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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a highly transmissible and pathogenic virus in hu-
mans. It currently has spread from China to other countries
and become a global threat. The genome of SARS-CoV-2
contains 14 open reading frames (ORFs) and encodes 27 dif-
ferent proteins, including the spike (S) protein, envelope (E)
protein, membrane (M) glycoproteins and nucleocapsid (N)
protein.1 It is currently believed that SARS-CoV-2 belongs
to the species of SARS-related coronavirus, with angioten-
sin-converting enzyme 2 (ACE2) as the viral receptor, sug-
gesting a similar tropism and entry route with SARS-CoV.*?
SARS-CoV-2 infection can cause serious respiratory disease
similar to SARS-CoV, namely novel coronavirus disease 19
(COVID-19). Common symptoms are fever, cough, shortness
of breath and myalgia or fatigue. Some patients with severe
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an emerging cor-
onavirus that belongs to the 3-genus, causing the outbreak of coronavirus disease 19
(COVID-19). SARS-CoV-2 infection can stimulate a pronounced immune response
in the host, which embodies in the decrease of lymphocytes and aberrant increase
of cytokines in COVID-19 patients. SARS-CoV-2 RNA and proteins interact with
various pattern recognition receptors that switch on antiviral immune responses to
regulate viral replication and spreading within the host in vivo. However, overactive
and impaired immune responses also cause immune damage and subsequent tissue
inflammation. This article focuses on the dual roles of immune system during SARS-
CoV-2 infection, providing a theoretical basic for identifying therapeutic targets in a

situation with an unfavourable immune reaction.

disease could progress to acute respiratory distress syndrome
(ARDS) and die of multiple organ failure.*’ Despite the
identification of this virus, no specific antivirals or vaccines
are currently developed for the treatment of COVID-19, and
the mechanism exacerbating the disease still remains largely
undetermined.

Severe lung and systemic inflammation of COVID-19 pa-
tients is currently believed to result from cytokine dysregulation.
Recent research have indicated that COVID-19 is associated with
the induction of inflammatory cytokines including IL-1p, IL-6,
IL-8, IL-12, IFN-y, GM-CSF and TNF-a, many of which were
highly expressed in severe COVID-19 patients.® In addition, lab-
oratory investigation of infected patients showed lymphopenia as
a universal feature for COVID-19, and analysis of the lympho-
cyte subset showed a significant decline in the number of CD4*
and CD8" T cells.%” SARS-COV-2-infected patients were ob-
served to have massive accumulation of inflammatory cytokines
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and aberrant T cell responses compared to healthy individuals,
providing evidence that COVID-19 may be an immune interre-
lated disease. Therefore, it is crucial to assess the positive and
negative roles of the immune system in SARS-CoV-2 infection
for a more comprehensive and detailed understanding of the
molecular mechanisms underlying the pathogenesis of SARS-
CoV-2. Such dual functions need to be carefully evaluated when
developing therapeutic intervention strategies targeting the im-
mune system during SARS-CoV-2 infection. Even though the
clinical symptoms exhibited by SARS-CoV-2 infection indicate
that it can bring about immune responses, there is currently very
little knowledge about how SARS-CoV-2 activates the immune
system. SARS-CoV-2 has a high degree of sequence similar-
ity to SARS-CoV, with 76.47% identity on S proteins.>® It has
been reported that many B- and T cell epitopes are also highly
conserved between SARS-CoV and SARS-CoV-2, and antibod-
ies against SARS-CoV will cross-neutralize SARS-CoV-2.!!
Therefore, SARS-CoV-2 may be similar to SARS-CoV in an-
tigenicity, and there exist cross-reactive epitopes. In this article,
the latest research about SARS-CoV-2 is combined with immu-
nological studies of SARS-CoV to analyse the possible roles of
immune responses during SARS-CoV-2 infection.

2 | INNATE IMMUNE RESPONSES
TO SARS-COV-2 INFECTION

2.1 | Innate immune response-mediated
antiviral response

The innate immune signalling pathways usually begin with the
recognition of specific pathogen-associated molecular patterns
(PAMPs) by pattern recognition receptors (PRRs), mainly in-
cluding the RIG-I-like receptors (RLRs) and Toll-like recep-
tors (TLRs). SARS-related coronaviruses usually enter the
host cells though binding to cellular receptors and receptor-
mediated endocytosis; the viral RNA is subsequently released
to the cytosol when the S protein induces fusion between the
envelope of virus and endosome.'"'? So, viral RNA and S pro-
tein of SARS-related coronaviruses may have evolved as major
PAMPs which can mediate innate immune signalling cascades,
initiating an antiviral state in infected cells.

2.1.1 | RLRs-dependent antiviral
signalling pathway

RIG-T and MDAS are RNA helicases that precisely target viral
RNA in the cytoplasm. RIG-I directly recognizes and binds to
viral 5'-PPP RNA and short dsRNA through its helicase and re-
pressor domain (RD), while MDAS senses long dsRNAs. > As
positive, single-stranded RNA virus, SARS-CoV-2 is likely to
have similar replication intermediates (putative RLR ligands) to

other RNA viruses, which could be detected by the same sensors.
After sensing virus, RIG-I and MDAS converge on mitochon-
drial adaptor protein, including mitochondrial antiviral signalling
protein (MAVS), interferon-f promoter stimulator 1 (IPS-1) or
virus-induced signalling adaptor (VISA), which mediate the sig-
nalling cascade.””"” These adaptor proteins use various TRAFs
to trigger TBK1/IKKE and IKKo/IKK@ that, respectively, medi-
ate the activation of different transcription factors.'® The RLRs
signalling pathway eventually activates interferon regulatory fac-
tor (IRF)-3 and IRF-7 before they are translocated to the nucleus
and stimulate expression of type I interferon (IFN-D)."%! IFN-1
(IFN-a and IFN-p) utilizes autocrine and paracrine signalling to
make sure cells express a myriad of interferon-stimulated genes
(ISGs), which establish an antiviral state.2?2

2.1.2 | TLR-dependent antiviral
signalling pathway

Toll-like receptors are also important pattern recognition re-
ceptors of virus, recognizing viral components or replication
intermediates. TLR3, TLR7, TLR8 and TLR9 detect viral
nucleic acid in the intracellular compartments, while TLR2
and TLR4 recognize viral proteins on the cell surface.” It
has been identified that TLR2 mRNA increased in PBMC
among SARS-CoV patients at acute phase, so TLR2 may rec-
ognize S protein of SARS-CoV.** S protein of SARS-CoV
and SARS-CoV-2 has a high degree of sequence similarity
and fuse with the same receptor ACE2 to enter host cells.>®
So TLR2 is also likely to detect SARS-CoV-2 S protein even
though no TLRs have been confirmed to be related to the rec-
ognition of SARS-CoV-2. In hACE2 receptor-positive lung
epithelial and fibroblast cells, SARS-CoV S1 protein induced
IL-8 through hACE2 signalling.25 Then, activated TLRs
combine with the adaptor molecule MyD88 and TRIF, lead-
ing to the activation of IRF3, IRF7 and NF-kB; these tran-
scription factors subsequently initiate transcription of IFN-I
and other cytokines, respectively.%’28 In COVID-19 patients,
it has been observed that the activity of multiple IRFs is en-
hanced, which may assist the occurrence of IFN-I-related im-
mune response to prevent viral spreading.29

2.2 | Innate immune response-mediated
inflammatory response

Although innate immune signalling pathways eventually
caused the production of antiviral factor IFN-I, innate im-
mune signalling cascades also lead to the activation of NF-xB
that would lead to the production of inflammatory mediators,
especially that of IL-6 and IL-8.2*%° These innate immune
effector molecules continue to mediate inflammation and cel-
lular antiviral processes. It is worth noting that SARS-CoV
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infection activates NF-kB at 12-hour post-infection in vitro
studies, while IFNs and ISGs are delayed in expression until
48-hour post-infection.31 Early activation of NF-xB and de-
layed production of IFN-I could exacerbate host innate in-
flammatory responses by modulating, in part, the intrinsic
functions of macrophages (M®) and dendritic cells (DC).32
It has been confirmed that delayed IFN-I response leads to
a highly pathogenic IFN-I-dependent inflammatory response
driven by inflammatory monocyte-macrophages (IMMs) in
susceptible mice.** Accumulation of pathogenic IMMs to the
site of viral infection results in elevated lung cytokine levels
and impaired virus-specific T cell responses.>

In fact, various inflammation-related cytokines did increase
due to the SARS-CoV-2 infection, which was correlated with
the severity of the disease.® Such an intense cytokine response
may also be attributed to hyper-activation of IMM lineage
cells; it has been reported that patients with severe disease
have a larger accumulation of inflammatory macrophages in
the lungs than patients with mild disease.””* If SARS-CoV-2
is similar to SARS-CoV, the speed and efficiency by which
SARS-CoV-2 circumvents and delays the IFN-I response may
be a critical determinant of its pathogenicity.

3 | T CELL IMMUNE RESPONSES
TO SARS-COV-2 INFECTION

3.1 | T cell-mediated antiviral immune
response

T cell immune responses are specific and can memorize the
pathogens, playing an important role in fighting the virus.
During the course of SARS-CoV-2 infection, activated CD4"
and CD8" T cells are recruited to the lung of the COVID-
19 patients, and the levels of these T cells may be related to
the outcome of the disease.’ The expansion levels in both
total T and CD8™ T cells are significantly higher in patients
with mild disease, mediating a robust adaptive immune re-
sponse.29 But in multiple patients with severe disease, T cells
have experienced a severe decline, leading to virus transmis-
sion, cytokine storm and high mortality.*” It provides clini-
cal evidence indicating that T cells are necessary for virus
clearance during SARS-CoV-2 infection.

3.1.1 | CDS" T cell-mediated
immune responses

It is reported that a high number of activated CD8" T cells
were detected in blood of a patient with mild-to-moder-
ate COVID-19, suggesting a role of CD8* T cells against
SARS-CoV-2 infection.® It has been confirmed that CD8* T
cell responses are critical for virus clearance and protection

from clinical disease in mice or human infected with other
coronaviruses, such as SARS-CoV, Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) and mouse hepatitis
virus (MHV).**3® Activated virus-specific CD8" T cells pro-
duce antiviral cytokines (IFN-y, TNF-a and IL-2), cytotoxic
molecules (perforin and granzyme B), which mediate the
clearance of virus and virus-infected cells.*** According to
report of Liao et al,”” CD8™ T cells of mild COVID-19 patients
expressed high levels of cytotoxic molecules, including gran-
zyme A, granzyme K and FASL, which may kill virus-infected
cells by two contact-dependent mechanisms. In the granzyme
pathway, T cell receptor activation and release of lytic granule
containing serine proteases lead to lysis of target cells; while
in the FAS/ FASL pathway, target cell cytotoxicity is triggered
when FASL expresses predominantly on activated T cells and
binds FAS on the virus-infected cells.*' But in CD8" T cells
of the patients with severe disease, display reduced amount of
cytotoxic molecules, which leads to lower proportion of cyto-
toxic T lymphocyte (CTL) compared with patients with mild
disease, thereby failing to provide a robust response against
SARS-CoV-2 infection.”’ So, in the lung microenvironment of
COVID-19 patients, highly expanded and functionally com-
petent tissue resident clonal CD8" T cells and timely CTL re-
sponses may connect with a better control of infection.

3.1.2 | CD4" T cell-mediated
immune responses

CDS8* CTLs alone may be not sufficient to control SARS-
CoV-2 infection. CD4™T cells are also essential for viral
clearance, which is likely associated with the production of
specific antibodies and antiviral cytokines. At present, as ap-
praised by Ramaiah et al,*? eight high-binding affinity CD4*
T cell epitopes are present in the S, E, M and N proteins
of SARS-CoV-2, which can be commonly recognized by
human leucocyte antigen-DR (HLA-DR) alleles of popula-
tions of the Asia and Asia-Pacific regions. These antigenic
epitopes may provide the basic for initiating the CD4*T cell-
mediated immune response that leads to the development of
specific antibodies by activating T-dependent B cells in vivo.
According to the report, the level of follicular helper T cells
(Tth cells) and antibody-secreting cells (ASCs) increased in
a COVID-19 patient, suggesting that CD4"T cells may bring
a strong humoral immunity during SARS-CoV-2 infection.*
High CXCRS expression in Tth cells facilitates their homing
to B cell follicles and subsequently provides selection sig-
nals to germinal centre B cells.* In germinal centres, Tfh
cells promote B cell differentiation to memory B cells and
long-lived plasma cells, which is essential for long-lived an-
tibody responses.“’44 Accompanying the ascension of Tth
cells, there existed high levels of IgM and IgG SARS-CoV-2-
binding antibodies in the blood of COVID-19 patients, which
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FIGURE 1 SARS-CoV-2 infection-induced immune responses. SARS-CoV-2 enters the host cells though binding to cellular receptors ACE2.

After SARS-CoV-2 infects cells, the innate immune response begins with the recognition of pathogen-associated molecular patterns by the RLR
and TLR. It activates IRF3, IRF7 and NF-kB that lead to antiviral response and the production of inflammatory cytokines, respectively (left panel).
With the assistance of APC, activated T cells exert different immune effects by distinct immune effector molecule (right panel). The innate and T
cell immune responses eventually lead to the recruitment of IMM and neutrophil in the lung, and release high amounts of cytokines that mediate

inflammatory damage

may contribute to the viral clearance via neutralizing effect
and promoting phagocytosis of phagocytes.3 >

3.2 | T cell-mediated aberrant
immune response

Multiple reports indicate that COVID-19 patients have expe-
rienced a severe decline in T cell numbers, and the expres-
sion of IFN-y in CD4" T cells decreases in the late stage,
indicating that Th1 cells or their secretory capacity may be
restricted.”* Different from SARS-CoV infection, SARS-
CoV-2 infection has a bias towards Th2 system dominance,
which may lead to increased influx of activated macrophages
in the lung microenvironment.**”** And under this circum-
stance, pathogenic microorganisms that had previously co-
existed with the host may be no longer suppressed by the
immune system, despite a paucity of evidence for bacterial
co-infection.*® According to reports, 8% patients have expe-
rienced bacterial/fungal co-infection during SARS-CoV-2
infection, and 16% of COVID-19 deaths occurred in pa-
tients with secondary infection.*>" Therefore, whether T
cell exhaustion causes secondary infections is a question that
needs further investigation in the context of SARS-CoV-2

infection. However, although there are fewer lymphocytes,
the proportion of activated T cells was increased, as evi-
denced by the higher double-positive ratio of HLA-DR to
CD38 in COVID-19 patients.*>>'* Highly cytotoxic CD8™T
cells express high concentrations of cytotoxic particles (gran-
ulysin and perforin), causing immune damage to the tissue
while clearing the infected cells.”! In addition, high levels of
pro-inflammatory Th17 cells have been detected by testing
patients who have died of COVID-19.>' The accumulation
of Th17 cells leads to the release of a large number of pro-
inflammatory factors, such as IL-17 and GM-CSF that may
recruit inflammatory monocytes and neutrophils to the site of
inflammation and infection, increasing damage to tissues and
organs.**** Therefore, aberrant immune response may play
an important role in the formation of cytokine storm and the
development of macrophages and neutrophils that meditate a
profibrotic environment within the lung.

4 | CONCLUSION AND
PROSPECTS

Returning to the question of the title, it seems that a rapid
and coordinated innate and T cell immune response may
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rapidly control the spread of the virus, while a delayed
and aberrant immune response leads to severe lung or sys-
temic inflammation and high mortality. The immune de-
fence triggered by SARS-CoV-2 may include initiation of
IFN response, and the occurrence of CTL killing activity
and neutralizing antibodies; the immunopathogenesis of
SARS-CoV-2-induced respiratory distress syndrome may
involve deranged innate immune effector molecule pro-
duction, abnormal elevation of inflammatory immune cells
and cytokine storms (Figure 1).

Hence, not only should attention be paid to direct vi-
rus-induced cytopathic effects, carrying out antiviral treat-
ment, but also to monitor the patient's immune status to
prevent secondary damage caused by SARS-CoV-2 in-
fection-induced exuberant immune response. But it is not
completely understood why some patients manifest aber-
rant immune responses and develop severe disease, but
others suffer from mild or even asymptomatic diseases
from infection with the same. Therefore, before using im-
munotherapy, it should be noted that it is necessary to fully
understand the patient's current immune status to provide
specific treatment, including the degree of T cell activa-
tion, the secretion of cytokines and the level of SARS-
CoV-2-specific antibodies. Cytokine blockers can be used
to treat COVID-19 patients with cytokine storms, such as
IL-6 receptor antagonist (tocilizumab), IL-17 inhibitor
(secukinumab) or anti-GM-CSF monoclonal antibodies
(lenzilumab). The plasma of convalescent patients can be
injected for emergency immunotherapy to the patients with
humoral immunity immunodeficiency.

However, most of the current research were generated
from studies about SARS-CoV or other respiratory viruses,
not directly from SARS-CoV-2. So, more investigations
using SARS-CoV-2-infected animal models and COVID-19
patient samples are needed to explore the relevant immune
protection or pathogenic mechanism, thereby facilitating the
treatment and vaccine development.
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