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Abstract

The COVID-19 pandemic has represented an unprecedented challenge for the

humanity, and scientists around the world provided a huge effort to elucidate crit-

ical aspects in the fight against the pathogen, useful in designing public health

strategies, vaccines and therapeutic approaches. One of the first pieces of evidence

characterizing the SARS-CoV-2 infection has been its breadth of clinical presenta-

tion, ranging from asymptomatic to severe/deadly disease, and the indication of

the key role played by the immune response in influencing disease severity. This

review is aimed at summarizing what the SARS-CoV-2 infection taught us about

the immune response, highlighting its features of a double-edged sword mediating

both protective and pathogenic processes. We will discuss the protective role of

soluble and cellular innate immunity and the detrimental power of a hyper-

inflammation-shaped immune response, resulting in tissue injury and immuno-

thrombotic events. We will review the importance of B- and T-cell immunity in

reducing the clinical severity and their ability to cross-recognize viral variants.
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INTRODUCTION

SARS-CoV-2 infection is characterized by multifaced
immunological responses which strongly shapes the dis-
ease progression and severity. The activation kinetics, the
functional profile, the balance between inflammatory
and regulatory signals and the coordination among all
the immunological players represents essential elements
to orchestrate a protective rather than harmful response.
In this scenario, the first processes occurring in the lung
seems to have the potential to drive all the subsequent
events.

THE INNATE IMMUNITY PLAYS A
KEY ROLE IN EARLY PROTECTION

In asymptomatic or pauci-symptomatic patients infected
by SARS-CoV-2, the quick control of the infection is
probably largely mediated by the innate immune
response [1]. Innate immune response includes both
soluble and cellular arms, collaborating to fight the
infection as first line of defence. The soluble humoral
arm consists of pattern recognition molecules (PRMs),
including collectins (e.g., mannose-binding lectin,
MBL), ficolins (e.g., pentraxin 3, PTX3) and C1q. These
molecules are considered ancestors of antibodies (ante-
antibodies), as they recognize microbes by less specific
mechanisms, but mediate virus inhibition through
mechanisms shared with antibodies, including aggluti-
nation, neutralization, activation of the complement
cascade and opsonization-mediated phagocytosis [2]. In
COVID-19, PTX3 recognizes the viral nucleocapsid pro-
tein and its plasma concentrations represents a strong
and independent factor predicting the risk of death in
individuals with COVID-19 [3]. Moreover, collectins are
able to bind the envelope glycoproteins of several
viruses, resulting in opsonization, agglutination, inhibi-
tion of viral fusion and entry or complement activation,
generally leading to inhibition of infection [4]. A pro-
tective role of MBL towards severe COVID-19 has been
recently proposed [5] (Figure 1a); MBL binds trimeric
Spike protein in a glycan-dependent manner and
inhibits SARS-CoV-2 infection by triggering the lectin
pathway of complement activation. MBL can recognize
trimeric Spike from different SARS-CoV-2 variants of
concern (VOC), this finding highlighting its wide bind-
ing capability. Of note, MBL2 genetic variants impact-
ing on MBL protein abundance are associated with
COVID-19 severity [5]. These recent findings can have
potentially important translational implications, as MBL
has been safely administered to individuals with cystic
fibrosis and chronic lung infections [6, 7].

Toll-Like receptors (TLRs) are innate immune recep-
tors recognizing pathogen-associated molecular patterns
(PAMPs) and triggering the production of type I inter-
ferons and pro-inflammatory cytokines to fight the infec-
tions. The early activation of the innate immune system
via TLRs by SARS-CoV-2 may contribute to the viral
clearance [8]. Nevertheless, a dysregulated TLR responses
with an over activation of their intracellular pathways
may lead to overproduction of inflammatory molecules
inducing tissue damage [9].

SARS-CoV-2 is a poor inducer of type-I IFNs both
in vitro and in vivo, and several virus-encoded proteins
are known to target proteins of type-I IFN pathway, thus
inhibiting both IFN production [10] and response
[11–14]. As reported also for other coronavirus infection
[15], the kinetics and the amount of type-I IFN response
strongly contribute to the definition of disease severity, as
early and potent IFN production is associated with
reduced viral titres and mild clinical disease (Figure 1b).
Accordingly, several studies showed that patients with
mild to moderate COVID-19 show an effective type-I IFN
response both in the lung and in the peripheral blood. In
contrast, patients with severe/critical COVID-19 manifes-
tations showed a suppressed expression of IFNs and a
parallel increase in tissue and systemic inflammation
[16, 17].

A pathogenic role of auto-antibodies (auto-Abs)
directed against IFNs has been recently proposed to play
a major role in severe COVID-19 (Figure 1c). These auto-
antibodies were rarely found in healthy donors (<0.3%)
and in SARS-CoV-2-infected asymptomatic patients [18].
By contrast, at least 10%–15% of individuals with severe
COVID-19 showed auto-Abs neutralizing type-I IFNs that
were already present before the infection. The prevalence
of auto-Abs increases significantly with age and in indi-
viduals who died from COVID-19 [18]. The functional
role of auto-Abs neutralizing type-I IFNs has been
recently described, reporting the impaired activation of
interferon-stimulated genes (ISGs) in myeloid cells from
critical cases, including those producing anti-IFN-I auto-
antibodies [19]. The failure of the type-I ISG response
early in the disease course was associated with autoanti-
bodies to type-1 IFNs in critical patients. These findings
provide the biological basis for possible tailored IFN ther-
apy; as a matter of fact, several studies, aimed at defining
the effectiveness of IFN therapy in COVID-19 patients,
highlight the early time of infection as the critical win-
dow for IFN administration [20].

Innate immune cells include a broad range of mye-
loid and lymphoid cell types (e.g., neutrophils, mono-
cytes, NK, dendritic cells, ILC, etc). Common to the
majority of these cell types is that they originate from
the haematopoietic system, lack somatically recombined
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antigen-receptors and conventional immunological
memory, and exert prompt antimicrobial or tissue-
protective functions [21]. A protective role of the early
innate immune response was also confirmed by the
analysis of NK cells (Figure 1d). A correlation between a
rapid resolution of SARS-CoV-2 infection and high num-
bers of circulating NK cells at the beginning of the
symptoms has been observed. Accordingly, mild patients
show a significant and early increase of perforin and
granzyme B, which is an early sign of NK-cell activation
that is observed also in other viral infections [22]. More-
over, NK cells from patients with mild COVID-19
showed an increased production of interferon-γ (IFN-γ),
whereas NK cells from patients with severe COVID-19
produced only low levels of IFN-γ and TNF-α. In con-
trast, severe COVID-19 was characterized by a drastic

decrease of both CD56dim and CD56bright NK cells [23,
24] as well as by a reduction of their cytotoxic profile [25,
25, 26], as a consequence of the significant reduction of
T-bet transcription factor [26]. NK cells from patients
with mild COVID-19 express high level of T-bet, effi-
ciently kill SARS-CoV-2 infected cells and produce anti-
viral ctyokines [24]. A main role of transforming growth
factor-β (TGF-β) in reducing the antiviral activity of NK
cells has been recently reported in severe COVID-19
[24]. The level of TGFβ increases in severe COVID-19
patients to curtail excessive inflammatory response, but,
on the other hands, impairs the NK-mediated antiviral
response. TGF-β completely abrogates the NK-cell-
mediated control of SARS-CoV-2 replication in vitro,
and is able to block NK function (cytotoxicity and cyto-
kine production) in vivo.
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F I GURE 1 Protective and pathogenic pathways of the innate immune response during SARS-CoV-2 infection. Protective innate

response: surrounded by a green hatched line, includes both soluble (a and b) and cellular components (d). (a) Mannose-binding lectin

(MBL) binds to trimeric Spike, thus inhibiting viral infection; (b) Early activation of type-I IFN response exerts antiviral effect and prevents

severe clinical manifestations; (d) Early expansion of cytotoxic NK cells contributes to viral clearance and associates with mild clinical

presentation. Pathogenic innate response: surrounded by a red hatched line, includes both soluble (c, e and f) and cellular components (g–i).
(c) Antibody anti-type-I IFN block the IFN antiviral activity and associates with a severe clinical outcome; (e) Lung resident myeloid and

MAIT cells produce huge amounts of inflammatory cytokines and chemokines that, in turn, massively recruit macrophages and neutrophils

from the peripheral blood, thus exacerbating the cytokine storm; (f) The huge amount of inflammatory mediators reaches the bloodstream,

inducing a cascade of events contributing to the host injury; (g) The inflammatory storm induces a massive expansion of myeloid derived

suppressor cells (MDSC) that can reduce the inflammation but strongly impair the antigen-specific T-cell response; (h) Expanded MDSC

participate to platelet activation by reducing the plasmatic arginine. (i) The inflammatory storm triggers several detrimental pathways as

complement activation, hypercoagulation, endothelial damage, arterial and venous embolism with NET formation
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Dendritic cells (DC) are professional Antigen Present-
ing Cells (APC) that play a key role in activating both
innate and adaptive immune responses. They recognize
viruses by pattern recognition receptors and activate
intracellular pathways able to induce antiviral molecule
release. Moreover, the antigen processing and presenta-
tion to T cells allows the induction of the adaptive
specific T-cell response. During severe SARS-CoV-2 infec-
tion, the percentage of DC subsets decrease [27], and
their functionality, in terms of IFN-α production and
antigen presentation potential, is impaired [27–29].

THE HARMFUL POTENTIAL OF
THE IMMUNE RESPONSE

The kinetic and the balance of the immune response to
SARS-CoV-2 infection is strictly related to the definition
of clinical severity. In patients with severe COVID-19 sev-
eral immunopathological processes take over, contribut-
ing to tissue damage and immune paralysis. Among
these, the early and uncontrolled cytokine storm, the
increased frequency of neutrophils and suppressor cells,
the lymphocyte depletion and their activation and func-
tional exhaustion represent main players.

Cytokine storm (Figure 1e,f): Several studies have
demonstrated that the large majority of pathogenic mech-
anisms induced by SARS-CoV-2 infection is driven by the
host response rather than by the direct damage caused by
the virus. The first steps of the host response seem to be
crucial to avoid a cascade of domino events leading to
uncontrolled hyper-inflammation and tissue damage.
Several clinical studies showed that the early impaired
production of type-I IFNs observed in critical cases is par-
alleled by an excessive production of inflammatory cyto-
kines [30, 31]. This ‘cytokines storm’ is not new in the
history of host/pathogen interactions, as it was described
to occur during other highly pathogenic viral infections,
such as Ebola, and is associated with tissue damage and
immune paralysis [32]. A huge uncontrolled cytokine
release can be the results of the synergistic interactions
among several pathways including TLRs, nucleotide-
binding oligomerization domain-like receptors (NLRs),
resulting in innate immune cells hyper activation [33].

In severe COVID-19 patients, the systemic cytokine
profile was similar to the one observed in cytokine
release syndromes, such as macrophage activation syn-
drome, with increased production of cytokines including
IL-1β, IL-2, IL-4, IL-6, IL-7, IL-8, IL-9, IL-10, IL-18, G-
CSF, IP-10, MCP-1, MCP-3, MIP-1A, IFN-γ, and TNF-α,
IFN-β, IFN-γ, and TNF-α and of inflammatory chemo-
kines including CCL2, CCL3, CCL7, CXCL9 and CXCL10
[34–37]. This inflammatory environment represents a

hallmark of COVID-19 progression, as systemic levels of
IL-1β, IL-6 and IL-8 at the time of hospitalization are
strong and independent predictors of patient survival
[31]. The huge release of cytokines and chemokines in
the infected lungs massively recruits other inflammatory
myeloid cells, thus exacerbating the tissue damage and
contributing to the development of acute respiratory dis-
tress syndrome (ARDS) [38]. To neutralize the overpro-
duced inflammatory factors, therapeutic monoclonal
antibodies (mAbs) that target cytokines have been intro-
duced and showed improved outcomes and lower rates of
mortality [39]. Of note, the persistence of systemic
inflammation (e.g., IL-1β, IL-6 and TNF-a) after viral
clearance has been associated with the clinical manifesta-
tions of long COVID syndrome [40, 41], confirming a
main role of dysregulated immunity in sustaining clinical
symptoms.

Innate immune cells: Mucosal-associated invariant T
(MAIT) cells are innate-like T cells involved in mucosal
immunity and protection against viral infections. Never-
theless, in COVID-19 patients, several evidences suggest
that they may participate in the deleterious inflammation
affecting severe, long-term hospitalized patients with
COVID-19 [42]. MAIT cell frequency is strongly reduced
and their activation phenotype has been associated with
a broad activation of adaptive T cells and with elevated
levels of cytokines and chemokines [43].

Changes in the myeloid compartment have been
observed in blood and lung of patients with COVID-19. In
severe COVID-19, the number of classical monocytes
decrease, while intermediate and non-classical pro-
inflammatory monocytes increase [44]. Similarly, broncho-
alveolar hyperinflammatory monocytes were observed in
severe COVID-19 patients [45, 46], indicating their involve-
ment in tissue damage. The ratio of pro- to anti-
inflammatory macrophages at the sites of injury strongly
influences the course of the pathological process in
lungs, and this balance represents a potential therapeutic
target [47].

Expansion of suppressor cells (Figure 1g,h): The
inflamed environment (IL-1β, IL-6, IL-8 and TNF-α) is
correlated with a massive expansion of myeloid-derived
suppressor cells (MDSCs), that are immature or mature
myeloid cells endowed with regulatory functions able to
inhibit T-cell functions [48]. The highest frequency of
MDSCs has been observed in fatal cases of COVID-19
[49, 50], where they account for as much as 90% of circu-
lating PBMC [51], suggesting their detrimental role.
Accordingly, in severe/critical patients, expanded MDSCs
inhibit antigen-specific T-cell response (both proliferation
and cytokine production capabilities) through TGF-β-
and inducible nitric oxide synthase (iNOS)-mediated
mechanisms, possibly reducing the overall antiviral
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immunity. Moreover, MDSC expansion was paralleled by
a high Arginase-1 activity and plasmatic L-arginine
depletion [52–54]. The deprivation of L-arginine induces
the decrease of CD3ζ, a key molecule in the T-cell recep-
tor (TCR) signalling, thus inhibiting T-cell activity.
Expanded MDSCs also increase platelet activation,
highlighting a new interplay between suppressor cells
and platelet function. Indeed, MDSC frequency directly
correlates with platelet activation in COVID-19, and puri-
fied MDSCs from COVID-19 patients were able to induce
platelet activation by reducing L-arginine [54].

Altogether, these data suggest that MDSCs may con-
tribute to the SARS-CoV-2-induced immunopathogen-
esis. Accordingly, the frequency of MDSCs at time of
hospital admission has been found to be an independent
factor associated with the fatal outcome of the disease
[50], thus representing a possible biomarker and thera-
peutic target in COVID-19 pneumonia and associated dis-
ease [55].

Vascular damage (Figure 1i): SARS-CoV-2 infection is
characterized by a high prevalence of thrombotic compli-
cations. Consolidated clinical evidences demonstrate a
high incidence (up to 30%) of venous thromboembolism
(VTE) among COVID-19 patients in the intensive care
units [56, 57] which is confirmed also by a large COVID-
19 autopsy study reporting pulmonary embolism (PE) in
21% of the patients and deep vein thrombosis (DVT) in
40% of them [58]. Overall, the incidence of VTE in
COVID-19 is at least threefold higher than that reported
with other viral respiratory infections [59].

The complement system is part of the innate immu-
nity, being beneficial in the initial response to the virus
infections; however, its sustained and long-lasting activa-
tion may contribute to uncontrolled response and tissue
damage. SARS-CoV-2 triggers direct or indirect activation
of extracellular and/or intracellular complement path-
ways that can lead to hyperinflammation and thrombosis
[60]. These data suggest that the hyperactivation of the
complement and coagulation systems represents a main
player of the clinical syndrome of COVID-19, opening
the door to new possible therapeutic approach focused
on its inhibition [61]. Indeed, therapeutic antibodies
directed against complement factors showed some effi-
cacy in the treatment of severe COVID-19 [62].

During SARS-CoV-2 infection, following the initial
localized thrombo-inflammatory response, systemic
hypercoagulability becomes prominent. Although the
exact mechanisms of hypercoagulability occurring dur-
ing SARS-CoV-2 infection remains to be fully eluci-
dated, the damage to the vascular endothelium could
be induced by both direct viral damage and severe
inflammatory environment. Internalization of SARS-
CoV-2 receptor, angiotensin converting enzyme

2 (ACE2) on endothelial cells, increases angiotensin II
levels, thus causing vasoconstriction and release of
inflammatory and pro-thrombotic substances, including
von Willebrand factor (VWF), P-selectin, factor VIII
and Angiopoietin 2. These factors are all involved in
the pathogenesis of thrombo-inflammation in COVID-
19, therefore contributing to ARDS and other organ
dysfunctions. The Spike protein of SARS-CoV-2 can
cause direct damage of endothelial cells, manifested by
the impaired mitochondrial function and endothelial
nitric oxide synthase (eNOS) activity, as well as down-
regulation of ACE2, which may further aggravate endo-
thelial dysfunction [63, 64]. On the other hand, the
cytokine storm destroys endothelial cells by inducing
the release of plasminogen activator inhibitor-1 PAI-1
[65], promoting degradation of the endothelial barrier
[66] and by downregulating the expression of Kruppel
Like Factor 2 (KLF2) to induce adhesion and infiltra-
tion of monocytes/macrophages [67]. Moreover, a con-
served mechanism of host defence known as
immunothrombosis occurs, leading to intravascular clot
formation in small and larger vessels [68].

SARS-CoV-2 infection has been characterized by
increased neutrophil number, which is associated with
disease severity and clinical prognosis [69, 70]. In post-
mortem examinations of COVID-19 patients, neutrophil
extravasation has been observed in lung, myocardium
and liver [71]. As a result, neutrophils and their effector
mechanisms, such as degranulation, oxidative burst and
NETosis, are important mediators of COVID-19 immuno-
pathogenesis. The dynamic changes in the number, per-
centages of neutrophils and neutrophil granular proteins
represent markers of disease severity [72] and it has been
suggested that exacerbated inflammation induced by neu-
trophils may be controlled by an expansion of eosinophils
[73]. NETosis is a special form of neutrophil-programmed
cell death, characterized by the extrusion of DNA, his-
tones and antimicrobial proteins known as neutrophil
extracellular traps (NETs). NETs have antimicrobial
function and are induced by a range of microbial stimuli
and by proinflammatory mediators [74]. It has been
shown that SARS-CoV-2 can directly induce NETosis and
NET release by neutrophils depending on ACE2, serine
protease, virus replication and peptidyl arginine
deiminase-4 (PAD-4) [75]. Furthermore, soluble factors
in the plasma of COVID-19 patients, such as IL-8, IL-1b,
CXCL8 and RANTES, also mediate NET formation [76,
77]. Another route of SARS-CoV-2-induced NET produc-
tion is platelet activation that can enhance this process
by interacting with neutrophils through toll-like receptor
4 (TLR4), and platelet factor 4 (PF4) [76, 78], causing coa-
gulopathy and thrombosis. Moreover, cell free-DNA from
human neutrophils triggers thrombin generation by
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binding to factor XII [79]. In addition, complement stim-
ulates tissue factor production and interacts with the
platelet/NETs/thrombin axis, contributing to COVID-19
immunothrombosis. Accordingly, neutrophil produced
NETs are major elements of vascular thrombi in
COVID-19 patients, confirming the role of NETs in the
pathogenesis of COVID-19 [80]. Endothelial dysfunction,
inflammation, immunothrombosis and decreased antith-
rombotic molecules (e.g., nitric oxid and reactive oxygen
species) are intricately linked and are all involved in the
increased risk of thromboembolism events.

Unbalanced adaptive T-cell response (Figure 2D–G):
Adaptive T-cell responses develop early after infection
and correlate with protection, as a higher specific T-cell
response was associated to mild disease course [81]. T
cells recognize several viral proteins with the largest pro-
portion of SARS-CoV-2 specific T cells recognizing pep-
tides from proteins N, S and ORF-1 in patients with a
mild course [81, 82]. Highly functional, virus-specific cel-
lular immune response was also observed in asymptom-
atic patients [83] and in the absence of seroconversion

[84]. The SARS-CoV-2-specific T-cell memory in COVID-
19 convalescent patients persisted at least 10 months with
successful development of stem cell-like memory T
cells [85].

In severe COVID-19, a completely subverted immune
response has been described, mainly driven by the strong
and persistent inflammatory storm (Figure 2d,e). Indeed,
the huge inflammatory environment triggers a deep dys-
regulation of the activation and differentiation of both
innate and adaptive immune response with excessive T-
cell activation and high expression of T-cell inhibitory
and senescence-associated molecules (PD-1, TIM3,
LAG3, CTLA4, NKG2A, CD39 and CD57) [86, 87]. This
immune perturbation was strongly correlated with a
more severe clinical course [88]. Single cell RNA seq con-
firmed excessively activated CD8 T cells in severe disease,
which displayed exhausted phenotypes and diminished
function of antigen recognition [86, 89]. A similar dysre-
gulated profile was described also in other infections,
such as Ebola [90], and was associated to ‘immune paral-
ysis’, persisting overtime [91].

Adaptive immune response
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Activation of specific T cells
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induced cell death
Immune-mediated
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(c)
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Hyper-activation
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CD8 T
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F I GURE 2 Protective and pathogenic pathways of the T-cell response during SARS-CoV-2 infection. Protective T-cell response:

surrounded by a green hatched line. (a) A low inflammatory environment allows a well-balanced differentiation of antigen-specific T cells,

contributing to viral clearance and to antibody production; (b) Antigen-specific T cells induced by natural infection or vaccination have a

broad range of viral strain recognition, including different VOCs. Pathogenic T-cell response: surrounded by a red hatched line, includes

cellular components (d–g). (c) A huge inflammatory environment induces hyperactivation of both specific and unspecific T cells; (d) The

strong production of inflammatory cytokines leads to overexpression of apoptotic processes inducing lymphocyte death; (e) Lymphocyte

death is associated with lymphopenia, one the main markers of severe/fatal COVID-19; (f) Bystander-activated unspecific T cells contribute

to tissue damage.
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In severe COVID-19, more than 50% of circulating
CD8 T cells have been shown to express activation
markers [86, 92], highlighting that unspecific T-cell acti-
vation occurs and can contribute to tissue damage. A
bystander activation of virus-unspecific T cells has been
also shown in other viral infections, and seems to be
mainly driven by cytokine environment (e.g., type-I IFN,
IL-18 and IL-15) and toll-like receptor agonist, contribut-
ing to host injury [32, 93]. Among virus-specific T cells,
in severe COVID-19 patients a significant skewing of T-
cell activation towards TH17 functional phenotype has
been shown, and it can participate in recruiting and acti-
vating neutrophils in the lung, thus contributing to the
tissue damage [94] (Figure 2g).

A dysregulation of adaptive immune response has
been also associated to prolonged symptom duration after
viral clearance (e.g., long COVID syndrome), linking a
dysregulated immune response to persistent clinical
sequelae. Individuals with long COVID syndrome
showed an increase overtime of the IgG avidity to SARS-
CoV-2 spike protein and of the antigen-specific T-cell
response magnitudes in CD4 and circulating T follicular
helper cell populations, suggesting the persistence of viral
antigens [95]. Moreover, patients suffering of lung
sequelae after SARS-CoV-2 pneumonia were character-
ized by a persistent dysregulated respiratory CD8+ T-cell
response [96].

Severe patients are also characterized by a dramatic
lymphopenia (Figure 2f), which is correlated with the
plasmatic level of inflammatory mediators (IL-6, TNF-a)
[97]. The dramatic decrease of circulating T cells can be
due to several mechanisms, including their massive
recruitment into inflamed tissues and the use of steroid
treatment; in patients infected with SARS-CoV and
SARS-CoV-2 a significant T-cell depletion from the sec-
ondary lymphoid organs has been documented [98]. The
potential mechanisms responsible for T-cell depletion are
still poorly understood, but inflammation-driven cell
death processes and cell cycling arrest can play a major
role. Serum levels of TNF, IL-6 and IL-10 negatively cor-
related with T-cell numbers [97], and higher expression
of p53 and p21 have been shown in COVID-19 patients
as compared to healthy controls [99]. Accordingly, higher
levels of CD95 expression on T cells, as well as of sFasL
in the plasma of COVID-19 patients were associated with
higher levels of caspase activation and with the propen-
sity of T cells to die; in addition, they correlated positively
with the extent of T-cell lymphopenia and with higher
levels of CXCL10, both markers of disease severity [100].
A role of apoptotic mechanisms in the pathogenesis of
COVID-19 has been finally demonstrated in autoptic tis-
sues, where high levels of lymphocyte apoptosis in the
spleens and lymph nodes was associated with increased

expression of the FAS death receptor, suggesting that
activation-induced cell death (AICD) may be involved in
T-cell lymphopenia [98].

Overall, in COVID-19 patients, a dramatic inflamma-
tory storm triggers concomitant aspects of immune inhi-
bition, including unbalanced activation, exhaustion and
depletion of T lymphocytes, resulting in the paradox that
immune response, instead of being protective, contrib-
utes to the tissue damage and disease progression. Co-
existing co-morbidities, such as cardiovascular disease,
cancer, diabetes, chronic renal failure, pulmonary fibrosis
and others, has been associated with more severe out-
comes through the modulation of host–viral interactions
and immune responses. The specific mechanisms are not
well defined, but the low grade of persistent inflamma-
tion characterizing several comorbidities may play a cen-
tral role in worsening the COVID-19 outcome [101].

PROTECTIVE B-CELL RESPONSE

Because of their high specificity and affinity, antibodies
precisely and effectively neutralize and eliminate viruses
(Figure 2a). The generation of antibodies specific for a
virus never encountered before, such as SARS-CoV-2, is a
lengthy process occurring in the germinal centres. Here,
activated B cells proliferate and refine their antibodies by
introducing somatic mutations in the antigen-binding
part (VH region). Mutated antibodies are then selected
for their increased affinity to the antigen. Two weeks are
necessary for the completion of the germinal centre reac-
tion and the release of its products: memory B cells and
plasmablasts expressing a variety of specific antibodies,
including those with neutralizing ability [102]. Because
of the long time required for the germinal centre reac-
tion, in the initial phase of the infection, B cells partici-
pate in the immune defence only through pre-formed
natural or cross-reactive antibodies. These low-affinity
antibodies act in concert with the innate immune system
to limit the infection [103].

The extraordinary activation of the innate immune
system is responsible for severe collateral damages in
COVID-19 (Figure 3b). The cytokines produced in
response to the virus also impair the formation of germi-
nal centres, thus jeopardizing the function of the adaptive
B-cell response in severe and fatal COVID-19 [104].
Extra-follicular B-cell activation leads to the generation
of B cells, able to produce neutralizing antibodies, but
also associated to autoimmunity and inflammation [105].
B-cell depletion and loss of memory B cells has been
reported in patients with severe COVID-19 [106].

The B-cell response is more physiological in patients
with moderate and mild disease (Figure 3a). Serum
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antibodies become detectable around two weeks after the
diagnosis, but memory B cells persist for months, as
expected by the kinetics and persistence of the immune
response to a novel pathogen [107, 108]. While specific
antibodies rapidly decline in the serum of patients recov-
ered from COVID-19, memory B cells continue to
increase in numbers and improve their affinity by acquir-
ing and selecting additional somatic mutations [109]. The
antigen persistence in the germinal centres may explain
the continuous remodelling of memory B cells. The
decline of serum antibodies, occurring a few weeks after
the infection, is due to the death of short-lived plasma
blasts that are generated by the full-blown germinal cen-
tre response. Only a few short-lived plasma blasts become
long-lived plasma cells with the function of maintaining
a persistent antibody level that limits the initial infection;
meanwhile, memory B cells are activated and produce
high levels of antibodies to prevent a new disease caused
by an already experienced pathogen [110]. Long-lived
plasma cells are detectable in the bone marrow of indi-
viduals who had COVID-19 [111]. The question of why, if

the infection generates all the elements of immunological
memory (memory B cells, long-lived plasma cells and
high-affinity antibodies), reinfection is possible has gen-
erated considerable insecurity. The emergence of new
variants weakens the effect of the stringent selection of
high affinity antibodies against the previously encoun-
tered viruses, as demonstrated by the inefficacy of certain
Wuhan-specific monoclonal antibodies against the VOC
Omicron. Luckily, the response of B cells is not monoclo-
nal and memory B cells are rapidly able to modify and
adapt their antibodies [112]. The solidity and duration of
disease-induced immune memory is demonstrated by
observation that previously infected individuals are pro-
tected from re-infection during a follow-up of 20 months,
without evidence of waning immunity [113]. Although
reinfection with the same SARS-CoV-2 strain is a rare
event, emerging variants may infect COVID-19 convales-
cent subjects and cause a disease of variable severity
[114, 115].

The nasopharyngeal mucosa is the site of entry of
SARS-CoV-2, and mucosal immunity has been
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F I GURE 3 Protective and pathogenic pathways of the adaptive B-cell response during SARS-CoV-2 infection. Protective B-cell response:

surrounded by a green hatched line. (a) In mild COVID-19 (bottom), the germinal centre reaction generates memory B cells with different

affinities for the virus, short-lived plasmablasts (PB), and long-lived plasma cells that home to the bone marrow. A fraction of the memory B

cells migrate to the site of viral invasion and become resident memory B cells secreting IgA antibodies for local protection. A similar

mechanism of protection is generated by vaccination. In breakthrough infections, vaccine-induced memory B cells rapidly migrate to

mucosal sites for local defence. Pathogenic B-cell response: surrounded by a red hatched line. (b) The increase of inflammatory cytokines

disrupts the architecture of the germinal centres by dislocating follicular T cells. The B-cell response occurs at extrafollicular sites, where B

cell remodelling and antigen-based selection is impaired. At mucosal sites, natural/cross-reactive antibodies try to limit viral invasion.
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demonstrated during the illness and in convalescence
[116, 117]. At mucosal sites, the most abundant antibody
is dimeric IgA that is locally produced in response to
infection. Dimeric IgA has an enhanced neutralization
capacity compared to monomeric antibodies and plays an
important role in local protection [118]. In contrast to
natural infection, parenterally administered vaccines do
not generate mucosal immunity [92]. The establishment
of resident memory B cells in the lung requires local anti-
gen encounter and serum antibodies reach mucosal sites
in small amounts by transudation. Breakthrough infec-
tions in vaccinated individuals may result from lack of
local protection. Immune memory established by vacci-
nation, however, prevents severe disease by the combined
action of memory T and B cells that migrate to the infec-
tion site, thus turning systemic immunity into local pro-
tection [119]. Next-generation COVID-19 vaccines for
mucosal delivery, now in development, may be able to
provide local protection against infection [120]. The com-
bination of systemic and mucosal immunity may result
in a more effective individual protection and reduce viral
growth and contagion.

Despite the success of COVID-19 vaccination efforts,
there is still a need of preventive and therapeutic options
for fragile populations, who may have an inadequate
response to vaccination. Neutralizing mAbs therapy rep-
resents a critical tool for protecting these individuals
against severe COVID-19 and have been used success-
fully for this purpose [121–123].

PROTECTIVE T-CELL RESPONSE

T cells are crucial components of the antiviral immune
response. Although they are not able to prevent the infec-
tion, CD4+ T cells are needed for the generation of pro-
tective antibody responses and to support the maturation
of CD8+ T cells. Moreover, T cells recognize linear deter-
minants of viral epitopes with a broader range than anti-
bodies, including protein regions not prone to viral
mutation-driven escape from antibodies.

T-cell response plays a major role in the protective
immune response to SARS-CoV-2 [124–126]. T cells rec-
ognize several viral proteins with the largest proportion
of SARS-CoV-2 specific T cells in patients with a mild
course recognizing peptides from proteins N, S and
ORF-1 [81, 82]. A greater CD8+ T-cell response in blood
and highly clonally expanded CD8+ T cells in bronchoal-
veolar lavage have been observed in convalescent
patients who experienced mild or moderate disease as
compared with severe disease [46, 127], and CD8 T cells
showed partial protective immunity in the context of sub-
optimal antibody titres in a non-human primate model

[128]. Accordingly, an association of optimal and poly-
functional T-cell responses with asymptomatic/mild
disease following primary infection has been proposed
and was supported by more recent evidence of protection
conferred by SARS-CoV-2-specific memory T cells on
secondary exposure [83]. Of note, persons exposed to
SARS-CoV-2 may develop virus-specific T-cell responses
without detectable circulating antibodies, due to abortive
infection, to effective and rapid viral clearance by innate
immunity and T cells or to a very low level of antibodies
quickly disappeared [126, 129].

Most convalescent patients display a durable SARSCoV-
2-specific memory T-cell response after COVID-19, persist-
ing for several months regardless of the severity of COVID-
19. CD4 and CD8 T cells displayed specificity both to struc-
tural and non-structural proteins and showed polyfunc-
tional properties [108, 130, 131]. Of note, COVID-19
induces the development of antigen-specific stem cell-like
memory cells, characterized by a good self-renewal capacity
and multipotency that can contribute to the maintenance of
protection overtime [85]. Recently, studies on lung and
nasal tissue from SARS-CoV-2 convalescent individuals
have identified tissue-resident memory T cells with func-
tional reactivity against several SARSCoV-2 proteins that
persist for at least 2–10 months after infection [132, 133].
Both circulating and tissue resident SARS-Cov-2 specific T
cells can participate in providing protection against severe
disease.

A key feature of SARS-CoV-2 specific T cells is their
cross-reactivity, that is, their ability to recognize antigens
from different viral variants that instead can escape the
humoral neutralization response (Figure 2c). The ability
of T cells to recognize several viral variants lies in their
ability to recognize short linear peptides presented in the
context of MHC molecules, a mechanism which is less
affected by viral point mutations. Moreover, differently
from neutralizing antibody which are exclusively directed
against RBD domain, effective T cells can recognize both
internal and external viral proteins. As an example, the
multiple mutation profile in the Spike protein of the
VOC Omicron significantly reduced the neutralization
titre of vaccine- or infection-induced antibodies
[134–137]. By contrast, the extent of Omicron cross-
reactive T cells activity was similar for Beta, Delta and
Omicron variants, indicating minimal escape at the T-cell
level [138, 139]. Several reports confirmed that natural
infection and vaccination are able to induce effective
cross-reactive CD4 and CD8 T cells, characterized by an
extensive immune coverage against the Omicron variant
[138–140]. The median relative frequencies of SARS-
CoV-2 Spike-specific CD4+ T cells that cross-recognized
Omicron in previously infected or vaccinated individuals
were 84% and 91%, respectively, and the corresponding
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median relative frequencies for SARS-CoV-2 Spike-
specific CD8+ T cells were 70% and 92%, respectively. On
the other hand, Omicron infections were able to induce
T-cell responses to ancestral Spike, Nucleocapsid and
Membrane proteins comparable to those observed in
patients hospitalized in previous pandemic waves domi-
nated by the ancestral, Beta or Delta variants [140]. More
detailed analysis revealed that SARS-CoV-2 Spike-
reactive CD4+ and CD8+ T cells were functionally and
phenotypically similar in response to the ancestral strain
or Omicron variant and showed a polyfunctional pro-
file [139, 141].

The broad recognition capability of T cells has also
been described in other viral infections; for instance, a
broad T-cell reactivity against different influenza viral
strains has been widely described and represents a hall-
mark of influenza virus infection. Both in mice model
and in humans, strong influenza-specific CD8+ T cells
correlates with lower viral load and decreased disease
severity [142]. Furthermore, CD8+ T cells primed with
circulating seasonal influenza A virus (IAV) strains cross-
react with peptides derived from seasonal variants,
H1N1pdm, as well as avian H7N9 and H5N1 IAV
strains [143].

Overall, the ability of T cells induced by both vaccina-
tion and natural infection to recognize VOC, including
Omicron, can potentially balance the lack of neutralizing
antibodies in preventing or limiting severe COVID-19.

CROSS-REACTIVE IMMUNITY TO
HUMAN COMMON COLD
CORONAVIRUSES

Several recent studies have reported the existence of vari-
able levels of SARS-CoV-2-specific antibodies in unex-
posed individuals, mainly targeting nucleocapsid (N) and
the spike subunit S2 [144, 145]. Accordingly, SARS-CoV-
2-reactive T cells were also detected in unexposed indi-
viduals, suggesting cross-reactive T-cell recognition
between circulating common cold coronaviruses and
SARS-CoV-2 [82, 146].

Whether prior immunity to endemic, human com-
mon cold coronaviruses (hCCCoVs) may impact suscepti-
bility or clinical severity of SARS-CoV-2 infection still
remains an unsolved question. Some evidence suggests a
protective role of previous immunity to hCCCoVs, report-
ing that recent endemic coronavirus infection is associ-
ated with less-severe COVID-19 [147]. Accordingly, a
higher frequency of cross-reactive memory T cells associ-
ates with protection against SARS-CoV-2 infection in
COVID-19 contacts who remained PCR negative despite
high exposure [126].

In contrast, other studies suggest a pathogenic role of
pre-existing immunity. Pre-pandemic SARS-CoV-2 cross-
reactive antibodies can be boosted upon SARS-CoV-2
infection, but they are not associated with protection
[148], may hinder the development of effective immunity
against SARS-CoV-2 [149] and may correlate with disease
severity [150]. Accordingly, cross-reactive T cells display
low functional avidity and only contributed a small pro-
portion of the overall Spike-specific CD4+ T cells in
COVID-19 convalescent individuals, suggesting their
minor role to SARS-CoV-2 responses in vivo [151–153].
Finally, other studies suggest that cross-reactive immu-
nity may trigger immunopathogenesis in COVID-19
patients, by inducing an early massive unconventional
antibody responses and facilitating viral entry by
antibody-dependent enhancement (ADE) mecha-
nisms [154].

Further studies focused on controlled challenge stud-
ies in small animal models and human adults are needed
to finally determine the impact of cross-reactive immu-
nity on clinical outcomes in COVID-19 patients.

CONCLUSIONS

This review focalizes on the double edged role of immune
response in the delicate balance between protection and
pathogenesis during SARS-CoV-2 infection and summa-
rizes the role of the main immune players (Tables 1 and
2). The kinetics of activation, the strength of the single
responses and the integration among innate and adaptive
signals may define the overall fate of the SARS-CoV-2
disease severity. The extraordinary effort on COVID-19

TABL E 1 Immune response to SARS-CoV-2: Protective

functions

Immune
players Role References

MBL, PTX3 Antiviral activity [3–7]

Type-I IFNs Associated with mild disease [10–17]

NK cells Number and function
associated with mild
disease

[22–26]

DC Antigen presentation and
type-I IFN production

[27–29]

High affinity
antibody

Associated with recovery [106–123]

Specific T cells Highly functional, virus-
specific cellular immune
response associated with
mild disease and recovery

[46, 81–85,
124–141]
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research allowed us to shed light on critical aspects of the
immune response, defining the balance between protective
and harmful response that can be useful for approaching
also other viral infections. The soluble and cellular innate
arms represent the main early drivers of protection, able
and define the subsequent fate of disease. An ineffective
innate immunity is associated to a chain of events, starting
with severe inflammation and leading to a complex net-
work of pathogenic immune-mediated processes. The
huge inflammatory response induces the expansion of sup-
pressor cells mediating the paralysis of specific immune
response and massive platelets activation. The inflamma-
tion and sustained platelet activation drives in turn the
vascular damage and thrombotic complications. Finally,
the cytokine storm induces the massive activation of both
specific and unspecific T cells, contributing to tissue dam-
age and lymphopenia. In contrast, effective innate immu-
nity prevents the amplification of the inflammatory
response and allows the differentiation of antibody-
producing plasma cells, memory B cells, effector and
memory cross-reactive T cells, overall mediating a highly
efficient, protective immune response.

The COVID-19 is an immune-mediated disease that
has strongly accelerated the development of new thera-
peutic approaches targeting the immune response. The
well-defined harmful potential of the immune response
in severe COVID-19 and the identification of the main
players driving tissue damages stimulated the use of new

immune-based approaches (e.g., mAbs targeting/
neutralizing cytokines, inflammatory mediators and com-
plement factors). Finally, although different immunologi-
cal biomarkers have been proposed as predictor of
COVID-19 worsening or protection, a robust prognostic
biomarker is still lacking and desirable for a better and
timely treatment of COVID-19.

Global vaccination programs have changed the natural
history of COVID-19 and saved around several millions of
lives thanks to the protective capacity of the adaptive
immune response [155]. Vaccines generate SARS-CoV-2
specific serum antibodies and memory T and B cells able
to react upon infection and limit viral spreading, thus pre-
venting severe disease and death. Vaccines are, however,
unable to prevent contagion and infection, because of the
continuous emergence of highly infective and antigeni-
cally distinct viral variants. Universal vaccines against
Coronavirus could be instrumental [156] to stop the ongo-
ing pandemic and prevent future outbreaks.
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