID-19 [267]. For ex-
ample, C3–/− mice infected with SARS-CoV show protection against
protection against inflammatory ALI (Fig. 6) [268]. The complement
genes C1S and C1R also upregulate during SARS-CoV2 infection,
whereas the C1q/TNF-related protein 6, which inhibits complement
activation downregulates during SARS-CoV2 infection [144]. Hence, CS
activation in COVID-19 patients may also exaggerated inflammatory
cascade, and the ALI. Role of complement proteins in neurological
symptoms among COVID-19 patients should also be studied due to the
higher levels of C3 and C4 in the CSF males than females.

Patients with severe COVID-19 show loss of different innate immune
cells (γδT cells, plasmacytoid dendritic cells (pDC), conventional DCs
(cDCs are CD1c+ and CD141+DCs), CD16+ monocytes, CD8+ mucosal-
associated invariant T (MAIT) cells, innate lymphoid cells (ILCs), and
NK cells) [71,269]. However, CD11c+CD1c− DCs become predominant
in circulation [157]. The patients with severe COVID-19 have an in-
creased plasma calprotectin (S100A8/S100A9) level, which correlates
with the loss of non-classical CD14lowCD16high monocytes and the ac-
cumulation of HLA-DRlow classical monocytes [270]. COVID-19 pa-
tients with ARDS show a significant decrease in cDCs, CD16+ mono-
cytes, and NK cells in the peripheral circulation (Fig. 6). The acute
COVID-19 significantly reduces DCs and their function and cDC/pDC
ratio increase in these patients [228]. The NK cells also show impaired
antiviral function due to the reduced intracellular expression of
CD107a, Ksp37, GrB, and granulysin, and IFN-γ, TNF-α, and chemokine
production (Fig. 6) [269,271]. The increase in NKG2A expression on NK
cells in COVID-19 patients decreases their cytotoxic action via binding
to HLA-E [271]. The genes responsible for inhibitory receptors (LAG3
or CD223, an immune checkpoint receptor, and TIM-3 or Hepatitis A
virus cellular receptor 2 (HAVCR2) also upregulate in NK cells isolated
from severe COVID-19 patients [269]. The increased LAG3 and TIM3
expression on human NK cells during severe COVID-19 impairs their
function, indicating their exhaustion [272–274]. The expression of T

V. Kumar International Immunopharmacology 88 (2020) 106980

17



cell immunoreceptor with Ig and immunoreceptor tyrosine-based in-
hibition motif domain (TIGIT), an inhibitory receptor on NK cells also
downregulates [207]. TIGIT binds to CD155 expressed on DCs, T cells,
B cells, and macrophages, thus NK cells do not interact with these cells
during severe COVID-19. The TIGIT interaction with CD155 on DCs
stimulates them to release IL-10, but inhibits the IL-12 release pro-
moting tolerogenic DCs, which downregulate T cell responses [275].
Hence, NK cell-mediated tolerogenic DC formation and T cell function
inhibition do not occur in COVID-19 patients. The NF-κB activation
plays a crucial role in the decreased systemic type 1 IFN and the in-
creased production pro-inflammatory cytokines (IL-6, IL-8, and TNF-α)
in severe COVID-19 patients (Fig. 6) [243,276].

Severe COVID-19 patients with ARDS show a significantly higher
number of plasmablasts, indicating the generation of the robust B cell
immune response. The severity of COVID-19 well correlates with IgG
immune response [277,278]. The increase in neutrophil to lymphocyte
ratio (NLR) and IgG response (NLRhiIgGhi) well correlates with the
COVID-19 severity. These patients have higher pro-inflammatory cy-
tokines levels (IL-2, IL-6, and IL-10) and decreased CD4+T cell number
than NLRlowIgGlow patients. Older (more than 50 years of age) COVID-
19 patients with an NLR ≥ 3.13 develop critical COVID-19 [279]. The
high NLR can be used as prognostic biomarker for the COVID-19 se-
verity and organ failure [71]. Additionally, severe COVID-19 patients
also show a high neutrophil: T cell ratio (NTR) that directly correlates
with NLR [71]. The high NLR and NTR well correlate with APACHE III
score of severe COVID-19 patients. This indicates that neutrophils in-
filtrated in the lungs of severe COVID-19 patients are resistant to
apoptotic death, similarly to neutrophils infiltrated in lungs of sepsis
patients [197]. Whereas, T cells during severe COVID-19 due to apop-
tosis as mentioned previously. Of note, the COVID-19 severity and NLR
correlation is independent of age and vascular comorbidity, but NTR
and COVID-19 severity depends on the age and vascular comorbidity
[71].

COVID-19 patients with ARDS show significantly higher number of
“immature or developing neutrophils” expressing neutrophil granule
proteins (Elastase neutrophil expressed (ELANE), lactoferrin (LTF), and
matrix metalloproteinase 8 (MMP8) or neutrophil collagenase), but do
not express canonical neutrophil markers (CXCR2 and Fc gamma re-
ceptor 3 B (FCGR3B) or CD16b) [269]. Another study has shown the
increase in immature neutrophils (CD10lowCD101−CXCR4+/−) in both
blood and lungs indicating the emergency myelopoiesis [270]. Along
with the increase in the neutrophils in the peripheral circulation, in-
crease in eosinophils also occurs [71]. However, CD15 (also called
Lewis × or Lex mediates neutrophils adhesion to DCs via DC-SIGN)
expression decreases in neutrophils of severe COVID-19 patients as
compared to HDs, but it remains unchanged for eosinophils
[71,280,281]. This study also indicates the increase in the immature or
developing neutrophils in severe COVID-19 patients, which cannot in-
teract with DCs to induce their maturation [282]. The increase in the
immature neutrophils positively correlates with the plasma calprotectin
levels. Also, the peripheral blood monocytes (PBMCs) from COVID-19
patients with ARDS lack pro-inflammatory cytokine and chemokine
gene expression, indicating they are not the active players of cytokine
storm generation.

HLA class II expression in PBMCs, DCs, and B cells isolated from
critical COVID-19 patients significantly decreases (Fig. 6). A reduced
cross-talk between NK cells and DCs occurs in these critical COVID-19
patients. COVID-19 patients show decreased HLA-E (expressed by NK
cells) and HLA-F on their immune cells (Fig. 6). CD16highCD56low NK
cells responsible for antiviral immune function severely deplete in cri-
tical COVID-19 patients [71]. All COVID-19 patients have significantly
low CD56highCD16low K cells responsible for producing IFN-γ and TNF-
α [71,269]. Clusters of proliferative lymphocytes are present in the
most COVID-19 patients. For example, CD4+T cells and NK cells, which
express LAG3, PD-1, and TIM-3 show exhausted phenotype in COVID-
19 except CD8+T cells [243]. The exhaustion related genes (Basic

leucine zipper transcription factor, ATF-like or BATF, IFN regulatory
factor 4 or IRF4, and CD274 or PDL-1) express increasingly with the
severity of COVID-19 [243]. Like, peripheral monocytes, T and NK cells
also do not substantially express pro-inflammatory cytokine genes.
Thus peripheral immune cells (monocytes, T cells, and NK cells) do not
take part in the COVID-19-induced cytokine storm (Fig. 6). Although,
symptomatic COVID-19 patients show an increase in granulocyte-
macrophage colony-stimulating factor (GM-CSF)-producing, activated
CD4+T cells and CD14+CD16+HLA-DRlow inflammatory monocytes
(IMs) expressing high levels of IL-6 accelerating the inflammation
(Fig. 6) [283]. These pathogenic T cells and IMs may infiltrate the lungs
to enhance COVID-19-induced inflammatory lung damage and re-
spiratory failure.

Normal human bronchial epithelial (NHBE) cells infected with
SARS-CoV2 in vitro do not produce type 1 and type-III IFNs, but they
produce eighty three IFN-stimulatory genes (ISGs), including those
exerting direct antiviral action (IFN-induced protein with tetra-
tricopeptide repeats (IFIT) and IFITMs) [284,285]. Both, human nasal
and bronchial AECs do not elicit specific-IFN and ISG response, and is
undetectable in the first 24 h post infection [58]. However, they up-
regulate type I and type III IFNs (IFNB1, IFNL1, and IFNL2, -3, and -4),
as well as other immunity-related genes after 24 h post infection, which
peaks at 72–96 h post infection and fades away thereafter [58]. How-
ever, in vitro SARS-CoV-2 infection in NHBE cells elicits the chemokines
(CCL20, CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, and CXCL16) and in-
flammatory cytokines (IL-6 and TNF-α) expression [19]. A subset of
ISGs with no IFN-I or IFN-III expression in lungs of COVID-19 patients is
also present [284]. The BALF samples from severe COVID-19 patients
also have a higher levels of different chemokines (CCL2, CCL7, CCL8,
CXCL1, CXCL2, CXCL17, and CCL11) (Fig. 6) [284,285]. However, in
nasal AECs the relative expression of genes (IL-18, IL-18R1, NF-κB2,
NF-κBIA, TNFα, and TNFAIP3) associated with NF-κB and TNF-α sig-
naling pathways upregulates at 48 h post infection and onwards, but
these genes remain unaffected throughout the SARS-CoV2 infection in
bronchial AECs [58]. This diverse response in nasal and bronchial AECs
upon SARS-CoV2 infection highlights the induction of a distinct tran-
scriptional immune programing between them, both in terms of kinetics
and intensity. Hence, potential intrinsic differences between persons
during early response to the SARS-CoV2 infection occurs in the upper
and lower respiratory tracts.

The circulating IL-6, TNF-α, IL-1RA, CCL2 (monocyte chemoat-
tractant protein 1 or MCP-1), CCL7 or MCP-3, CCL8 or MCP-2, CXCL2,
CXCL8 (a classic neutrophil chemoattractant), CXCL9 (chemoattractant
for NK cells), CXCL10, and CXCL16 increase in severe COVID-19 pa-
tients despite the impaired cytokine response by blood myeloid cells
and CD123high pDCs (Fig. 6) [141,284]. CXCL1 also serves as a che-
moattractant for NK and T cells. High number of neutrophils, activated
DCs, and activated mast cells are present in the BALF of severe COVID-
19 patients with pneumonia [285]. The ficolin-1+ or FCN-1+, secreted
phosphoprotein 1+ or SPP1+ or osteopontin+ or OPN+ macrophages
and IMs replace alveolar macrophages (AMs) in the lungs of severe or
critical COVID-19 patients as indicate by their high number in the BALF
[286]. However, myeloid DCs (mDCs), pDCs and T cells become much
lower in severe COVID-19 patients than moderate one. The migration of
inflammatory transitional non-classical monocytes and CD1c+cDCs
form the circulation to the lungs in severe COVID-19 patients occurs
[233]. Another study further confirms these findings by indicating the
replacement of AMs by pro-inflammatory innate immune cells (neu-
trophils and IMs) and the altered CD8+ cytotoxic T cell function severe
COVID-19 patients [129].

The BALF from severe COVID-19 patients also have the increased
NK and naïve CCR7+CD4+T cells [129]. Of note, NK cell numbers in-
crease in the lung of severe COVID-19 patients but decrease in the
circulation. The pulmonary epithelial compartment of severe COVID-19
patients shows an increase in club cells (also express TMPRSS2) and
AT2 cells [129]. The lung type II pneumocytes co-express ACE2
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receptors with TMPRSS2 [65]. ACE2 is a human ISG in vitro and in vivo,
which gets highly expressed during SARS-CoV2 infection in humans
[65]. For example, IFN-α2 and IFN-γ increase the ACE2 expression in
human AECs in a dose-dependent manner [65]. This indicates that the
induction of IFN-γ and type 1 IFNs during infection of AECs with SARS-
CoV2 at initial stages increases the ACE2 expression by these cells and
enhances their susceptibility to SARS-CoV2 infection, which aggravates
the disease causing severe COVDI-19. The CD8+T and CD4+T cells only
form the proliferative cell compartment and infiltrated neutrophils
serve as major inducers of type 1 IFN response [129]. FCN1+ macro-
phages also produce type 1 IFNs but to a lesser level than infiltrated
neutrophils. Hence, infiltrated neutrophils and macrophages are the
only major immune cells to generate the cytokine storm in the lungs of
severe COVID-19 patients.

The CD4+ T cells in the severe COVID-19 patients show a more
naive phenotype, which express higher levels of IL-7R, CCR7 (regulate
homing of naïve and central memory T cells via binding to CCL19 and
CCL21), sphingosine 1 phosphate receptor (S1PR1, which via binding
to S1P induces their trafficking, suppresses Tregs generation, Th17 cell
generation, and also regulates T central memory cell and T residential
memory cell formation), and lymphotoxin-β (LT-β, which induces the
immune responses against limiting amounts of antigen). At the site of
inflammation, the activated sphingosine kinase-1 produces a high
amount of S1P that binds to S1PR1 of CD4+T cells to increases their
persistence and motility in the inflammatory environment [19,287].
However, a decrease in S1P in the blood plasma of COVID-19 patients
has been observed, which increases in patients discharged from hospital
relative to admission in small number of patients [89]. This indicates
that in mild or moderate patients having low systemic inflammation or
in severe COVID-19 patients S1P has migrated with blood circulation to
the inflammatory lung environment to increase the CD4+T cells
number. Hence, it will be interesting to observe S1P levels in BALF and
plasma patients with COVID-19. The SPP1+ macrophages highly ex-
press inflammatory chemokines (CCL2, CCL3, CCL4, CCL7, and CCL8)
and genes controlling hypoxia [heme oxygenase 1 (HMOX1) and hy-
poxia-inducible factor- 1α (HIF-1α)]. However, they express low levels
of MHC class II (HLA-A and HLA-DQA1) and type I IFN genes (IFIT1 and
2′-5′-Oligoadenylate Synthetase 1 or OAS1, it negatively regulates type
I IFN signaling and chemokine synthesis in human macrophages) [288].

The pulmonary AMs upregulate chemokines [chemokine ligand 18
(CCL18 or Pulmonary and activation-regulated chemokine (PARC), and
macrophage inflammatory protein 1 β (MIP-1β or chemokine (C-C
motif) ligand 4-like 2 or CCL4L2)] and the cathepsin-L and B (CTSL and
CTSB) expression in the severe COVID-19 patients [19]. The SARS-
CoV2 infected macrophages in severe COVID-19 patients show an in-
creased expression chemokines, including CCL7 (MCP-3) that che-
moattracts monocytes and regulates macrophage function via binding
to CCR2), CCL8 or MCP2 (chemoattracts monocytes, T cells, and NK
cells), and CCL18 and apolipoprotein E (APOE), and express less
thousand and one kinase 1 (TAOK1, a member of Ste20-like kinases that
positively regulates TLR signaling to produce IL-6 and TNF-α)
[129,289]. The increased CCL8 secretion by macrophages in the lungs
of severe COVID-19 patients attracts the naïve T cells, im-
munosuppressive and immature DCs, and B cells (both naïve and ef-
fector) via binding to CCR8 [290]. The circulating macrophages iso-
lated from the COVID-19 patients are bigger in size than normal
monocytes and also secrete pro-inflammatory cytokines [291]. They
also secrete increased pro-inflammatory cytokines (IL-6 and TNF-α).
Severe COVID-19 patients exhibit the increased circulating furin levels
[226]. COVID-19 patients with ARDS show lymphopenia (especially T
cells) that can be explained as the high expression of furin that in-
creases their susceptibility SARS-CoV2 infected even before becoming
fully functional at an early stage of infections [19,115]. This may lead
to their apoptotic death [115]. The IL-12/STAT4 signaling pathway
increasing IFN-γ secretion also upregulates the furin expression in Th1
cells [292]. Both CD4+ and CD8+T cells produce lesser amounts of IFN-

γ (type-II IFN) severe COVID-19 patients [226].

6. Immune status in COVID-19 convalescent patients

The patients recovered from COVID-19 have high amount of spike
(S)-specific Abs and patients died due to COVID-19 show high level of
nucleocapsid (N)-specific Abs that has been validated in a large cohort
[293]. Comparable naïve CD4+T cells are present in HDs and con-
valescent COVID-19 HDs [294]. Patient recovered from acute COVID-
19 also have CD127+ effector and central memory CD4+ T-cells and
CD57+ differentiated memory CD8+ T-cells and their DCs, including
CD1c+, CD11c+, and pDCs also increase [199]. However, convalescent
COVID-19 HDs show 2 fold decrease in the frequency of central
memory CD4+T cells and 1.5 fold in CD4+ effector memory T cells
[294]. There is a difference in the overall frequency of circulating TFHs

between SARS-CoV2 unexposed HDs and convalescent COVID-19 HDs.
The convalescent COVID-19 HDs have a higher frequency of
CCR7lowPD-1+ effector-memory like circulating TFH (TFH-EM) cells, but
have lower CCR7highPD-1− central-memory like circulating TFH (TFH-

CM) cell frequency than controlled HDs, indicating the ongoing germinal
centre (GC) response in the convalescent COVID-19 patients even in the
absence of the virus [294].

The increased frequency of CXCR3+CCR6−cTFH1 cells (about 1.5-
fold higher than unexposed HDs) in COVID-19 convalescents HDs
shows that the prolonged production of NAbs in patients recovered
from severe and moderate COVID-19. CXCR3−CCR6−cTFH2 cells also
increase in COVID-19 convalescent patients. However, these con-
valescent patient show decrease in CXCR3−CCR6−cTFH17 cells, which
provide superior help to naïve B cells to Ab production [294,295]. Al-
though, CXCR3+CCR6−cTFH1 and CXCR3−CCR6−cTFH2 increase in
COVID-19 convalescent patients but a decrease in superior
CXCR3−CCR6−cTFH17 cells may explain the no production of long
term (years) Abs to protect from the reinfection. This needs an in-
vestigation and we have various transgenic human ACE2 (hACE2) re-
ceptor expressing laboratory mice on different back grounds (discussed
later in the article). However, peripheral Tregs in convalescent COIVD-
19 HDs are similar to unexposed HDs, but they show a decrease in the
circulating CD45RA−CD127−CD25+CXCR5hiPD-1hi T follicle reg-
ulatory (TFR) cells, which are terminally differentiated cells and sup-
press the Ab production mediated through TFHs [294,296]. Of note,
circulating TFHs and TFRs also show memory like properties [297]. Thus
this may affect the NAbs production in the COVID-19 convalescent
patients by increasing the Ab production process.

The convalescent COVID-19 HDs patients show an increase in the
Th2 cells, but Th1 and Th17 cells do not show any significant change as
compared to the unexposed HDs [294]. However, overall expression of
PD-1 is higher in T cells of COVID-19 convalescent HDs indicating ei-
ther they are exhausted or ready for helping B cells to produce Abs that
will not long last. Hence, it also gives another reason for no long lasting
immunity by Abs in COVID-19 convalescent patients. Further studies
will put light in the direction. The naïve T cells and the central memory
T cells (TCMs) remain low in convalescent patients recovering from
moderate COVID-19, which further decrease in severe COVID-19 con-
valescent patients [294]. However, effector memory T cells (TEMs) are
higher in severe COVID-19 convalescent patients. The same trend is
true for TFH-CM and TFH-EM in COVID-19 convalescent group (moderate
and severe). The cTFH1, cTFH2 and cTFH17 cell do not significantly
change depending on the COVID-19 severity, besides their overall
variation to unexposed HDs [294].

Increased basophils, eosinophils, classical and non-classical mono-
cytes, NK cells, eosinophils, and γδT-cells have also been reported in
convalescent patients [199]. The circulating IL-6, MCP3, Keratin19
(KRT19), CXCL10, AREG, and IFN-γ levels also decrease in convalescent
patients. Although, circulating IL-6 decrease in COVID-19 convalescent
patients as compared to the active COVID-19 patients but it is still
higher (4 fold) than unexposed HDs [294]. They also show higher
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CXCL11 (that has highest binding affinity for CXCR3) and TNF-α levels
than unexposed HDs, indicating the ongoing GC process in the lymph
nodes (LNs) due to presence of the SARS-CoV2 Ag in follicular DCs
(FDCs), which produce these cytokines. IL-5 and IL-21 are also higher in
COVID-19 convalescent patients than normal HDs [294]. Although
other signature cytokines of Th1, Th2, and Th17 cells remain intact like
normal HDs. The increased soluble CD40 (sCD40 shed from T cells or
released from platelets) levels in convalescent patients for several
weeks may predispose them to cardiovascular risk [207]. The T cell
clonotypes of mild-COVID-19 recovered patients are highly diverse
[207]. Hence, in convalescent COVID-19 patients the dysregulated
immune response comes to an immune homeostasis with the develop-
ment of Ab-dependent protective immunity that does not last long due
to the absence of memory B cells and long lasting plasma cells [19].
Further studies will also put light on this topic.

7. Re-emergence of COVID-19 in convalescent patients

The re-emergence of the COVID-19 in the recovered patients in
some countries has created a panic around the world. COVID-19 re-
emergence may depend on the strength of immune response against
primary infection. For example, severely infected patients, who have
survived SARS-CoV2 infection develop CD8+TEMs and protective NAbs
at highest level compared to asymptomatic and mild to moderate
COVID-19 patients, so chances of them to get re-infection is lowest
within in the window of 2–3 months or at least 6 months. This may be
only possible in case of severe COVID-19 convalescent patients upon
exposure to the new mutant SARS-CoV2 that is highly pathogenic and
NAbs are not working against it or increasing their pathogenicity via
antibody-dependent enhancement (ADE) of phagocytosis. This needs an
exploration. However, along with environmental or community trans-
mission, the COVID-19 may come back in asymptomatic convalescent
patients in the absence of environmental or community transmission
also. This may occur as result of less specificity and durability of NAbs
and T memory cells produced during the first asymptomatic infeciton,
and the activation of already present virus that has gone to the dormant
or latent stage, which remain hidden in their hiding niches (because
SARS-CoV2 can infect every cell expressing ACE2, TMPRSS2, and
CD147) from the immune system, and remain unaffected to antivirals
(remember we do not have an effective antiviral against SARS-CoV2,
which may also help the virus to escape) unless reactivated. Only the
RT-PCR of nasal swabs and blood sample are performed clinically to
declare whether the patient has become COVID-19 negative or not. The
inclusion of other tissue or fluid samples (urine) along with at least
2–3 month clinical follow up of the recovered patients may solve the
incidence of re-emergence of COVID-19 patients. Hence, immune status
of the host both, before and after the COVID-19 plays a crucial role in
tracking and fighting the SARS-CoV2. However, SARS-CoV2 has
evolved or developed various strategies to hide from the effective im-
mune response or block the effective antiviral immune response in the
host as discussed in the following section.

8. Hijacking or modulation of the antiviral immune response by
SARS-CoV2

The cytosolic PRRs play a crucial role in the pathogen, including
cytosolic virus recognition. For, example, cytosolic toll-like receptors
(TLRs present in endosome, phagosome, phagolysosomes, including
TLR3, TLR7, TLR8, and TLR9), retinoic acid-inducible gene-1 (RIG-1)-
like receptors (RLRs), and cyclic-adenosine monophosphate (GMP)-
adenosine monophosphate (AMP) synthase or cGAS recognize cytosolic
nucleic acids, including different types DNAs and RNAs and play crucial
role in the clearing different cytosolic pathogens (bacteria and virus)
[298–300]. For, example, the recognition of viral genetic material (both
DNA and RNA) by cGAS activates stimulator of interferon genes
[STING, located in Golgi apparatus and endoplasmic reticulum (ER)] to
synthesize NF-κB and interferon regulatory factor 3 (IRF3)-dependent
cytokines and type 1 IFNs (Fig. 7) [301–304]. Both, DNA and RNA
viruses evade or block cGAS-STING signaling pathway responsible to
generate NF-κB and IRF3-dependent cytokines and type 1 IFNs through
different mechanisms (Fig. 7) [299,305,306].

The HMGB1, Ag presentation pathway, which may be associated
with macrophage maturation and activation, activate upon cGAS-
STING signaling pathway independent of type 1 IFN pathway in mac-
rophages [307]. The cGAS-STING activation in T cells via DNA me-
thylation activates many T cell effector signaling pathways in-
dependently of IFN, Th17 cell signaling, Th1 pathway, NF-κB, nuclear
factor of activated T cells (NFAT), unfolded protein response (UPR,
activates through an evolutionarily conserved UPR motif), IL-2 path-
ways, and cell death [307,308]. Hence, although type 1 IFN synthesis
through cGAS-STING signaling gets blocked in SARS-CoV2 infected
macrophages and T cells, but it increases macrophage maturation and

Fig. 7. Cytosolic PRRs for SARS-CoV2 for the antiviral immune response and
their modulation or hijacking. TLR3 (recognize dsRNA), TLR7, and TLR8 (both
recognize ssRNA) in the endosome of macrophages, pDCs, DCs, B cells, and
other myeloid cells. The TLR3 activation in DCs through dsRNA stimulates
downstream signaling via TRIF and TRAF. TRIF activates RIP1 to activate NF-
κB and TRAF6 activates TBK1 and IKK-ε-dependent IRF3 activating IL-6, IL-12,
and TNF-α and type 1 IFNs. Similarly, TLR7 and TLR8 activation through
ssRNA stimulates downstream NF-κB signaling via MyD88 activation mediated
IRAK-1 and IRAK-4. The TRAF6 activates p38MAPK, and TRAF3 activates IRF7
to activate pro-inflammatory cytokines and antiviral type 1IFNs. RLRs via RIG-1
and MDA5 also recognize cytosolic viral ssRNA to activate MAVS, which acti-
vates TBK1 and IKK-ε to activate IRF3 for type 1 IFN-mediated antiviral im-
mune response. TBK1 also activates NF-κB and IRF7. Another PRR called cGAS
also recognizes viral ssRNA to generate cGAMP which binds to the STING ac-
tivated STING binds to the TBK1, which activates IRF3 to generate antiviral
type 1 IFNs. The cGAS-STING signaling via TRAF6 also activates canonical NF-
κB to generate pro-inflammatory cytokines. However, the viral proteins Nsp3
and Nsp8 via binding to TBK1 inhibit the potent type 1 IFN-mediated antiviral
immune response. However, Nsp3 promotes the NF-κB-mediated tissue dama-
ging pro-inflammatory cytokines (IL-6, IL-12, and TNF-α) via inhibiting the TLR
signaling inhibitors, TLE3 and TLE4. Details are mentioned in the text.
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pro-inflammatory function, and in T cells as it promotes the Th17 cell
generation and pro-inflammatory cytokine release along with their
apoptotic death as seen in severe COVID-19 patients. The description of
cGAS-STING signaling in inflammation and antiviral immune response
in beyond the scope of present article that can be found in detail
elsewhere [299,300].

TLR3 (highly expressed on DCs) activation through downstream
Toll/interleukin-1 receptor (TIR)-domain-containing adaptor-inducing
interferon-β (TRIF) during SARS-CoV infection protects via regulating
the NF-κB and IRF3-dependent innate immune response required to
clear the infection (Fig. 7) [309]. TLR7 (highly expressed in plasma-
cytoid DC (pDCs) and B cells, but at low levels in epithelial cells) and
TLR8 (present in myeloid cells) in endosomes also recognize ssRNA of
SARS-CoV and activate myeloid differentiation factor 88 (MyD88)-de-
pendent downstream signaling to activate mitogen activated protein
kinase (MAPK) and NF-κB-dependent IL-6, IL-12, TNF-α and IFN-α re-
lease (Fig. 7) [310]. Even TLR7/TLR8 signaling in neutrophils during
viral infection impairs their protective action and enhances their pro-
inflammatory function [311]. Severe COVID-19 patients also show in-
creased levels of IL-6 and TNF-α indicating the TLR7 and TLR8 sig-
naling overactivation in macrophages and neutrophils infiltrated in the
lungs. SARS-CoV2 has more ssRNA than SARS-CoV therefore it can
profoundly activate TLR7/TLR8 pro-inflammatory immune response
responsible for COVID-19-associated ALI and cytokine storm [312]. On
the other hand, RLRs only recognize cytosolic ssRNAs and this protein
family has three members, including RIG-1, melanoma differentiation
associated protein 5 (MDA5), and the laboratory of genetics and phy-
siology 2 (LGP2) (Fig. 7) [313,314]. The activation of RLRs-dependent
signaling through RIG-1 and MDA5-mediated viral RNA recognition
produces type 1 IFNs to protect the host against invading virus through
activating mitochondrial antiviral-signalling protein (MAVS)-depen-
dent TANK-binding kinase 1 (TBK1)/ IκB kinase-ε (IKKε) and IRF3,
IRF7, and NF-κB (Fig. 7) [315]. The details are described elsewhere
[315]. Following section describes the hijacking or inhibition of these
signaling pathways during SARS-CoV2 infection.

The interaction between viral Nsp13 and TANK-binding kinase 1
(TBK1) and TANK-binding kinase 1-binding protein 1 (TBKBP1/
SINTBAD) inhibits the TBK1 interaction with IKKi required for an IRF-
dependent type 1 IFN production downstream of cGAS-STING and RLR
signaling against RNA viruses (Fig. 7) [316]. Thus SARS-CoV2 infection
of innate immune cells (epithelial cells, macrophages, DCs, and NK
cells) inhibits the type I IFN release to escape the lethal antiviral innate
immune response. Nsp13 also interacts with multiple proteins of
transducin-like Enhancer of split (TLE) that include TLE4 and TLE1 to
keep going the NF-κB-dependent pro-inflammatory cytokine (IL-6,
TNFα, IL-8, and IL-12) release [316]. This is because TLE proteins in-
hibit pro-inflammatory immune response in response to PRR activation-
induced NF-κB signaling pathway through interacting with different
transcription factors, including Hes1 (Hairy and enhancer of Split 1)
(Fig. 7) [317,318]. Hence, Nsp13 simultaneously blocks the type 1 IFNs
release, while inducing the release of TLR3, TLR7, and TLR8-dependent
pro-inflammatory cytokines (IL-6, TNF-α, IL-8, and IL-12) to induce
inflammatory lung damage in severe COVID-19 patients (Table 1)
through hijacking different host proteins involved in PRR signaling-
induced antiviral action (Fig. 7).

Another Nsp, called Nsp15 blocks the TBK1-dependent IRF3 acti-
vation-mediated type 1 IFNs through TLR signaling pathways via
binding to the RING finger protein 41 (RNF41)/ Neuregulin receptor
degradation protein 1 or Nrdp1 (an E3 ubiquitin-protein ligase)
(Table 1) (Fig. 7) [316,319]. Nsp15 blocks the type 1 IFNs release
during SARS-CoV2 infection at same time when Nsp13 induces the
release of pro-inflammatory cytokines responsible for COVID-19-in-
duced cytokine storm. The Nsp15 binding to Nrdp1 further enhances
the MyD88-dependent TLR-7/8 signaling pathway required for NF-κB
and AP-1 transcription factors induced pro-inflammatory cytokine
(TNF-α, IL-6, IL-8, IL-12, and IL-10) response responsible for ‘cytokine

storm’ generation during COVID-19 (Table 1) [19,319]. The TLR sig-
naling pathway inhibition via Nrdp1 involves K48-linked poly-
ubiquitination-mediated MyD88 degradation. Also, the binding of
Nsp15 to Nrdp1 prevents the macrophage polarization to M2 macro-
phages that further supports the pro-inflammatory phenotype of mac-
rophages in COVID-19 patients causing acute lung injury (ALI) [320].

The Nrdp1 promotes pro-inflammatory M1 to anti-inflammatory M2
macrophages via Lys-63-linked ubiquitination and activating tran-
scription factor CCAAAT/enhancer-binding protein β (C/EBPβ) to ac-
tivate arginase 1 (Arg1) gene [320]. The Nsp15 binding to Nrdp1 also
inhibits the TBK1 and IRF3 as Nrdp1 activates TBK1 and IRF3 signaling
to synthesize type 1 IFNs. Other SARS-CoV2 proteins, including ORF3a
and Nsp8 strongly bind to other E3 ubiquitin ligase (Tripartite Motif
Containing 59 or TRIM59, a member of TRIM famliy) and promote TLR-
mediated activation of NF-κB signaling inducing pro-inflammatory cy-
tokine release [316]. Under normal conditions, TRIM59 binds to the
evolutionarily conserved signaling intermediate in Toll pathways
(ECSIT) as an adaptor protein required for the NF-κB activation via
forming a complex with p65/p50 NF-κB proteins and inhibits ex-
aggerated pro-inflammatory cytokine generation [321,322]. ESCIT
complex with TAK1 and TRAF6 also activates NF-κB and Smad1/5/8
signaling [323,324]. On the other hand, ESCIT overexpression en-
hances IRF3 activation and IFN-β expression by bridging RIG-I and
MDA5 to the VISA complex [325]. Mind Bomb 1 or MIB1 ubiquitinates
TBK1 and NAP1 (nucleosome assembly protein 1), activates NF-κB and
interferon-stimulated response element (ISRE) reporters for antiviral
immune response [326].

The SARS-CoV2 ORF8 interacts with MHC-1 of the infected cells,
including epithelial cells, macrophages, and DCs, and downregulate
their cell surface expression via inducing their lysosomal degradation in
an autophagy-dependent manner [327]. Thus, ORF8 of the SARS-CoV2
protects the virus from the direct cytotoxic action of the CD8+ cytotoxic
T cells via decreasing the MHC-1-dependent Ag presentation. Hence,
the SARS-CoV2 virus hijacks the MHC-1-dependent Ag presentation of
the host to protect from itself from the direct killing by CD8+T cells.
The SARS-CoV2 ORF9c interacts with NLRX1 [a NOD-like receptor fa-
mily member, which negatively regulates TLR signaling-induced NF-κB
activation via interacting with TRAF6 or IκB kinase (IKK)], impacts
RLR-mediated antiviral immune response, reactive oxygen species
generation, and NLRP3 inflammasome activation, thus the release of IL-
1β to modulate NF-κB signaling and IκB kinase (Table 1)
[316,328–331]. Hence, SARS-CoV2 infection hijacks the cytosolic cel-
lular mechanisms responsible for generating potent type 1 IFNs through
cGAS, RLR, and TLR-based mechanisms required to clear the virus and
induced antiviral immune response in the adjacent cells. On the other
hand, it stimulates signaling mechanisms required for generating cy-
tokine storm, inflammatory tissue damage, and the generation of pro-
inflammatory M1 macrophages. Future studies will explore other
hidden mechanisms of virus hijacking of the host innate immune re-
sponse proteins and to develop therapeutics to target viral proteins
involved in the process.

9. Immunomodulatory and immunotherapeutic approaches for
COVID-19

Currently, we do not have the SARS-CoV2-specific antiviral drugs.
Gilead bioscience’s antiviral drug remdesivir (GS-5734) has emerged
from a collaboration between, Gilead, the U.S. Centres for Disease
Control and Prevention (CDC), and the U.S. Army Medical Research
Institute of Infectious Diseases (USAMRIID) [332]. Remdesivir is
monophosphoramidate prodrug of an adenosine analogue with a broad
antiviral spectrum (filoviruses (Ebola virus), paramyxoviruses (parain-
fluenza and mumps virus), pneumoviruses [respiratory syncytial virus
(RSV), Dengue virus and Yellow fever virus), and coronaviruses (SARS-
CoV, MERS-CoV, and SARS-CoV2)] [333–336]. The antiviral action of
remdesivir against RNA viruses (Ebola virus and SARS-CoV2) involves
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the divergent RNA-dependent RNA polymerase (RdRP) inhibition re-
quired for RNA transcription, and serves as a delayed chain terminator
[332,337]. Remdesivir (GS-5734) is a prodrug, which metabolizes
within cells into an alanine metabolite (GS-704277). The alanine me-
tabolite or GS-704277 further metabolizes into a monophosphate de-
rivative, which ultimately transforms into an active nucleoside tripho-
sphate derivative capable to target RdRP of the RNA viruses [155,332].
It exerts its antiviral action against SARS-CoV2 in human nasal and
bronchial AECs infected in vitro, and has been used in combination with
diltiazem (a calcium channel blocker) for severe COVID-19 patients
[58]. The addition of diltiazem increases the antiviral action of re-
mdesivir via increasing the type 1 IFN production and also protects the
human bronchial epithelial integrity.

The early remdesivir administration in the non-lethal COVID-19
infected rhesus macaques prevents the development of signs of pneu-
monia, reduces the pulmonary infiltrates as indicated on radiographs,
and decreases the virus load in BALF within twelve hours of its first
administration [338]. A lung necropsy after seven days of treatment has
shown a significant decrease in the viral load and inflammatory lung
damage. Thus, the early administration of the remdesivir in the rhesus
macaques with non-lethal SARS-CoV2 infection proves clinically ben-
eficial. Hence, the early remdesivir administration to patients with
COVID-19 may prevent their progression to lethal COVID-19. The
preclinical studies have shown its benefits, but in clinical settings re-
mdesivir did not prove significantly beneficial to severe COVID-19
patients and 66% patients have shown adverse events [256]. The re-
mdesivir has been given to serious COVID-19 patients on compassionate
basis due to some clinical improvements (improved respiration), but
needs further randomized clinical trials for its frequent use as it has
worsened the disease in 15% patients and 13% patients died after the
remdesivir treatment completion [257]. However, remdesivir treatment
is superior to the placebo in adult patients despite having adverse
events, and lowers the risk of respiratory tract infections therefore it is
the only drug of choice for severe COVID-19 patients [339]. The USA
Food and Drug Administration (FDA) has issued an emergency use
authorization for remdesivir in adults and children with severe COVID-
19 [340]. The remdesivir should be administered intravenously that
limits its frequent use.

Ribonucleoside analogue β-d-N4-hydroxycytidine (NHC; EIDD-
1931) is another broad-spectrum antiviral drug against SARS-CoV-2,
MERS-CoV, SARS-CoV, and related zoonotic group 2b or 2c bat-CoVs
[341]. It also highly effective against a CoV bearing resistance muta-
tions to the remdesivir. Another advantage of ribonucleoside analog β-
d-N4-hydroxycytidine over remdesivir is its good oral bioavailability as
indicated in preclinical studies in animal models of SARS-CoV and
MERS-CoV infection. It improves the pulmonary function, reduces virus
load, and prevents weight loss in preclinical animal models [341].
However, its availability for clinical trials will take longer time. The
hydroxychloroquine (HCQ) earlier suggested as an effective molecule
for SARS-CoV2 has failed (even as when used as post-exposure pro-
phylaxis within 4 days after exposure) in the clinics in all categories of
COVID-19 patients [342–345]. The combination of HCQ with azi-
thromycin given to patients with mild to moderate COVID-19 had not
improved their clinical status in 15 days in comparison to the standard
therapy [346]. Even these patients show a prolonged corrected QT in-
terval and elevated liver-enzyme levels upon treatment with HCQ alone
or in combination with azithromycin [346]. Therefore, WHO has
stopped the HCQ arm of the solidarity trial (an international clinical
trial to help find an effective treatment for COVID-19, launched by
WHO and partners) for COVID-19 as of 17 June 2020. Hence, currently
we are lacking potent and safe antivirals against SARS-CoV2 therefore
we have left with the option to prepare and strengthen our immune
system to fight the disease through novel immunomodulators, im-
munotherapeutics (vaccines or cell-based or Abs-based immune thera-
pies). Following sections describe the development in the direction.

A retrospective multicenter cohort study with 446 COVID-19

patients has shown the protective action of early IFN (IFN-α2b) therapy
and delayed IFN therapy increases the mortality [347]. IFN-α2b and
umifenovir or arbidol (antiviral drug used against influenza in Russia
and China) alone or in combination reduce mortality and accelerate
recovery in comparison to treatment with lopinavir/ritonavir (LPV/r)
[347]. The early IFN therapy exerts both antiviral and im-
munomodulatory action, whereas late IFN only antiviral action [347].
The mAb, CR3022 (a neutralizing Ab obtained from SARS-CoV con-
valescent patient) binds tightly to the epitope distal to the SARS-CoV2 S
protein RBD, which facilitates the fusion-incompetent post fusion state,
and incubation of S protein with CR3022 Fab (RBD-Fab complex) de-
stroys the prefusion trimer [348–350]. Thus this cryptic epitope in the
RBD-based vaccine may serve as an immunomodulator and can be used
with an Ab with a potential to block receptor attachment with the virus
[348]. The CR3022 can only access the binding epitope only when at
least two RBDs of the trimeric S protein are in the upright conformation
and slightly rotated or in “open” conformations, but not in “closed”
prefusion S structure [349]. However, CR3022 mAb does not neutralize
SARS-CoV2 infection [350,351]. The CR3022 mAb binds more tightly
to the SARS-CoV epitope due to the presence of glycan, but SARS-CoV2
epitope does not have glycan [349]. However, another group has iso-
lated and identified another monoclonal NAb called EY6A from con-
valescent COVID-19 patient that also binds to the SARS-CoV2 S protein
RBD tightly to the epitope, which resides away from the ACE2 receptor
binding site [352]. These epitope residues are key to stabilizing the
prefusion S protein. The EY6A binds to the epitope that may serve as a
major target for NAbs, and may serve as a therapeutic target for COVID-
19.

The animal studies have shown the efficacy of murine polyclonal
antibodies (PolyAbs) raised against SARS-CoV for SARS-CoV2 infection
via preventing the virus entry in the host cell to establish a productive
infection [353]. This shows the cross reactivity of the Abs generated
against SARS-CoV to SARS-CoV2. Hence, this animal data has a po-
tential to extrapolate to human studies. However, the sera collected
from the SARS-CoV infection recovered patients only moderately pro-
tect the SARS-CoV2 S pseudovirions infected 293/hACE2 cells, but sera
from COVID-19 recovered patients have shown full protection to SARS-
CoV2 pseudovirions infected 293/hACE2 cells [121]. The treatment
with sera of recovered COVID-19 patients to SARS-CoV S pseudovirions
infected 293/hACE2 cells does not exert any effect on transduction.
Hence, the sera obtained from COVID-19 and SARS recovered patient
have limited cross-neutralization effect.

The in vitro treatment with the human recombinant soluble ACE2
(hrsACE2) reduces the SARS-CoV2 recovery from Vero E6 cells by the
factor of 1000–5000 [354]. The hrsACE2 treatment also inhibits the
SARS-CoV2 infection in human kidney and blood vessels organoids.
Thus, it comprises a potential recombinant protein-based therapeutic
approach at early stages of COVID-19. It has already undergone phase I
and phase II clinical trials in patients with ARDS under the name
GSK2586881 [355]. ACE2-Fc human IgG1 fusion protein with muta-
tions in the catalytic domain of ACE2 (MDR504) has also a potential to
use as an immunotherapeutic agent as it achieves therapeutic con-
centration in the lungs upon parenteral administration to neutralize
SARS-CoV2 via binding to S protein [356]. ACE2-Fc human IgG1 fusion
protein contains a LALA (Leu234Ala and Leu235Ala double mutation)
mutation in the ACE2 catalytic domain, which abrogates its FcRγ
binding, but retains its FcRN binding to prolong its half-life and achieve
therapeutic concentration in the lung alveoli. This MDR504 hACE2-Fc
has a great potential for pre or post-exposure prophylaxis or treatment
of COVID-19. The MDR504 hACE2-Fc is effective against COVID-19 via
parenteral route and has a long serum half-life of ~145 h with an ex-
cellent bioavailability in the epithelial lining fluid of the lungs [356].

Baricitinib (an oral, selective and reversible inhibitor of the Janus
kinases JAK1 and JAK2 previously used in rheumatoid arthritis (RA)
patient to treat exaggerated inflammatory immune response) treatment
(4 mg twice daily for 2 days followed by 4 mg per day for the remaining
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7 days) has shown a significant improvement in COVID-19 patients
with pneumonia [357]. The baricitinib treatment significantly de-
creases the mortality, pro-inflammatory cytokines (IL-6, IL-1β, and
TNF-α) without affecting IL-8 levels, increases circulating T (especially,
CD4+T and CD3+CD4+CD45RA−CD27−TEms), and B cell numbers
[357]. The increase in naïve and central memory CD4+T, and B cells
also occurs with baricitinib treatment. However, baricitinib treatment
does not affect absolute NK cell, neutrophil, and CD8+T cell numbers in
these patients. A time-dependent decrease in senescent
CD8+CD45RA+CD57+CD27−T cells along with an increase in naïve
CD8+CD45RA+CD57+CD27−T cells and memory
CD3+CD8+CD27+CD45RA−T cells occurs with the baricitinib treat-
ment [357]. However, no alteration in HLA-DR+CD38+ (activated),
CD3+CD8+ T cells occurs. Baricitinib treatment also significantly in-
creases IgG Abs as compared to the control COVID-19 pneumonia pa-
tients without affecting serum IgA levels. The baricitinib treatment also
decreases classical (CD14highCD16low) pro-inflammatory monocytes,
but it increases non-classical monocytes (CD14lowCD16high). Hence,
baricitinib has a potent anti-inflammatory and immunomodulatory ef-
fects in patients with COVID-19-induced pneumonia, and decreases the
incidence of death among these patients along with standard antiviral
drugs [357]. A combination of ruxolitinib (a JAK1/2 inhibitor), 10 mg/
twice daily for 14 days and eculizumab (an anti-C5a complement Mab),
900 mg IV/weekly for a maximum of three weeks to severe COVID-19
patients has significantly improved respiratory symptoms, radiographic
pulmonary lesions, and decreased the circulating D-dimer levels in
comparison the available standard therapy [358]. The combination also
turns off the dysregulated innate and adaptive immune response re-
sponsible for severe COVID-19 and associated ARDS. AMY-101 (a
compstatin C3 inhibitor) in infection model has shown the blockade of
IL-6 release, the major cytokine associated with severe COVID-19 and
associated ARDS [359,360]. The C3 inhibition can also inhibit the C3a
and C5a generation that may block C3a-C3aR and C5a-C5aR1 interac-
tion-mediated ALI through inhibiting the pro-inflammatory cytokines
(TNF-α, and IL-6) generation and neutrophil infiltration in the lungs.

A triple antiviral therapy (IFN-β-1b, lopinavir-ritonavir, and riba-
virin)-based phase II clinical trial has shown its safety and superiority to
the lopinavir-ritonavir combination in alleviating the COVID-19
symptoms, shortening viral shedding, and hospital stay in patients with
mild to moderate COVID-19 [361]. In this triple antiviral therapy, along
with antiviral action, the IFN-β-1b also exerts immunomodulatory ef-
fects, including decrease in the pro-inflammatory cytokine releases
from myeloid cells (macrophages and neutrophils) and T cells, increases
Tregs production along with IL-10 and TGF-β production by B cells, and
enhances the release of Th2 cytokines (IL-4, IL-5, and IL-13) [362].
Thus, it will be interesting to study the immunomodulatory action of
IFN-β in COVID-19 patients. A novel lipopeptide EK1C4 through the
intranasal route has shown the protection against βCoV, including
SARS-CoV2 infection in mice via inhibiting the viral S protein-mediated
entry of host cells through ACE2 receptor [363]. The treatment of sever
COVID-19 patients over 18 years of age with mavrilimumab (an anti-
GM-CSF mAb) in a single-centre prospective cohort study has shown
zero mortality, great clinical improvement in terms of decrease in
pneumonia-induced ALI, and early recovery from ventilators along with
the fever resolution [364]. Hence, mavrilimumab has a great potential
for sever-COVID-19 patients and future clinical studies will strengthen
these findings for its use worldwide.

The sera or plasma obtained from COVID-19 convalescent patients
is helpful for COVID-19 patients via increasing the radiological re-
solution, reducing the viral load, increasing the HLA-DR+ immune
cells, and has improved the patient survival with less than 1% serious
adverse effects in severe COVID-19 patients [204,365,366]. However,
the prophylactic use of convalescent sera is more beneficial as com-
pared to its use as a curative therapy [19,366]. The use of convalescent
sera as a curative therapy is most effective only soon after the diagnosis
of COVID-19 [367]. COVID-19 convalescent plasma (CCP) therapy has

cleared the SARS-CoV2 from 80% critical COVID-19 patients post
14 days and S- and RBD-specific IgGs increase within 3 days of the start
of the therapy [368]. However, these IgGs decrease within 3 to 7 days
after therapy. Of note, nucleocapsid or nucleoprotein (N)-specific Abs
do not increase following the CCP therapy. Thus, immediate increase in
the NAbs (IgGs) against S-protein and RBD is one of the reasons for CCP
efficacy in critical or severe COVID-19 patients. Along with an increase
in NAbs within three days of CCP, lymphocytes also increase sig-
nificantly in this time period, which remain upregulated within 21 days
post CCP therapy [368].

The CCP therapy also decreases neutrophil infiltration in the lungs
and circulating CRP also decrease post CCP therapy [368]. Hence, CCP
therapy has resolved the lung inflammation in 80% of the severe
COVID-19 patients. The CCP therapy does not impact cardiac, renal,
and liver functions except decreasing the total bilirubin levels. The IL-6,
TNF-α, and IL-10 levels remain same in these patients before and after
the CCP therapy [368]. Hence, the severe COVID-19 patients who re-
spond well to CCP therapy recover from the disease and the associated
ALI, clear the virus, show an increase in the lymphocytes with a sig-
nificant decrease in the neutrophil infiltration in the lungs. On the other
hand, non-responders to the CCP therapy show an increased CRP, LDH,
B-type natriuretic peptide (produced by heart, which increases heart
failure or it gets worse), urea nitrogen (indicates kidney damage),
glucose, and procalcitonin (PCT) level [368]. Higher Abs in the donated
plasma confer immediate immunity to the receiving patient. Thus,
higher the Ab number in the donated plasma, better is the efficacy of
CCP. The CCP therapy even after 2 weeks of the onset of COVID-19
symptoms is beneficial in improving the symptoms and survival in
patients with severe COVID-19 [368]. Another study with small sample
size (20 critical COVID-19 patients) has shown beneficial effect of CCP
therapy without any adverse event, including hyper-inflammation
[369]. However, the CCP therapy has its own regulatory and logistical
challenges described somewhere else, should be considered [19,370].

Recently, a research group has isolated mAbs (CA1 and CB6) from
convalescent COVID-19 patients, which exert SARS-CoV2 neutralizing
activity in vitro, and CB6 mAb inhibits the SARS-CoV2 infection pro-
gression when given therapeutically or prophylactically to rhesus ma-
caques before or after infection [351]. The protective effect of CB6 mAb
involves the recognition of the epitope in the RBD region of the SARS-
CoV2 through its VH domain that prevents virus binding to its entry
receptor ACE2. However, both VH and VL of CB6 mAb hinder the mAb-
bound SARS-CoV2 to interact with ACE2 [351]. Furthermore, the LALA
mutation induction in the Fc portion of CB6 mAb eliminates the Ab-
dependent cellular cytotoxicity (ADCC) effect and CB6 (LALA) mAbs
show protective effect in rhesus macaques infected with SARS-CoV2
without exacerbating the inflammatory tissue damage [351]. The
single-domain antibodies (VHHs) isolated from llama immunized with
prefusion-stabilized coronavirus spikes have shown a potential to
neutralize SARS-CoV and MERS-CoV S pseudotyped viruses [371]. The
crystal structure of VHHs has shown the presence of two different
epitopes, but both the VHHs (SARS-CoV-specific and MERS-CoV-spe-
cific) interfere the receptor binding. However, SARS-CoV S-specific
VHH cross-reacts with SARS-CoV2 S. This cross-reactive VHH neu-
tralizes SARS-CoV2 pseudotyped viruses as a bivalent human-Ig Fc fu-
sion [371]. Hence, these VHHs have a great potential for COVID-19 due
to their less susceptibility to stearic hindrance and greater stability than
larger conventional Abs [372]. Even neutralizing nanobodies (H11-D4
and H11-H4) have been developed, which bind to the SARS-CoV2 S
protein RBD and block its interaction with ACE2 to neutralize the SARS-
CoV infection [373]. They rely on three variable loops (CDR1, CDR2,
and CDR3) to form the antigen binding site. Thus the nanobodies fused
with Fc neutralize SARS-CoV2 interaction with ACE2, and show an
additive effect in the presence of CR3022 [373].

The novelty of the SARS-CoV2 is the major hurdle in the treatment
options for COVID-19 patients and the SARS-CoV2 infection in huge
population around the world has compelled researchers to adopt
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different approaches to develop new or repurpose previously available
antivirals and immunomodulators. Thus understanding the need of
emergency of the vaccine a group has developed a pilot-scale produc-
tion of PiCoVacc, a purified inactivated SARS-CoV2 vaccine capable of
inducing SARS-CoV2–specific neutralizing Abs (IgG) in different la-
boratory animals [BALB/c mice (at 6 weeks of challenge), Wistar rats
(at 7 weeks of challenge), and rhesus macaques (at 2 weeks of chal-
lenge)] [374]. These SARS-CoV2–specific neutralizing Abs generated in
response to the PiCoVacc are able to neutralize ten different SARS-CoV2
strains. Hence, these NAbs have broad specificity to neutralize other
SARS-CoV2 strains. However, inactivated SARS-CoV2 immunized mice
produce ~30 fold less N-specific IgGs than that of Abs targeting S or
RBD [374]. On the other hand humans infected with COVID-19 produce
a higher amount of N-specific IgG that serves as a one of the clinical
diagnosis marker of SARS-CoV2 infection, but do not provide immune
protection therefore people died due to COVID-19 have high nucleo-
capsid or N-specific Abs [293,375]. Hence, future studies will de-
termine the use of this vaccine in the clinics.

Three immunizations with two different doses (3 or 6µgm/per dose)
have provided a full protection to tested macaques against SARS-CoV2
infection [374]. However, this study is insufficient to rule out the in-
duction of antibody-dependent enhancement (ADE) of the infection and
studies with longer duration of observation of animals after vaccination
may clarify the ADE issue. The PiCoVacc challenged animals only de-
velop NAbs without any change in the lymphocyte subset percentage
(CD3+, CD4+, and CD8+), and key cytokines (TNF-α, IL-2, IL-4, IL-5,
IL-6, and IFN-γ) in comparison to sham and placebo treated group. This
strategy can be used in humans in the absence of any other safer choice
as this approach of vaccination has its drawbacks, including reactiva-
tion of the pathogenic virus, requirement of adjuvants, and booster
doses etc. Hence, the sequence homology and bioinformatics ap-
proaches will prove useful tool to design various other novel immune-
based therapeutics, including Ab and T cell-based vaccinations via
identifying different conserved epitopes to overcome these hurdles
(absence of cross reactivity across βCoVs and resistance in virus due to
evolution) for SARS-CoV2 vaccination [23,376]. For example, the im-
mune epitope database and analysis resource (IEDB, a repository of
epitope-related information) use has identified multiple specific regions
in SARS-CoV2 with a high homology to the SARS-CoV responsible for
2002–2003 SARS epidemic and parallel bioinformatics studies have
provided a priori potential for B and T cell epitopes [23]. Thus two
independent experimental approaches identifying same epitope (that
were not available previously for SARS-CoV2) for adaptive immune
response activation indicate their high incidence for the use of vaccine
candidate for SARS-CoV2 infection. For example, 12 of 17 SARS-CoV-
2 T cell epitopes having ≥90% sequence identity to the SARS-CoV have
been independently identified through epitope predictions depending
on the SARS-CoV-2 sequences [23].

A replication competent vesicular stomatitis virus expressing a
modified form of the SARS-CoV-2 spike gene in place of the native
glycoprotein gene (VSV-eGFP-SARS-CoV-2) is an attenuated replica-
tion-competent vaccine candidate that generates NAbs in mice expres-
sing humanized ACE2 upon immunization and protects these mice from
pneumonia and inflammation following SARS-CoV2 infection
[377,378]. Even passive transfer of serum from immunized mice to
naive mice expressing human ACE2 protects from SARS-CoV2 infection.
Thus attenuated SARS-CoV2 vaccine has also been developed and tested
in laboratory animals. A positive outcome in the phase 1, dose esca-
lated, open trial, including 45 healthy individuals with the candidate
vaccine mRNA-1273 encoding the stabilized prefusion SARS-CoV-2 S
protein has raised a hope in the scientific community for developing
effective vaccines for SARS-CoV2 [379]. The study has shown the de-
velopment of S-2P specific binding IgG Abs and RBD-specific binding
Abs along with the generation of NAbs in all individuals received
second dose of the vaccine. Also, increasing the dose from 25 µg to
100 µg elicited the CD4+T cells based Th1 immune response and

cytotoxic CD8+T cell response occurs only in group given 100 µg of the
[379]. However, invited adverse reactions, including fatigue, chills,
headache, and myalgia have occurred in more than 50% of people in-
volved in the study. People receiving the first booster (higher con-
centration than the first vaccination) dose have shown systemic adverse
events.

Another, chimpanzee adenovirus-vectored vaccine (ChAdOx1
nCoV-19, consisting of the replication-deficient simian adenovirus
vector, ChAdOx1 containing the full-length S protein) of SARS-CoV-2,
with a tissue plasminogen activator (tPA) leader sequence), called
AZD1222-based phase 1/2 single-blind randomized trial in the UK in
18–55 years old people has also shown promising effects (a peaked
spike-specific T cell immune response on day 14 and a rise in anti-spike
Ab response on day 28 of intramuscular injection) [380]. All the people
enrolled in the vaccine trial develop NAbs after first booster dose. Mild
local and systemic immune reactions, including pain, fever, chills,
myalgia, headache, and malaise develop in these people upon vacci-
nation. Another, non-replicating adenovirus type-5 (Ad5)-vectored
COVID-19 vaccine at 5 × 1010 virus particle has been found safe in
healthy individuals (603 healthy adults) that induces a significant
amount of RBD-specific NAbs to clear the SARS-CoV2 infection [381].

Recently, different strategies to measure the SARS-CoV2 NAbs ac-
tivity involving pseudotyped [SARS-CoV-2 spike-pseudotyped, single-
cycle, replication-defective human immunodeficiency virus type-1
(HIV-1)] and chimeric viruses (replication competent vesicular stoma-
titis virus (VSV)/SARS-CoV2 chimeric virus) have been developed
[382]. These viruses may prove useful to observe the efficacy of po-
tential SARS-CoV2 NAbs generated through different vaccines or the
presence of NAbs in convalescent plasma or serum. Another group has
developed a SARS-CoV-2 surrogate virus neutralization test, which
identifies total immunodominant NAbs against RBD of the SARS-CoV2 S
protein in an isotype- and species-independent manner [383]. This
simple and rapid test blocks the interaction between ACE2 and RBD of
the SARS-CoV2 through NAbs, and does not require biosafety level 3
(BSL3) facility [383]. Also, a study has identified that the IgG variable
heavy chain3-53 (IGHV3-53) is the most frequently used IGHV gene to
target RBD of the S protein [384]. These IGHV3-53 Abs are very potent
against SARS-CoV2 RBD and show minimum affinity maturation
showing their promise as a vaccine design candidate [384]. The de-
tailed structure of IGHV3-53 Abs will prove helpful to design artificial
Ags with a potential to induce NAbs. NK cell and DC-based im-
munotherapies should also be explored for COVID-19-associated
pneumonia as antiviral and immunoregulatory function of these innate
immune cells dysregulate causing severe COVID-19 infection. Hence,
different immunomodulatory and vaccine-based immunotherapeutics
are in pipeline for COVID-19. Their preclinical toxicity studies and
clinical trials will determine their suitability in human use as vaccines
or immunomodulatory drugs.

10. Laboratory mice to study SARS-CoV2 infection,
immunopathogenesis, and test potent antivirals,
immunomodulators, and immunotherapeutics

We cannot infect humans directly with SARS-CoV2 therefore to
study its immunology and test various immunomodulators and vaccine
candidates, we urgently need small animal (mice) models readily
available for researchers. This is because normal laboratory mice of
different strains (3-to-4-week-old BALB/c, DBA/2J, and C57BL/6), in-
cluding immunocompromised ones (STAT1−/− C57BL/6, AG129 (type
I and II IFN receptor-deficient), and Rag1−/− C57BL/6 (do not have
mature B and T cells) do not readily get SARS-CoV2 infection due to the
lack of effective and strong binding of SARS-CoV2 S protein with the
mouse ACE2 (mACE2) [117,126,385]. Different approaches to develop
transgenic laboratory mice expressing human ACE2 (hACE2) for indu-
cing moderate to severe SARS-CoV2 infection have been utilized. Re-
cently, transgenic mice expressing hACE2 receptor in the lungs have
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been developed through the intranasal instillation of the replication-
defective adenoviruses encoding hACE2 (AdV-hACE2) in the BALB/c
mice [385]. These mice upon SARS-CoV2 infection show high virus titer
in the lungs along with low virus levels in the heart, spleen, and brain,
with no virus in the serum, kidneys, and GIT [385]. This tissue dis-
tribution of SARS-CoV-2 infection may be due to the both, the delivery
and expression of the AdV-hACE2, and the natural tropism of the virus
[385]. However, in this transgenic model authors have not measured
the mortality as seen in severe COVID-19 patients. This model is good to
study COVID-19-induced pneumonia and therapeutic interventions.

Another group has developed HFH4 (FoxJ1, a gene crucial for ci-
liated epithelial cell differentiation) promoter driven hACE2-over-
expressing transgenic mice as a model for SARS-CoV2 infection
[386,387]. These HFH4-hACE2 transgenic mice developed on C3B6
background express human ACE2 on ciliated epithelial cells of re-
spiratory tracts (nasal, tracheal, and bronchial epithelial cells) and in
the cells of central nervous system (CNS), including multiciliated
ependymal cells (MECs, specialized epithelial cell lining mammalian
brain ventricles) [387]. These mice are crucial as SARS-CoV2 primarily
infect ciliated epithelial cells and AT2 cells or type 2 pneumocytes [47].
However, eyes, heart, and brain have also shown the presence of the
viral RNA [386]. However, the SARS-CoV2 infection to these mice es-
tablishes pneumonia and ALI, but mice die with exaggerated neuroin-
flammation due to the viral neuroinvasion [386]. Further study uti-
lizing whole body plethysmograph (WBE)-mediated measurement of
respiratory changes has proven that mortality in these mice upon SARS-
CoV2 infection occurs due to the neuroinvasion of the virus but not due
to the respiratory failure [388,389]. Hence, this approach did not de-
velop an animal model for severe COVID-19 causing death due to the
ALI or ARDS.

Another group has developed hACE2 transgenic mice on C57BL/6
background through CRISPR/Cas9 mediated gene knockin technology
[390]. These hACE2 transgenic mice (both, young and older adults)
develop SARS-CoV2-induced pneumonia and brain infection upon in-
tranasal instillation of the virus. This transgenic mouse model did not
show fatality and intragastric instillation of the SARS-CoV2 has also
developed pneumonia [390]. Hence, this model can be used for in-
tranasal and orally-induced SARS-CoV2 infection, and identifying novel
immunomodulators and vaccine candidates. Another group has devel-
oped hACE2 transgenic mice (HB-01 background) and they have
showed 6–11 months old hACE2 transgenic mice developed pneumonia
whereas WT HB-01 did not [391]. Hence, this model can be used for
older adults on these findings. Authors have not reported fatality in this
model too, whereas OCIVD-19 is more fatal in older adults. However, it
would be interesting to observe the SARS-CoV2 infection in these young
transgenic mice. Another group has developed a different hACE2
transgenic mice through using Venezuelan equine encephalitis virus
(VEEV) replicon expressing hACE2 with a C-terminal S-tag packed into
VRPs with the help of the helper RNAs encoding VEEV capsid and en-
velope proteins to produce VEEV-VRP-hACE2 in both C57BL/6 and
BALB/c mice [392]. These mice two days post SARS-CoV infection
develop high NLR in the peripheral blood and also induce Ab produc-
tion. These VEEV-VRP-hACE2 transgenic mice develop pneumonia and
support viral replication in the lungs as indicated in COVID-19 patients
[392]. The human mAb called CB6 has shown the protective action in
these mice infected with SARS-CoV2 via clearing the infection and
pulmonary lesions. Thus, VEEV-VRP-hACE2 transgenic mice are an-
other transgenic mice shown appropriate for SARS-CoV2 mouse animal
model.

Another group has developed another transgenic mice to study the
diversity of the immune response seen in COVID-19 patients, these
transgenic mice have cytokeratin-18 (K18) gene promoter-derived hu-
manized ACE2 receptors (K18-hACE2) and develop signs of severe
COVID-19 upon intranasal instillation of the SARS-CoV2 that spreads to
the lungs and other organs (heart, kidneys, spleen, and intestinal tis-
sues) [393]. The K18-hACE2 transgenic mice upon infection with SARS-

CoV2 also shows many immunological features (neutrophil, monocyte,
and T cell infiltration in the lungs, proinflammatory cytokine response,
type I and II IFN signaling, and leukocyte signaling pathways) seen in
COVID-19 patients. The K18-hACE2 transgenic mouse model is better.
This is because the transgenic mice expressing human ACE2 in lungs
only can be used only to study SARS-CoV2-induced pneumonia or ALI
but the K18-hACE2 transgenic mice have human ACE2 in multiple
tissues (liver, kidneys, and gastrointestinal tract) [394]. Also, K18-
hACE2 transgenic mice upon intranasal SARS-CoV2 infection do not
show viral RNA in the circulation and in the gastrointestinal tract till
seven days post infection [393]. The tissue expression of hACE2 follows
the pattern lungs ≥ colon ≥ kidneys ≥ brain. However, hACE2 in
these mice declines after infection, suggesting the death hACE2 ex-
pressing cells after infection, hACE2 shedding or the receptor down-
regulation [393]. This transgenic SARS-CoV2 infection mouse model
develops clinically observable disease in the lungs without infecting the
brain. Only one of six mice show the viral RNA presence in the brain
after 7 post infection days, in which infection has disseminated to the
whole cortex with observable sparing of the olfactory bulb and cere-
bellum [393]. Thus K18-hACE2 transgenic mouse is a better animal
model for studying severe-COVID-19 than HFH4-hACE2 mice developed
on C3B6 background. However, one K18-hACE2 transgenic mouse out
of 6 mice developed severe brain inflammation, two out of total 9
hearts showed hypereosinophilic cardiomyocytes with pyknotic nuclei,
all livers were inflamed in infected animals, one kidney showed in-
flammatory injury and all spleens isolated form SARS-CoV2 infected
K18-hACE2 transgenic mice were normal. Thus, this transgenic mouse
model is also good to study COVID-19-induced multiorgan failure.

Another group has developed transgenic mice on both, BALB/c and
C57BL/6 backgrounds by exogenous delivery of human ACE2 with a
replication-deficient adenovirus (Ad5-hACE2) [395]. Both, these
transgenic mice develop pneumonia, weight loss, and high virus load in
the lungs. However, Ad5-hACE2 transgenic mice on BALB/c back-
ground show a higher weight loss (~20%), higher necrotic cell debri in
lungs than transgenic mice with C57BL/6 mice background [395].
Researchers have also used Ad5-hACE2 transgenic mice for elucidating
the protective role of type 1 IFNs, and STAT1, vaccine testing, CCP
therapy testing, and antivirals (polyinosinic:polycytidylic acid (poly
I:C) and remdesivir) [395]. Of note, the K18-hACE2 transgenic mouse
has C57BL/6 background, whereas the replication-defective adeno-
viruses encoding human ACE2 transgenic mice has a BALB/c back-
ground. Although, both are inbred mice but show different immune
response, including innate and adaptive response during infection
[396–399]. Hence, we need caution, while using these transgenic an-
imal models depending on the parameters needs to studying (vaccine or
immunomodulator testing or studying immune response) during SARS-
CoV2 infection.

As above transgenic mice have some immunologic discrepancies in
context to the COVID-19 in humans therefore another group has de-
veloped DRAGA (HLA-A2.HLA-DR4.Rag1KO.IL-2Rγc KO.NOD) mice
infused with human hematopoietic stem cells from cord blood recon-
stituting a fully functional human immune system along with engrafting
human epithelial and endothelial cells [400]. The DRAGA mice sustain
SARS-CoV2 infection and develop severe-COVID-19-like symptoms,
which mimic human immune response causing COVID-19-induced pa-
thology and immunopathogenesis [400]. Hence, DRAGA mice will
prove best animal model to study COVID-19 immunopathogenesis and
studying the efficacy of different immunomodulators and vaccines.
Advancing the one step in the direction, researchers have mutated the
SARS-CoV2 to the mouse adapted SARS-CoV2MA virus that infects ef-
ficiently to younger adult BALB/c mice to cause mild to moderate in-
fection [388]. The SARS-CoV2 does not bind to the murine ACE2
(mACE2) due to the incompatibility of SARS-CoV-2 Q498 and re-
searchers have engineered Q498Y/P499T into the SARS-CoV-2 S gene
through reverse genetics to design the recombinant virus (SARS-CoV-
2MA) [47,388]. However, this SARS-CoV2MA infects more potently
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and severely to older BALB/c mice (loss of pulmonary function also
seen), like COVID-19 has more severe phenotype in older adults [388].
Several pro-inflammatory cytokines and chemokines increase in the
lungs after 2 days post infection without an increase in the serum. Thus
this virus can be used in young and older adult mice for developing
mild to moderate and severe SARS-CoV2 infection resembling human
COVID-19, which can be also used for immunomodulatory and vaccine
candidates for COVID-19 [388]. Hence, different hACE2 transgenic
mice have been developed to open the door for SARS-CoV2 biomedical
research along with one mutant virus that can infect WT mice. How-
ever, caution and further studies are required.

11. Future perspectives and conclusion

The story of CoVs is not new to humans and they were first iden-
tified simultaneously in the UK and USA in early 1960s as the causal
viruses for common cold and mild respiratory infections. However, they
draw their attention following the emergence of SARS-CoV-induced
severe acute respiratory syndrome (SARS) epidemic in 2002–2003. In
2014, another CoV-induced infection, called MERS emerged in the
middle-eastern countries that spread to the UK, USA, and Canada. SARS
and MERS have one thing in common that both emerged from bat CoV
with different intermediate hosts. For example, masked palm civets and
racoon dogs served as intermediate host for SARS and dromedary or
Arabian camels for MERS-CoV. However, SARS-CoV2 has also origi-
nated from bats called horseshoe bats, but we still do not know the
intermediated host from which the infection passed to humans and took
the form of current pandemic. Hence, identifying the intermediate host
will be beneficial to fight more specifically with the pandemic. For
example, we can immunize those animals to prevent the future infec-
tion spread and also reveal the conditions, which lead to the evolution
of the highly pathogenic SARS-CoV2 as the pathogenic evolution
leading to the evolution of SARS-CoV2 has neither occurred in humans
nor in bats as bats have closest CoV called RaTG13 [41]. However, we
do not know about the common ancestor for RaTG13 and SARS-CoV2,
whether that still exist, if yes in which intermediate host? Hence the
chain of events leading to the SARS-CoV2 emergence and COVID-19 in
humans should be discovered to efficiently deal with the virus.
Studying evolution is key to investigate the emergence of biological
processes, including infection and immunity.

Plenty of studies have divided patients in terms of symptoms
varying form asymptomatic to mild to moderate to severe.
Asymptomatic patients do not develop a robust pro-inflammatory in-
nate immune response required to clear the infection, instead they
harbor the virus, and serve as potent reservoirs and may spread infec-
tion for longer duration as compared to symptomatic individuals before
recovery. Asymptomatic COVID-19 patients exhibit the NK and Th1
cells-dependent direct antiviral action agaisnt SARS-CoV2. However,
active asymptomatic COVID-19 patients show an anti-inflammatory
immune response (IL-13 and IL-10) and convalescent asymptomatic
COVID-19 patients show weaker of Ab response that fades away very
soon. They develop robust T cell memory response. The mechanisms
behind this diverse immune response in asymptomatic active and
convalescent COVID-19 patients should be explored. On the other hand,
mild and moderate patient develop healthy and controlled immune
response to clear the infection without its dysregulation as seen in se-
vere COVID-19 patients. For example, in severe COVID-19 patients,
virus hijacks the component of innate immune response (cGAS and
RLR-mediated virus recognition, and the type 1 IFNs generation) which
can directly recognize and kill it. But it, promotes the TLR7/TLR8-based
pro-inflammatory immune response (cytokine storm), profound
monocyte and neutrophil infiltration in the lungs to cause ALI or ARDS.
Hence, only severe/critical COVID-19 patients lose life. Transgenic
mice expressing hACE2 may serve as potential animals for studying
SARS-CoV2 infection, immunity, and different drugs, including vac-
cines. However, a mutant SARS-CoV2MA can infect WT mice and can

induce mild to moderate infection in younger mice and severe pneu-
monia in older mice. Thus we are entering in an era where animal
model-based studies will provide unexplored immunological mechan-
isms.

For example, thalidomide is a potent immunomodulatory agent, and
has been used in pneumonia and sepsis previously as an im-
munomodulatory drug [401–403]. Even a recent, clinical study has
indicated its immunomodulatory and protective action in sever COVID-
19 patients as an adjuvant therapy with low‐dose short‐term gluco-
corticoid [404]. Even currently, thalidomide is under phase II clinical
trial for severe COVID-19 patients (ClinicalTrial.gov Identifier:
NCT04273529). The immunomodulatory role of statins should also be
studied in severe COVID-19 [405]. In a recent study, the in hospital use
of statins has decreased the mortality rate in COVID-19 patients due to
its immunomodulatory action that decreased IL-6 levels and neutrophil
count [406]. The in vivo mechanism of thalidomide and statins in
COVID-19 needs an exploration using transgenic hACE2 receptor ex-
pressing mice or mutant SARS-CoV2MA in WT mice.

12. Conclusion

Immune system has evolved to protect the host from pathogens and
internal damage-associated molecular patterns (DAMPs). However, due
to the novelty of the SARS-CoV2 it may be a difficult target for the
human immune system causing a dysregulated immune response during
COVID-19. For example, some develop asymptomatic infection and
other develop severe disease causing increased mortality. Even the
SARS-CoV2 has different factors or proteins, which hijack the direct
antiviral defence machinery without affecting the pro-inflammatory
cytokine release to induce cytokine storm. Hence, understanding the
immunology of the COVID-19 or SARS-CoV2 infection is one of the
several roads for the successful management of the infection. Now we
have human ACE2 transgenic mice to use for immunology, im-
munopathogenesis, and therapeutics-based studies. Therapeutics are
urgently needed to strengthen the immune system to accept the SARS-
CoV2 challenge to the immune system that is “catch me if you can”.
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