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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic has rapidly spread around the world with significant morbidity and mortality in a
Covid-19 subset of patients including the elderly. The poorer outcomes are associated with ‘cytokine storm-like’ immune
Cytokine storm responses, otherwise referred to as ‘hyperinflammation’. While most of the infected individuals show minimal or
i?)l;s-CoVZ no symptoms and recover spontaneously, a small proportion of the patients exhibit severe symptoms char-

acterized by extreme dyspnea and low tissue oxygen levels, with extensive damage to the lungs referred to as
acute respiratory distress symptom (ARDS). The consensus is that the hyperinflammatory response of the host is
akin to the cytokine storm observed during sepsis and is the major cause of death. Uncertainties remain on the
factors that lead to hyperinflammatory response in some but not all individuals. Hyperinflammation is a
common feature in different viral infections such as dengue where existing low-titer antibodies to the virus
enhances the infection in immune cells through a process called antibody-dependent enhancement or ADE. ADE
has been reported following vaccination or secondary infections with other corona, Ebola and dengue virus.
Detailed analysis has shown that antibodies to any viral epitope can induce ADE when present in sub-optimal
titers or is of low affinity. In this review we will discuss ADE in the context of dengue and coronavirus infections
including Covid-19.

1. Introduction and in the absence of overt immune responses [6-8]. Even though some

of the asymptomatic individuals exhibit seropositivity to the SARS

SARS-CoV2 infection is asymptomatic in about 80% of the infected
individuals at the population level [1]. Epidemiology suggests that
SARS-CoV2 infections may be similar to influenza rather than SARS-
CoV or MERS-CoV infections as the transmission is observed during the
prodromal phase thereby accounting for the high rates of infection
[2,3]. The virus infects the upper respiratory tract by binding to its
receptor ACE2 aided by TMPRSS2 protease to permit the infection of
epithelial cells of the respiratory tract [4,5]. Mild form of the infection
observed in a majority of adults and children, is localized to nasal and
upper respiratory tract and is usually resolved without any intervention

viruses [9-12], it is not known yet if they generate high titers of neu-
tralizing antibodies and long-lasting immunity. Greatest susceptibility
to the infection is seen in older individuals and in those with underlying
health conditions [13,14]. Some of the reasons for the susceptibility of
the elderly population to lower respiratory tract infections such as
Covid-19 include weakened immune system, co-morbidities, reduced
ability to restore epithelium after damage and age-related reduction in
mucociliary functions [6,8,15].

Certain patterns are beginning to emerge from the analysis of anti-
SARS-CoV2 antibodies in Covid-19 patients. In general IgM antibodies
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specific to SARS-CoV2 are observed from 7 days to 1 month after the
first detection of the virus by RT-PCR while IgG responses are observed
from about 7 days but persist at higher levels over longer period of time
[16-19]. Additionally, antibodies to the nucleocapsid protein appears
before antibodies to the spike protein [18,20]. The titer of IgG anti-
SARS-CoV2 antibodies appear to be higher in patients with severe form
of the disease and may be related to the commercial ELISA kits used
[18,21,22]. However, analyses of convalescent sera obtained 39 days
after infection suggest that the neutralizing titers generated are gen-
erally low [23]. Nonetheless, the antibody titers positively correlated
with virus-specific T cells [24], indicating that T cell responses play an
important role in the development of protective immunity.

Studies during the past 6 months have characterized in detail the
cytokine storm, that is observed in Covid-19 patients, but the under-
lying reasons have not been completely elucidated. In certain other
infections, severity of the infection has been shown to be increased by a
process, referred to as antibody-mediated enhancement (ADE), that can
be induced by low titers of neutralizing antibodies. Rather than neu-
tralizing the virus, the antibodies promotes ADE in immune cells as
observed in certain viral infections [25]. In this review we will describe
dengue hemorrhagic fever (DHF), feline infectious peritonitis (FIP) and
SARS-CoV infections to assess the role of ADE in Covid-19 and discuss
the cytokine storm observed to date in Covid-19 patients.

2. Antibody dependent enhancement (ADE) of infection

In general, vaccination strategies elicit high affinity antibodies di-
rected towards the proteins on the surface of viral particles thereby
contributing to the elimination of the pathogen. These antibodies re-
duce the infectivity by different mechanisms. For example, antibodies
can interfere with the interaction of the viruses with their receptors
thereby preventing infection. As the epitopes on the surface of the virus
are usually repetitive, multiple molecules of the antibody can bind to a
single virion and induce the formation of immune complexes that are
eliminated by phagocytosis. Alternately, antibodies can interfere with
the release of the viral genome in endosomes following phagocytosis
[26]. However sub-optimal concentration of antibodies or cross-re-
active antibodies promote ADE. ADE has been extensively studied in
various viral infections [27]. Both IgG and IgM antibodies are capable
of promoting ADE. Extrinsic ADE refers to the increase in the number of
cells that are infected due to the binding of the virus-Ab complex to the
complement receptors or FcyR, while intrinsic ADE refers to the in-
creased production of the virus particles per cell as a consequence of
suppression of the inflammatory responses [27-29]. Complement-
mediated ADE has been observed in Human immunodeficiency virus
(HIV) and West Nile virus infections [30,31]. At sub-optimal con-
centrations of neutralizing antibodies, the virus-antibody complex fixes
complement and subsequently bind to complement receptors expressed
on different cell types. As complement receptors are expressed in a wide
variety of cells, it can lead to infection of non-target cells and contribute
to chronicity [32].

FcyR-mediated ADE is observed in situations where IgG antibodies
to the virus from a previous infection that are present at low titers or,
cross-reactive antibodies to a related heterologous virus promote the
uptake of the virus through type I FcyR-mediated phagocytosis [27,33].
Studies in different infection models have shown that all the type I FcyR
subtypes can promote ADE. FcyRI (CD64) binds monomeric IgG with
high affinity and plays an important role in priming adaptive immune
responses [34-36]. Increased surface expression of FcyRI by in-
flammatory cytokines induces aggregation and potentiates the binding
of immune complexes [37]. FcyRII (CD32) and FcyRIII (CD16) are low
affinity receptors for IgG but are activated by immune complexes. With
the exception of FcyRIIb that contains an ITIM motif in the cytoplasmic
tail, engagement of the other FcyR activates signaling through the ITAM
motifs that they express or present in the associated proteins [38]. Type
I FcyR are expressed by myeloid, polymorphonuclear, dendritic, B and
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NK cells [33]. However ADE is primarily observed in monocytes,
macrophages and dendritic cells [39-42], even though FcyR are ex-
pressed by B cells.

2.1. ADE in Flaviviridae infections

Dengue fever is caused by single-stranded, positive-sense RNA virus
of the Flaviviridae family. Dengue virus consists of 4 closely related
serotypes (DENV1-4) that show trophism for monocytes, macrophages
and dendritic cells [43]. A vast majority of the infections are sub-
clinical, while clinical presentation of the disease is associated fever and
malaise that resolves after 7-10 days. Adaptive immune responses
contribute to long-term protection against the same DENV serotype and
afford variable degree of cross-protection against the other three ser-
otypes that wanes over time. A small percentage of patients exhibit
dengue hemorrhagic fever (DHF) with severe symptoms such as spon-
taneous bleeding and vascular leakage akin to sepsis. These patients
show characteristics of cytokine storm, with elevated levels of cyto-
kines, chemokines and hepatic transaminases [44]. As individuals can
be infected with any of the four serotypes over their life span, increased
disease severity is observed in a fraction of patients following infection
with a different serotype. High viremia and vascular leakage are also
observed in infants of seropositive mothers who have low anti-dengue
titers and were infected with a heterologous DENV strain [45]. ADE
resulting from the antibodies generated during previous infections that
are cross-reactive with the strain causing the current infection has been
proposed to be the underlying cause for DHF. Recently two studies
analyzed the anti-DENV antibodies and severity of infection in a large
cohort of adults and pediatric population from dengue infected endemic
areas [46,47] and reached similar conclusions. They observed that DHF
correlated with a narrow range (low titers) of pre-existing anti-DENV
antibodies while high titers of anti-DENV antibodies were protective
irrespective of the DENV subtype. These observations highlight the
importance of the ability of a primary immune response (or vaccina-
tion) to induce high-titer antibodies to confer protection and avoid ADE
in humans. As a corollary, the immunogenicity of live attenuated
yellow fever vaccination was increased by ADE in a proportion of in-
dividuals who had received inactivated Japanese encephalomyelitis
vaccine previously [48].

A role for anti-DENV antibodies in promoting ADE during the out-
break of Zika (ZIKV) infections and modulating its severity has been
postulated [49,50]. However, two reports on the analysis of adult and
pediatric populations from these endemic areas suggest otherwise. High
titers of anti-DENV antibodies reduced the severity of subsequent ZIKV
infections [51,52]. It may be important to analyze in vivo immune re-
sponses to heterologous infections before proposing a role for ADE
based purely on in vitro analyses. Inmune responses to ZIKV in non-
human primates previously infected with DENV or yellow fever virus
(YFV) were compared to naive animals [53]. While the ZIKV infection
of cell lines were enhanced by sera from DENV-infected animals, there
was no significant difference between the various groups in vivo fol-
lowing ZIKV infection.

In addition to the efficacy of high titer neutralizing antibodies, T
cell-mediated immune responses play an important role in preventing
subsequent infections. In non-human primates, T cell-mediated im-
munity, but not antibodies to DENV protects efficiently from sub-
sequent ZIKV infection [54]. The importance of promoting T cell re-
sponses to DENV (or other flavivirus infections) is highlighted by the
fact that of the various anti-DENV vaccines developed over the past
30 years using different platforms only one candidate has reached phase
3 clinical trials [55]. CYD-TDV (chimeric yellow fever dengue-tetra-
valent dengue vaccine, Dengvaxia), a tetravalent vaccine on YFV
backbone that incorporates antigens from the four DENV viruses in-
duces a robust T and antibody responses [56]. In seropositive in-
dividuals, the vaccine reduced hospitalization due to DHF, but in ser-
onegative individuals the incidence of hospitalization was increased
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[57]. It is possible that in seropositive individuals the efficacy of the
vaccination was higher as the vaccine could have infected greater
number of cells accompanied by higher ‘viremia’ due to ADE [58]. On
the other hand, Dengvaxia sensitized seronegative individuals to sub-
sequent dengue infections as the vaccine ‘behaved’ like an infection
with one of the 4 DENV strains [59,60]. Alternately, the YFP backbone
in the Dengvaxia may contribute to sensitizing the vaccinated in-
dividuals to subsequent dengue infections by enhancing ADE. Head-to-
head comparison of Dengvaxia, a mixture of the reference DENV1-4
strains and tetravalent sub-unit vaccine (DSV4) in murine models of
dengue and Zika infection suggest that the tetravalent sub-unit vaccine
does not induce ADE while maintaining vaccine efficacy against dengue
and zika infections [61,62].

2.2. ADE in Coronaviridae

Pathogenic members of the Coronavirus family infect primarily the
epithelial cells in the respiratory and gastrointestinal tracts [63].
Among the various members, immune responses have been well char-
acterized in vivo in cats following natural infection with feline corona
virus (FCoV; an alphacoronavirus, previously referred to as feline en-
teric corona virus (FECV) and/ or feline infectious peritonitis virus
(FIPV). It is a relatively new disease that is believed to have jumped
species sometime during the mid-20th century [64]. Feline infectious
peritonitis (FIP) is the pathogenic manifestation of otherwise non-pa-
thogenic infection by FCoV that is a ubiquitous pathogen present in cats
throughout the world [65]. FCoV infects enterocytes, is shed in the
feces and causes mild diarrhea. Kittens get infected through the fecal-
oral route at 2 months of age [65]. Even if the infected cats do not show
any symptoms, they can be seropositive and cats with high titers show
fecal shedding of the virus, while those with low titers do not [66].
Extensive expansion of the virus during the initial period of replication
(enteric FCoV) leads to mutations in the spike protein and in ORFs
coding for non-structural proteins that promote enhanced systemic
spread (systemic FCoV) [67,68]. Systemic dissemination per se is not
associated with disease severity. FIP is manifested in 2 distinct forms.
The most common form is the development of effusive inflammatory
condition with visceral serosa and omentum with exudates in the ab-
domen. The dry form of the disease is characterized by granulomatous
inflammatory lesions in paranchymatous tissues such as kidneys and
other organs [64]. Despite the extensive presence of FCoV infections in
cat populations around the world, the morbidity is less than 5% [69].
Genetic factors may play an important role in susceptibility as FIP
prevalence is high in certain breeds of cats but not others [70]. Follow-
up of 820 household cats over 6 years suggested that despite ser-
opositivity for FCoV the incidence of FIP was not different from groups
which were seronegative [69]. The incidence of FIP was decreased with
age suggesting that the cats develop protective long-lasting immunity to
FCoV [69].

Mutations in the Spike protein of FCoV is believed to contribute to
the infection of monocytes and macrophages that result in the dis-
semination of the virus to the mesenteric lymph nodes (MLN) [68]. In
healthy cats, FCoV was detected by immunohistochemistry (IHC) in the
epithelial cells lining the intestine, sinusoidal macrophages in the MLN
and in lung alveolar macrophages [71]. Systemic spread of FCoV is
associated with an increase in viremia but does not necessarily induce
FIP. Despite the detection of the virus by PCR in the MLN of non-FIP
animals, the low viral load precludes its detection by IHC [71]. To
better understand the pathology of FIP, Malbon et al. [72] compared
the expression of transcripts for various cytokines, chemokines and
TLRs in mesenteric lymph node (MLN) samples from cats with systemic
infection that developed or not FIP. They observed that the expression
of IL-1f, TNFa, IL-6, IFNy, IL-15, CXCL10 and CCL8 and IFNJ was in-
creased in cats with FIP when compared to those without FIP, in-
dicating that FIP is associated with hyperinflammation. Additionally,
there was no significant differences in the expression of IL-10 and TGF(
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between the two groups. Nonetheless, non-symptomatic systemic viral
load was associated with a modest increase in the expression of some of
the above-mentioned inflammatory mediators, pointing to an ongoing
immune response [72-74]. Decrease in the numbers of circulating
lymphocytes is a characteristic of FIP and may be a consequence of
viremia and cytokine responses, akin to cytokine storm [75]. High
viremia leads to the deposition of immune complexes and viral particles
containing macrophages around small venules, otherwise referred to as
Arthus-type vasculitis [76].

Similar to dengue infections, titer of the neutralizing antibodies
plays an important role in protection. Live attenuated vaccine gener-
ated by deleting orf3abc or orf7ab induced high titers of neutralizing
antibodies and protected cats from lethal challenge [77], but no follow
up studies were published. However, in one study, low titers of anti-
bodies present from enteric presence of the virus does not protect from
challenge with the virulent virus and it is not known whether it was
associated with augmented infections through ADE [66,69]. Im-
munization with vaccinia virus expression the Spike protein generated
low titer of antibodies in kittens and accelerated the disease following
challenge with the virulent virus by ADE [78]. Again, transfer of anti-
bodies from FIP or seropositive healthy cats accelerated the disease
process following infection of recipients [79-81]. The role of pre-ex-
isting antibodies is not clear as vaccination with low virulent with
ORF3abc truncated strain of FCoV induced comparable neutralizing
antibodies in SPF-reared and conventional cats [82]. However, pro-
tection from subsequent lethal challenge was seen only in cats reared in
SPF but not in conventional facilities. As the 2 strains of cats were
different in this study it is not possible to arrive at conclusions by
comparing the 2 groups. Nonetheless, cats that showed high titers fol-
lowing vaccination succumbed at later timepoints to fatal disease sup-
porting a protective role of high titer neutralizing antibodies in keeping
viremia under check.

Various lines of evidence suggest that a robust T cell mediated im-
munity is required to confer long-lasting immunity. Immunization of
cats with avirulent or sublethal dose of the virus induced robust DTH
responses and elicited partial protection [83]. Granulomatous lesions
are made up of virus containing macrophages surrounded by plasma
cells and T cells [64]. Animals that survived acute infection were
characterized by robust T cell responses during the later stages of the
infection [84]. Furthermore, these survivors were resistant to sub-
sequent pathogenic FCoV virus challenge. This study further reiterated
the observation that the titers of anti-spike antibodies did not correlate
with the development of FIP or the viral RNA concentrations. Even
though these experiments were done with cats from specific pathogen
free (SPF) facility, the observation that household cats older than
5 years are resistant to the development of FIP [64,85] suggests that
despite the presence of antibodies that promote ADE during FCoV in-
fections, long-lasting immunity is conferred by T cell mediated pro-
tection.

2.3. SARS-CoV infection

Humans have been exposed to different coronaviruses before the
arrival of the three unwanted guests during the past 2 decades. At least
4 other coronaviruses, namely 229E, HKU1, NL63 and OC43 cause re-
spiratory tract infections and have different rates of prevalence [86].
During the SARS epidemic in 2003, sera of SARS patients were analyzed
for cross-reactive antibodies to NL63, 229E and OC43 [87]. Ser-
opositivity to SARS-CoV was detected only in patients who tested po-
sitive for the virus by RNA indicating that SARS-CoV does not seem to
be recognized by antibodies generated in response to previous cor-
onavirus infections. As the number of individuals infected with SARS-
CoV and MERS-CoV was quite low, it is possible that the absence of
cross-reactivity cannot be concluded definitely. Analysis of samples
from a hospital in Canada in 2003 during the SARS outbreak suggested
that antibodies to N protein of HCoV-OC43 can cross-react with SARS-
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CoV [88]. However, analysis of antibody responses in a large panel of
pre-Covid-19 sera to a microarray of SARS-CoV2 antigens indicate low
level of cross-reactivity to S2 domain of spike protein and N protein
[89]. It is not known whether ADE can be promoted by antibodies to
any epitope of SARS-CoV2 virus and whether the prevalence of these
cross-reactive antibodies are high in the older population.

While infection through receptor-mediated uptake as a consequence
of binding of spike protein to ACE2 expressed by epithelial cells is the
classical mode of infection that contributes to the range of classical
pathology in Covid-19, monocytes and macrophages show minimal
expression of ACE2 [90] and hence may not be infected directly by the
virus. Furthermore, SARS-CoV replicates poorly in monocytes and
macrophages, similar to OC43 [91]. However, antibody mediated up-
take of the virus has been observed in human monocytes even though
they do not replicate in these cells [92]. In Covid-19 patients with a
severe pathology, increase in the presence of plasma cells were ob-
served in bronchoalveolar lavage fluid (BALF) [93]. Extrafollicular B
cell activation have been observed in critically ill patients [94]. Ana-
lysis of Covid-19 patients with x-linked agammaglobulinemia (lack of B
cells and circulating immunoglobulins) and common variable immune
deficiencies (CVID, lack Ig but have dysfunctional B cells) showed in-
creased disease severity in the latter group [95,96].

Convalescent sera has been used to control the severity of the in-
fection and bring down the viral load during the previous pandemics
[97-99]. Even though the clinical trial carried out in China was un-
derpowered due to absence of new infections [100], treatment with
convalescent sera that had high titers of neutralizing antibodies was
observed to be beneficial in Covid-19 patients with moderate disease
severity, and there was no evidence for ADE. Additional trials are on-
going in different countries. Even though monoclonal antibodies de-
veloped against the receptor-binding domain (RBD) of SARS-CoV do not
recognize RBD of SARS-CoV2, data from convalescent sera suggest that
cross-reactive antibodies are possible in vivo [101]. Comparative ana-
lyses of responses of convalescent sera to SARS-CoV, MERS-CoV, SARS-
CoV2 and other coronaviruses indicate that sera from SARS-CoV and
MERS-CoV infected patients show some cross-reactivity to S2 and RBD
(receptor binding domain) of the spike protein but neutralization is not
observed [102,103]. Vaccines for SARS and MERS have been developed
and tested in different pre-clinical models (reviewed in [104]) and some
of the vaccines exhibited ADE. The characteristics, the animal models
and the nature of the vaccines are detailed in the review [104]. In
hamsters, vaccination with recombinant trimeric spike protein elicited
neutralizing antibodies and were protected from subsequent SARS-CoV
challenge [105]. Vaccination of non-human primates with inactivated
SARS-CoV conferred protection during subsequent challenge and did
not induce ADE [106]. On the other hand, ADE was observed in mon-
keys following immunization with one of the 4 peptides derived from
spike protein [107]. However, the titer of the antibodies elicited by the
vaccines and the ability of the vaccines to induce humoral and cell-
mediated immune responses are not known in the above studies. Ana-
lyses of ADE in dengue infections (discussed above) suggest that gen-
eration of high titers of the neutralizing antibodies is one of the im-
portant factors that needs to be considered to prevent ADE. In animal
models where SARS-CoV2 infections have been established
[104,108-110] it may be important to assess ADE using graded titers of
convalescent sera. Similarly, follow up of recovered individuals for anti-
viral titers and reinfection will help determine the susceptibility and
severity to re-infection, if any. However, confirming the absence of
cross-reactivity of sera from older age groups who have been exposed to
different coronaviruses during their lifetime and characterization of the
antigens that can induce ADE, is required to rule out ADE in older
patients. Thus, the role of ADE in promoting infections in older patients
has not been completely ruled out, even though there is no supportive
evidence to date either.
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3. Overview of the cytokine storm in SARS-CoV2 infection

The pathological characteristics of Covid-19 greatly resemble those
of SARS (2002-2003) and MERS (2012) [111]. Despite years of re-
search, the specific factors contributing to the morbidity associated
with CoV are yet to be completely understood [112]. Nevertheless,
studies in humans who died from SARS and more recent studies done in
animal models show a dysregulated immune response associated with
uncontrolled inflammation [112]. In the present pandemic, most severe
cases of Covid-19 present with acute respiratory distress syndrome
(ARDS) which is the main cause of death in Covid-19 patients as in
SARS and MERS patients [113,114]. In patients with severe infection,
the virus replicates in the alveolar epithelial cells leading to diffuse
alveolar damage, oedema, hyaline membrane formation, immune cell
infiltration in the lungs and desquamation of pneumocytes that are
characteristics of ARDS [114]. Most of the above pathologies were also
observed before the onset of pneumonia in 2 patients undergoing sur-
gery for lung adenocarcinoma and were incidentally diagnosed with
COVID-19 [115,116]. Additional studies indicate that the patients with
ARDS exhibit symptoms of cytokine storm [117]. However, unlike DHF
and FIP where ADE contributes to the initiation of the severe pathology,
we do not yet know the factors that trigger ARDS in Covid-19 patients.

Impaired type 1 IFN signature appears to be an important factor that
distinguishes moderate and severe infections [113,118]. In animal
models of SARS infections, delayed induction of type 1 IFNs has been
shown to contribute to the severity [119-121]. Nonetheless, IFN I re-
sponsiveness was intact in the patients suggesting that IFN 1 therapy
can reduce the viral load [113,118]. In support, exogenous IFN I was
capable of reducing the viral load in infected epithelial cells [118]. As
SARS-CoV2 can induce Type 1 IFN response [120] it is possible that
interferon-inducible transmembrane (IFITM) proteins suppress viral
replication as has been shown for SARS-CoV virus [122,123]. Equally
SARS-CoV-derived proteins can suppress type 1 IFN responses
[118,124,125].

Sera of SARS-CoV infected patients showed early induction of
CXCL10 (before any lung damage) followed by overproduction of
proinflammatory cytokines such as IL-6 together with a lack of anti-
inflammatory cytokine IL-10 [126-128]. Similarly, bronchoalveolar
lavage fluid showed higher levels of TNFa and IL-6 as well as IL-8,
RANTES and CCL2 [129]. SARS-CoV infected respiratory tract epithe-
lial cells have been shown to be a major source of chemokines and
inflammatory cytokines [130]. Similar results were obtained in severe
case of SARS-CoV2 patients where high levels of proinflammatory cy-
tokines IL-6 and TNFa were observed [131]. Moreover, more severe
cases were associated with higher concentration of G-CSF, CXCL10,
CCL2 and CCL3 [132]. Contrary to SARS-CoV, higher levels of anti-
inflammatory cytokine IL-10 were found in severe cases of Covid-19
[131]. Following infection with SARS-CoV2 in ferrets, CCL8 and CXCL9
were detected in the upper respiratory tract as early as 3 days post
infection [118]. Over time, expression of other chemokines was upre-
gulated. In patients with severe SARS-CoV2, circulating levels of HRP,
ferritin, lactate dehydrogenase, alanine aminotransferase, IL-6, IL-8,
TNFa, IL-10 and IL-1RA were elevated with a concomitant lympho-
penia [131]. The increase in IL-10 and IL-1RA may be pointing to a
hyperinflammation process that is out of control. Presence of IL-6, IL-8
and TNFa in the sera correlated with the severity of the infection
[132-134].

The source of the cytokines in Covid-19-associated inflammation
can point towards the mechanisms involved. CAR-T induced cytokine
storm is characterized by the presence of T cell-associated cytokines
such as IL-3, IFNy and GM-CSF that subsequently activate macrophages
to produce IL-6, TNFa and IL-1 [135,136]. Excessive immune response
generated by PRR activation initiates the cytokine storm in sepsis and
involves IL-6, TNFa, IL-12, IL-1f and IL-18 [137,138]. Unlike in sepsis,
CAR-T cell therapy, DHF and FIP, where myeloid and lymphoid cells
are the source of inflammatory cytokines, in SARS infections, the
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Fig. 1. Possible outcomes of antibody-mediated uptake of viral particles by
monocytes/macrophages. Antibody binding to the viral particles ideally leads
to the neutralization. In the case of monocyte/macrophage tropic viruses such
as FCoV, the viremia ensues if the neutralization is not achieved. As SARS-CoV
viruses replicate poorly in monocytes/macrophages, it is possible that the virus
induces an exaggerated inflammatory response.

epithelial cells of the respiratory tract appear to be important players.
In Covid-19 patients who exhibit ARDS and cytokine storm, the ex-
pression of chemokines, IL-6 and TNFa is elevated with minimal im-
plication for IL-1, IFNy or IL-17 [113,133,139]. Elevated serum IL-6 and
TNFa levels in the patients with severe disease correlated with sig-
naling pathways induced by these cytokines in PBMC, but was not re-
flected in the RNA transcripts from PBMC [113,139]. While ILIB
transcripts were higher, circulating IL-13 protein was low indicating
towards minimal inflammasome activation. These observations suggest
that source of IL-6 and TNFa may be from epithelial/endothelial and
other cells in the respiratory tract. The macrophage composition of
BALF was distinct between patients with moderate and severe disease
and differed from that of healthy controls [140]. Severe disease was
characterized by high neutrophil infiltration. Thus it is possible that the
airway epithelial cells are the primary source of inflammatory media-
tors in severely infected patients, as SARS-CoV infects epithelial cells in
the lung and the hematopoietic cells poorly support viral infection and
replication, as seen from the viral loads and production of pro-in-
flammatory mediators [97,112,141]. These observations raise the
question as to why some individuals mount an exaggerated immune
response in the airway epithelium while others do not.

Even though SARS-CoV does not target monocyte lineage primarily,
the role of antibodies and the immune complexes is not as well-defined
as in DHF or FIP. Nonetheless there are evidences to suggest a role for
antibodies in the lung pathology. Severe disease and higher death rate
were associated with older patients who had high titers of antibody
within 2 weeks after SARS infection, while seroconversion was ob-
served in most of the SARS patients between 3 and 5 weeks after in-
fection [142]. In this cohort, lower neutralizing titers were associated
with prolonged illness. The antibody levels were higher and long-
lasting in health-care workers with severe MERS pathology, while pa-
tients with milder course of the disease had variable presence of anti-
bodies [143]. It is possible that the severe disease may be associated
with robust long-lasting immune responses. Reflecting these observa-
tions, antibodies generated in New Zealand white rabbits following
primary MERS-CoV infection exacerbated the pulmonary pathology
during re-infection despite reduced viremia [144]. Passive transfer of
serum from previously infected animals also induced similar pathology
in naive infected animals. Again, re-infected animals developed robust
immunity. Th2 immunopathology with eosinophilic infiltrations were
uniformly observed following immunization of mice with 4 different
SARS-CoV vaccine candidates [145] suggesting that acute lung pa-
thology may be part of the natural immune responses to SARS infec-
tions. In SARS-CoV infected or Spike DNA vaccinated macaques, anti-
Spike antibodies skewed the monocyte/macrophage responses towards
pro-inflammatory and wound healing phenotype simultaneously, re-
sembling the pathology observed in SARS patients [146]. Thus, the
antibodies generated during infection with pathogenic corona viruses
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may activate monocytes/macrophages and promote lung pathology
rather than enhancing the viral infection as observed with macrophage
tropic viruses such as dengue and FCoV (Fig. 1).

4. Concluding remarks

The inflammatory response of the airway epithelium appears to play
an important role in the progression of SARS-CoV2 infection.
Antibodies can exacerbate the lung pathology by activating macro-
phages even though it may not necessarily enhance viral load and
dissemination, as seen in classical ADE. It may be important that vac-
cines promote robust T cell immunity in addition to antibody responses
[147-150]. Knowledge about the mechanisms involved in activating
the innate immune responses and the priming the adaptive immune
response will contribute to the identification of parameters that can be
used to evaluate protective immune responses generated by SARS-CoV2
vaccines.
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