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Abstract: Coronavirus disease 2019 (Covid-19), caused by the novel coronavirus severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), can range in severity from
asymptomatic to severe/critical disease. SARS-CoV-2 uses angiotensin-converting enzyme
2 to infect cells leading to a strong inflammatory response, which is most profound in
patients who progress to severe Covid-19. Recent studies have begun to unravel some of
the differences in the innate and adaptive immune response to SARS-CoV-2 in patients with
different degrees of disease severity. These studies have attributed the severe form of Covid-
19 to a dysfunctional innate immune response, such as a delayed and/or deficient type
I interferon response, coupled with an exaggerated and/or a dysfunctional adaptive immunity.
Differences in T-cell (including CD4" T-cells, CD8" T-cells, T follicular helper cells, y5-
T-cells, and regulatory T-cells) and B-cell (transitional cells, double-negative 2 cells, anti-
body-secreting cells) responses have been identified in patients with severe disease compared
to mild cases. Moreover, differences in the kinetic/titer of neutralizing antibody responses
have been described in severe disease, which may be confounded by antibody-dependent
enhancement. Importantly, the presence of preexisting autoantibodies against type
I interferon has been described as a major cause of severe/critical disease. Additionally,
priorVaccine and multiple vaccine exposure, trained innate immunity, cross-reactive immu-
nity, and serological immune imprinting may all contribute towards disease severity and
outcome. Several therapeutic and preventative approaches have been under intense investi-
gations; these include vaccines (three of which have passed Phase 3 clinical trials), ther-
apeutic antibodies, and immunosuppressants.

Keywords: SARS-CoV-2, inflammation, immune regulation, neutralizing antibodies,
cytokines, autoantibodies, type I interferon

Introduction

Coronavirus disease 2019 (Covid-19), a disease caused by the novel coronavirus
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), emerged in China
and rapidly spread across the world." The World Health Organization declared
Covid-19 as a pandemic on 11 March 2020, and by 09 December 2020, there
have been 67,780,361 confirmed cases worldwide, including 1,551,214 deaths.
Daily new cases continue to emerge worldwide, with second spikes/waves in
some areas. There have been considerable efforts to understand the pathogenicity
of SARS-CoV-2, which is a respiratory coronavirus that belongs to the betacor-
onavirus genus and is closely related to other coronaviruses, namely SARS-CoV
(79% genetic similarity) and middle east respiratory syndrome coronavirus (MERS-
CoV).>? The main mode of transmission of SARS-CoV-2 is via respiratory
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droplets. The incubation period of SARS-CoV-2 ranges
between 2 and 14 days*® with a median of 4-5 days;®”’
however, most (97.5%) infected patients develop symp-
toms within 11.5 days.® Infected individuals can present
with no symptoms, but most develop mild/moderate dis-
ecase, while others succumb to severe/critical disease.*’
Most patients with Covid-19 exhibit a fever and dry
cough, but some can also experience loss of taste and/or
srnell,“)*13 difficulty breathing, headache, dizziness, mus-
cle/joint pain, nausea, diarrhoea, and coughing up of
blood.>'*'? In patients with severe disease, the clinical
sequelae include immune dysfunction, lymphopenia, sus-
tained inflammation, secondary bacterial infection, acute
respiratory distress syndrome (ARDS), coagulation activa-
tion, thrombosis, myocardial injury, and hepatic and kid-
ney injury.'>'®2%21"3 Limited knowledge is currently
available to fully explain the disparity in symptom severity
and fatality rates around the world especially pertaining to
the host immune response to SARS-CoV-2. A better
understanding of the immune response in patients with
Covid-19 will pave the way for new treatments and pre-
vention strategies. In this review, we discuss what is cur-
rently known (as per literature search conducted using
PubMed) about the innate and adaptive immune responses
to SARS-CoV-2 infection, and how these responses may
be related to disease severity. In addition, novel immu-
notherapeutic approaches are presented.

SARS-CoV-2 Infection and the
Inflammatory Response
Cell Entry, Cell Pyroptosis and NETosis

Analysis of the nucleic acid sequence within the spike
protein receptor-binding domain (RBD) suggests that SAR-
CoV-2 uses angiotensin-converting enzyme 2 (ACE2) as
a cell receptor for cellular entry and infection,****> which
is the same receptor used by SARS-CoV.*?® SARS-CoV-2
infectivity may also be enhanced by ACE2 variant
N720D,?” and by increased affinity of Furin to the mutated
D614G spike protein of the virus.?® In addition, SARS-CoV
-2 may gain entry via other cell receptors or utilize other cell
entry modes such as antibody-dependent enhancement
(ADE); however, currently, there is no evidence of this.
ACE2 is mainly expressed by type 2 alveolar cells in the
lung,” and a minimal percentage of monocytes/macro-
phages also express ACE2.%° Cell pyroptosis, a form of
death
proinflammatory,®” is a likely pathogenic mechanism of

programmed  cell which is  extremely

SARS-CoV-2. After cellular entry, rapid viral replication
may cause substantial epithelial and endothelial cell apop-
tosis and vascular leakage, which triggers the release of
profuse proinflammatory cytokines and chemokines.®
Indeed, interleukin (IL)-1f, which is released during pyr-

optosis, is elevated in patients with SARS-CoV-2
infection.'
Moreover, pathogen-associated molecular patterns

(PAMPs; such as ribonucleic acid (RNA)), and damage-
associated molecular patterns (DAMPs; such as adenosine
triphosphate, deoxyribonucleic acid (DNA), and antibody-
secreting cell (ASC) oligomers) are detected by alveolar
epithelial cells and macrophages, which results in the
production of proinflammatory chemokines (monocyte
chemoattractant protein-1 (MCP-1) and interferon (IFN)-
y-induced protein-10 (IP-10)), and cytokines (IL-6, IFN-
v,'>3" and type I IFN).*>? These chemokines and cytokines
attract immune cells, mainly T-cells and monocytes, from
the circulation into the infected lungs.>*~** This may partly
explain the lymphopenia observed in 80% of patients with
SARS-CoV-2 1o SARS-CoV-2

induces pyroptosis in lymphocytes and macrophages,®
30,35

infection. In addition,
which adds to the heightened inflammatory milieu,
and exacerbates the lymphopenia in the vast majority of
patients.® This was also the case with SARS-CoV whereby
infection of immune cells leads to aberrant cytokine
production.*®°

Furthermore, SARS-CoV-2 infection, cell pyroptosis,
and the accompanying hyperinflammation may trigger
NETosis, which is a regulated cell death process by neutro-
phils that releases neutrophil extracellular traps (NETs).*’
NETs are extracellular lattices of chromatin with histones
and antimicrobial proteins, which are released upon stimu-
lation. Pathogens such as respiratory viruses induce
NETosis and the release of NETs that physically trap and
kill microbes as part of the innate immune response.*’
However, NETosis can become dysregulated in acute and
chronic inflammatory disease.** For example, platelets can
trigger NET-mediated tissue damage, hypercoagulability,
and thrombosis.*> Moreover, NETosis contributes to sepsis
and ARDS pathogenesis, with NETs causing vascular tissue

microthrombi, 44-48

damage, and multiorgan failure.
Pathogenic immunothrombosis described in severe cases
of Covid-19*"?* may result from a dysregulated NET
formation.”® Indeed, increased NET formation has been
found to correlate with Covid-19-related ARDS and is
therefore a potential marker of disease severity.’!

Moreover, patients with severe disease have increased
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Figure | NETosis in severe Covid-19. SARS-CoV-2 infection and pyroptosis triggers the release of inflammatory cytokines and chemokines, which leads to the recruitment
of neutrophils and other immune cells. Activation of neutrophils triggers NETosis, and the release of NETSs to trap and kill the virus. However, a dysregulation in this process
might lead to an increase in PF4 and RANTES, both of which are known to trigger NETosis. Activated platelets play a major role in NET-mediated tissue damage, and
pathogenic immunothrombosis. In addition, NETosis contributes towards sepsis and ARDS.

Note: This figure was created with BioRender.com.

Abbreviations: ARDS, acute respiratory distress syndrome; NET, neutrophil extracellular trap; PF4, plasma platelet factor 4; RANTES, regulated on activation, normal
T-cell expressed and secreted; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

plasma platelet factor 4 (PF4) and regulated on activation,
normal T-cell expressed and secreted (RANTES),”' which
are known triggers of NETosis’” (Figure 1). Interestingly,
neonatal NET-inhibitory factor, which is a NET-inhibitory
peptide present in umbilical cord blood,”*>* inhibits NET
formation induced by plasma from patients with Covid-
19.°" Therefore, this knowledge may be used to discover
novel treatments, for example, by the use of such peptides.
Of note, since neutrophils can undergo pyroptosis,”>® it is
possible that this process also occurs in the inflamed lung
tissue of patients with Covid-19.

In addition, studies on SARS-CoV infection have
shown that the spike protein can downregulate
ACE2,%7% and induce its shedding leading to the release
of enzymatically active soluble ACE2 (sACE2).>’ This
loss of pulmonary ACE2 function enhances inflammation
and vascular permeability leading to acute lung injury.®*¢!
Moreover, damage caused by the virus, coupled with
inflammatory cytokines such as tumor necrosis factor
(TNF) and IL-1pB, enhances the shedding of ACE2 and
the release of SACE2.°%%% It is thought that SACE2
may be involved in the inflammatory response of both
SARS-CoV and SARS-CoV-2.°%%*

Studies have shown that the viral load of SARS-CoV-2
reaches its peak within 5-6 days of symptom onset,®> ¢’

and does not differ between patients with moderate and

severe disease; however, a slower decline of the viral load
has been observed in patients with critical disease. The
viral load is strongly correlated with IFN-a, IFN-y, and
TNF, which suggests insufficient control of viral
replication.®® Interestingly, SARS-CoV-2 RNA has been
detected in patients’ samples up until death, which sug-
gests a correlation between viral load persistence and poor
disease outcome.®® Viral RNA has also been detected post
active infection, and thus, its relationship with disease
outcome is unclear.*>

PAMPS/TLR Interaction and the IFN

Response

The toll-like receptor (TLR) family is comprised of 10
members (TLR-1-TLR-10), which are expressed by innate
immune cells such as macrophages, and also by epithelial
and fibroblast cells. TLRs can be located on the cell sur-
face (such as TLR-1, TLR-2, TLR-4, TLR-5, TLR-6, and
TLR-10), or in the endosome compartment (such as TLR-
3, TLR-7, TLR-8, and TLR-9),7O and can be activated by
a multitude of PAMPs present in pathogens. TLR-7 recog-
nizes PAMPS in the form of viral single-stranded RNA
and is therefore implicated in the clearance of SARS-CoV
2.7 TLR activation via the myeloid differentiation pri-
mary response 88 and TIR-domain-containing adapter-
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inducing IFN-B-dependent pathways causes nuclear trans-
location of the transcription factors nuclear factor kappa
B (NF-kB), IFN regulatory factor (IRF)-3 and IRF-7
resulting in the production of proinflammatory cytokines
(such as IL-6 and TNF) and type I IFNs, which are critical
in anti-viral immunity.”' In this regard, the type I IFN
response is the first line of defence against viralVaccine
leading to suppression of viral replication at an early
stage.”> The binding of type I IFN with IFN-o/B receptor
(IFNAR) on immune cells activates downstream signalling
pathways and initiates the transcription of IFN-stimulated
genes.>”

In SARS-CoV and MERS-CoVVaccine, type I IFN
responses were suppressed and associated with disease
severity.”? Similarly, patients with SARS-CoV-2 infection
were found to have suboptimal type-I IFN and type-III IFN
responses.””’*~"” These findings suggest that such corona-
viruses might interfere with key signalling pathways that
are involved in type I IFN production. Accordingly, TLRs
and/or down-stream signalling molecules might be impli-
cated in the failure to induce an effective anti-SARS-CoV-2
immune response. In this regard, SARS-CoV-2 may prevent
a type I IFN response, in patients who progress to severe
Covid-19, by inhibiting TNF-receptor-associated factors
(TRAF)-3 and —6 which are critical in inducing IRF-3/7 in
response to TLR-7 activation.”® A similar mechanism has
been described with SARS-CoV whereby the virus pre-
vented pattern-recognition receptor (PRR) signalling via
TANK-binding kinase 1/inhibitor of NF-kB kinase subu-
nit-g, TRAF-3, and IRF-3.”%%

Interestingly, experimental mice models of ARDS have
shown that genetic inactivation of the TLR-4 gene, but not
TLR-3 or 9 genes, was associated with reduced acute lung
injury.®' This kind of improvement was also observed in IL-
6-/- mice,**> however, no benefit has been confirmed with
the use of a humanized monoclonal antibody (tocilizumab)
against IL-6R in humans.** In patients with severe Covid-
19, macrophages play a key role in the production of cyto-
kines such as IL-6, TNF, IL-1p, IL-10, and IL-12 via TLRs
activation.®? Importantly, stimulation of lung macrophages
with TLR agonists showed that TLR-4 activation had the
most profound effect on cytokine production. Although
SARS-CoV-2 is unlikely to activate TLR-4, it has been
hypothesized that oxidized phospholipids may be responsi-
ble for TLR-4 activation and onset of ARDS.®' Since neu-
trophil myeloperoxidase, reported to be elevated in patients
with severe/critical Covid-19,%* is capable of oxidising
phospholipids® abundant in alveolar surfactant,*® TLR-4

may represent a novel target against Covid-19 via the use of
TLR-4 antagonists.”®

Alternatively, pathogenic coronaviruses may employ
other mechanisms that hamper the immune response, for
example, by interfering with signalling molecules down-
stream of IFNAR.”? In SARS-CoV infection, the virus pre-

vents PRR recognition of viral RNA,7%57-88

prevents
downstream IFN signalling via signal transducer and acti-
vator of transcription-1,%’ and promotes host messenger
RNA degradation and thus hindering protein translation.””
Such hampering with the IFN response promotes viral
replication and increases pyroptosis leading to a profound
inflammatory response.*”> In SARS-CoV and MERS-CoV
Vaccine, a dysregulated type I IFN response and increased
neutrophil and monocyte/macrophage influx into the

729192 are the main cause of lethal pneumonia. In this

lung
regard, a delayed type I IFN response may lead to influx of
hyperinflammatory neutrophils and monocytes/macro-
phages resulting in lung immunopathology including pneu-
monia and ARDS.”*°"-*2 Moreover, active viral replication
at a later stage results in hyperproduction of type I IFN and
influx of neutrophils and macrophages, which are the main
sources of proinflammatory cytokines. In SARS-CoV-2
infection, similar changes in total neutrophils and lympho-
cytes are described, and therefore, it is likely that SARS-
CoV-2 induces a delayed type I IFN response, and thus, loss
of viral control in the early stages of infection. Importantly,
SARS-CoV-2 infection appears to be associated with an
inappropriate inflammatory response defined by low levels
of type I and III IFNs but high levels of IL-6. Therefore,
a reduced innate antiviral immunity simultaneously with
profound inflammatory cytokine production are the defin-
ing features of Covid-19.7® Given that young children do
not succumb to severe disease, when the innate immune
response is highly effective suggests that innate immunity is

.. . 2
critical for disease outcome.”

Cytokine Release Syndrome and

Immunopathology

Infection with SARS-CoV-2 causes lung tissue damage which
triggers a local immune response. This constitutes the recruit-
ment of monocytes and macrophages, which release inflam-
matory cytokines and prime adaptive T-cell and B-cell
responses. In the majority of cases, the immune response
resolves the infection without any further sequelae; however,
in some patients, the immune system goes into overdrive
leading to a “cytokine storm” and widespread lung
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inflammation. In pathogenic coronavirusVaccine, including
SARS-CoV, MERS-CoV,”? and SARS-CoV-2,'">'®?' the
influx of hyperinflammatory monocytes/macrophages into
the lung can lead to severe immunopathology, pneumonia,
and ARDS in susceptible individuals. Indeed, the bronchoal-
veolar lavage fluid of patients with severe disease contains
a highly inflammatory monocyte-derived FCN1" macrophage
population, which is not present in patients with mild
disease.” Increased inflammatory cell infiltration and exces-
sive secretion of proteases and reactive oxygen species can
lead to substantial alveolar damage, breathing difficulties, and
increase the risk of secondary infections.>*** Elevated levels
of inflammatory cytokines can cause septic shock and multi-
organ failure, which might be the reason why some patients
develop myocardial damage and circulatory failure.”*

It has been shown that patients with severe Covid-19
have higher levels of circulating CD14'CD16" inflamma-
tory monocytes compared to persons with mild disease. It
is thought that these inflammatory monocytes contribute to
the “cytokine storm” by secreting high levels of MCP-1,
IP-10, and macrophage inflammatory protein la
(MIP1a).> This was confirmed by another study which
showed that patients with severe/critical Covid-19 exhibit
higher plasma levels of TNF, IL-2, IL-7, IL-10, granulo-
cyte macrophage-colony stimulating factor (GM-CSF), IP-
10, MCP-1, and MIP1la compared to patients who do not
require intensive care.'®

Moreover, increased neutrophils, lymphopenia, increased
IL-6, and C-reactive protein (CRP) are correlated with dis-
ease severity and mortality.*> The level of IL-6 in patients
with severe disease increases with time and is higher in non-
survivors compared to survivors.®” Moreover, excessive acti-
vation of neutrophils infiltrating the lungs, dysregulation of
myeloid cells, and T-cell and natural killer (NK) cell exhaus-
tion have been described in patients hospitalized with Covid-
19.5%73777 As described previously, IP-10 is upregulated in
severe disease’* in spite of depletions in plasmacytoid den-
dritic cells (pDC), T helper (Th)-1, and Th17.1 cells, which
may have led to deficiencies in type I IFN and type III IFN
(IFNs are the main inducers of IP-10). This suggests that
elevated IP-10 may have been induced via other virus-related
mechanisms.”* Similarly, IP-10 was elevated in SARS-
CoV’* and MERS-CoV”*®7 but not in other lower respira-
tory tractVaccine. Accordingly, IP-10 dysregulation, which
interferes with chemotaxis of immune cells, is another sig-
nature of coronavirus infections.”

In addition, basophils are depleted in patients with
Covid-19, which may reflect increased recruitment into

damaged lungs. Since basophils play a role in tissue repair,
and in producing anti-coagulants, their depletion may con-
tribute to sustained pneumonitis and to thromboses which
are often associated with Covid-19. Indeed, basophil
depletion frequently preceded clinical signs of disease
severity.”* Of note, most patients with Covid-19 display
low numbers of eosinophils in the early stages of infection.
This is thought to be a stress response to acute lung injury
which inhibits eosinophil release from the bone marrow.
However, eosinophil numbers improve in the later stages
of infection, which coincides with improved viral load and
radiographic images. Moreover, this improvement is ear-
lier in patients with mild disease.”®

T-Cell Responses to SARS-CoV-2

T-cells play an important role in viralVaccine. CD8"
T-cells directly kill virus-infected cells and produce cyto-
kines to recruit immune cells to the site of infection. CD4"
T-cells provide help to B-cells for antibody production and
prime the response of CD8" T-cells and other immune
cells.” Currently, there is limited knowledge about the
T-cell response to SARS-CoV-2 infection. In general, the
immune response can be protective, pathogenic or both
depending on the timing, components, and/or magnitude

Since most acute
100

of the elicited immune response.”
viralVaccine result in protective immunity, it is likely
that substantial T-cell and B-cell responses develop to
SARS-CoV-2 and result

infection.'" Tt is expected that some T-cells and B-cells

in clearance of the viral

will be retained long term as immunological memory and
provide protective immunity against future infection with
SARS-CoV-2.'°! However, adaptive immune responses to
1027104 and thus

Failure to

human coronaviruses may fail to occur,
protective immunity may not develop.'®’
develop long-term immunity might be due to an insuffi-
cient CD4" T-cell response, and consequently an inade-
quate neutralizing antibody response.'**'?” Accordingly, it
is important to understand all aspects of T-cell and B-cell
responses to SARS-CoV-2, including their link with mild
and/or moderate versus severe disease. This knowledge
would aid in the development of vaccines or other ther-
apeutic modalities.

Epitope Specificity of T-Cells

In someVaccine, T-cell responses can be strongly biased
towards specific viral proteins with substantial differences
between CD4" and CD8" T-cells.'”®'%’ Identification of
such proteins and epitopes is important for monitoring
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immune responses to viral infections, and for the design of
vaccine candidates.”® Currently, most Covid-19 vaccine
candidates are focused on the spike protein.”” A recent
study investigated the epitope specificity of SARS-CoV
-2-specific CD4" and CDS8" T-cells. This study used
a prediction strategy to predict dominant epitopes indepen-
dently of ethnicity and human leukocyte antigen (HLA)
polymorphism, which makes findings feasible to be used
worldwide. There was no significant difference in the
CD4" and CD8" T-cell frequencies between patients with
Covid-19 and those who were not exposed. Importantly,
spike-specific CD4"0X40"CD137 T-cell responses were
detected in 100% of patients, and with a similar proportion
to the remainder of the virus orfeome.”” This suggests that
the costimulatory molecules OX40 and CD137 are critical
in mounting an efficient CD4" T-cell response to SARS-
CoV-2. It also raises the question as to whether patients
with severe disease fail to upregulate these costimulatory
molecules, and thus, fail to mount an efficient CD4 " T-cell
response and consequently neutralizing antibody response.
Furthermore, T-cells were polarized towards a Thl type
immune response as evidenced by their production of high
levels of IFN-y. With regards to antigen specificity, the
CD4" T-cell response was not only restricted to the spike
protein, which was ~50%, but also to other antigens. In
CD8'CD69'CD137"
detected in 70% of patients with Covid-19, and the major-

addition, T-cell responses were
ity of these cells expressed IFN-y, granzyme B and TNF.
Although the spike protein was a target of SARS-CoV
-2-specific CD8" T-cells, it was not dominant as other
antigens were just as strongly recognized.”

T-Cell Populations and Disease Severity

Patients with Covid-19 have marked reductions in the num-
ber and frequency of both CD4" and CD8" T-cells, and
increased activation of T-cells.®® An autopsy report of
a patient who died of severe Covid-19 showed an accumula-
tion of mononuclear cells in the lungs and low levels of
hyperactive T-cells in peripheral blood.** These findings
suggest that T-cells are recruited from the circulation into
the infected lung tissues to control viral infection.*® It has
been reported that increased T-cell exhaustion and decreased
functional diversity are associated with severe disease in
patients with Covid-19.""® Moreover, the immune response
shows elements of protective anti-viral immunity along with
subtle elements of sepsis. These include T-cell cytopenia,
high cycling, activation and depletion of effector-memory
CD4" and CDS8" T-cells, overexpression of IL-8,”* and

reduction of y8-T-cells,''""'"? mainly the Vy9V2" T-cell
subset.”* y3-T-cells have been shown to have protective

13,114 4nd thus are

antiviral function in influenza pneumonia
likely to play a protective role in Covid-19. Moreover, selec-
tive T-cell proliferation, exhaustion, and depletion are corre-
lated with Covid-19 severity. Activated T-cells seem to have
a protective potential as evidenced by the finding that cycling
CD4" T-cells are correlated with immunoglobin (Ig)-G anti-
bodies against SARS-CoV-2, as well as cytolytic CD8"
T effector memory cells, in patients compared to healthy
controls.”* Therefore, such immunological correlates along
with other tests (such as CRP and D-dimer) might be useful
to identify patients at risk of severe disease.’*

The notion that activated T-cells are key determinants
of protection may explain the increased susceptibility of
older individuals to severe Covid-19. Aging is associated
with thymic involution which depletes the potential to
generate new T-cell repertoires. In contrast, T-cell reper-
toires are abundant in children which may explain their
resistance to severe disease.”* In addition, the ageing lung
microenvironment may hinder DC maturation and migra-

tion to the lymphoid organs,'"

and consequently impair
T-cell activation.>> Moreover, adults rely heavily on mem-
ory T-cells, which is undermined by the dysregulation of
T effector memory cells in Covid-19. The activated/pro-
liferative phenotype of high proportions of memory T-cells
in most patients with Covid-19 may override SARS-CoV
-2-specific T-cells. The underlying cause of such dysregu-
lation of subset-specific T-cells needs to be investigated.”
Although there is no evidence that effector memory T-cells
from patients with Covid-19 express a different homing
profile to those from healthy controls, cells from patients
show gene expressions related to apoptosis. Activation-
induced cell death of memory T-cells is difficult to restore
in the presence of profound depletions of CD4" and CD8"
naive T-cells. Moreover, the expression of Fas ligand,
granzymes, and perforin by CD8' effector memory
T-cells reflects killing capabilities. Additionally, different
metabolic profiles of distinct T-cell subsets might be dif-
ferentially susceptible to inflammatory mediators, hypoxia,
or dysoxia.”> On a different note, a recent study showed
that the ratio of IL-2R to T-cells is substantially increased
in patients with severe/critical Covid-19. Moreover, the
IL-2R/T-cells and cytokine profiles were decreased in
recovered patients but increased in those with severe
disease.''®

In SARS-CoV infection, patients who had severe dis-
ease but later recovered developed coronavirus-specific
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memory T-cells which lasted for up to 2 years.''”"''® CD4*
T-cells from patients with SARS-CoV exhibit a Thl cell
response and produce IL-2, IFN-y, and TNF, which indi-
cates that cellular immunity is critical for the control of the
infection.””""'? Although these proinflammatory cytokines
contribute to immunopathogenesis, this response is critical
for the clearance of the virus as depletion of these cells in
mice results in severe lung inflammation.***'*° Moreover,
immunization with DCs bearing SARS-CoV peptides
increases the number of CD4" and CD8" T-cell accumula-
tion in the lungs and enhances survival.'?"'??
Furthermore, transfer of these cells into immunodeficient
mice leads to better protection against SARS-CoV
infection,'* which further highlights the importance of
T-cells in controlling infection.

CD8" T-cells show limited expression of inhibitory
receptors in patients with Covid-19 when compared to
healthy controls.'*> It has been reported that CD8"
T-cells from patients with severe disease produce less
cytokines upon stimulation.”” However, other studies
showed a hyperactive CD8" T-cell response with increased
expression of markers associated with NK cells and
increased toxicity.””'**'?* In addition, increased numbers
of CD38"HLA-DR" activated CDS8" T-cells or proliferat-
ing CD8" T-cells were found in most patients with Covid-
19.73:124126.127 f note, this was not the case in some
patients, which indicates the presence of diverse patterns
of CD8"T-cell responses in Covid-19.”* Therefore, there
seems to be a heterogeneity in the immune response to
SARS-CoV-2 and there might be distinct immunotypes
linked to different disease features.”*'*® Unsurprisingly,
analysis of the bronchoalveolar lavage fluid confirmed
CD8"  T-cell

which involves interactions (particularly

the  importance  of
responses,’ >
IFN-y axis) between CD8 Tcells and epithelial cells in

the upper respiratory tract.'*° Indeed, a more robust clonal

respiratory

expansion of CD8"T-cells in bronchoalveolar lavage™ or
peripheral blood'*! might be associated with mild Covid-
19. Moreover, SARS-CoV-2-specific CD8" T-cells have
been detected in patients who have recovered, which con-
firms the induction of virus-specific CD8" T-cell responses
and the existence of CD8 T-cell memory.””'3*'** The
exact role of SARS-CoV-2-specific CD8 T-cells in the
control of the early acute infection and the degree of
protection from future infections remains to be
elucidated.'*

CD4 "T-cells show functional impairment and elevated

expression of activation and/or exhaustion markers in

patients with Covid-19."3%'37 A higher proportion of
IFN-y-producing Thl-like cells have been reported in
patients with moderate disease compared to those with
severe disease.'® CD4" T-cells specific to the spike protein
of SARS-CoV-2 have been described during acute infec-
tion and shown to have a Thl cell cytokine profile.'*®
Moreover, patients with mild Covid-19 show a normal
Th2 cell response; however, the role of these cells in
severe disease is unclear.'*® Other reports have described
a profound response by CD4" T-cells that co-express
C-C chemokine receptor 6 in severe Covid-19,"* which
supports a role for pathologic Thl7 cell responses.
Interestingly, there are reports of increased CD4 T-cell
responses producing transforming growth factor-p,'** and
a subset of CD4'T-cells producing GM-CSF or IL-6 in
patients with Covid-19."*° The lymphopenia described in
most patients with Covid-19 impacts CD4" T-cells,”*'"!
however, it is still unclear whether this is related to CD4"
T-cell activation, dysfunction, or both. Importantly, after
recovery from Covid-19, patients have virus-specific

99:132-134 which indicates the devel-

memory CD4" T-cells,
opment of protective immunity. Moreover, patients who
recovered from mild Covid-19 developed memory CD4"
T-cells that expressed high levels of IL-7Ra."** Lastly,
cross-reactive memory CD4" T-cells have been detected
in individuals who have not been exposed to SARS-CoV
-2;” however, it is not known how these preexisting cells
affect disease outcome.

In addition, ICOS'CD38" circulating T follicular
helper (TFH) cells may be altered in patients with
Covid-19.” Increased numbers of TFH cells might be
related to an increase in the number of circulating
plasmablasts.'** A recent study has demonstrated that the
majority of patients convalescing from Covid-19 main-
tained SARS-CoV-2 spike S1- and S2-specific antibodies,
which showed neutralizing activity against the SARS-CoV
-2 pseudotyped virus. Some of these antibodies also cross-
neutralized the other related coronaviruses including
SARS-CoV and MERS-CoV or both pseudotyped viruses.
Interestingly, individuals convalescing from severe Covid-
19 showed higher titres of neutralizing antibody, a rapid
increase in lymphocyte numbers, and a higher frequency
of CXCR3" TFH cells compared to individuals convales-
cing from mild disease. Moreover, TFH cells were specific
to the spike protein and their frequency was directly cor-
related with neutralizing antibody titres in individuals con-
this
autoantibodies (auto-Abs) were detected. These new

valescing from Covid-19."** 1In study, no
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insights are useful in the development of new treatments
and vaccines for SARS-CoV-2 infection.'*?

Vigorous immune responses to pathogens such as
SARS-CoV-2 can be detrimental to the host due to tissue
damage. Therefore, regulatory mechanisms, particularly
those related to regulatory T-(reg) cells, are in place to
ensure that inflammation is under control. Treg cells are
either thymus-derived or induced in the periphery to
induce immune tolerance.'** The level of peripheral Treg
cells is decreased in patients with severe Covid-19 com-
pared to patients with mild disease."'®'3%'4* Although the
reasons for this reduction in Treg cells remain to be
elucidated, it is possible that the cells might have migrated
to the site of inflammation in the lung to prevent tissue
damage. Moreover, Treg cells have been shown to help
resolve ARDS inflammation in animal models,'* which
suggests that a loss of Treg cells might promote the devel-
Covid-19.
Transcriptomic analysis of T-cells from the bronchoalveo-

opment of lung immunopathology in
lar lavage showed reduced IL-2 transcripts in severe cases
compared to mild cases.'*® In this regard, reduced IL-2
may lead to Treg cell apoptosis as evidenced by reduced
levels of forkhead box P3. It has also been shown that
patients with severe Covid-19 have elevated levels of
soluble IL-2R (CD25),"'%!'** which is thought to be due
to enhanced proteolytic cleavage of cell surface CD25 as
a result of inflammation. Elevated levels of soluble CD25
might interfere with IL-2 availability and thus promote

apoptosis of Treg cells.'*’

B-Cell Responses to SARS-CoV-2

Epitope Specificity of B-Cells

Neutralization of the virus by antigen-specific antibodies is
an important step in the eradication of the viral infection;
however, the specificity/target of the neutralizing antibo-
dies remains to be elucidated.*® In SARS-CoV infection,
the main target of neutralizing antibodies is the RBD,'*®
which comprises a region of 193 amino acids in the spike
that binds to the ACE2 1497151
Importantly, previously identified monoclonal antibodies
to SARS-CoV can also bind to SARS-CoV—2,152 however,
the epitope specificity of these antibodies may not overlap

protein receptor.

with ACE2 binding site. In fact, some of the most potent
neutralizing antibodies to SARS-CoV do not bind to
SARS-CoV-2;'>* which is likely due to differences in the
RBDs between the two viruses. Out of 33 amino acids in
the spike protein of SARS-CoV, a region that contains the

154
2,13

critical residues that contact ACE only 15 were

conserved in SARS-CoV-2. Nonetheless, antibodies raised
against SARS-CoV protein can cross-react and neutralize
SARS-CoV-2, which

between the two viruses.

suggests
155,156

overlapping epitopes

B-Cell Populations and Disease Severity

B-cell activation and rapid production of antigen-specific
antibodies by ASCs are critical for the control of viral
infections. Various cohorts reported reduced CD5" B-cell
frequencies, elevated plasmablasts, and the production of
SARS-CoV-2-specific T3TSITISTISE - More
recently, studies have focused on characterising B-cell

antibodies.

responses in terms of being protective or non-protective.
Despite reports of lymphopenia,® patients with Covid-19
display higher numbers of peripheral blood mononuclear
cells with elevated CD19" B-cells compared to healthy
controls."”” B-cell profiling revealed 5 primary popula-
tions including transitional, naive, double-negative, mem-
ory, and ASCs, which can further be divided into 14
secondary populations. Importantly, distinct B-cell profiles
were identified among patients with mild disease, patients
in intensive care unit (ICU), and healthy persons. B-cells
from ICU patients displayed expansions of ASC and dou-
ble-negative 2 cells that lack the follicular homing marker
C-X-C chemokine receptor type 5 and are thus extrafolli-
cular, while those from persons with mild disease dis-
played transitional cells.'>® Furthermore, activated-naive
and activated effector double-negative 2 B-cells, which
also express high levels of CDllc and the IFN-y-
inducible T-bet, were highly enriched in ICU patients.'’
These cell types are known to participate in extrafollicular
responses,'®® and interestingly, similar B-cells have been
identified in autoimmunity and in viral clearance in animal
models.'®"16% Therefore, the induction of activated- naive
and effector double-negative 2 B-cells in the early stages
of human acute viral infections'>® may provide some
insight into the link between viral infections and autoim-
mune disease such as new-onset type 1 diabetes.
Accordingly, patients with a history of SARS-CoV-2
infection, in particular severe/critical disease, should be
monitored for autoimmunity.

Moreover, patients in ICU displayed higher levels of
ASCs compared to persons with mild disease, which sug-
gests an immunopathologic role for circulating ASCs in
severe Covid-19. A high number of ASCs expressed
CD138 (a plasma cell maturation marker), which indicates
a highly inflammatory milieu of ASCs in ICU patients.'>’
Similarly, 21" transitional B-cells were elevated in ICU
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patients compared to those with mild disease - where the
cells did not reach more than 25% of the B-cell compart-
ment. Of note, although 21' transitional cells express the
same levels of developmental markers in both healthy
controls and ICU patients, cells from the latter also
expressed CD138. Correlation of this B-cell subset with
milder disease suggests a protective role for these cells,
probably through regulatory functions.'>*'®* In addition,
higher expression of CD138 may indicate that these cells
have converted into ASCs."”*'® Future studies should
elucidate the mechanisms by which 21' transitional cells
act protective.'’

Anti-SARS-CoV-2 Neutralizing Antibody Titre and
Kinetics

Antigen-specific antibody response plays a protective role
by limiting infection and preventing re-infection. Until
recently, little was known about the kinetics/titer of the
antibody response to SARS-CoV-2, and whether the anti-
body titer correlates with disease severity. An initial study
showed that approximately 22.0% of patients who tested
positive by quantitative polymerase chain reaction were
negative for IgM antibody; however, most of the patients
were in the early phase of infection and thus may not have
produced antibodies in sufficient amounts. In fact, 2
patients with severe illness failed to generate an antibody
response even at days 19 to 22 post symptom onset, which
might have contributed to disease severity. Other patients
who were sampled between 9 and 17 days still showed
negative IgM results. This study highlights the importance
of the test timing, and the contribution of host factors in
the antibody response.'® These initial studies were fol-
lowed by a more comprehensive study which investigated
the titer/kinetics of total antibody, IgG and IgM responses.
This study showed strong evidence that the antibody
response to SARS-CoV-2 is similar to that of other
viruses. The seroconversion rate and antibody levels
increased rapidly during the first 2 weeks post symptom
onset with the cumulative seropositive rate reaching 50%
by day 11 and 100% by day 39. Moreover, the seroconver-
sion time of total antibody, IgM, and IgG were observed
at day 11, 12, and 14, respectively.'®’

More recent titer/kinetic studies show that after 8
days of symptom onset, patients develop antibodies
with a neutralizing titer of 50% inhibitory dose, and
a range of 98—32,000,168 which is similar to other
cohorts.'*”'7% Importantly, the antibody titer was higher
with severe disease,'®® and

in patients strongly

correlated with disease severity.'®” However, the aver-
age time to reach peak neutralization was the same
regardless of disease severity. Therefore, whereas dis-
ease severity increases the magnitude of the neutralizing
antibody response, it does not appear to have an impact
on the kinetics.'®® Accordingly, a high titer of antibodies
against SARS-CoV-2 may be used as an indicator of
critical illness, independently of old age, male gender,
and preexisting conditions. The relation between high
antibody titer and disease severity is still under investi-
gation. It has been speculated that a higher viral load
and increased viral antigens may lead to severe disease
and thus 168

However, although a slower decline of viral load has

induce a stronger antibody response.

been observed in patients admitted to ICU, the viral load
does not differ between patients with moderate and
severe disease.®® An alternative explanation is that anti-
bodies may contribute towards disease severity by
ADE,'%” which was the case in SARS-CoV;!”"'72 how-
ever, there is currently no evidence that this is taking
place in Covid-19.'”* Nevertheless, a high antibody titer
may be used to identify patients most at risk of worse
clinical outcomes. On the other hand, a recent study
found that 3 patients who died failed to produce SARS-
CoV-2 antibodies,74 which confirms data from earlier
studies.'®® Therefore, any type of antibody response
that is either too low/non-existent or too high appears
to be associated with severe disease. Interestingly,
asymptomatic patients were also able to generate neu-

1
0; 68

tralizing antibody titres >100 in fact, potent neutra-

lizing monoclonal antibodies have been isolated from
these patients.'”*

Limited information is available with regards to the
long-term persistence of anti-SARS-CoV-2 antibodies. It
has been reported that previous exposure to SARS-CoV
-2 might not confer total immunity against reinfection in
which could be

development.'”> Additionally, both symptomatic and

all cases, relevant for vaccine
asymptomatic SARS-CoV-2 reinfection can occur in
the presence of SARS-CoV-2 antibodies.'’® In spite of
these reports, antibodies are likely to be effective
against SARS-CoV-2 as evidenced by the fact that con-
valescent serum therapy has provided good clinical effi-
cacy in patients with Covid-19,'”7 as well as SARS-
CoV.'"* 1% However, longitudinal studies are required

to elucidate the long-term persistence of the antibodies.

ImmunoTargets and Therapy 2021:10

submit your manuscript 71

Dove


http://www.dovepress.com
http://www.dovepress.com

Hasan et al

Dove

Effector Functions of Antibodies and Risk of ADE

Antiviral neutralizing antibodies play an important role in
viral clearance. However, studies using animals infected
with SARS-CoV have shown that anti-spike protein neu-
tralizing antibodies (anti-spike IgG) can alter inflammatory
responses and cause severe acute lung injury. Moreover,
animals vaccinated with SARS-CoV protein showed more
pronounced acute lung injury compared to those that were
not vaccinated. Although the adoptive transfer of anti-
spike IgG neutralizing antibodies to the animals reduced
viral load following subsequent challenge, it resulted in
acute diffuse alveolar damage, whereas control groups
(injected with non-specific IgG) had minor to moderate
lung inflammation.'”® Therefore, despite viral suppression,
anti-spike IgG at the acute stage of SARS-CoV infection
can cause persistent severe lung injury.®* This is because
the presence of anti-spike IgG prior to viral clearance may
alter the polarization of alveolar macrophages, and lead to
the accumulation of proinflammatory monocytes/macro-
phages and the production of MCP-1 and IL-8. This
inflammatory response is mediated by the binding of the
anti-spike IgG-virus complex to the Fc receptors (FcR) on
the surface of monocytes/macrophages. This mechanism is
confirmed by the finding that FcR blockade reduces the
production of inflammatory cytokines.'”* In addition, anti-
spike IgG-virus complexes may activate the classical path-
way of the complement system leading to cellular damage.
Another possible mechanism may be antibody-dependent
cell-mediated cytotoxicity.®* In humans with SARS-CoV-2
infection, 2 weeks post symptom onset, a strong positive
correlation is observed between antibody titer and clinical
severity.'®” Therefore, and as was the case with SARS-
CoV, a possible underlying mechanism could be related to
ADE of viral infection in patients who produce early, sub-
optimal antibodies that fail to clear the virus but instead
lead to persistent viral replication and inflammation.®* In
other viral infections, ADE promotes cellular uptake of
virus-antibody complexes after their interaction with FcR,
which leads to enhanced infection of target cells.'''®
Therefore, interaction of anti-spike IgG-virus complexes
with FcR may facilitate cell infection and viral replication
along with lung inflammation of patients who succumb to
severe Covid-19.°* In SARS-CoV, anti-spike neutralizing
antibodies are responsible for the infection of immune

Cells;186,187

moreover, ADE exacerbates lung inflamma-
tion, thereby increasing the risk of ARDS and other clin-

ical sequelae."®®'® Currently, studies need to elucidate

whether ADE is a mechanism of pathogenesis of SARS-
CoV-2. Moreover, this phenomenon needs to be taken into
account when developing new treatments.'*°
Autoantibodies Against Type | Interferons

A recent study reported that at least 10% of patients with
severe Covid-19 pneumonia have neutralizing auto-Abs
against type I IFNs.'”! Additionally, patients with inborn
errors of type I IFNs develop severe Covid-19.""% Taken
together, these findings highlight the crucial role that type
I IFNs play in protective immunity against SARS-CoV-2.
Auto-Abs against type I IFNs were clinically silent until
patients were infected with SARS-CoV-2, which is a poor
inducer of type I IFNs.”® Therefore, the little IFNs induced
by the virus are sufficient for protection against severe
disease. As was the case with inborn errors of type I IFN
production, neutralizing auto-Abs against type I IFNs tip
the balance in favor of the virus, which results in insuffi-
cient innate and adaptive immune responses and severe
disease."”! Importantly, patients infected with SARS-CoV
-2 can be screened for auto-Abs to identify those at
increased risk of developing severe pneumonia. Once
identified, these patients can be treated early with nebu-
lized or injected IFN-B, which may prove to be beneficial
given that auto-Abs against IFN-f is rare in patients with
auto-Abs against type I IFNs.'! Other preventive or treat-
ment modalities include the specific inhibition of type
I IFN-reactive B-cells, plasmapheresis, and monoclonal

antibodies aimed at depleting plasmablasts.'*

Prior Infections/Vaccines and Cross-

Reactive Immunity

It has been observed that severe Covid-19, as a result of
a dysfunctional immune response and failure to eradicate
the virus, occurs mostly in older people and in individuals
with comorbidities such as diabetes, cardiovascular dis-
ease, and hypertension. Notably, males tend to suffer more
severe disease than females.* Ethnicity has also been
associated with disparity of outcomes.”'® Interestingly, a
small increase within the normal range of fasting blood
glucose was also associated with increased risk of ICU
admission.”'” Young healthy adults with no preexisting
conditions have also been reported to develop severe dis-
ease. Intriguingly, children are less likely to develop
severe disease despite having high viral titres.'”* A study
of 44,672 people with Covid-19 found that children (under
the age of 10 years old) made up less than 1% of those
cases and none of the 1023 deaths.'®> Moreover, more than
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50% of children under the age of 18 years are asympto-
matic or experience mild symptoms, and less than 6% of
children develop severe disease.'”*'”” However, the
underlying mechanisms leading to a dysfunctional immune
response to SARS-CoV-2 remains poorly understood. An
important aspect to consider is whether previous exposure
to infections and/or vaccines has an impact on suscept-
ibility to severe Covid-19.

Trained Innate Immunity

Innate immunity is mediated by different cell types where
pattern recognition molecules play a key role in resistance
against pathogens and tissue repair.'”® Exposure to certain
vaccines such as the bacilli Calmette—Guérin (BCG) vac-
cine or microbial components can enhance the baseline
tone of innate immunity and induce antimicrobial resis-
tance, known as trained innate immunity.'®® This training
is relevant to resistance against infectious diseases such as
Covid-19. Studies have described the existence of innate
immune memory conferred by myeloid cells (monocytes,
macrophages, and neutrophils), which are the central
players of innate immunity.?’° A fundamental property of
myeloid cells (particularly macrophages) is diversity and
plasticity, which are to some extent imprinted through
ontogenetic origin but can also be influenced by environ-
mental cues. In response to certain triggers such as micro-
bial components and/or cytokines, macrophages increase
their
responses, or become unresponsive. Importantly, microbial

effector function, get primed for short-term
components can confer long-term imprinting or training of
innate immunity and myeloid cell function.?*' Therefore,
the cellular basis of trained innate immunity and protection
against secondary infections resides in the reprogramming
of innate immune cells.'”’

Certain live attenuated vaccines such as the BCG can
boost antimicrobial function in myeloid cells, which is asso-
ciated with changes in chromatic conformation, and altera-
tion in accessibility to the regulatory elements in DNA that
govern gene transcription in these cells.'”® Specifically, sti-
mulation of innate immune cells can leave an “epigenetic
scar” with heightened ability to influence gene expression. In
this regard, the long-term induction of innate immune mem-
ory can be generated by transcriptomic, epigenetic, and func-
tional imprinting of myeloid progenitors in the bone marrow.
Therefore, vaccines with live attenuated microorganisms
may cause a long-term effect on cells conferring innate
immunity. Indeed, the link between epigenetic memory and

innate immunity at the bone marrow progenitors’ level is

consistent with a myeloid bias in bone marrow hematopoietic
stem cells of healthy individuals 3 months after BCG
vaccination.”** Since children undergo a vaccination pro-
gram that involves adjuvants, this may explain their relative
resistance to Covid-19.2® Likewise, elderly persons who
received the influenza vaccine with an adjuvant may have
a better outcome to Covid-19 compared to those who
received the vaccine without an adjuvant.'® Interestingly, it
has been suggested that the BCG vaccine has a pleiotropic
effect that reduces the incidence of other infections.”**
Accordingly, trials to ascertain the efficacy of BCG in pre-
venting Covid-19 are underway. If proven to be effective, it
will reinforce a role of trained immunity in illness

prevention.'”’

Serological Immune Imprinting

Humans are exposed to different strains of viruses from an
early age leading to the production of neutralizing anti-
bodies to the encountered strains.’’>2% This preexisting
exerts

immunity from earlier infections/vaccinations

a major influence on the nature of the antibody response

elicited by subsequent challenge,?*®%’

a phenomenon
known as “immune imprinting”.>*’ Preexisting serological
immunity may impede the elicitation of antibodies against
new strains.>'® Persistent antibody clonotypes dominate
the response to viral infections such as influenza virus
infection and repeated vaccinations over multiple
years.”!! Accordingly, multiple exposure to coronavirus
infections and/or influenza vaccinations during a lifetime,
as would be expected in older adults, may result in a weak
or mismatched antibody response to SARS-CoV-2, and
thus, lead to severe disease. This may partly explain why
children are protected against severe disease; children may
be benefiting from lack of multiple exposure to corona-
viruses whereas adults, having lived longer, are more
likely to have encountered other coronaviruses such as
those that cause coughs and colds, and therefore, already
have antibodies against these milder viruses.

It has been suggested that patients with severe Covid-19
may have been primed by prior coronavirus exposures, and
due to antigenic heterogeneity, are suffering from ADE.'”
This was certainly the case with SARS-CoV where ADE was
identified,”'* and the priming strains were thought to be
coronaviruses that cause mild infections.?!? Moreover,
ADE may explain the geographic discrepancy in severity of
Covid-19."° The priming coronavirus, at least in Hubei
Province, could have been SARS—COV;214 however, it does

not explain the severe cases in other parts of the world. It is
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more likely that SARS-CoV is not the predominant corona-
virus. There may have been mild strains of similar corona-
viruses in the circulation that were either asymptomatic or
mistaken for a regular common cold virus.'**?'* In addition,
a SARS-CoV-specific antibody, namely CR3022, that was
isolated from a convalescent patient was able to bind potently
to the RBD of SARS-CoV-2.">* However, CR3022 recog-
nizes an epitope that does not overlap with ACE2 binding site
of SARS-CoV-2.">* This may help explain why some people
who have previously been infected with SARS-CoV or other
coronaviruses end up with worse outcomes. The binding of
CR3022 antibody with SARS-CoV-2 may lead to virus-
antibody complexes, which instead of neutralizing the
virus, it enhances its pathogenicity by allowing the virus to
bind to ACE2 and/or leading to ADE.'*°

Preexisting CD4"T-Cell Immunity

Previous infections with coronaviruses may offer some
degree of cross-reactive immunity. A recent study showed
that some unexposed individuals appear to have immunity
to SARS-CoV-2, which indicates that cross-reactive
immunity to coronaviruses may exist in a fraction of the
population, and may influence susceptibility to Covid-19
and its severity.”'® Indeed, CD4" T-cell responses have
been detected in 40-60% of unexposed individuals,
which suggests the presence of cross-reactive preexisting
immunity to SARS-CoV-2. It has been speculated that
cross-reactive CD4" T-cells may be protective and prevent
severe disease.”” These findings are important because the
presence of cross-reactive immunity may influence respon-
siveness to candidate vaccines.’'” Further studies are
required to determine how this affects clinical outcome.
It is reasonable to speculate that previous infections with
milder forms of coronaviruses and the resultant cross-
reactive CD4 " T-cells in the circulation may be protective
and prevent severe disease. However, as aforementioned,
one must keep in mind that preexisting antibodies may in
fact hinder protective immunity by means of ADE leading
to severe disease.

Immunotherapeutic Approaches for
Covid-19

Vaccine Development

A good vaccine candidate against viral infections would be
expected to induce a type of protective immune response
similar to that elicited by natural infection. Therefore,
a better understanding of both protective and pathogenic

immune responses elicited by SARS-CoV-2 is essential.
This knowledge can aid in the design of vaccines that are
most likely to elicit protective immunity. Current under-
standing of immune responses during Covid-19, although
very limited, can help in the selection of strategies most
likely to elicit protective immunity against SARS-CoV-2.
If natural infection elicits potent T-cell responses, which
are commonly associated with protective antiviral immu-
nity, then this would aid in rapid vaccine development.”
Importantly, when previous studies tested vaccine formu-
lations against SARS-CoV in animal models, they showed
increased immunopathology associated with Th2 cell-
mediated eosinophil infiltration.”**>** These studies high-
light the importance of elucidating the nature of protective
versus pathogenic T-cell responses which is important for
the design of vaccines that are both effective and safe.?*
T-cell responses are critical in eliminating the virus and
should be considered in vaccine strategies. However,
whether T-cell responses alone are capable of preventing
infection in human settings remains to be investigated.*
Although studies have reported concerns regarding the
possibility of wvaccine enhancement of disease via
ADE,"" there is currently no evidence of this. In addition,
this may not be a concern since there appears to be
a predominant Thl response to SARS-CoV-2 in convales-
cing Covid-19 patients.”® Currently, there are three candi-
date vaccines with excellent efficacy and little side effects,
these include: BioNTech/Fosun Pharma/Pfizer (clinical
phase 3), Moderna/NIAID (clinical phase 3),
University of Oxford/AstraZeneca (clinical phase 3).

and

Therapeutic Antibodies

In some parts of the world, convalescent plasma has been
used as a source of therapeutic polyclonal antibodies for
the treatment of Covid-19, and this was shown to reduce
mortality.>** Currently, a clinical trial is assessing the
efficacy of using convalescent plasma by the infusion of
polyclonal antibodies derived from convalescent patients'
plasma.?*> However, one trial of convalescent plasma was
stopped early because most patients had already developed
high titers of neutralizing antibodies at the time of

5

transfusion.””® Importantly, given the link between

auto-Abs against type I IFN and severe Covid-19, patients
recovering from severe disease should be excluded from
donating convalescent plasma for ongoing clinical trials.
Alternatively, such patients should be tested before their

plasma donations are accepted.”*
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An alternative approach would be the use of therapeutic
monoclonal antibodies to SARS-CoV-2. There are various
approaches that can be employed to develop therapeutic
neutralizing monoclonal antibodies; these include cloning
of B-cell sequences from convalescent patients, phage
library display, and mouse immunization.”?” However, if
the spike protein undergoes any alterations, monoclonal
antibodies may not be effective, which is possible as the
virus spreads and mutates. So far, the RBD has remained
relatively conserved with only four alterations identified in
the spike protein, these include V483 A, L4551, F456V, and
G476S.>® These alterations are similar to the ones found in
MERS-CoV?*** and SARS-CoV.>* The alteration in
MERS-CoV (1529T) reduces binding of the viral protein
to the receptor target and enhances resistance to antibody
neutralization.?® Likewise, the alteration in SARS-CoV
(L443R and D463G) allows the virus to escape from anti-
body neutralization.**’

In SARS-CoV infection, patients were generally able to
produce neutralizing antibodies. Moreover, the spike pro-
tein fragment that consisted of the RBD of SARS-CoV was
more immunogenic than the other fragments of the spike
protein; this suggests that the immune system was capable

of targeting 35,229

neutralizing epitopes effectively.
Importantly, SARS-CoV was not capable of preventing
antibody neutralization by means of glycan shielding of
the RBD.?*! In spite of this, therapeutic antibody candidates
should be selected with caution. In SARS-CoV infection,
preexisting antibodies to other coronaviruses may exacer-
bate the disease through ADE.'*2'%213 Similarly, studies
in animal models demonstrated that neutralizing antibodies
to the spike protein may exacerbate inflammatory responses
leading to severe lung injury.'” In addition, in SARS-CoV
infected individuals, antiviral IgG seroconversion coincides
with acute respiratory disease in 80% of patients.'”!
Moreover, patients who developed anti-spike neutralizing
antibodies and reached peak levels more rapidly (within 2
weeks) had higher mortality rates compared to those who
took longer to reach peak levels (20 days).>>* Similarly,
patients with severe MERS-CoV have higher antibody titers
than those with mild disease;>***** however, it is thought
that this may have been due to a delay in the development of
antibody responses.”>> Crucially, virus-antibody immune
complexes may bind to and activate Fc receptors on alveo-
lar macrophages, which leads to the expression of proin-
flammatory MCP-1 and IL-8.%*° Also, these complexes may
activate the complement system, further adding to the

inflammatory milieu.'”? Therefore, therapeutic antibody

candidates should be capable of neutralizing the virus with-
out having any inflammatory activity as a side effect.”’’
One example by which this can be achieved is by altering
the Fc region to change its binding affinity for activating Fc

receptors.?3%%3%

Cell-Based Therapies
Immunotherapy is an important method of treatment to com-
bat viral infections. Most attempts at immunotherapy have
been effective in combating related coronaviruses such as
SARS-CoV and MERS-CoV. Acquired cellular immune sur-
veillance is a precisely controlled series of processes and
activities affecting particular T-cell populations and subpo-
pulations. The main obligation for the cytotoxic removal of
virally compromised and tumor cells rests with
CD3"CD8'TCR" T-cells.*** One part of the regulatory arm
of cellular immunity results in “exhausted T-cells”, which
mainly belong to the CDS8" population and occur in persistent
high-grade viral infections, such as Covid-19.** In patients
with Covid-19, their data point to major T cytopenia in CD4"
and CD8" T-cells in the circulation.**' Such patients’ serum
had considerably elevated amounts of IL-6, IL-10, and TNF.
Further analyses revealed a steady rise in the subpopulation
PD-1"CD8" and TIM-3"CD8" as patients progressed from
prodromal to symptomatic Covid-19 needing intensive
treatment.'****> Research demonstrates a combination of
both immunotherapy and lifestyle-dependent treatments can
reduce prevalence and improve obesity-related malignancy
outcomes. New findings are also updated to exploit obesity
for favorable benefits, although associated with several
harmful cancer causes, provided the involved mechanisms
are handled properly. In fact, a large body of literature relates
to a “meta-inflammatory” state of obesity associated with
a deficit in the immune response.>* It is important to under-
stand how obesity shapes immune responses and how obesity
can change both the responses to immunotherapy and the
potential toxicity. Therefore, all this suggests a surprisingly
Covid-19,

positive association between obesity, and

immunotherapy.***

Immunosuppressants and Other
Therapeutic Modalities

Based on current understanding of the underlying mechan-
isms that may be involved in severe outcomes, several
therapeutic approaches may be effective. One approach is
to inhibit FcR activation which can be achieved by several
methods. Firstly, the FcR can be blocked by specific
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antibodies to prevent binding of the virus-IgG antibody

complex to the receptor;>>®?**

secondly, the FcR can be
blocked by the use of small-molecule inhibitors to interact
with the Ig-binding domains of the FcR; thirdly, targeting
Fcc receptor IIb (FccRIIb), which is the inhibitory FcR, by
the use of anti-FccRIIb antibodies;****® lastly, targeting
the neonatal FcR which is critical for extending the half-
life of IgG by using antibody or small molecule-mediated
blockade of neonatal FcR. This prevents IgG interaction
with neonatal FcR, and decreases circulating IgG levels.*’
In addition, intravenous immunoglobulin may be used to
saturate the IgG recycling capacity of neonatal FcR and
thus
antibodies.***

In addition, several clinical trials are underway aimed at

reduce the levels of antiviral neutralizing

elucidating the efficacy of cytokine antagonists, including
the GM-CSF antagonists gimsilumab,?*** lenzilumab,>*"!
and namilumab.”>> Moreover, tocilizumab, which is
a humanized monoclonal antibody against IL-6R,*3*-*3*
was recently assessed and found to be ineffective for pre-
venting intubation or death in hospitalized patients; how-
ever, some benefit or harm has not been ruled out.®> Another
approach could be the use of agonists against TLR-7 which
may prevent severe Covid-19.”® In addition, a novel adjunc-
tive therapy, namely cytosorb, can absorb a broad spectrum
of cytokines,255 DAMPs and PAMPs, which reduces their
circulating levels. Also, the immunomodulatory agent tha-
lidomide regulates immune function, and has a calming
effect which reduces oxygen consumption and relieves
digestive symptoms, in patients with Covid-19. Therefore,
it is thought that thalidomide may be helpful as an adjuvant
treatment for patients with critical Covid-19. Accordingly,
a randomized controlled clinical trial to investigate the
efficacy of thalidomide combined with glucocorticoid for

the treatment of Covid-19 is warranted.>>®

Moreover, an
open-label study showed preliminary data suggesting that
a combination of hydroxychloroquine and azithromycin
may help treat patients with severe Covid-19,>>” however,
this study was later withdrawn. Notably, there are some
trials assessing the use of corticosteroids for the treatment
of Covid-19.>?%° Given that the virus-neutralizing com-
plex may initiate inflammatory responses through the clas-
sical pathway of the complement system, therapeutic

approaches could

258

also be aimed at targeting this
pathway.”>® Moreover, interventions such as type I IFNs,
when administered at the correct timing, may be effective.”

Other recent findings support strategies to boost T-cell

competence by the use of IL-7 and/or IP-10 antagonism,
which is currently being trialed.”

Moreover, current clinical trials are assessing the effi-
cacy of recombinant human (rh) ACE2 in regulating
damage caused by its downregulation by the virus. Other
trials are aimed at blocking SARS-CoV-2 infectivity by
the use of Bromhexine Hydrochloride combined with umi-
fenovir hydrochloride, rhIFN-a2b, and favipiravir in
patients with suspected/mild pneumonia related to Covid-
19. Furthermore, clinical trials are assessing medicinal or
herbal compounds aimed at reducing inflammation. These
include methylprednisolone, fingolimod (a sphingosine
1-phosphate receptor modulator), thalidomide/methylpred-
nisolone, complement C5 inhibitor eculizumab, an extract
of Trametes robiniophila Murr (Huaier), an extract from
Salvia miltiorrhiza (Chinese red sage), and finally, the
effect of honeysuckle oral liquid on boosting immunity
to SARS-CoV-2.%%

Conclusion

There is accumulating knowledge delineating the differ-
ences in the innate and adaptive immune response between
patients with mild/moderate versus severe Covid-19.
Severe disease has been attributed to a dysfunctional
innate immune response coupled with an exaggerated
and/or dysfunctional adaptive immunity. Most patients,
including those with severe disease, appear to mount
CD4" and CD8" T-cell responses as well as B-cell
responses; however, there is mounting evidence that such
responses might be dysfunctional in severe disease.
Distinct populations of T-cell and B-cell responses may
exist among patients, and thus, may necessitate different
clinical approaches. Moreover, differences in the kinetic/
titer of neutralizing antibodies have been described in
severe disease, which might potentially be confounded
by antibody-dependent enhancement. Importantly, the pre-
sence of preexisting autoantibodies against type I IFN has
recently been identified as a major cause of severe/critical
disease (an overall depiction of the innate and adaptive
immune response in mild versus severe Covid-19 is shown
in Figure 2). Overall, knowledge has been gained with
regards to the immune response to SARS-CoV-2 in mild
versus severe disease. Additionally, several therapeutic
and preventative approaches have been under investiga-
tion, including vaccines (three of which have passed phase
3 clinical trials), therapeutic antibodies, and immunosup-
pressants. Future studies should continue to dissect the
impact of SARS-CoV-2 infection on different aspects of
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Figure 2 Overall depiction of the immune response in mild versus severe Covid-19. SARS-CoV-2 binds to ACE2 expressing cells. Upon entry, viral RNA is recognized by TLR-7 which
results in the production of proinflammatory cytokines (such as IL-6 and TNF) and IFN-I. Alveolar macrophages trigger the release of proinflammatory cytokines and chemokines
attracting T-cells, pDC and monocytes to the site of infection. In mild Covid- 19, the release of IFN-I blocks viral replication and its release at an early stage, thus, controlling the infection.
However, in severe Covid-19, due to a defective immune response, a delay in IFN-I production and/or its neutralization with anti-IFN-I autoantibodies may lead to continued viral
replication and a profound inflammatory response, namely “cytokine storm”. This is also accompanied with the accumulation of neutrophils, monocytes and T-cells in the lungs leading

to lung damage. Ineffective anti-SARS-CoV-2 antibodies produced by ASCs may play a role in the pathogenesis of SARS-CoV-2 and its clinical sequalae through ADE.

Note: This figure was created with BioRender.com.

Abbreviations: ACE2, angiotensin-converting enzyme 2; ADE, antibody-dependent enhancement; ARDS, acute respiratory distress syndrome; Auto-Abs, autoantibodies;
ASC, antibody secreting cell; Covid-19, coronavirus disease 2019; IFN, interferon; IP-10, interferon y-induced protein-10; IL, interleukin; MCP-1, monocyte chemoattractant
protein-1; MIPlo, macrophage inflammatory protein la; pDC, plasmacytoid dendritic cell; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TLR, toll-like
receptor; TNF, tumor necrosis factor; Treg, regulatory T-cells; TFH, T follicular helper.

ImmunoTargets and Therapy 2021:10

submit your manuscript

Dove

77


http://www.dovepress.com
http://www.dovepress.com

Hasan et al

Dove

the immune system, including the monitoring of recovered
patients for early detection of potential complications such
as autoimmunity. Additionally, studies need to elucidate
the efficacy of the novel vaccines in terms of (1) protection
against SARS-CoV-2 infection in the wider community,
(2) induction of long-term immunological memory, (3)
prevention of asymptomatic viral carriage/opportunistic
infection, and potential spread, (4) long-term impact on
health in general. In addition, studies should evaluate the
efficacy and safety of other novel interventions that may
prevent or reduce disease severity.
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