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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the most recent
global health threat, is spreading throughout the world with worrisome speed,
and the current wave of coronavirus disease 2019 (COVID-19) seems to have no
mercy. While this mysterious virus challenges our ability to control viral
infections, our opportunities to control the COVID-19 pandemic are gradually
fading. Currently, pandemic management relies on preventive interventions.
Although prevention is a good strategy to mitigate SARS-CoV-2 transmission, it
still cannot be considered an absolute solution to eliminate this pandemic.
Currently, developing a potent immunity against this viral infection seems to be
the most promising strategy to drive down this ongoing global tragedy. However,
with the emergence of new challenges in the context of immune responses to
COVID-19, the road to control this devastating pandemic seems bumpier; thus, it
is pivotal to characterize the dynamics of host immune responses to COVID-19, in
order to develop efficient prophylactic and therapeutic tools. This begs the
question of whether the effector mechanisms of the immune system are indeed
potent or a possible contributing factor to developing more severe and lethal
forms of COVID-19. In this review, the possible role of the immunopathologic
phenomena including antibody-dependent enhancement, cytokine storm, and
original antigenic sin in severity and mortality of COVID-19 will be discussed.

Key Words: SARS-CoV-2; COVID-19; Immune response; Antibody-dependent
enhancement; Cytokine storm; Original antigenic sin
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Core Tip: This study provides an overview on the possible role of immunopathologic
phenomena including antibody-dependent enhancement, cytokine storm, and original
antigenic sin in severity and mortality of coronavirus disease 2019 (COVID-19). With
the emergence of new challenges in the context of immunity to COVID-19, it is pivotal
to characterize the dynamics of host immune responses to COVID-19, in order to
develop efficient prophylactic and therapeutic tools. This begs the question of whether
the effector mechanisms of the immune system are indeed potent or a possible
contributing factor to developing more severe forms of COVID-19.

Citation: Taherkhani R, Taherkhani S, Farshadpour F. Dynamics of host immune responses to
SARS-CoV-2. World J Clin Cases 2021; 9(18): 4480-4490

URL: https://www.wjgnet.com/2307-8960/full/v9/i18/4480.htm

DOI: https://dx.doi.org/10.12998/wjcc.v9.i18.4480

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative
pathogen of the ongoing coronavirus disease 2019 (COVID-19) pandemic, is an
enveloped positive-stranded RNA virus, belonging to the family Coronaviridae[1-5].
Based on phylogenetic analyses, coronaviruses are classified into four genera:
Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus[6-9].
There are seven coronavirus species capable of causing human infection: 229E, OC43,
NL63, and HKU1 are endemic seasonal coronaviruses, causing the common cold and
SARS-CoV, Middle East respiratory syndrome coronavirus (MERS-CoV) and SARS-
CoV-2 are responsible for large epidemics or worldwide outbreaks of severe
respiratory syndrome in humans[2,6,10-13]. SARS-CoV-2 appears to be less virulent
but more contagious than SARS-CoV and MERS-CoV[1,10]. Moreover, the recent
mutation in the receptor-binding domain (RBD) of spike protein makes it more
transmissible[8,14,15].

SARS-CoV-2 is a novel Betacoronavirus in the subgenus Sarbecovirus and is
grouped as SARS-related coronaviruses. SARS-CoV-2 shares 79.6% and about 96%
sequence identity to SARS-CoV and a bat coronavirus (RaTG13), respectively[2].
Considering the high similarities between SARS-CoV-2 and the bat coronavirus, bats
are considered natural reservoir hosts, and pangolins (Manis javanica) are introduced
as intermediate hosts. However, there are uncertainties about the origin of SARS-CoV-
2[2,16,17]. RNA recombination among coronaviruses is most likely responsible for the
emergence of SARS-CoV-2, enabling events of cross-species transmissions|[7,16,18,19].

COVID-19 is preliminary a pneumonia-like disease with a wide spectrum of clinical
presentations from asymptomatic to mild or severe disease, which spontaneously clear
or progress to acute respiratory distress syndrome (ARDS), pulmonary edema, tissue
damage, multiple organ dysfunction, and eventually death[1,20]. However,
progression to life-threatening clinical illness has mostly been reported in older
patients and those with underlying problems and co-morbidities such as chronic
respiratory conditions, diabetes, cancer, hypertension, cardiovascular and
cerebrovascular disease, requiring hospital care[2,21-24].

SARS-CoV-2 is predominantly transmitted through exposure to infective respiratory
droplets and contact with contaminated surfaces[2,25-27]. Currently, reducing
exposure to SARS-CoV-2 through public awareness, personal preventive actions, and
social distancing as well as the routine screening of population and quarantining of
infected subjects seems to be the best preventive measures to mitigate SARS-CoV-2
transmission[26,28-30]. However, poor self-quarantine strategies and asymptomatic
transmission, as well as elongated social isolation and lockdown and subsequently the
growing economic crisis are the main challenges in the management of the COVID-19
pandemic[1,31].

Considering these challenges, developing a potent immunity against this viral
infection seems to be the best option to drive down this ongoing global tragedy.
However, with the emergence of new challenges in the context of immunity to
COVID-19, the road to control this pandemic seems bumpier; thus, it is pivotal to
characterize the dynamics of host immune responses to COVID-19, in order to develop
efficient prophylactic and therapeutic tools. This begs the question of whether the
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effector mechanisms of the immune system are indeed potent or a possible
contributing factor to developing more severe forms of COVID-19. In this review, the
possible role of immunopathologic phenomena including antibody-dependent
enhancement, cytokine storm, and original antigenic sin in severity and mortality of
COVID-19 will be discussed.

ANTIBODY-MEDIATED IMMUNE RESPONSES AND IMMUNITY TO SARS-
CoV-2

Upon infection, several types of antibodies are produced. These antibodies are able to
provide protection or promote inflammation to maintain health and pathogenesis. IgM
emerges rapidly after infection and promotes the pro-inflammatory responses through
activation of the complement pathway, resulting in the elimination of the pathogen.
IgG is formed later and neutralizes pathogens by inhibiting host cell infections and
provides protective immunity or causes antibody-dependent enhancement of infection
and acute inflammation[32,33].

In the case of COVID-19, anti-SARS-CoV-2 IgM and IgG antibodies appear between
6 and 15 d post-disease onset. IgM level increases during the acute phase of infection,
and then decreases at 4 wk and becomes undetectable in most patients after 5-7 wk.
Meanwhile, the IgG level peaks at approximately day 25 and remains high after 4 wk
of infection with unknown longevity. Overall, the antibody response to SARS-CoV-2
in most patients is detected between day 10 and day 21 after the onset of illness.
Nevertheless, the detection of antibodies may take a longer time, 4 wk or more, in
those cases with mild manifestations, and antibody response is not detectable in a
small number of cases[34-36].

Neutralizing antibodies contribute to pathogen clearance by inhibiting the
interaction of the virus with the host cell receptor as well as by interacting with
complement, natural killer cells, and phagocytes[33]. The most efficient SARS-CoV-2-
specific neutralizing antibodies target the RBD and the heptad repeat 2 domain of the
viral spike protein, blocking viral docking on angiotensin-converting enzyme 2 (ACE2)
receptor on the host cell surface and subsequently inhibiting fusion between the viral
and host cell membranes and viral entry[33]. Neutralizing anti-RBD antibody is
species-specific. Some antibodies are produced against regions outside the RBD. These
antibodies are cross-reactive but not neutralizing[37].

In a recent study, patients were in the active and severe course of COVID-19 despite
developing anti-nucleoprotein and anti-RBD specific antibodies[38]. Of note, Zhao et al
[34] found that higher titers of antibodies against SARS-CoV-2 correlate with worse
disease outcomes. Similarly, the results of Liu et al[39] study showed that patients with
severe presentations of COVID-19 have vigorous antibody responses. While in the Zhu
et al[11] study, COVID-19 patients with mild symptoms had high antibody titers
against RBD, S1, and S2 domains of the spike. In addition to disease severity, the titer
of antibody is reportedly correlated with age, so that older patients develop higher
titers of antibodies than younger patients[11,37,40]. Therefore, the development of
antibodies in the course of COVID-19 might not be indicative of protective immunity
and viral clearance, and the antibody-mediated immune response might not work
through ordinary immune pathways.

Several factors such as specificity, affinity, concentration, and isotype of antibody
may dictate potential outcomes of antibody response to infection. Antibodies
recognize specific targeting domains. Experimental studies with SARS-CoV report that
antibodies specific for the RBD of the spike protein promote stronger neutralization
and subsequently better protection, whereas antibodies reactive to S protein epitopes
outside the RBD and N protein can induce more severe clinical illness. Therefore,
specific antibodies capable of targeting receptor binding and blocking viral entry tend
to elicit neutralization. Moreover, the virus-neutralizing effect correlates with antibody
concentration and affinity, so that antibodies with higher affinity and concentration
induce stronger neutralization and subsequently better protection[33].

The effector functions of antibodies are dependent on antibody isotype as well. IgG
subclasses display different biological functions due to their varied affinities to Fcy
receptors (FcyRs). In SARS-CoV infection, ectopic expression of FcyRIla and FcyRIIb
induce more severe disease[10,33]. FcyRIIb is an inhibitory FcyR that signals through
an immunoreceptor tyrosine-based inhibition motif on its cytoplasmic tail. The other
FcyRs, FcyRI, FeyRlIla, FcyRIIe and FeyRlIlla, activate signaling pathways through
immunoreceptor tyrosine-based activation motifs (ITAMs)[41,42]. FcyR polymorphism
is another effector factor in this context. The FcyRlIIa allelic polymorphism alters the
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affinity and specificity of FcyRlIla for different IgG subclasses, affecting the severity
and susceptibility of infections. The low-affinity allele (FcyRIIa-R131) is capable of
binding to both IgG1 and IgG2 and is associated with SARS severity[10,33]. This
polymorphic variant is frequently observed in deceased and hospitalized COVID-19
patients; whereas, the high-affinity allele (FcyRIla-H131) is associated with reduced
severity and mortality of SARS-CoV infection[42].

ANTIBODY-DEPENDENT ENHANCEMENT OF SARS-COV-2 INFECTION

Although antibody-effector functions are commonly beneficial and protective, some
viral-induced antibodies might not neutralize the infection, and conversely, lead to
enhanced virus infectivity and virulence[10,43]. Antibody-mediated enhancement of
infection (ADE) is a well-characterized phenomenon whereby sub-neutralizing
concentrations of antibodies or non-neutralizing antibodies bind to virus particles and
enhance viral cell entry through interaction with FcyRs or complement receptors (CR)
on susceptible cells[1,42,44-46]. In FcyR-mediated ADE, upon binding of virus-
antibody complexes to FcyRII on antigen-presenting cells or B cells, FcyRII signals
through an ITAM on its cytoplasmic tail to upregulate pro-inflammatory cytokines,
downregulate anti-inflammatory cytokines, and suppress antiviral genes expression
by inhibiting the signal transducer and activator of transcription (commonly known as
STAT) pathway and subsequent decrease in antiviral transcription factors such as
interferon regulatory factor 1 (IRF-1) and nitric oxide synthase 2 (NOS2), resulting in
increased viral replication due to suppression of the intracellular antiviral responses.
On the other hand, following internalization, virus-antibody immune complexes and
viral RNA in the endosomes initiate signaling through toll-like receptor 3 (TLR3),
TLR7, and TLRS to activate immune cells. Subsequently, the accumulation of activated
myeloid cells in the lung promotes inflammation, acute lung injury, and vasculitis[1,
33]. In complement-mediated antibody-dependent enhancement (ADE), virus-
antibody complexes activate the complement cascade, resulting in the formation of
complement-coated virions and subsequent interaction with complement receptor
(CR) on CR-bearing cells. The activated CR initiates intracellular signaling to promote
endocytosis of the virus, suppress intracellular antiviral responses, and increase viral
replication[46,47]. Furthermore, the formation and deposition of immune complexes in
the lung can lead to cell lysis and tissue damage due to complement activation[48,49].
Taken together, ADE can modulate host immune responses toward an inflammatory
profile, leading to cytokine storm, lymphopenia, and tissue damage (Figure 1)[1,49,50].

One of the hallmarks of the ADE phenomenon is the excessive expression of inflam-
matory mediators and cytokines, known as a cytokine storm. Cytokine storm is a form
of uncontrolled systemic inflammatory responses characterized by increased levels of
interleukin 1 receptor antagonist (IL-1ra), IL-2ra, IL-6, IL-7, IL-8, IL-10, IL-18, tumor
necrosis factor alpha (TNF-a), interferon gamma (IFN-y), granulocyte colony-
stimulating factor (G-CSF), macrophage CSF (M-CSF), hepatocyte growth factor,
monokine-induced gamma IFN, C-X-C motif chemokine ligand 10 (CXCL10), C-C
motif chemokine ligand 2 (CCL2)/monocyte chemoattractant protein 1 (MCP-1), MCP-
3, CCL3/macrophage inflammatory protein 1 alpha, IFN-y-induced protein 10,
cutaneous T cell-attracting cytokine, RANTES (CCL5); and decreased levels of IL-10,
IL-12, and TGFP and IFN-a/p. Furthermore, high expression of chemokines receptors,
including CCR5 (CCL3 receptor) and CCR2 (CCL2 receptor) has been reported[1,2,23,
50,51]. Among them, IL-6 and GM-CSF play major roles in triggering inflammatory
events by monocyte activation and differentiation to inflammatory macrophages.

Uncontrolled proliferation of inflammatory macrophages, commonly known as
macrophage activation syndrome, plays a key role in driving cytokine storm and is
closely linked to lymphopenia, hyperferritinemia, liver insufficiency, acute lung injury,
fulminant myocarditis, neurologic symptoms, coagulopathy, and thrombotic events
[51,52].

Lymphopenia, a condition defined by a drastic decrease in T cell counts, notably
CD8+ T cells, is frequently observed in severe cases of COVID-19 with a high mortality
rate[53]. Although the exact underlying etiology has not been identified, several
factors have been proposed. First, SARS-CoV-2 entry into lymphocytes through ACE2
may induce lymphocyte lysis[54,55]. Second, high expression of inflammatory
cytokines especially IL-6 and TNF-a may promote lymphocyte apoptosis and atrophy
of lymphoid organs together with the spleen. Massive lymphocyte death and atrophy
of lymphoid organs have been observed in the autopsy of those patients who
succumbed to COVID-19[53,54]. Third, hypercytokinemia and coexisting lactic acid
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acidosis may inhibit lymphocyte proliferation and expansion[54]. Although downreg-
ulation of those genes involved in lymphocyte proliferation and activation, including
mitogen-activated protein kinase kinase 7 and SOS1 has been reported in T
lymphocytes of severe cases of COVID-19, more investigations are required to
understand how SARS-CoV-2 infection affects T-cell expansion and function[53,56].
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Furthermore, impairment of the function of T helper and regulatory T cells during
COVID-19 infection may eventually result in the exhaustion of cytotoxic CD8+ T-cells.
Increased cell surface expression of markers of T-cell exhaustion, including
programmed cell death protein 1 and T cell immunoglobulin and mucin domain 3, has
been reported in severe COVID-19 patients. Although some studies exclude the role of
regulatory T cells in the development of T-cell exhaustion, the possible underlying
causes remain unknown[53,57]. Nevertheless, an association between a high level of
IL-6 and impairment of the cytotoxic activity of CD8+ T-cells has been reported in
COVID-19 patients[58].

In 1964, Hawkes[59] first reported the possible role of ADE in the enhanced
infectivity of some members of the Flaviviridae family. ADE has been observed in
Dengue virus, Ebola virus, Zika virus, yellow fever virus, and human immunodefi-
ciency virus infections and during influenza pandemics, and has been highlighted in
the course of vaccine development against feline infectious peritonitis virus,
respiratory syncytial virus, and Dengue virus[44-47,60]. ADE has been experimentally
described for SARS-CoV and MERS-CoV in animal models and HL-CZ human
promonocyte cell line, in which it can be mediated by non-neutralizing IgG antibodies
to the viral spike protein[44,51,61,62]. However, ADE in coronaviruses infection differs
fundamentally from that of the other viruses. For example, according to in vitro experi-
mental observations, ADE mediated by Dengue virus antibodies is dependent on
activating FcyRs such as FeyRlIla (CD32a) and leads to productive viral infection in
FcyRII-expressing cells such as macrophages. Whereas SARS-CoV, despite having
high-affinity entry receptor ACE2, employs low-affinity FcyRs such as inhibitory
FcyRIIb to infect non-permissive leukocytes preferably B cell lines within the lung
microenvironment, leading to an abortive viral infection[42]. However, SARS-CoV
entry into monocytes, macrophages, and B-cells through FcyRIla has also been
reported. SARS-CoV infection is abortive in these cells[61,63]. Taken together, ADE
mediated by SARS-CoV and MERS-CoV antibodies is unlikely to cause productive
viral replication as revealed by the Dengue virus. Instead, FcyRII-mediated
coronavirus entry can promote hypercytokinemia, inflammation, and acute lung
injury by activating immune cells[33,64].

Considering the high genetic homology between SARS-CoV and SARS-CoV-2 as
well as epidemiological similarities between dengue fever and COVID-19, ADE has
been presumptively proposed as a possible contributing factor in the pathogenesis of
COVID-19. Nonetheless, the underlying pathomechanisms remain unkno-wn[33,51,
65]. One possible speculation is that the antibodies obtained from primary infections
with circulating seasonal human coronaviruses or SARS-CoV-2 not only fail to
completely neutralize secondary infection with SARS-CoV-2 but also trigger the ADE-
FcyRII mechanism[10,21,32,44,65]. This speculation might also explain mild or the
relative absence of clinical symptoms of COVID-19 in children and young people as
compared with adults and the elderly. A possible explanation is the relative lack of
immune memory to closely related coronaviruses in younger ages. A history of
repeated confrontations with seasonal coronaviruses in the lifetime is prone to induce
ADE[66]. Overall, children develop life-threatening complications less frequently than
the elderly. Nevertheless, the pediatric infection risk is reported to be similar to adults
but mostly remain undiagnosed due to diagnostic focusing on symptomatic cases.
Moreover, the association between advanced age and severity and mortality of
COVID-19 is suggestive of dengue fever and SARS epidemic[67].

Another speculation is the original antigenic sin phenomenon, in which primary
infection or immunization with a pathogen influences the following immune
responses to the infections with closely related pathogens. This phenomenon has
already been observed in infection with influenza virus, Zika virus, Dengue virus, and
coronaviruses. According to this phenomenon, the host body prefers utilizing memory
B cells instead of establishing new immunity against the new antigenically related
pathogens[60]. In this context, it is hypothesized that in those COVID-19 patients with
a history of previous exposure to seasonal coronaviruses, the immune system
produces early and high-titer recall antibodies to related coronaviruses instead of
developing antibodies to SARS-CoV-2. These recall antibodies not only fail to provide
protection against COVID-19, but also boost the disease severity. Hereby, rapid
production of these cross-reactive memory IgG antibodies can trigger the ADE-FcyRII
mechanism and immune complex deposition, resulting in hyper inflammation and
tissue injury[66]. The early appearance of IgG and relatively long incubation period
before symptomatic disease onset in some COVID-19 patients are indicative of
immunological recall effects. Whereby, a seroconversion of IgG earlier than IgM,
which is expected in memory immune responses, has an enhancing role in clinically
overt infection. Interestingly, COVID-19 severity is strongly associated with early
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seroconversion and high titers of antibodies, suggesting the possible role of original
antigenic sin in the development of ADE[66,68].

Although ADE has so far not been confirmed for SARS-CoV-2, cytokine storm and
the subsequent hyper-inflammation have been observed in severe COVID-19 patients
requiring hospitalization[22,69,70]. Notably, IL-6 and GM-CSF are the main hallmarks
of SARS-CoV-2-induced hyper-inflammation and play a major role in the onset of
pediatric inflammatory multisystemic syndrome, an autoimmune inflammatory
disease related to SARS-CoV-2[51,71]. Furthermore, IL-6 has a key role in driving
metabolic inflammation due to obesity and diabetes and, therefore, increases the
severity of COVID-19 in diabetic patients[51,72]. On the other hand, this exuberant
inflammatory response associated with infiltration and accumulation of inflammatory
macrophages in various organs may promote microvascular vessel obstructive
thrombo-inflammatory syndrome and ARDS that are characteristic of severe COVID-
19, resulting in multiple-organ dysfunction and death[51]. Specifically, the risk of
ARDS development during the COVID-19 course is associated with lymphopenia.
Furthermore, a high level of IL-6 is a key factor in the development of lymphopenia
and intensive care requirement in COVID-19 patients[53,54]. Therefore, blockade of
cytokine signaling pathways has become an effective therapeutic option to inhibit the
cytokine storm. In this light, blockade of the IL-6 receptor signaling pathway with
tocilizumab has been shown to limit hyper-inflammation, boost the number of
circulatory lymphocytes and decrease lethality in severe cases of COVID-19[51,70].
Moreover, CCR5 antagonist leronlimab, IL-1 receptor antagonist anakinra, GM-CSF
blockade as well as therapeutic depletion of IL-1, IL-6, and macrophages at disease
onset are some other therapeutic blockade options with promising results[1,49,51].

CONCLUSION

The clinical relevance of the ADE mechanism in SARS-CoV-2 pathogenesis, if
confirmed, would be the greatest concern in COVID-19 vaccine development and
would affect the safety and efficacy of antibody-based therapies. Considering our
limited knowledge in this regard, further thoughtful and rigorous research works are
urgently required to explore the possible role of ADE in the severity and mortality of
COVID-19. Knowledge of this immunopathologic phenomenon will help to
understand the viral pathogenesis as well as to guide vaccine design and public health
policy for better management of the pandemic.
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