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Abstract: The global range and high fatality rate of the newest human coronavirus (HCoV) pandemic
has made SARS-CoV-2 the focus of the scientific world. Next-generation sequencing of the viral
genome and a phylogenetic analysis have shown the high homology of SARS-CoV-2 to other HCoVs
that have led to local epidemics in the past. The experience acquired in SARS and MERS epidemics
may prove useful in understanding the SARS-CoV-2 pathomechanism and lead to effective treatment
and potential vaccine development. This study summarizes the immune response to SARS-CoV,
MERS-CoV, and SARS-CoV-2 and focuses on T cell response, humoral immunity, and complement
system activation in different stages of HCoVs infections. The study also presents the quantity and
frequency of T cell responses, particularly CD4* and CD8*; the profile of cytokine production and
secretion; and its relation to T cell type, disease severity, and utility in prognostics of the course of
SARS, MERS, and COVID-19 outbreaks. The role of interferons in the therapy of these infections
is also discussed. Moreover, the kinetics of specific antibody production, the correlation between
humoral and cellular immune response and the immunogenicity of the structural HCoVs proteins and
their utility in the development of a vaccine against SARS, MERS, and COVID-19 has been updated.
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1. Introduction

Coronaviruses (CoVs) were discovered in the 1930s as zoonotic spherical pathogens causing mostly
respiratory or enteric diseases [1,2]. Coronaviruses vary in size and are enveloped with club-shaped
spikes on their surface [3-5]. A helically symmetrical nucleocapsid comprising positive-sense
single-stranded RNA is one of the largest virus genomes, ranging from 26 to 32 kilobases in length [6].
Although CoVs are distributed mainly among mammals and birds, over the last 20 years some CoV
infections have resulted in lethal epidemics in humans.

Since 1960, when the first human coronavirus (HCoV) was identified, seven HCoVs species have
been described [7]. Four of them, HCoV-229E, HCoV-OC43, HCoV-NL63 and HCoV-HKU1, lead to
mild diseases such as the common cold, while the SARS-CoV, MERS-CoV, and SARS-CoV-2 caused
severe disorders, manifesting acute respiratory system failures and fatalities [8]. The first identified
HCoV, SARS-CoV, originated from southern China in 2003 and induced an epidemic of Severe Acute
Respiratory Syndrome (SARS) with a mortality rate of 10-15% [9-11]. The first case of MERS-CoV,
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inducing Middle East Respiratory Syndrome (MERS), was reported in Saudi Arabia in 2012. The fatality
rate of MERS was estimated at 34.4% [12-14]. The most recent HCoV causing severe pneumonia,
first detected in Wuhan City, Hubei Province, China, was reported to the World Health Organization
(WHO) in December 2019 [15]. Next-generation sequencing of the viral genome showed high homology
to the SARS-CoV and MERS-CoV (79% and 50%, respectively) [11,16-18]. According to its phylogenetic
tree and taxonomy analysis, the virus was identified as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and SARS-CoV-2-associated severe respiratory disease was called Coronavirus Disease-19
(COVID-19) [19]. Although pathogenic HCoVs, including the bat-derived CoV-like coronaviruses
(the source of SARS-CoV-2) originated from different animal hosts, all of them are classified as being
part of the 3-CoV genera [7,11].

Although there are similarities between the genome sequences of SARS-CoV, MERS-CoV,
and SARS-CoV-2, the transmission force and spectrum of diseases caused by the above HCoVs
seem to be different. The fatality rate of COVID-19 in June 2020 oscillated around 5.3%; however,
the changing scale of the pandemic may influence this ratio. Transmission of SARS-CoV-2 is more
effective than in SARS-CoV or MERS-CoV because of human-to-human SARS-CoV-2 transfer [20,21],
but the transmission ways are the same [22,23]. Moreover, virus transfer occurs independently of
the onset of symptoms [24,25]. The presence of an intermediate host of SARS-CoV-2 facilitating the
emergence of the virus in humans also cannot be excluded, such as civet cats being intermediate hosts
for SARS-CoV and dromedary camels for MERS-CoV [26-29].

The presence of the pathogens generates an immune response in the host organism, directed against
the structural components of the extraneous unit. The structure of HCoVs, including SARS-CoV-2,
has been widely reviewed in the literature [7,30]. Among the principal structural proteins, common for
all HCoVs, the most involved in effective infection and related to immune response are envelope (E)
and the nucleocapsid (N) proteins, which participate in viral assembly and budding, and the spike (S)
protein, binding to the specific receptors present in the host cells [31-33]. It has also been documented
that the structure of SARS-CoV-2 receptor-binding domain is similar to that of SARS-CoV [34-37].
Although both cell-mediated and humoral immune responses generated against the structural proteins
of SARS-CoV and MERS-CoV have been reported, the immunological information about SARS-CoV-2
remains poorly described and incomplete.

The similarities between SARS-CoV and SARS-CoV-2, manifested in high genome homology,
mechanism of cell admission, and connection to specific human receptors, allow an easier understanding
the pathomechanism of SARS-CoV-2 action and its influence on the immunological system of COVID-19
patients. Furthermore, the experience acquired within previous epidemics of SARS and MERS,
having similar clinical symptoms and course of the disease to COVID-19, may provide a useful tool in
determining the treatment and support vaccine development. This paper provides an analysis of the
immunogenicity of SARS-CoV, MERS-CoV, and SARS-CoV-2 infections and a review of the types of
immune responses to SARS, MERS, and COVID-19.

2. Cell-Mediated Immunity

2.1. T Cell Response to HCoVs

The first observed effects of HCoV infections concerned a strong specific T cell response.
In SARS-CoV infection, a rapid reduction of T lymphocytes, both CD4* and CD8" in peripheral
blood was observed, often even before any abnormal changes were observed in chest X-rays [38,39].
A multivariate regression analysis showed that SARS severity strongly correlated with a high level of
CD4* T cell response, but not with CDS8*. On the other hand, the analysis of T cell subpopulations in
SARS patients showed greater quantity and frequency of the CD8* T cell responses in comparison with
CD4* [40]. The CD8* T cell action was presented across the whole SARS proteome, while the CD4* T
cell responses were mainly typical for the S protein. Moreover, the SARS-CoV-specific CD4* T cells
from the severe group of patients aimed to be a central memory phenotype (CD27*/CD45RO™) [40].
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It was also found that the total number of T lymphocytes, CD3*, CD4", and naive CD4" T cells
was still lower one year post-SARS-CoV infection compared to the control value [41]. Only CD8* T
cells returned to normal level in the recovery period, probably as the effect of recirculation between
blood and organs [41]. The ability of the MERS-CoV to infect T cells and the activation of extrinsic
and intrinsic apoptosis pathways in T cells was also proven [42]. Similar to SARS-CoV infection,
effective transmission of MERS-CoV resulted in downregulation of Th2 and high frequencies of reactive
CD8* T cells in the first phase of the disease, but not in the convalescent phase [43,44]. Furthermore,
a correlation between Th1 and Th2 downregulation and the fatality rate of MERS-CoV and SARS-CoV
infection was found [40,43-45]. The newest reports have also documented an assessment of the T
cell numbers in COVID-19 patients. Similar to SARS and MERS, the number of total T cells, CD4",
and CD8* T cells was significantly diminished in COVID-19 patients in comparison to healthy controls
and positively correlated with the severity of the disease [46,47]. Moreover, an age-dependent reduction
in T cell numbers was observed in COVID-19, with the lowest T cells numbers detected in individuals
older than 60 years old, indicating an enhanced susceptibility to SARS-CoV-2 infection in elderly
patients. Furthermore, besides the decreasing number of T cells, the limited function of these cells has
been described as a result of enhanced expression of immune-inhibitory factors, such as programmed
death receptor 1 (PD1) or hepatitis A virus cellular receptor 2 (Tim-3) [47]. A flow cytometry analysis
illustrated significantly greater expression of the PD1 and Tim-3 on T cell surfaces isolated from
COVID-19 patients in comparison to healthy controls [47]. Growing PD1 and Tim-3 levels were
found as patients progressed from prodromal to overtly symptomatic stages, suggesting that the
surviving T cells lost their functionality, particularly in patients requiring Intensive Care Unit care.
Moreover, stimulation of peripheral blood mononuclear cells (PBMCs) from group of severe COVID-19
patients with peptides covering all viral proteins activated both CD4* and CD8* SARS-CoV-2-specific T
cells [48]. Furthermore, a greater CD4":CD8* ratio in COVID-19 patients was observed in comparison
with control individuals [48]. Similar to SARS-CoV, SARS-CoV-2-specific CD4" T cells were identified
as central memory T cells, based on CD45RA and CCR7 expression. A mixed phenotype of CD8* T
cells in COVID-19 patients was also documented [48]. A low content of CD3* T cells in peripheral
blood of COVID-19 patients and a negative relationship between viral and CD4" titers were also
reported [48]. Moreover, SARS-CoV-2-specific CD8* and CD4* T cells were detected in ~70% and 100%
of COVID-19 convalescents, respectively [49]. The response of CD4" T cell to SARS-CoV-2 S protein
was also correlated with the specific IgG and IgA titers in patients who recovered from COVID-19 [49].

Li et al. [40] established detailed maps of T cell immune responses to SARS-CoV using PBMCs
from SARS convalescents. The 55 new T cell epitopes were identified which induced a response to
eight of fourteen SARS proteins: replicase, Orf3, Orf4, Orf13, spike (S), envelope (E), membrane (M),
and nucleocapsid (N). Almost 70% of the responses were focused on structural proteins (S, E, M,
and N), principally on S protein (41%), whereas the most abundant in SARS-CoV proteome replicase
was much less immunogenic [31,40].

Immune-informatic tools were used to identify significant cytotoxic T lymphocyte (CTL) and B
cell epitopes in the SARS-CoV-2 surface glycoprotein [50]. Ahmed et al. [51] documented S and N
SARS-CoV-2 protein-derived epitopes, which were comparable to the SARS-CoV map B cell and T
cell epitopes. The surface glycoprotein of SARS-CoV-2 was found to have 76.3% identity and 87.3%
similarity to SARS-CoV [50]. Moreover, five CTL epitopes, three sequential B cell epitopes, and five
discontinuous B cell epitopes in the viral surface glycoprotein were detected and described [50].
Despite their high similarity to SARS-CoV, 12 of 13 identified sequential CTL and B cell epitopes were at
least partially unique to SARS-CoV-2 compared with Bt-CoV, SARS-CoV, and MERS-CoV. A molecular
dynamics stimulation showed that all CTL epitopes bind strongly to the peptide-binding groove of
corresponding MHC class I molecules [50]. These features of CTL epitopes suggested their potential in
induction of immune responses and, thereby, utility in a vaccine against SARS-CoV-2.

The T cell responses against the S and N proteins were documented as the most long-term
reaction in SARS-CoV-infection [52]. Similar results, showing strong specific T cell response against
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structural proteins, including S, N, M, and E proteins, were noted in MERS-CoV infections [53-56].
Specific SARS-CoV-2 S and N proteins were also documented as the most immunogenic and greatly
expressed during COVID-19 [48,50,51]. Although CD4* T cell activation was reported against S,
M, and N proteins, as well as against nsp3, nsp4, ORF3a, and ORFS, only S protein induced a
robust response [49]. Activation of CD8" T cells was detected against SARS-CoV-2 S and M proteins
and at least eight ORFs [49]. Similar results were presented by Le Bert et al. [57], who proved
the reactivity of both CD4* and CD8" T cells to the N protein and non-structural (NSP7 and
NSP13 of ORF1) proteins of SARS-CoV-2 in COVID-19 convalescents. It was also shown that SARS
convalescents responded to the N protein of SARS-CoV-2 [57]. Uninfected individuals also revealed
SARS-CoV-2-specific CD4", indicating possibility of cross-reactive T cell stimulation with the other
HCoVs [49,57]. Interestingly, SARS-CoV-2-specific T cells in controls expressed a different pattern of
immunodominance in comparison to SARS and COVID-19 convalescents [57]. Patients who recovered
from SARS or COVID-19 responded mainly to N protein, whereas the control group revealed dominant
reactivity to both N protein and ORF1-encoded proteins [57].

2.2. Cytokines Secretion in HCoV Infections

Cytokines, produced mainly by immune cells like macrophages, B and T lymphocytes, and mast
cells, modulate the balance between humoral and cell-based immune responses [58]. Their concentration
in biological fluids may be an important marker of immune system activity and disease progress.
Cytokines include several protein groups which vary in function, cell secretion, and target action.
The current study reviewed the role of interleukins (ILs) with tumor necrosis factors (TNFs),
chemokines and interferons (IFNs) in the immune response to HCoVs.

2.2.1. Interleukins and Tumor Necrosis Factors

A comparison of the content of proinflammatory Thl and Th2 cytokines in the serum of SARS
patients with healthy controls documented a significantly greater concentration of TNF-c, IL-6, IL-8,
IL-10, and IL-12 in the early stage of the SARS-CoV infection [32,40]. Decreasing levels of these cytokines
were correlated with the course of recovery from SARS-induced pneumonia. Furthermore, significantly
greater contents of IL-4, IL-5, and IL-10 were reported in fatal SARS cases [40]. The enhanced secretion
of IL-1¢, IL-1p3, IL-6, IL-8 IL-12, and IFN-y as an antiviral and inflammatory response to MERS-CoV
was also documented [43,44,59,60]. Moreover, IL-8 and IL-12 were produced in a greater amount in
response to MERS-CoV than SARS-CoV [59]. Interestingly, in vitro studies showed that enhanced
IL-6 and IL-8 levels in SARS and MERS patients were observed exclusively in the presence of S
protein [32,60].

Among the cytokines involved in the immune response against HCoVs, several have been
proposed as potential predictors of disease cause and progression. It has been documented that
increased IL-6 concentration in plasma of SARS patients was significantly increased in severe cases,
but not in convalescent or control subjects, suggesting a positive correlation between serum IL-6 level
and disease severity [61]. Inversely, IL-8 and TGF-f3 concentrations were significantly reduced in
SARS patients with a severe course of the disease [61]. TNF-o was considered a predictor of disease
progression due to its greatest level in the early stage of recovery [32]. Moreover, a decreased content
of IL-4 and increased level of IL-10 were only found in convalescent patients [61]. It was also proven
that the IL-8 profile in patient’s serum indicated the cause of pneumonia—a significantly lower IL-8
concentration was detected in SARS patients compared to others.

A detailed analysis showed that in a group of SARS patients with severe symptoms, cytokine
secretion was varied among different T cell subpopulations. It was shown that IFN-y and TNF-« were
produced both by CD8* and CD4* T cells, whereas the production of IL-2 was typical exclusively
for CD4 * [40]. Moreover, in this group of patients the number of polyfunctional memory CD4" T
cells producing more than one cytokine was significantly higher compared to SARS patients with a
mild or moderate course of disease [40]. A similar effect was not observed for CD8" T cell responses,
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although intensified degranulation was observed in severe course of SARS via CD107a activation
on CD8™" T cells surface [40]. Stimulation of PBMCs from recovered SARS patients with peptides
overlapping the entire E protein, a membrane component of SARS-CoV, resulted in cytokine production
by both CD4* and CD8" T cells [31].

Similar observations have been reported in studies concerning COVID-19. The lack of expression
of the receptor for SARS-CoV-2 on T cells, ACE2, suggested that the limited T cell number in COVID-19
patients was likely caused by the influence of cytokine signaling and not by the direct infection of T
cells [47,62]. The stimulation of PBMCs from COVID-19 patients with S protein peptides resulted in
production of effector or Thl cytokines (IFN-y, TNF-«, and IL-2) and, to a lesser extent, Th2 (IL-5,
IL-13, IL-9, and IL-10) and Th17 (IL-17A, IL-17F and IL-22) cytokines [48]. However, among the
numerous serum cytokines, only TNF-«, IL-1, IL-6, and IL-10 levels were significantly increased in
SARS-CoV-2 infected patients [46,47,63]. These changes were characteristic of severe progression of the
disease, supporting the hypothesis that COVID-19 is driven by proinflammatory cytokines, which are
responsible for histological changes and clinically full-blown cases of the disease. Among detected
cytokines, IL-6 appears to be the most significantly involved in COVID-19 progress. Chen et al. [46]
detected an enhanced level of IL-2R in severe cases of COVID-19, although no significant differences
among examined and control groups were detected in IL-2 [47]. The presence of IL-4, greatly expressed
in fatal SARS cases, was also not detected in the plasma of COVID-19 patients [47]. Moreover,
the concentration of TNF-c, IL-6, and IL-10 was negatively correlated with amounts of total T cells,
CD4" T cells, and CD8" T cells, respectively. Furthermore, serum concentrations of IL-10, IL-6,
and TNF-a were significantly lower in patients in the disease resolution in comparison to the disease
period, whereas the total number of T cells, CD4* T cells, and CD8* T cells was restored during the
decline period of COVID-19. These results suggested that in SARS-CoV-2 infections, a high serum
concentration of TNF-«, IL-6, and IL-10 negatively regulated T cell survival and/or proliferation [47].
Interestingly, the production of cytokines by CD4* (mainly IL-2 and IFN-y and trace amounts of IL-4,
IL-5, IL-13, or IL-17«) was also reported in COVID-19 convalescents [49]. Thus, the functional response
of CD4* against SARS-CoV-2 was suggested in recovered patients.

2.2.2. Chemokines

Chemokines are essential in determining immune cell localization [64], and some of them act
as factors involved in response to HCoVs. Enhanced contents of IP-10/CXCL-10, MCP-1/CCL-2,
MIP-1/CCL-3, and RANTES/CCL-5 were identified in the lungs and peripheral blood of SARS and
MERS patients [45,59,65,66]. Moreover, both the production and secretion of these molecules were
greater in response to MERS-CoV in comparison to SARS-CoV [59]. The upregulation of CXCL-10 at
both transcriptional and translational levels was proven in murine epithelial cells, lung fibroblast cells,
monocyte-derived macrophages, and dendritic cells as a result of the overexpression of MERS-CoV N
protein [33]. High secretion and a persistent increase of CXCL-10 in MERS-CoV patients were associated
with disease severity [60]. MERS-CoV infection also resulted in CXCL-8 chemokine production by
Th1 cells [43,44]. The presence of chemokines and their action has not been reported in COVID-19,
although the number of studies concerning SARS-CoV-2 infection is still limited.

2.2.3. Interferons

Among crucial elements of the immediate antiviral response, interferons (IFNs) are pivotal for
limiting viral replication and spread. Therefore, IFNs were extensively studied as potential therapeutic
tools of SARS-CoV and MERS-CoV infections. The presence of an enhanced level of IFN-y was
documented in sera of SARS-CoV- and MERS-CoV-infected patients [40,59]. Similar to the other
cytokines, the IFN-y profile was correlated with the cause of pneumonia. IFN-y production was
significantly greater in SARS patients compared to others [61]. On the other hand, further studies
documented relatively low IFN-y production in response to SARS-CoV infection. Zhou et al. [59] found
greater levels of IFN-y in sera of MERS patients compared to SARS-CoV-infected patients. Moreover,
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Scagnolari et al. [67] showed that IFN-y production in response to SARS-CoV was significantly lower
compared to well-established IFN-inducing viruses, such as vesicular stomatitis (VSV) and Newcastle
viruses (NDV), suggesting a limited role of IFNs in early host defense against SARS-CoV infection.
The lack of the antiviral IFN response to SARS-CoV with simultaneous enhanced secretion of several
proinflammatory cyto- and chemokines suggested that the virus suppresses the induction of IFN
production [65]. The natural host defense based on IFN action may be restricted because of the
documented inhibition of IFNs type I and cytokines production in toll-like receptor (TLR) 3, TLR?,
and retinoic acid-inducible gene 1 (RIF-I) pathways in response to SARS-CoV infection. This limitation
occurs via suppressing the activation of transcription factors, such as interferon regulatory factor 3
(IRF3), nuclear factor (NF)-«kB, and adaptor related protein complex 1 (AP1) and downregulation of
TNF receptor associated factor (TRAF) 3 and TRAF6 [68]. It was also documented that MERS-CoV
N and M proteins inhibited the gene expression of IFNs type I and III, resulting in the host antiviral
response impairment [55,56].

Similar results were documented for SARS-CoV-2 infection. Chen et al. [46] showed the production
of IFN-y by CD4* T cells in response to SARS-CoV-2 tended to be lower in severe (14.1%) than in
moderate (22.8%) cases of COVID-19. However, among the very few reports concerning the role of
IFNs in COVID-19 disease was a study documenting a lack of IFN-y in the serum of patients infected
with SARS-CoV-2 [47].

On the other hand, further studies documented the utility of IFNs in the treatment of SARS-CoV
infection. Chen et al. [65] confirmed virus susceptibility to exogenous type I IFN. It was also shown
that early administration of IFNs-I decreased immunopathological changes via downregulation of
the expression of factors inducing apoptosis; upregulation of hypoxia/hyperoxia-related genes and
the regulation of TLR, cytokine, and chemokine signaling; and expression of MHC-, lysosome-,
and fibrosis-related genes [69,70]. However, high-level virus replication resulted in retardation of
IFNs-I signaling, which promoted the cumulation of pathogenic inflammatory monocyte macrophages
and resulted in increased cytokine and chemokine levels in lungs, vascular leakage, and reduced
virus-specific T cell responses, and thereby strong lung pathology. Animal models showed that genetic
ablation of IFN-«/f3 receptor (IFNAR) depletion protected from lethal infection, without affecting viral
load [70], suggesting that IFNs therapy may be effective mainly in the early stage of infection.

It was also shown that IFNs-I and TLR agonists were the most effective in SARS and MERS
therapy, which activates interferons [66]. The best results were observed for IFN-f31a, which reduced
mortality by 20% in comparison to patients, who received IFN-«2a. The efficacy of IFNs was lower in
older patients [68]. The ability to induce IFNs mRNA accumulation by SARS-CoV in PBMCs from
healthy donors was also investigated by Castilletti et al. [71], who proved that combination of IFN-«
and IFN-y strongly inhibited virus replication, while single cytokines were much less effective.

2.2.4. Cytokine Receptors and Ligands

An analysis of molecular mechanisms of the immune response to HCoVs showed that effective
cytokine production correlated to the availability of functional HCoVs receptors. The effective increase
in IL-8 level was similar to concentration observed for S protein binding to SARS-CoV functional
receptor, ACE2, or to neutralizing monoclonal antibody. It was documented that IL-8 production
also depended on NF-«B activation and translocation and was suppressed by an NF-«B inhibitor [32].
Moreover, the latest studies suggested that protein S could activate PBMCs via the TLR2 ligand. It was
demonstrated that a lack of functional TLR3, TLR4, and TLR adaptor molecule 2 (TRAM) enhanced the
possibility of SARS-CoV infection, reduced lung function and increased lung pathology and mortality.
The suppression of TLR adaptor molecule 1 (TRIF) in mice infected with SARS-CoV resulted in changes
in inflammation and positively correlated with acute respiratory distress syndrome [72]. On the other
hand, infection of macrophages with MERS-CoV resulted in a reduced capacity to produce TNF-«
and IL-6 and enhanced the IL-10 secretion [73]. The role of MERS-CoV S protein in upregulation
of the IRAK-M expression, which is a negative regulator of TLR signaling, as well as expression
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of the transcriptional repressor PPAR-y was documented. Moreover, it was documented that the
immunosuppressive effect was mediated by dipeptidyl peptidase 4 (DPP4), which competitively
inhibits MERS-CoV via binding to common for MERS-CoV and DPP4 functional receptor, DPP4R [73,74].
In human dendritic cells (DC), the induction of C-C motif chemokine receptor (CCR) 1, CCR3, and CCR5
in the presence of SARS-CoV was detected [75]. The SARS-CoV infection induced also significant
upregulation of TNF-related apoptosis-inducing ligand (TRAIL) gene expression in DCs [75]. It was
demonstrated that, in MERS-CoV infection, C-type leptin receptor (CLR) was also upregulated and a
retinoic acid-inducible-I-like receptor (RLR) pathway was activated [76]. The main aspects of T cell
response in HCoVs infections are shown in Figure 1.

SARS , MERS v COVID-19
T-cells
number reduced total, Tc & Th; reduced Th2; reduced total, Tc & Th;
correlated with fatality correlated with fatality correlated with fatality
rate [38-411 rate [43-431 rate [46:471
CD4+ & CD8+ greater frequency great frequency greater frequency
co-receptors & quantity of CD8+ of CD8+ [43.44] of CD4+ vs CD8+ [48]
vs CD4+ [40]
long-term againstS &N againstS, M, N & E againstS, N, nsp7, nsp13
reaction proteins [52] proteins [53-56] & ORF1 proteins [48:5057]
Q)
7
S  Cytokines
o production IFNy,TNFa, IL-4, IL-5, IL-1q, IL-1B, IL-6, IL-8, IFNy, TNFa, IL-1, IL-2,
@ IL-6, IL-8, IL-10, 1L-12132401 |12 |FNy [43:44.60] IL-6, IL-10 [46-48,63]
< J -8, TGF-p (oY IL-8, IL12, IFNy greater
< than in SARS [59]
[
disease progress  IL-6, TNFo [32.61] not reported IL-6, IFNy [46]
predictors
Chemokines
production CXCL-10, CCL-2, CCL-3, CXCL-10, CCL-2, CCL-3, not reported
CCL-5 [65,66] CCL-5, CXCL-8 [43-45,59,66]
greater than in SARS [5°]
receptors CCR-1, CCR-3, CCRS, ICLR, RLR [76] not reported
TRAIL [75]
Antibodies
production 1G, 1gM, IgA [78-81] 1G, IgM, IgA [90-92,96,97] 18G, I1gM, IgA, IgE [87.88]
Q 1gG level CO”’3|at§g with IgG level correlated with IgM and 1gG levels not
< disease severity [7] disease severity [90.91] correlated with disease
8_ severity [87]
)
m .
= detection first two weeks first two weeks first week of disease [87]
© of disease [80,82,83] of disease (93]
o
g long-term against Sand N against Sand N against S and N
ST= reaction proteins [98-100,103,104] proteins (93] proteins [89]
1gG detectable three 1gG detectable one-year 1gM & IgG detectable
years post-infection [86] post-infection 94 in convalescents €91

1gM detectable 6 months
post-infection [84]

Figure 1. Characteristics of immune responses in SARS, MERS, and COVID19 disease. Figure 1 presents
the main aspects of T cell and humoral responses in human coronaviruses infections. Arrows indicate
increased or reduced expression of chosen factors in SARS, MERS, and COVID-19 patients in comparison
with controls. Parentheses comprise references for presented data.
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3. Humoral Immunity

3.1. Kinetics of Antibody Production in Response to HCoVs

Humoral immune response restrains the infection via neutralizing antibodies production and
prevents reinfection in the future [77]. In SARS, the presence of IgG, IgM, and IgA antibody
responses was detected during both the infection and convalescent phases, although with variable
dynamics [78-81]. The presence of specific IgG and IgM antibodies was also documented in the first
two weeks of the SARS-CoV infection (59.1% and 36%, respectively) [78,80,82,83]. The levels of IgG and
IgM increased during the next two weeks to 97% and 82%, respectively. The serum samples examined
25 days after the onset of disease were positive only for SARS-specific IgG [78,83]. A study analyzing
the kinetics of specific antibody contents in plasma of SARS patients presented by Mo et al. [84] also
showed a further significant increase in IgG antibody levels. The highest concentration of IgG was
documented on day 60, remaining at the same level until day 180. Then, the IgG content gradually
decreases until day 540. The IgM antibody level peaked shortly after its detection and, in contrast to
previous studies, declined until day 180 when IgM was undetectable [84]. Similar results were found by
Chen et al. [79], who suggested that SARS-CoV-specific IgG antibody, persisting for a longer time than
specific IgM and IgA antibodies, was the primary humoral immune response against SARS. However,
a significantly lower level of IgG was detected in severe than in mild or recovering SARS patients,
which may be a result of some kind of immune system dysfunction in long-suffering acute patients.
However, Li et al. [40] reported that strong T cell responses correlated significantly with a higher
level of neutralizing antibody activity. In contrast to memory T cell responses, ensuring long-term
protection, the antibody response was transient in convalescent SARS patients [85]. Cao et al. [86]
documented the presence of specific antibodies within three years from the onset of SARS symptoms in
94.7% of examined samples. However, six years post-infection, SARS-CoV-specific IgG and Ag-specific
memory B cells were undetectable in SARS convalescents, whereas memory T cell responses to a pool of
SARS-CoV S peptides were revealed in 60% of convalescents. The most recent study reported presence
of long-lasting memory T cells responding to SARS-CoV N protein in SARS convalescents 17 years
after the SARS pandemic [57]. Moreover, memory T cell response was stronger in former patients,
who revealed severe clinical manifestations during SARS [85]. Similar to SARS-CoV infection, IgM and
IgG levels increased during the first week after SARS-CoV-2 infection. The greatest concentration
of IgM was detected in the second week, after which its content was reduced to initial level in most
patients, whereas the IgG level remained at a high level for a long period [87]. Interestingly, the IgM
and IgG antibody levels were not significantly different among mild, severe, and critical disease
groups [87]. However, the levels of IgG, IgA, and IgE were greater in COVID-19 fatalities in comparison
to survivors [88]. IgM and IgG against N and S proteins of SARS-CoV-2 were also detected in COVID-19
convalescents [89]. The IgG titer remained high for at least 14 days post-discharge, whereas IgM was
detected only in newly recovered patients [89]. Moreover, negative correlation between viral and IgG
titers [48] and a significant positive correlation between the content of neutralizing IgG and the number
of N protein-specific T cells was observed, suggesting interdependence between humoral and cellular
immunity in SARS-CoV-2 infection [48,89].

The kinetics of specific IgG and IgM antibodies were also analyzed in the serum of MERS patients.
Robust serological responses were detected in most patients during the second or third week after
symptom onset [90-92]. Specific IgM antibodies were detectable at the same time or slightly later
than IgG [93]. Interestingly, the whole group of survivors, and only half of all fatalities, produced IgG
and neutralizing antibodies [91]. Although the MERS-CoV antibody response in the early phase of
infection correlated with reduction of the disease severity [90], the presence of antibodies did not allow
to the virus removal from the lower respiratory tract [91]. MERS-CoV-specific IgG was also detectable
one year post-infection in all severe disease survivors [94]. On the other hand, Alhetheel et al. [95]
found a very low rate of MERS-CoV-IgG positive patients and a lack of correlation between nucleic
acid and serological analysis [95]. The presence of specific IgA in serum and respiratory tract secretions
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of MERS patients was also confirmed. Moreover, the correlation between IgA and IgG concentration in
serum of MERS-CoV-infected individuals was proven [96,97]. However, as the majority of studies
concerning humoral response in MERS used a limited number of patients, using serological analysis is
not recommended as a tool to determine disease severity or prognosis.

3.2. Differentiation of the Immune Response Depending on HCoV Structural Proteins

Animal models showed that the main antibody responses were induced by the most exposed S
protein of SARS-CoV [98-100]. Mice immunization with a vector encoding a transmembrane domain
of S protein resulted in neutralizing antibody production and action. In consequence, viral replication
in the lungs of mice was significantly reduced and immune defense was provided by a humoral
but not a T cell-dependent immune mechanism [98]. However, Deming et al. [99] showed that the
efficacy of the humoral response to SARS-CoV S protein depended on the homology of the virus
strain. Vaccines including a virus replicon expressing SARS-CoV S protein ensured complete short-
and long-term protection against homologous strain challenge in young and senescent mice. On the
contrary, the implementation of a construct encoding a synthetic S protein gene of the most genetically
different human strain resulted in complete short-term protection in vaccinated young mice and limited
protection in senescent animals [99].

High tolerance for the vaccine encoding the SARS-CoV S protein and its high immunogenicity has
also been documented in humans, with specific antibodies being detected in 80% of subjects [86,101].
Moreover, SARS-CoV-specific CD4* T cell responses were observed in all vaccinated patients and
CD8™ T cell responses in 20% of individuals [101]. Neutralizing B cell antibody responses to the
SARS-CoV S protein were also major in SARS convalescents, suggesting that a spike-based vaccine
can be sufficient for a preventive vaccine, as it was previously demonstrated in animal models [40].
As was mentioned above, the strongest response against SARS-CoV S protein was shown by the CD4*
T cells. The possible cooperation of CD4* T cell and B cells in neutralizing Ab producing was described
previously by Mitchison et al. [102], and the possibility of the enhanced reaction of plasma B cells,
stimulated by CD4* T cells, specific to the same protein, has also been suggested [40].

Several studies have documented the presence of antibodies generated against the N protein
of SARS-CoV [103,104] and the high affinity of epitopic sites located in the N protein for forming
peptide-antibody complexes in the serum of SARS patients, particularly 8 to 14 days after the onset of
infection. Interestingly, vaccines containing SARS-CoV N protein failed to protect from homologous
and heterologous challenges. In consequence, in the lungs of SARS-CoV-infected mice, the eosinophilic
infiltrates were promoted and increased immunopathology was observed [99]. The strongest humoral
responses against S and N proteins were also detected in MERS. Although it was proven that
MERS-N-specific antibodies occurred later than S-specific antibodies [93], the vaccines containing
MERS-specific antibodies are still unknown.

The main features of the humoral response in HCoVs infections are presented in Figure 1.

3.3. Antibody-Dependent Enhancement in HCoV Infections

Despite the high range of SARS-CoV-2 infection, the severe course of the disease has mainly
affected elderly patients, with children excluded from the risk group [105]. Moreover, despite the
high rates of seropositivity of anti-receptor-binding domain (RBD) IgG and IgM (100% and 94%,
respectively) and slightly lower rates of anti-N protein IgG and IgM measured after 14 days of
symptom onset, the disease was still active and clinical symptoms severe [106]. To explain this
phenomenon, antibody-dependent enhancement (ADE) after previous exposure to other HCoVs with
a wide range of affinities has been proposed.

In ADE, infection is promoted through a virus binding to non-neutralizing antibodies from
previous exposures to similar antigens. The virus-antibody immune complex binds to Fc receptor (FcR)
or complement receptors on the host cell surface, facilitating entry of the virus and sometimes enhancing
its replication [107,108]. The results of ADE are enhanced inflammatory process, overexpression and
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release of cytokines (cytokine storm) and multi-organ failure as a consequence of these processes.
Immune-mediated CoVs infections have been widely described. The vaccine against feline CoV
aggravated future disease via induction of infection-enhancing antibodies [109,110]. Although the
full-length SARS-CoV S protein stimulated protective immune response action in rodents, in human
B cell lines it induced infection [111]. In vitro studies have demonstrated, that anti-spike immune
serum enhanced the infection of immune cells by SARS-CoV Spike-pseudotyped lentiviral particles,
as well as replication-competent SARS-CoV, via Fcy receptor II (FcyRII), but not ACE2 [111,112].
Similarly, Yip et al. [113] documented that human macrophages may be infected by SARS-CoV via
FcyRIIL. However, binding of an immune complex to FcyRII was not sufficient for ADE induction,
indicating that activation of the other signaling pathways downstream binding to FcyRII receptors
is required [113]. In a SARS-CoV infection of the promonocytic cell line expressing both FcyRII and
ACE2, a high concentration of antibodies neutralized the virus, whereas a low content of antibodies
induced ADE [114]. Immunization of Rhesus monkeys with a full length SARS-CoV S protein resulted
in enhanced disease severity, with a dominant proinflammatory M1-like macrophage profile in the
lung tissue, increasing lung injury [110]. Moreover, macrophages produced a significantly greater
amount of cytokines in the presence of deceased patients” serum and SARS-CoV in comparison with
the virus alone [115]. Enhanced cytokine production was reduced after FcR blockade. On the contrary,
in SARS-CoV the greatest neutralizing antibody titer was observed earlier in deceased patients in
comparison with convalescents [116]. However, a recent study showed a new mechanism for ADE by
engaging neutralizing antibodies. Monoclonal neutralizing antibody (Mab) binding to the MERS-CoV
S protein induced changes in the S protein structure and mediated viral entry to the host cell via IgG
FcR [117,118]. Moreover, ADE of MERS-CoV admission depended on the Mab dosage as well as the
FcR expression on the cell surface [118].

In humans, besides the immune cells (including monocytes) infiltrating lungs during pneumonia,
epithelial cells of the lower respiratory tract also significantly expressed FcyR [119]. In a severe
course of SARS and COVID-19 substantial lung opacity was observed, indicating infiltration by
monocytes [120,121]. The infection of human monocytes and macrophages by SARS-CoV-2 was also
proven [122]. Furthermore, an early humoral response to SARS-CoV-2 and greater antibody titer
were positively correlated with a delay in the viral clearance and, in consequence, with the severity
of the disease [123]. As mentioned above, great sequence identity and the presence of cross-reactive
epitopes of SARS-CoV-2 and other HCoVs were also documented [36,37,124]. Monocyte migration to
the lungs and the presence of cross-reactive memory antibodies potentially promote the receptivity of
elderly individuals to SARS-CoV-2. The lack of immune memory of closely related HCoVs (and the
consequent inability of ADE activation) might be responsible for the absence of clinical symptom:s,
as well as for the great frequency of undocumented SARS-CoV-2 infection, particularly in children [124].
However, upregulation of ACE2 which is significant component of the renin-angiotensin system
(RAS) has also been suggested as a cause of severe courses of HCoVs infections. Animal models
demonstrated that angiotensin II receptor type I (AT2R1) antagonists or ACE inhibitors upregulated
ACE2 expression [125,126]. Thus, the medicaments widely used in cardiac and hypertensive patients
potentially promote the virus binding to the host cells. According to the above, an unequivocal
assessment of ADE presence in SARS-CoV-2 infection seems to be crucial in the vaccine development
and antibody-based drug therapy. Besides the application of specific anti-SARS-CoV-2, the use of
anti-ACE2 with anti-FcyRII monoclonal antibodies to block ADE activation and plasmapheresis for
restraining cytokine storm elements in plasma has also been proposed as potentially the most effective
method of COVID-19 treatment [127].

4. Complement System

The animal model of SARS-CoV infection documented activation of the complement cascade in
the lungs and showed that absence of complement significantly reduced the pathological changes
in the respiratory tract, even though the viral load is the same. In the lungs of the transgenic mice
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deficient in C3 (C37/7), which is the central component of the complement system, significantly lower
neutrophils and inflammatory monocytes were presented than in infected controls [128]. Moreover,
diminished cytokine and chemokine contents in both the lungs and serum of C37/~ mice were detected,
suggesting that inhibition of complement signaling might be an efficient therapeutic tool in the
treatment of SARS-CoV infection. Similarly, the complement system was inordinately activated in
MERS-CoV-infected transgenic mice with human CD26/dipeptidyl peptidase 4 (hDPP4), which is a
functional receptor for MERS-CoV. In response to MERS-CoV infection, enhanced contents of C5a
and C5b-9 complement activation products in serum and lung tissues of hDPP4-Tg mice, respectively,
were observed [129]. Inhibiting C5a production by blocking its receptor (C5aR) reduced lung damage
and inflammatory responses [129]. Interestingly, the COVID-19 non-survivors presented lower levels
of C3 and C4 proteins at admission in comparison to patients who recovered [88]. Level of C3 protein
was suggested as a predictor of mortality of COVID-19 patients.

Recent research showed that mechanisms of responses against HCoVs may also be enhanced
by other elements of innate immunity. Activation of human p-defensin 2 (HBD 2) resulted in the
conjugation of this protein with the RBD of the MERS-CoV S protein (S RBD) [130,131]. In consequence,
expression of chemokines able to recruit leukocytes (comprising monocytes, macrophages, natural
killer cells, granulocytes, T cells, and dendritic cells) was promoted. Moreover, enhanced expression of
primary immune-inducing molecules (NOD2, TNF-«, IL-1f3, and IL-6) and antiviral factors (such as
IFN-3, IEN-y, MxA, PKR, and RNaseL) were also detected, compared to treatment with S RBD alone.
Immunization of mice with HBD 2-conjugated S RBD enhanced the immunogenicity of S RBD and
induced a stronger S RBD-specific neutralizing antibody response [130]. The S RBD-HBD 2 treatment
also increased phosphorylation and activation of receptor-interacting serine/threonine-protein kinase 2
and IFN regulatory factor 3. Moreover, HBD 2 promoted CCR2-mediated Nod2 signaling, inducing
the production of type I IFNs and an inflammatory response [131].

Although recognition of the relationship between SARS-CoV-2 infection and complement system
activation is extremely important in defining the best path of treatment, the effect of SARS-CoV-2 on
complement cascades is still unknown. Li et al. [40] analyzed the association between the cytokine
pattern in acute infection and death in SARS and suggested that the quality of immune response,
rather than magnitude, may be critical in the progress of the disease. The investigation of innate,
humoral, and T cell responses during the critical first 2-3 weeks may indicate whether they require
immunosuppressing therapy or not.

5. Summary

SARS-CoV-2 has induced the most widespread pandemic in recent decades. The presence of
SARS-CoV-2 has resulted in almost 8.5 million COVID-19 patients in 188 countries and territories,
including 454,000 fatalities (reported: 18 June 2020 by John Hopkins University). The differing
severity of the COVID-19 outbreak has affected different parts of the world for reasons which are still
unclear. The epidemiological studies of a previous pandemic, SARS, suggested that human-to-human
transmission may enhance the immunogenicity of the virus and its virulence [40]. As SARS-CoV-2is the
first HCoV being transmitted directly among humans, it is highly probable that the wide range of the
pandemic is a result of the way of transmission. Although the phylogenetic similarity of SARS-CoV-2
concerned only SARS-CoV and MERS-CoV, but not common HCoVs inducing mild infections of the
respiratory system, the potential cross-reactivity of T cells and antibodies between these viruses and its
potential impact on total immune responses and clinical outcomes cannot be excluded. Moreover, the
presence of mutations in the viral genome is also possible. The next danger is relatively late symptoms
occurring in infected people and, in some cases, an asymptomatic course of infection, resulting in a lack
of isolation in the early stage of the infection. On the other hand, the genetic similarity of SARS-CoV-2,
SARS-CoV, and to a lesser extent to MERS-CoV, the similarities between the structure of the epitopes
and receptors, the course of the disease and the effects of the infection, allow undertaking a strategy
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against COVID-19 based on experience gained during the previous pandemics until the mechanisms
of COVID-19 are better understood.

The first studies related to COVID-19 suggested a protective role of both cell-dependent and
humoral immune responses in humans. Similar to SARS-CoV and MERS-CoV, the SARS-CoV-2
infection primarily affected T lymphocytes, particularly CD4* and CD8* T cells, resulting in a
reduction in their numbers and changes in cytokines secretion, including enhanced IFN-y production
by CD4* T cells. Several studies have also shown the diagnostic utility of serology in SARS, MERS,
and COVID-19 investigation. Moreover, the correlation between the severity of the disease and
potential immunological markers was documented, which may be a useful prognostic tool of the
disease progression, and thereby, in the further course of the pandemic. Based on previous experience,
immune-informatic tools were used to define the structure of cytotoxic T lymphocyte and B cell epitopes.
However, since SARS-CoV-2 antibody persistence and re-exposure occurrence are still unknown,
further studies and a better understanding of the molecular mechanisms of immune responses to
SARS-CoV-2 are essential in the new therapeutics development and evaluation of the efficiency of
potential vaccines against SARS-CoV-2.
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