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Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), which causes
coronavirus-19 (COVID-19), has caused significant morbidity and mortality globally. In
addition to the respiratory manifestations seen in severe cases, multi-organ pathologies
also occur, making management a much-debated issue. In addition, the emergence of
new variants can potentially render vaccines with a relatively limited utility. Many
investigators have attempted to elucidate the precise pathophysiological mechanisms
causing COVID-19 respiratory and systemic disease. Spillover of lung-derived cytokines
causing a cytokine storm is considered the cause of systemic disease. However, recent
studies have provided contradictory evidence, whereby the extent of cytokine storm is
insufficient to cause severe illness. These issues are highly relevant, as management
approaches considering COVID-19 a classic form of acute respiratory distress syndrome
with a cytokine storm could translate to unfounded clinical decisions, detrimental to
patient trajectory. Additionally, the precise immune cell signatures that characterize
disease of varying severity remain contentious. We provide an up-to-date review on the
immune dysregulation caused by COVID-19 and highlight pertinent discussions in the
scientific community. The response from the scientific community has been
unprecedented regarding the development of highly effective vaccines and cutting-edge
research on novel therapies. We hope that this review furthers the conversations held by
scientists and informs the aims of future research projects, which will potentially further our
understanding of COVID-19 and its immune pathogenesis.

Keywords: Coronavirus, immunopathogenesis, pathophysiology, protective immunity, vaccine

1 INTRODUCTION

The global pandemic of Coronavirus-19 (COVID-19), caused by Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), has currently stands at over 382,177,997 million
reported cases, with 5.7 million deaths. Over the past year, an unprecedented effort from the
scientific community has yielded highly effective vaccines presently in use; the FDA approves the
Pfizer Bio-NTech and Moderna mRNA vaccines and the Janssen (Johnson and Johnson) viral
vector vaccine (1).
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However, newly emerging variants, termed variants of
concern (VOCs), represent a significant threat to the efficacy
of currently employed vaccines, exemplified by the most recently
identified Omicron variant (2). The diverse clinical manifestations
of COVID-19 also hinder effective management. In addition to the
well-documented respiratory presentations, multi-organ
pathologies occur in critical COVID-19 patients. Furthermore,
emerging evidence highlights the long-lasting complications of
COVID-19 after acute disease, called post-acute COVID-19
sequelae (PACS) or long COVID. The pathophysiology of such
clinical complexities involves a dysregulated immune response,
leading to a systemic cytokine storm, albeit with contraindications
from various mounting pieces of evidence.

Gaining mechanistic insights into pathways elicited by SARS-
CoV-2 infection could provide opportunities to optimize
management protocols for improving the clinical outcomes of
patients. Multiple reports recognize that numerous strategies
tackle COVID-19 based on broad similarities between COVID-
19-induced acute respiratory distress syndrome (ARDS) and
other ARDS-causing diseases. This confusion could translate
into unfounded decisions in the hospital, detrimental to patient
outcomes. Although in principle, COVID-induced ARDS shares
commonalities with ARDS, emerging evidence strongly
advocates that SARS-CoV-2 is entirely a unique pathologic
entity (3).

This review provides an update regarding the infection and
immune dysregulation mechanisms in COVID-19. However, our
review will mainly discuss the relevant topics’ salient features due
to the sheer mass of publications.

2 ANATOMY OF SARS-COV-2 INFECTION
AND CLINICAL FEATURES

2.1 Mechanisms of SARS-CoV-2 Infection
SARS-CoV-2 enters host cells by the surface S protein
comprising S1 and S2. The S1 subunit contains the receptor-
binding domain (RBD), whereas S2 mediates viral-cell
membrane fusion and cell entry (1). After engaging its cognate
receptor, which is the angiotensin-converting enzyme 2 (ACE2)
receptor, the S-protein undergoes priming through proteolytic
cleavage by transmembrane serine protease-2 (TMPRSS2),
which induces a conformational change in S-protein and
allows for cellular entry via endocytosis (1). The distribution of
ACE2 throughout the body dictates SARS-CoV-2 infective
tropism. In the respiratory zone of the airways, type II
pneumocytes mainly express ACE2, hence constituting the
primary target of SARS-CoV-2 in the alveoli (4). A study
revealed a decreasing gradient of ACE2 expression from the
upper to the lower respiratory tract with a corresponding decline
in SARS-CoV-2 viral load. The question in response is how
SARS-CoV-2 gets transmitted from the upper to the lower
airways? The same study highlighted aspiration-mediated viral
seeding of the lower respiratory tract as a potential mechanism,
which leads to infection of type II pneumocytes, alveolar
macrophages, and endothelial cells expressing ACE2 (5).

Cardiac, kidney, gastrointestinal, bile duct, and testicular cells
also express ACE2, rendering them susceptible to infection and
cytopathic effects (6). Moreover, SARS-CoV-2 RNA and proteins
have been detected in the brain, raising suspicion of
neurotropism (7) manifesting clinically as anosmia or/and
ageusia, which indeed are central features of COVID-19
infection. In addition, demonstration of SARS-CoV-2 elements
in the small bowel after clinical recovery suggests that SARS-
CoV-2 persists in the gastrointestinal tract, even after recovery.
Stool shedding of SARS-CoV-2 occurs, raising concern for
potential fecal-oral transmission (6). Although not definitively
proven yet, such possible routes of SARS-CoV-2 acquisition
should be considered and eliminated in hospital environments
to prevent nosocomial infection.

Although SARS-CoV-2 infection is less severe than the
original SARS-CoV and Middle East Respiratory Syndrome
(MERS)-CoV, the increased transmissibility of SARS-CoV-2 is
responsible for the increased morbidity and mortality worldwide
compared to other beta-coronaviruses. This increased
transmissibility stems from SARS-CoV-2 replication in upper
respiratory epithelial cells and subsequent nasal and pharyngeal
shedding, features not exhibited by SARS-CoV and MERS-CoV.
SARS-CoV-2 viral load peaks at about 3-5 days after infection,
whereas loads of SARS-CoV and MERS-CoV are maximal after
approximately ten days post-symptom onset (8-10). MERS-CoV
can also directly infect innate immune cells to augment viral
replication, whereas SARS-CoV exhibits abortive infection of
these cells. Conclusions regarding potential immune cell
infection by SARS-CoV-2 would be premature due to the
paucity of current evidence. Further work evaluating SARS-
CoV-2 immune cell infection is required to provide a definitive
answer. Only two such demonstrations — one in preprint form -
exist in current literature, reporting monocyte infection in the
alveolar spaces and secondary lymphoid organs (10, 11).

ACE2 is unlikely the only receptor mediating SARS-CoV-2 cell
entry. A study identified 12 additional receptor types facilitating
SARS-CoV-2 infection independent of ACE2. Perhaps the
expression of such receptors accounts for the broad SARS-CoV-
2 tropism and the variable clinical manifestations of COVID-19
(12). For example, Neuropilin-1 binds to the C-end rule (CendR)
peptide at the C-terminal end of S1 after proteolytic cleavage of the
SARS-CoV-2 S protein. Although the binding affinity between
CendR and neuropilin-1 is considerably weaker than RBD-ACE2
interactions, the nasopharynx and upper respiratory tract express
neuropilin-1 more abundantly than ACE2 (13). Another receptor,
the tyrosine kinase UFO termed AXL, could mediate ACE2-
independent SARS-CoV-2 viral entry into pulmonary epithelial
cells by binding the S-protein N-terminal domain (NTD) rather
than the RBD (14). Like neuropilin-1, AXL is more abundantly
expressed in the respiratory tract than ACE2, with the binding
affinity of AXL-NTD interactions comparable to ACE2 and
expression levels of AXL correlating with SARS-CoV-2 viral
load in bronchoalveolar lavage fluid (BALF) (14). Accordingly,
blocking AXL-NTD interactions in ACE2-depleted H1299 cells
abolishes viral entry, and blocking ACE2 or AXL while
overexpressing the other receptor has minimal effects.
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These results collectively implicate AXL as the primary
receptor alongside ACE2 mediating SARS-CoV-2 infection
(14). Therefore, future research should evaluate whether
similar infectious processes result from the engagement of
these receptors. Furthermore, assessing the expression of AXL
and other receptors on remote tissues and assessing for viral
SARS-CoV-2 load despite ACE2 inhibition would implicate
these alternate receptors as playing central roles in the diverse
clinical presentation of COVID-19. If this is the case, then AXL
could constitute a novel therapeutic target for future antiviral
COVID-19 medications to mitigate the systemic manifestations
of COVID-19. Finally, several other receptors are potentially
responsible for the high infectivity of SARS-CoV-2 and thus
require similar investigations to substantiate their roles in
COVID-19 pathogenesis (14).

2.2 Clinical Features

The pulmonary tropism of SARS-CoV-2 manifests in the most
common clinical presentation of COVID-19, cough and dyspnea
(15). Although ~80% of COVID-19 patients are asymptomatic or
develop mild flu-like symptoms, approximately 15% progress to
critical illness characterized by ARDS requiring mechanical
ventilation and aggressive treatment in intensive care units
(ICU) (3, 16). From a functional standpoint, SARS-CoV-2
likely generates a ventilation-perfusion mismatch (V/Q
mismatch) through shunting and increasing dead space
ventilation by causing inflammation-induced pulmonary
hyperperfusion and microvascular thrombosis, respectively.
The consequent pulmonary edema thickens the alveolar-
pulmonary capillary diffusion barrier, impeding efficient gas
exchange (3, 17).

Early COVID-19 manifests predominantly as bilateral,
subpleural, or peripheral ground-glass opacities (GGOs) on
computed tomography (CT) scans. GGOs denote airway
disease characterized by the partial filling of the alveolar air
spaces with concomitant interstitial thickening, inflammation,
and edema, all typical features of a pneumonia pattern (18, 19).
Such findings peak at 9-13 days and subsequently begin to
resolve. However, CT scans can reveal increasing disease
severity by increasing consolidation, a crazy-paving appearance
(GGOs with superimposed thickening of the inter-and
intralobular septae), and a more global lung involvement (18).

Rapid respiratory deterioration in patients with relatively mild
lung disease, with abnormal coagulation parameters, and right
heart failure are suggestive of pulmonary embolism (PE), for
which a pulmonary CT angiogram (CTPA) is indicated (20).
Clinical studies have shown a high prevalence of PE in critically ill
COVID-19: the composite incidence of venous thromboembolism
and arterial thrombotic complications in ICU-admitted COVID-
19 pneumonia patients is 31% (21), and 20.6% of ICU-admitted
COVID-19 patients develop PE with an absolute higher risk
(14.4%) compared to non-COVID-related ICU admissions (22).
In agreement with this, autopsy findings of COVID-19 lung
disease reveal vascular microangiopathy and thrombosis, setting
this disease apart from ARDS secondary to other causes (23).

After the resolution of severe COVID-19, lung fibrosis can
develop, resulting in a progressive and irreversible deterioration

in lung function and respiratory failure. Fibrosis is a confirmed
complication of severe SARS infection, with the severity
dependent on disease duration; prior studies reporting
pulmonary autopsy findings of severe COVID-19 have revealed
extensive fibrotic changes (24). CT findings of such entities
include extensive fibrotic changes with reticulations, traction
bronchiectasis, and honeycombing (25). Predictors of post-
COVID fibrosis - aptly named long COVID or PACS- include
old age, male gender, comorbidities such as hypertension,
diabetes mellitus, preexisting chronic pulmonary disease, and a
longer duration of symptoms. Concurrently, these conditions are
also risk factors for severe COVID-19 ARDS. Indeed, lung
fibrosis is a well-known sequela of ARDS irrespective of
etiology (25, 26).

Another distinguishing feature separating COVID-19 ARDS
from other etiologies is the apparent silent hypoxemia - defined
as minimal dyspnea out of proportion to the hypoxemia and lung
damage - early in the disease course. Three distinct
pathophysiological processes may underlie this: high lung
compliance early in the disease course, impairment of hypoxic
vasoconstriction resulting in shunting, and impairment of
peripheral chemoreceptor oxygen-sensing sensitivity by direct
SARS-CoV-2 infection (17). However, hypoxemia has minimal
contribution to the severe dyspnea that COVID patients suffer.
Instead, hypoxia-driven hyperventilation and an increased tidal
volume seen in COVID-induced pneumonia can result in
patient-inflicted lung injury. These patients exhibit patterns of
lung injury approximating those seen in mechanical ventilation-
associated injuries (27). Therefore, such patients may benefit
from prophylactic rather than therapeutic protective ventilation
(3, 27).

2.3 Comorbidities Linked to
COVID-19 Severity

Numerous clinical studies have shown that individuals with pre-
existing comorbidities are at the highest risk of severe disease
(28). Two meta-analyses have shown that individuals with
chronic comorbidities, including hypertension (16%),
cardiovascular disease (12.11%), diabetes (7.87%), chronic liver
(3%) and kidney disease (0.83%), cancer (0.92%), chronic
obstructive pulmonary disease (0.95%), and cancer (0.92%),
account for the majority of COVID-19 hospitalizations (29,
30). However, the factors underlying this predisposition
remain investigational.

These comorbidities induce renin-angiotensin-aldosterone
(RAS) imbalance, and SARS-CoV-2 exacerbates this. Elevated
Ang II is a prominent feature of various comorbidities — such as
diabetes, obesity, and hypertension — and may account for the
elevated risk of severe COVID-19 in these patients (31, 32)
SARS-CoV-2 utilizes ACE2 for viral entry into cells and the
continuous recycling of ACE2 upon SARS-CoV-2 cell entry - i.e.,
repetitive endocytosis and recirculation back to the cell surface -
eventually results in a net downregulation of ACE2 and a chronic
ACE2 deficiency (33). ACE2 converts Angiotensin II (Ang-II) to
Angiotensin 1-7 (Angl-7). Therefore, ACE2 deficiency causes
Ang II accumulation. Ang II and Angl-7 thus have reciprocal
functions: ACE2 promotes proinflammatory and prothrombotic
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phenotypes through the angiotensin-1 receptor (AT1R), while
Ang1-7 mediates the opposite (34, 35). Thus, increases in serum
Ang II contribute to the proinflammatory and thrombotic
phenotype of COVID-19 (35) (Figure 1). Lastly, since the
ACE2 gene is X-linked, some studies hypothesize this to
underpin the apparent elevated disease severity in males, i.e.,
reduced ACE2 expression occurs in males [15,32]. Additionally,
reduced ACE2 expression with age may contribute to the high
risk of severe disease in the elderly (4).

If ACE2 expression levels do inversely correlate with disease
severity, coupled with the current need for reliable prognostic
biomarkers, perhaps scrutinizing ACE2 levels as potential
biomarkers could answer these pertinent clinical questions.

3 INNATE IMMUNE RESPONSES AGAINST
SARS-COV-2

Innate immunity is the first line of defense against invading
microbes and involves a nonspecific immune response with
neutrophil and macrophage recruitment and cytokine and
chemokine production. Immunologically profiling Mild-to-
moderate versus severe COVID-19 reveals strikingly different,
severity-dependent innate and adaptive immune responses
(Figure 2). The innate response also kickstarts adaptive
immunity through antigen-presenting cells (APCs) - namely
macrophages and dendritic cells — which present viral epitopes to
CD4+ T helper cells.

The innate immune system responds to SARS-CoV-2
infection via two mechanisms: (1) directly by recognizing
pathogen-associated molecular patterns (PAMPs) via pattern
recognition receptors (PRRs) - including NOD-like (NLR),
RIG-like (RLR), and Toll-like (TLR) receptors - present on
and in immune cells and (2) indirectly through the release of
cell contents - termed damage-associated molecular patterns
(DAMPs) - which PRRs recognize (4).

Briefly, host defense comprises various pattern recognition
molecules residing in all body compartments. Membrane-bound
PRRs include Toll-like receptors (TLRs) and C-type lectin
receptors (CLRs). Cytoplasmic PRRs include melanoma
differentiation-associated gene 5 (MDAS5), retinoic acid-
inducible gene I (RIG-I), Z-DNA binding protein 1 (ZBP1),
and cyclic GMP-AMP synthetase (cGAS). In the extracellular
compartment, complement through mannan-binding lectin
(MBL) can sense viral glycans to induce the lectin pathway of
complement activation. Non-classical PRRs include the stress-
induced nuclear factor erythroid 2-related factor 2 (Nrf2) and
hypoxia-inducible factor 1o. (HIF1a), activated in response to
oxidative stress and hypoxia, respectively (36). These PRRs induce
transcriptional programs to activate either inflammatory or antiviral
gene expression. For instance, NF«B and activator protein 1 (AP1)
drive proinflammatory gene expression signatures, whereas IFN
regulatory factor 3 (IRF3) and (IRF7) drive antiviral type I and III
IFN signatures (37, 38).

Specifically, type I IEN expression is critical in clearing SARS-
CoV-2. Indeed, like other coronaviruses, animal models of
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FIGURE 2 | Severity-dependent immune profiles upon SARS-CoV-2 infection. (A) In severe COVID-19, the immune evasion capabilities of SARS-CoV-2 inhibits IFN
responses to delay the recruitment of functional T cells. Consequently, dysfunctional T cell immunity occurs in severe cases, marked by severe lymphopenia and
higher expression of T cell exhaustion markers PD-1, TIM-3, and CD39. Not mentioned in the diagram is the increased number of Tregs in severe cases.
Concomitantly, amplification of the innate response is characterized by accumulation of classical HLA-DR*“S100A"™" proinflammatory monocytes and depletion of
pro-homeostatic alveolar macrophages. Regarding neutrophils, an immature neutrophilia suggests emergency myelopoiesis, and neutrophil activation markers, such
as oxidative burst, phagocytosis, and NETosis, increase in severe COVID-19. In addition, the MDSCs that contribute to the neutrophilia suppress T-cell responses
and activate Tregs. Composition rather than quantity of the B cell compartment are altered in severe COVID-19, featuring more antibody-secreting plasmablasts and
impaired germinal center responses with a decrease in memory B cells and Ty cells. (B) In contrast, mild COVID-19 infection is associated with recovery of T cell
counts and function. The neutrophilia and HLA-DR expression on monocytes normalizes in mild cases. This is due to early induction of IFN responses upon SARS-
CoV-2 infection, which elicits an effective and timely T-cell response. B cell compartment modifications are as expected for viral infections, with potent early
plasmablast responses and subsequent GC responses to yield long-lived SARS-CoV-2-specific plasma and memory cells.
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SARS-CoV-2 infection show the virus to be highly sensitive to
type I IEN treatment. Therefore, this pathway represents an
essential immune-evasion mechanism of SARS-CoV-2. For
instance, several above-described PRR-mediated type I IFN
antiviral programs described above are suppressed explicitly in
SARS-CoV-2 infection. Furthermore, the data indicate that
molecular defects and consequent dysregulations in generating
interferon (IFN) responses elevate the risk of severe COVID-19
(39, 40). Lastly, SARS-CoV-2 delays type I IFN expression in in-
vitro studies. For more detailed descriptions on this topic, we
refer readers to a recently published comprehensive review solely
focusing on innate immunological pathways in COVID-19 (41).

This section focuses on neutrophil and monocyte/
macrophage responses. However, COVID-19 also disrupts
other components of innate immunity, namely natural killer
(NK) cells and dendritic cells (DCs). Briefly, total DCs frequency
decreases in severe COVID-19 patients compared to those mild-
to-moderately affected and healthy controls (42). Whereas mild
COVID-19 involves robust type I IFN responses early in the
disease course, severe disease impairs type I IFN response and
delays the development of adaptive immunity with consequent
amplification of the innate response (43). Delayed activation of
adaptive T cell responses is crucial to COVID-19
disease progression.

Studies report a reduction in NK cells in the periphery but
their accumulation in the lungs. NK cell activation signatures in
COVID-19 are controversial. Some studies report an exhausted
phenotype with higher NKG2A expression and reduced makers
cytotoxicity (44, 45). At the same time, other investigators show
marked peripheral NK cell activation in severe COVID-19, with
higher fractions of CD56"8"" cells and higher cytotoxic makers
perforin and granzyme B that correlate positively with serum IL-
6 levels, neutrophilia, sequential organ failure assessment
(SOFA) scores, and PaO,/FiO, ratio (46). Nevertheless, NK
cell dysfunction is a feature of COVID-19 and correlates with
disease severity, and a conditional independence network
analysis revealed this to be IL-15-dependent (47). Lastly, NK
cells in severe COVID-19 patients have impaired antifibrotic
activity (48), potentially setting the stage for PACS.

3.1 Neutrophil, Monocyte, and
Macrophage Responses in COVID-19

3.1.1 Neutrophils

Neutrophils are the first cells to be recruited to sites of acute
inflammation and contribute to inflammatory responses by
phagocytosis, killing microbes via respiratory bursts,
degranulating to release antimicrobial peptides, and elaborating
neutrophil extracellular traps (NETs). All severities of COVID-
19 consistently feature neutrophilia and elevated neutrophil
activation markers, including oxidative burst, NETosis, and
phagocytosis relative to healthy controls, and these findings
correlate with disease severity (49, 50). Single-cell RNA
sequencing analyses reveal dense neutrophilic infiltrates in the
upper airways (51) and BALF (52), and histopathological
investigations confirm these findings by showing excessive

neutrophil infiltration into the lungs of deceased COVID-19
patients (53). BALF analysis also reveals higher levels of
neutrophil-associated cytokines and chemokines IL-6 and IL-8,
respectively. The neutrophilia in critically ill COVID-19 patients
is skewed towards immature neutrophil subsets, suggesting
emergency myelopoiesis. Transcriptomic analysis of immature
neutrophils in severe COVID-19 reveals higher expression of
genes involved in neutrophil extracellular trap (NET) formation,
such as MPO, ELANE, PRTN3, and genes associated with a poor
outcome in sepsis (54). Additionally, neutrophils in COVID-19
express high SI00A8 and S100A9, which serve as alarmins to
amplify inflammation (55).

The neutrophilia in severe disease also shows myeloid-
derived suppressor cells (MDSCs), more so in ICU patients
compared to milder cases, and in non-survivors compared to
survivors. Furthermore, higher MDSCs correlate with increased
IL-6 levels in non-survivors and lower T cell proliferation and
IEN- production (56). Therefore, MDSCs play a role in
dampening T cell immunity (57). Accordingly, the current data
suggest a model whereby an early expansion of MDSCs can
impair protective T cell responses and cause disease progression
(58), rationalizing MDSC profiling as a potential risk factor in
prognosis. Furthermore, another study reported MDSCs as the
primary source of IL-6 in severe COVID-19, but administering
tocilizumab (an IL-6 inhibitor) did not reduce circulating MDSC
or IL-6 levels. Lastly, MDSCs can induce expansion of regulatory
T cells (Tregs), which are characteristically elevated in COVID-
19, suggesting a causal relationship between MDSCs and Tregs in
COVID-19 (58, 59).

3.1.2 Monocyte Responses in COVID-19

The mononuclear phagocyte (MNP) system is composed of
monocytes, macrophages, and dendritic cells (DCs). Monocytes
derive from hematopoietic myeloid progenitors in the bone
marrow and enter the circulation. In tissues, monocytes
differentiate into DCs or macrophages. The relative surface
expression of CD14 and CD16 on monocytes divide them into
three subsets: classical (CD14*"CD167), intermediate
(CD14*CD16"), and non-classical (CD14*CD16™") (60).
Classical monocytes are the most abundant, while nonclassical
monocytes are the least common. In general, classical monocytes
are proinflammatory, intermediate monocytes possess robust
antigen-presenting and cytokine-producing capabilities, and
nonclassical monocytes maintain vascular integrity and initiate
antiviral responses by elaborating type I IFN responses (61, 62).
Therefore, the subsets of circulating monocytes are phenotypical
and functionally distinct (63), and each subset is differentially
affected by SARS-CoV-2 infection (64, 65).

Severe SARS-CoV-2 infection-induced disturbances to the
monocyte compartment take three forms: monocytopenia with
depletion of nonclassical monocytes, reduced HLA-DR and
CD11c expression, and increased expression of the S100A
family genes (43, 55, 66-69). Therefore, whereas mild COVID-
19 features HLA-DR"" CD11c"" monocytes, severe disease
features HLA-DR'®" S100A™&" classical monocytes showing
signs of activation such as elevated CD169 and CD163
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expression, upregulation of ISGs, and increased release of
alarmins and proinflammatory cytokines IL-1f and IL-6 (70,
71). In agreement with this, moderate COVID cases show an
increased percentage of intermediate monocytes. Furthermore,
longitudinally profiling monocyte subset alterations in
convalescent COVID-19 reveals a decline in the percentage of
classical monocytes and their activation markers with a
concurrent rise in intermediate and nonclassical monocytes
fractions (72).

Single-cell RNA sequencing (scRNA-seq) shows classical
monocytes as the primary source of cytokines and chemokines
in severe COVID-19, such as CCL2, CXCL8, IL-6, TNF-a. IL-18,
and IL-18 (73). Another study profiled the blood to reveal three
distinct monocyte subtypes: Mono_c1-CD14-CCL3, which
accumulated in a subset of severely affected patients with
cytokine storm, Mono_c2-CD14-HLA-DPB, and Mono_c3-
CD14-VCAN, both of which were present to comparable levels
in every disease stage (74). Also, Mono_c1-CD14-CCL3
monocyte-derived CCL3, IL-1RN, and TNF correlate with
disease severity (74). Lastly, as discussed below, monocytes are
recruited into the lungs in COVID-19 patients (75).

3.1.3 Macrophage Responses in COVID-19

Although immunologically profiling whole blood and PBMCs
has been invaluable in ascertaining the systemic immune
dysregulation caused by SARS-CoV-2 infection, COVID-19 is,
in the end, a respiratory disease. Therefore, analyzing local
immune responses in the lung is essential to understanding the
immunopathology of COVID-19. Lung-resident macrophages
are classified based on exact location into alveolar macrophages
(AMs), monocyte-derived macrophages (MDMs), and
transitioning MDMs. AMs reside in the alveolar lumen and
orchestrate homeostasis and anti-inflammatory responses,
whereas MDMs propagate inflammation and fibrosis (76).
AMs originate in the fetal yolk-sac, from where they migrate to
the lungs and maintain themselves throughout life by self-
renewal, whereas MDM populations are replenished by
circulating monocytes.

The seminal study of Liao et al. compared cellular
composition and immune profiles of BALF of COVID-19
patients of varying severities (52). Severe COVID-19 alters
myeloid and lymphoid compartments: neutrophils,
macrophages, and monocytes increase, whereas dendritic and
T cells are depleted (52). Another study obtained paired blood
and airway samples of severe COVID-19 patients, revealing T-
cell depletion in the blood and lungs along with increased
myeloid frequencies and a dense MDM and neutrophilic
infiltrate. In addition, increased T cell numbers were seen in
younger patients and correlated with better COVID-19
outcomes, whereas myeloid cell numbers were positively
associated with age (77).

The BALF of critical COVID-19 patients features depletion of
AMs and higher proportions of MDMs (52, 78). Whereas AMs
exert pro-homeostatic effects, MDMs are proinflammatory, and,
therefore, their accumulation contributes to the
immunopathology of COVID-19 lung disease. A study in pre-

print evaluating hospitalized COVID-19 patients also revealed a
depletion of AMs, which correlated with disease severity, and
AMs numerically and functionally normalized in recovering
patients (77). Analysis of cytokine and chemokine expression
levels revealed higher IL-1f, IL-6, TNF, and CCL2, CCL3, CCL4,
and CCL7 in severe COVID-19 BALF compared to moderate
disease. Furthermore, CXCL16, a chemokine attracting T cells,
was depleted in severe COVID-19 but was induced in mild
disease. In contrast, elevated CCL2 expression indicates a CCL2-
CCR?2 axis that recruits more myeloid cells into COVID-19 lungs
(77). The IL-6 elevation has two-fold effects: it exacerbates the
inflammatory response and reduces HLA-DR expression on
monocytes. Accordingly, COVID-19 patient plasma inhibits
HLA-DR expression on monocytes (56, 79, 80), and
tocilizumab restores HLA-DR expression levels and non-
classical monocytes (81).

Macrophages also contribute to pulmonary fibrosis, a cardinal
feature of various diseases like idiopathic pulmonary fibrosis
(IPF) and PACS. Macrophages are either polarized to a
proinflammatory M1 phenotype or an anti-inflammatory pro-
fibrotic M2 phenotype, depending on their specific tissue
microenvironment. M2 macrophages contribute to pulmonary
fibrosis by releasing TGFB1 and PDGF, which, in turn, cause
fibroblasts to differentiate into myofibroblasts which mediate
fibrosis. A recent study demonstrated profibrotic MDM
phenotypes in severe COVID-19, which were transcriptionally
similar to macrophages found in IPF (82). Such profibrotic
macrophages interact with fibroblasts and myofibroblasts to
promote pulmonary fibrosis manifested as the aforementioned
radiologic findings.

Additionally, SARS-CoV-2-infected monocytes exhibited a
profibrotic transcriptome and proteome approximating
monocyte signatures in IPF, which uninfected cells do not
possess (82). A recent study demonstrated increased methyl-
CpG-binding domain protein (MBD) 2 in lung M2 macrophages
in COVID-19, IPF, systemic sclerosis-induced interstitial lung
disease, and in mice following bleomycin-induced pulmonary
fibrosis (83). MDB2 enhances PI3K/Akt signaling to induce
TGFB1 production and cause fibrosis. Notably, depletion of
MDB2 in mice attenuates bleomycin-induced pulmonary
fibrosis by reducing TGF-B1 levels, and administering
liposomal forms of MBD2 siRNA protects mice from
bleomycin-induced pulmonary fibrosis (83). Therefore, it will
be intriguing to see how future research exploits the potential
role of MDB2 in COVID-19 pulmonary fibrosis to alleviate
symptoms of PACS. Intriguingly, another recent study
demonstrated the persistence of SARS-CoV-2 S1 protein in
nonclassical monocytes up to 15 months post-infection, which
could account for the heterogenous presentation of long COVID,
whereby nonclassical monocytes exploit their function of
maintaining vascular integrity to migrate to various tissues and
cause pathology (64).

3.1.4 Metabolic Reprogramming in COVID-19
Since viruses are obligate intracellular pathogens, they rely solely
on host cell machinery for survival, i.e., translation of viral
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proteins and production of progeny virions. Therefore, viruses
tend to disrupt host cell metabolism to maximize their survival.
This metabolic reprogramming contributes to determining the
clinical outcome of a viral infection, conferring to it prognostic
and therapeutic importance. SARS-CoV-2 also brings about
extensive metabolic reprogramming (84).

Most differentiated cells utilize aerobic metabolism, i.e.,
oxidative phosphorylation, for energy in the form of ATP.
Viruses use HIF1o, which upregulates enzymes of glycolysis, to
redirect cell metabolism into anaerobic glycolysis to generate the
ATP necessary for viral replication (85). SARS-CoV-2 also
upregulates glycolysis in host immune cells via HIFla, as
evidenced by elevated pyruvate, pyruvate kinase, and lactate
dehydrogenase (LDH) in COVID-19 patients (86). In addition,
emergency myelopoiesis occurs in critically ill COVID-19
patients, with augmented expression of HIFla and its
associated transcriptional targets (87).

SARS-CoV-2 utilizes ORF3a to cause mitochondrial
dysfunction and ROS production, which activate HIFlow (88).
Furthermore, HIFlow promotes viral infections, inflammatory
responses, and blocks type 1 IFN responses. Notably, HIF1lo
expression is higher in elderly patients, revealing another
potential mechanism by which the elderly are predisposed to
severe COVID-19 (88). Lastly, several comorbidities, including
obesity and pulmonary hypertension, increase pre-existing
HIFlo levels, which SARS-CoV-2 infection exacerbates,
perhaps explaining the vulnerability of this patient
demographic to severe COVID-19 (89).

Macrophages infected with SARS-CoV-2 reprogram their
metabolism to become highly glycolytic, favoring SARS-CoV-2
replication and proinflammatory cytokine production (90).
Monocytes accumulate lipid, which favors viral replication and
proinflammatory cytokine production, and pharmacologically
inhibiting DGAT]1 to prevent lipid accumulation mitigates viral
replication and cytokine production (91).

Regarding neutrophils, a recent study by Borella et al.
investigated metabolic reprogramming in severe COVID-19
patients compared to healthy donors (92). In severe COVID-
19 patients, HIF1ow expression is higher in peripheral and BALF
neutrophils, along with upregulated genes encoding proteins of
glycolysis, glycogen metabolism, and gluconeogenesis and lower
expression of genes of oxidative phosphorylation. As neutrophils
depend on glucose metabolism for NETosis, glycolysis and
glycogen stores are increased in neutrophils sampled from
severe COVID-19 patients (92). Other than metabolic
reprogramming due to direct SARS-CoV-2 virus infection,
serum cytokines commonly elevated in severe COVID-19 also
increase glycolysis in neutrophils to encourage NETosis (92).

A ketogenic diet can shift metabolism from glucose to ketones
to reduce glycolytic capacity and mitigate SARS-CoV-2
pathophysiology. A randomized controlled trial
(NCT04492228) is currently underway to evaluate a ketogenic
diet as a path to alleviate COVID-19 (93). The role of HIF1a and
metabolic reprogramming in predisposing vulnerable
populations to severe disease still requires substantiation, but
theoretically is likely.

3.2 Cytokine Storm of COVID-19

It became apparent early in the pandemic that, in its most severe
form, COVID-19 is a systemic hyperinflammatory disease
culminating in ARDS, multiorgan failure, sepsis, and ultimately
death. Cytokine storm is an umbrella term describing a fatal
endpoint of many inflammatory disorders, characterized by a
systemic inflammatory response with constitutional symptoms
and multiorgan failure. Initial studies in Wuhan, China showed
elevated IL-1PB, IL-7, IL-8, IL-9, IL-10, FGF, G-CSF, GM-CSF,
IFN-y, IP-10, MCP-10. and 13, MIP-1, PDGF, TNF-a, and
VEGF concentrations in COVID-19 compared to uninfected
individuals. Furthermore, IL-2, IL-7, IL-10, G-CSF, IP-10, MIP-
1o and1f, and TNF-o. were higher in ICU COVID-19 patients
than non-ICU patients (19). Future studies expanded these
findings, demonstrating sustained increases in serum IL-2, IL-
6, IL-10, and IFN-y in severe COVID-19 cases, with higher IL-6
levels correlating with mortality risk. In addition, these cytokines
reach their peaks at 4-6 days, in concert with the lowest T-cell
count, and restoration of the T-cell lymphopenia correlates with
decreases in IL-2, IL-6, IL-10, TNF-0, and IFN-y levels (94).
These immunological findings occur in conjunction with
elevated inflammatory laboratory parameters, including higher
alanine aminotransferase, lactate dehydrogenase, CRP, ferritin,
and D-dimer, which correlate with disease severity (95).

The profiles of cytokine and non-cytokine mediators of severe
COVID-19 have drawn resemblance to secondary
hemophagocytic lymphohistiocytosis (sSHLH) and macrophage
activation syndrome (MAS) (96, 97). sHLH is a fatal
complication of viral infections and sepsis, and MAS classically
occurs in systemic idiopathic juvenile arthritis. The hallmark
clinical and laboratory findings of sHLH and MAS are fever,
cytopenias, hyperferritinemia, and pulmonary disease such as
ARDS, occurring in ~50% of patients (97). Severe COVID-19
also features these abnormalities. For instance, hyperferritinemia
of at least 4420 pg/L is a clinical cut-off value for MAS in bacterial
sepsis and is a consistent feature of critically ill COVID-19
patients (81). The gene expression profile of activated lung
macrophages in COVID-19 displays similarity with sHLH and
MAS macrophages, and both sHLH/MAS and SARS-CoV-2 -
induced cytokine storms include IL-2, IL-7, G-CSF, IP-10, MCP-
1, MIP-1o. and 1B, and TNF-o elevations (98). An NLRP3
inflammasome activation signature is a feature of COVID-19 and
a marker of sHLH (99). Lastly, COVID-19 and HLH display
marked NK cell exhaustion (46, 100).

However, despite these similarities, a recent study was the first
to compare cytokine storms in COVID-19 and sHLH/MAS
directly and found a clear distinction between the two (99).
MAS cytokine storms exhibited higher IL-6, IL-18, IFN-y, TNE-
o, and CXCL9 than severe COVID-19, with IFN-y, IL-18, and
CXCL9 being significantly lower in COVID-19. In contrast,
COVID-19 featured higher IL-5, IL-7, IL-17A, CXCL8, and
VEGF; CXCL8 was three-fold higher in COVID than in MAS,
and VEGF is absent in MAS-induced cytokine storms. In
addition, although both COVID-19 and MAS feature
hyperferritinemia and D-dimer elevations, their magnitude of
increase in COVID-19 are markedly lower than in MAS (73).

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 835104


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

Lastly, studies showed no utility of using the HScore, the risk
assessment protocol of HLH patients, to risk-stratify COVID-19
patients (101, 102), supporting the conceptualization of COVID-
19 as a separate entity.

Comparative studies have also distinguished the cytokine
storm of severe COVID-19 from bacterial sepsis, which
displays monocytes lacking the ability to produce cytokines,
and from severe influenza, which exhibits early interferon
signatures, unlike severe COVID-19 (103). Furthermore,
although widespread hypercoagulability characterizes severe
COVID-19 and disseminated intravascular coagulation (DIC)
secondary to sepsis, the coagulopathy pattern in these entities is
distinct. Firstly, while sepsis-induced DIC is a fatal progression of
~30-40% of septic shock patients (104), only a few COVID-19
patients meet DIC criteria. Secondly, sepsis-induced DIC
features thrombocytopenia, elevated parameters of the
secondary coagulation cascade, and reduced antithrombin,
whereas severe COVID-19 patients exhibit only minor
reductions in these parameters but display higher fibrinogen
and D-dimer levels (105). D-dimer elevations, as drastic as > 5
mg/L, despite anticoagulation, have been consistently elevated
across several studies in ICU-admitted COVID-19 patients, with
sudden increases suggestive of acute thrombotic events such as
PE (106). Accordingly, D-dimer is considered a potential marker
of severe disease, but objective cut-off points for risk stratification
and therapeutic anticoagulation induction remain
unidentified (107).

Elderly patients and those with comorbidities are most at
risk of developing severe COVID-19. Indeed, adults > 65 years
account for 80% of COVID-related hospitalizations and most
deaths from COVID-19 (108). The predisposition of the elderly
to severe COVID-19 has several underlying theories. However,
to our knowledge, studies longitudinally comparing profiles of
the hypercytokinemia in different age groups are few and far
between. Regardless, there is some evidence that increasing age
correlates with more dysregulated serum cytokine levels and
inflammatory lab markers. In this regard, a study evaluating 44
adults hospitalized COVID-19 patients divided its cohort into
two groups, young (<60 years) and old (>60 years), to measure
differential immune responses to COVID-19 in different age
groups. Older patients were hospitalized for longer, had a
greater incidence of severe disease, and IL-27 elevation best
correlated with age (109). A more recent study expanded on
this by using the same age grouping to reveal higher serum IP-
10, GM-CSF, IL-10, and TNF-related apoptosis-inducing
ligand (TRAIL) but not IL-27 in older individuals, whereas
younger individuals showed higher CCL5, a T-cell
chemoattractant (110). The higher level of IP-10 and lower
CCLS5 expression in older patients suggest dysfunctional T cell
responses, and IFN-y elevations in older patients who
succumbed to the disease are consistent with this suggestion.
In contrast, increased levels of T cell-derived IL-2 IL-2, IL-7, IL-
4, and IL-5, myeloid-derived IL-1o and 1B, and growth factors
such as PDGF and TGF-a in younger individuals suggest that
they develop more robust T cell responses in an attempt to clear
the infection (110).

Older individuals are also more likely to develop the severe
COVID-related dysregulated myeloid and lymphoid
compartment phenotypes described in their respective sections.
In addition, aging causes immunosenescence, in which naive T-
cell subsets decline. Additionally, aging creates a chronic low-
grade sterile inflammatory state termed “inflammaging”; baseline
proinflammatory cytokine levels in the lungs are higher in the
elderly. These factors predispose older patients to dysregulated
T-cell responses, which can cause disease progression. A more
comprehensive review of aging-related changes in innate and
adaptive immunity is comprehensively reviewed here (111).

However, cytokine storm may be an inaccurate descriptor of
severe COVID-19 for several reasons. First, serum cytokine levels
in critical COVID cases are insufficient to cause severe disease
and are less robust than other cytokine storm-causing conditions
(112-114). Second, histopathologic evidence distinguishes
COVID-19 from other ARDS-causing viral illnesses by
demonstrating predominant thrombosis and neoangiogenesis
in COVID-19 lungs, with thrombi reported in the lung and
several remote organs (23, 53). Third, despite thromboprophylaxis
in severe COVID-19, clinical studies show a high incidence of
thromboembolic complications. Lastly, studies have demonstrated
COVID-19 pneumonia to be a slower disease than other respiratory
viruses such as influenza A (115), and the duration of mechanical
ventilation and ICU stay in COVID-19 patients is longer (5).

3.3 Endothelial Dysfunction in COVID-19: A
Major Player in Pathogenesis

Endotheliitis may cause the angiocentric phenotype of COVID-
19. An intact endothelium is crucial in maintaining hemostasis.
Conversely, disruption of the endothelium exposes
subendothelial collagen and tissue factors, precipitating a
hypercoagulable state. In agreement with this, autopsy
specimens reveal endothelial cell damage by detecting
intracellular SARS-CoV-2 virus (23). Additionally, COVID-19
patients display higher markers of coagulopathy, including D-
dimer, fibrinogen, prothrombin time (PT), and activated partial
thromboplastin time (aPTT) (116, 117). In addition, a greater
magnitude of D-dimer elevations is seen in COVID-19 patients
when compared to other ICU-admitted patients (118), as well as
other critical pneumonia cases not due to COVID-19 (119), with
the incidence of venous thromboembolic complications in
critically ill COVID patients far exceeding that of other ICU
patients (120). Characterizing the molecular mechanisms
participating in COVID-19 endothelitis could instigate the
development and implementation of biomarkers to monitor
and novel therapeutic targets to mitigate COVID-19. Below,
we attempt to summarize the important mechanisms believed to
be underlying COVID-19 endotheliitis, but for more detailed
descriptions on this topic we refer readers to an exhaustive
review by Smajda et al. (121).

3.3.1 Evidence of SARS-CoV-2-Induced

Endothelial Disease

This section lists some of the clinical data lending evidence to
SARS-CoV-2-induced endotheliitis. A 3 um thick glycocalyx
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protects the endothelium (eGC), estimated clinically by the
perfused boundary region (PBR). Thinning of the glycocalyx,
heralded by a higher PBR, occurs in COVID-19. Numerous
investigators report eGC damage as manifested by elevations in
PBR (122) and eGC constituents such as syndecan-1, elevated
eGC-damaging heparanase-1, and lower heparinase-2, which
inhibits heparinase-1 (122). Upregulation of vascular adhesion
molecules on endothelial cells also signifies their activation.
Indeed, P and E-selectin, ICAM-1, VCAM-1, and PECAM-1
level correlate positively with viral load, disease severity in a
grade-dependent manner, and mortality (123-126).

Tie inhibition mediates the switch of cells from an
anticoagulant to a procoagulant phenotype. Angiopoietin-1
activates Tie2 to signal vascular quiescence. Angiopoietin-2,
released from activated endothelial cells, competitively inhibits
Tie2 to induce a pro-adhesive, proinflammatory and
hyperpermeable endothelial cell signature (127). Angiopoietin-
2 levels are elevated in COVID-19 and correlate with SARS-
CoV-2 load, serum D-dimer and CRP (128). Furthermore,
angiopoietin-2 levels are higher in critically ill patients than
hospitalized and outpatients and in non-survivors compared to
survivors. Accordingly, angiopoietin-2 levels predict ICU
admission and mortality reliably (129).

The vascular endothelial growth factor (VEGF) family,
including VEGF A to E and PIGF, mediate angiogenesis and
lymphangiogenesis. VEGF-A is elevated in COVID-19 compared
to healthy controls and is higher in critical COVID-19 cases than
non-critical cases. Soluble levels of Flt-1, a truncated form of the
VEGF-A receptor, are also markedly elevated in COVID-19
patients and predict the need for mechanical ventilation,
vasopressor support, and mortality (129). A prospective
multicenter study showed VEGEF-A to be one of the best
predictors of COVID-19 disease severity (130), and another
study attempting to associate VEGF family members with in-
hospital mortality due to COVID-19 reported that VEGF-A,
PIGF, and FGF-2 significantly increased with disease severity (p
< 0.001) with a serum PIGF cut-off of above 30pg/mL the best
predictor of in-hospital mortality on survival analysis (p =
0.001). Hypoxia is a well-known trigger of VEGF, and autopsy
findings of COVID-19 lung disease show hypoxia-related gene
expression of HIFlo. and an increase in intussusceptive
angiogenesis, which correlates with serum angiogenesis
markers including VEGF (23). The roles of VEGF and
angiogenesis in COVID-19 and ARDS are discussed in detail
here (121, 131-133).

Lastly, von Willebrand Factor (vWF) is synthesized by
endothelial cells, stored in Weibel-Palade bodies, and released
during endothelial activation by proinflammatory stimuli. vVWF
is essential for platelet aggregation and plays a significant role in
thrombosis. Therefore, vVWF constitutes a link between
inflammation and thrombosis. Numerous studies show that
vWFE is elevated in COVID-19 (134) and is higher in critically
ill patients (135). Furthermore, independent cohorts have yielded
similar results that vWF levels on hospital admission predict
mortality, with higher vWF levels in non-survivors (126, 136,
137). In addition, A Disintegrin And Metalloproteinase with

ThromboSpondin motifs 13 (ADAMTS13), which cleaves large
multimeric vVWF polymers into monomers to prevent
thrombosis, is reportedly depleted in mechanically ventilated
COVID-19 patients, and an eightfold higher vWEF-to-
ADAMTS13 ratio occurs in ICU-admitted and mechanically-
ventilated COVID-19 patients (137, 138).

3.3.2 Role of NETSs, Platelets, and Complement

in Endotheliitis

Numerous studies have proposed that endothelial cell activation
may result from NETs production from neutrophils. NET
markers, including cell-free DNA (cfDNA), histones (cit-H3),
and myeloperoxidase (MPO), are elevated in COVID-19 and
correlate with disease severity (49), serum of individuals infected
with SARS-CoV-2 can induce NETosis (139, 140), and in vitro
studies have shown SARS-CoV-2 directly infecting neutrophils
and inducing NETosis (141, 142). Furthermore, NETs occur
within pulmonary, renal (143), and cardiac (144) microthrombi
in COVID patients. These findings informed suggestions that
perhaps NET markers constitute reliable prognostic biomarkers
(145-147). Since NETs are highly procoagulant, they contribute
to the immunothrombosis and pulmonary autopsies of COVID-
19 consistently reveal NETSs in close association with damaged
alveoli, as well as NET-platelet complexes (148). Accordingly,
administering NET-lysing DNase abrogates IL-6 and TNF
productions and reduces the BALF-plasma cytokine gradient
of these cytokines (149).

Platelets are activated during COVID-19 and bind
neutrophils through integrins and induce NETosis through
various platelet-derived particles, such as HMGBI1 (150, 151),
although other platelet-derived compounds may be involved
(148). Alternatively, NETs-induced endothelial damage results
in Von-Willebrand factor (vWF) exposure, which binds platelets
and activates them. These NETs could be released directly by
viral neutrophil infection or indirectly via IL-1B. Therefore, this
neutrophil-platelet circuitry promotes NETosis in COVID-19,
rationalizing its importance as a potential therapeutic
target (148).

Investigations into potential complement dysregulation in
COVID-19 stemmed from such observations in the original
SARS infection (152, 153). Immunohistochemical analysis of
COVID-19 lung autopsies reveals high expression of the
complement components MBL, C4, C3, and C5b-9 in alveolar
epithelial cells (154), as well as in COVID-induced acute kidney
failure. Moreover, higher serum markers of complement
activation occur in hospitalized COVID-19 patients than
hospitalized patients with a non-COVID respiratory disease,
and in patients who required mechanical ventilation compared
to those who did not (155, 156). Remission is accordingly
associated with a decline in complement markers.

The SARS-CoV-2 S protein activates the alternative pathway
in vitro (157). Additionally, the SARS-CoV-2 N protein binds
MASP-2 leading to complement hyperactivation - via the
mannan-binding lectin (MBL) pathway - and aggravated lung
injury (152, 158). Since complement dysregulation perpetuates
inflammation, which in itself is a prerequisite for NETosis
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of infiltrating neutrophils, a potential circuitry between
complement-mediated cytokine storms and NETosis
might exist (148). Interestingly, a recent study showed
the accumulation of CD16+ T cells in severe COVID-19,
which degranulate to release neutrophil and monocyte
chemoattractants. Furthermore, C3a induced this T cell
phenotype in severe disease, and C3a and CD16+ T cell
responses correlated with COVID-19 severity and outcome
(159). Therefore, the depth of the interplay between
various components of the innate response and platelets is
profound. Further characterization of these processes and
correlating future findings with disease severity is necessary to
rationalize using these factors as biomarkers and potential
therapeutic targets.

4 ADAPTIVE IMMUNE RESPONSE
AGAINST SARS-COV-2

The adaptive immune response constitutes the central host
defense system against viruses and is crucial in clearing SARS-
CoV-2 infection. As described above, SARS-CoV-2 initially
replicates in the nasopharyngeal passageways, which clinically
manifests as asymptomatic infection or with mild flu-like
symptoms. The eventual extension of infection into the lungs
can create a disease severe enough to require hospitalization.
However, effective initial innate responses can mitigate this by
creating an antiviral state in the tissues via type I and III IFN
responses and by triggering adaptive immune responses (41).
The adaptive immune response comprises B cells, which
differentiate into plasmablasts producing specific antibodies,
CD4+ helper-T (Th) cells that possess numerous helper
functions, including B cell help for the production of high-
affinity antibodies, and augmentation of innate responses via
IEN-y and by stimulation of CD8+ T cells (CTLs), which kill
infected cells. Furthermore, CD4+ Th cells, in addition to the
functions above, also exert direct Th1-mediated antiviral activity
to mitigate SARS-CoV-1 infection in mouse models (160).

4.1 What Does Protective Immunity
Against SARS-CoV-2 Constitute?
As discussed above, SARS-CoV-2 possesses a central immune
evasion mechanism of inhibiting IFN responses (103, 161),
which impairs the development of an effective innate immune
response, delaying stimulation of the adaptive response until
after SARS-CoV-2 has established significant lung disease.
Therefore, the likelihood of effective host defense against
SARS-CoV-2 or the development of clinically significant
COVID-19 depends on the timeliness of an adaptive immune
response. Early stimulation of adaptive, particularly T cell,
defense resolves infection in asymptomatic or mild disease,
whereas delayed T cell responses are non-homeostatic and can
worsen COVID-19 by amplifying the innate response (160).
Numerous clinical studies have shown this to be the case (162,
163). In the latter scenario, the inhibition of IFN responses plays

a crucial role. However, other factors such as age, which is
associated with a decline in naive CD4+ Th cell counts, and HLA
restrictions, which influence the T cell repertoire developed in
response to infection, also influence COVID-19 trajectories.

This section discusses the seminal studies informing our
current understanding of adaptive immune responses against
SARS-CoV-2. Pertinent clinical questions early in the pandemic
that guided the initial studies pertained to what
immunophenotype characterized mildly affected convalescent
COVID-19 patients versus how this phenotype changed in
severe COVID-19 patients. Furthermore, elucidating the
immunodominant epitopes of SARS-CoV-2 targeted by the T
cell arm of the adaptive response was imperative for predicting
the efficacy of the formerly developing vaccines, all of which
utilized the S protein as the immunogen. Lastly, assessing how
long immunologic memory persisted after infection or
vaccination was essential for developing vaccines.

The following discussion concentrates on T cell responses
rather than humoral immunity, as the data suggest a dispensable
role of antibody responses in clearing SARS-CoV-2 infection and
alleviating disease severity. Antibodies are more effective in
conferring a sterilizing immunity characterized by extracellular
neutralization of virions before infection occurs, but T cells are
responsible for clearing the infection. To this end, patients with
X-linked agammaglobulinemia recover from COVID-19 without
severe symptoms (164), patients on B-cell depletion therapies
recover from COVID-19 without complications (165), and other
instances where neutralizing antibody responses were
suboptimal but T cell responses were preserved (166).

4.1.1 Immunological Signatures in Convalescent and
Acute COVID-19

Studies investigating the immunophenotype of convalescent
COVID-19 patients versus acute COVID-19 patients highlight
the importance of T cell immunity.

Grifoni et al. investigated the targets of the T cell response
against SARS-CoV-2 in convalescent COVID-19 patient sera
(167). Robust CD4+ Th and CD8+ CTL responses occurred in
100% and 70% patients, respectively, with most but not all
reactions against the S protein, which was encouraging for
prior developing vaccines (167).

Moderbacher et al. evaluated these same parameters in acute
COVID-19 cases and correlated the phenotype of each subset of
adaptive immunity (antibodies, CD4+ Th, and CD8+ CTLs) with
disease severity (162). In contrast to the uncomplicated
convalescent COVID, acute disease featured much more
variable CD4+ T cell responses in 77% of acute COVID-19
patients than 100% in convalescents, and 27% of CD4+
responses were designated weak (162). Further, correlation
with disease severity revealed that the CD4+ response best
predicted disease severity, not the antibody response,
suggesting that the T cell arm of adaptive immunity is critical
in clearing SARS-CoV-2 after infection.

Early SARS-CoV-2-specific CD4+ Th cell responses are
associated with mild disease, whereas later induction - as late
as 22 days post-symptom onset (PSO) - is associated with severe
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disease (162). Additionally, this study also observed SARS-CoV-
2-specific follicular helper T cells (Tfh) in acute cases, with their
frequency inversely correlating with disease severity. Notably,
increasing age correlates with disease severity, with the adaptive
response appearing more uncoordinated in older individuals
(162). Age is indeed associated with a decline in naive CD4+
and CD8+ T cell populations, termed immunosenescence (168).
The CD8+ CTL compartment is particularly affected, impairing
SARS-CoV-2 clearance and increasing the likelihood of
developing consequent immunopathology.

Although representing a minority of symptomatic COVID-19
cases and deaths, children and adolescents can suffer from a rare
complication of COVID-19 called the multisystem inflammatory
syndrome (MIS-C), which peculiarly manifests weeks after the
infection and resembles a Kawasaki disease-like illness (169). The
pathogenesis of MIS-C involves hyperinflammation similar to
COVID-19, as evidenced by treatment with immunomodulating
therapies such as IVIG and steroids (170). However, the types of
cytokine storms induced by COVID-19, MIS-C, and Kawasaki
disease are distinct. Kawasaki's disease characteristically features
IL-17 elevations and vasculitis-related markers, whereas MIS-C does
not. Alternatively, MIS-C may involve autoantibodies formed
against casein kinases (171). Profiling the adaptive response in
MIS-C reveals profound T cell lymphopenia with an exhausted
phenotype and persistent B-cell plasmablast response, which is
higher than in severe COVID-19 (172). Additionally, MIS-C
features a preferential activation of CX3CR1+ CD8+ T cells,
although their proportion is unchanged compared to COVID-19,
which correlated with D-dimer elevations, thrombocytopenia, and
ICU admissions (172). However, the mechanism underlying this
preferential activation remains unidentified.

4.1.2 Immunologic Memory to SARS-CoV-2

Studies have determined the length of protective memory
responses induced by SARS-CoV-2 infection and vaccination.
Early longitudinal analyses following patients infected with
SARS-CoV-2 revealed a lower incidence of reinfection,
suggesting the existence of working SARS-CoV-2-specific
memory (173, 174).

A landmark study by Dan et al. longitudinally characterized
immune profiles in previously infected individuals up to 8 months
post-infection (175). Neutralizing antibody titers decline modestly
over 8 months (175), and ~25% of patients become seronegative
over 6 months (176). T cell responses are more durable than
antibodies, with memory CD4+ and CD8+ responses detected in
~90% and 70% of individuals (175, 177), respectively. Memory
CD8+ responses take up an effector phenotype while circulating
memory CCR6" Tth cells, which accounted for most circulating
CD4+ responses, increased over the eight months and were
associated with reduced COVID-19 severity (175).

Although neutralizing antibody titers decay relatively more
rapidly than T cell responses, SARS-CoV-2-specific memory B
cell responses are very stable, detected in 100% of subjects 8
months post-infection (175). Furthermore, the frequencies of
SARS-CoV-2-specific memory B cells increased over time, higher
at 6-month follow-up than 1 month PSO (175); this is consistent

with findings in other independent patient cohorts (178). Almost
all memory B cells were spike-specific IgG (95%), with only 5%
IgA responses. Furthermore, memory B-cells continue to
undergo affinity maturation due to continued germinal center
responses after SARS-CoV-2 infection (175). However, antibody
titers were not correlated with SARS-CoV-2-specific CD4+ T
cells (175), making large-scale detection and monitoring of T-cell
responses more cumbersome, as in many instances, antibody
responses are a surrogate marker of T cell activity. The striking
feature of this immunologic memory response is its
heterogeneity, but what underlies it is unknown, with studies
implicating HLA polymorphisms, aging, and other factors (160).

Recent studies have also demonstrated differences in
vaccination-induced immune responses between naive
individuals and those who recovered from COVID-19. Early
after vaccination, individuals who recovered from COVID-19
develop more robust humoral responses than naive subjects,
whereas naive subjects develop better cell-mediated reactions
(179). After immunization (7-8 months), neutralizing antibody
titers drop to comparable levels in both groups, and similar
observations apply for T cell responses (179). However, some
studies demonstrate higher antibody titers in previously infected
patients early and later after vaccination (180, 181). Lastly,
comparative studies on the differential post-vaccination immune
profiles of naive subjects and individuals previously infected with
specific SARS-CoV-2 VOCs have not been conducted.

These studies measured adaptive memory responses in
peripheral blood, but adaptive immunity exerts its protective
effect at the level of the tissues. Therefore, more recent efforts
focus on characterizing immunologic memory at the level of
the tissues. To this end, immune profiles in the lungs, spleen,
bone marrow, and lymph nodes (LNs) of COVID-positive organ
donors up to 6 months post-infection reveal memory SARS-
CoV-2-specific T and B cells, including potent Tth and germinal
center responses, particularly in the lung and its draining LNs
(182). In addition, the abundance of memory T and B-cells in the
lungs and LNs correlated with the magnitude of SARS-CoV-2-
specific memory cells in the circulation (182). Therefore, recent
efforts on the tissue-level immune memory elicited upon SARS-
CoV-2 infection have yielded encouraging results. However,
such responses after vaccination also need to be profiled.

4.1.3 Immune Profiles in Long COVID-19

Individuals who recover from severe COVID-19 can chronically
experience severe pulmonary and extrapulmonary symptoms,
collectively termed PACS or long COVID. Multiple prospective
cohort analyses have shown significant morbidity, mortality, and
health expenditures in individuals suffering from PACS (183,
184). On imaging evaluation, these changes are predominantly
due to extensive lung fibrosis post-COVID-19 (185).

Recently, a study profiled the adaptive response in the BALF
and blood of aged (> 60 years old) COVID-19 convalescents
suffering from long COVID compared to healthy aged controls.
Initial CT and pulmonary function tests (PFTs) in the aged
convalescents revealed lung fibrosis and PFTs, suggestive of
restrictive lung disease (186).
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High-dimensional flow cytometry of the blood and BALF
revealed differential immune profiles: in the COVID-19
convalescent cohort, frequencies of Y3 T cells, B cells, and
particularly CD8+ T cells within BALF increase. In addition, B
cells and CD4+ T cells signatures display a tissue residency
phenotype, with increased RBD-specific memory B cells and a
CD4+ T cell-dependent elaboration of SARS-CoV-2-specific IgG
antibodies (186). Importantly, BAL CD8+ in convalescents take
up a Ty (both CD69"CD103" and CD69'CD103") signature
and elaborate higher percentages of IFN-y and TNF cytokines
upon stimulation compared to their counterparts in the
peripheral blood. Furthermore, CD69'CD103" Try CD8+ T
cells have shown to correlate with PFT results negatively but
positively correlate with pathologic PFT and CT findings, which
is consistent with murine models of influenza virus infection,
which demonstrate that depleting CD8+ T cells in the respiratory
tract alleviates lung disease post-influenza viral pneumonia
(186, 187).

ScRNA-seq reveals extensive, clonally expanded T cells in the
BALF and the circulation of convalescent COVID-19 patients.
BALF CD8+ clusters in COVID-19 convalescents display a tissue
residency transcriptomic signature involving upregulated genes
of myeloid cell inflammation, including Lyz, SI00AS8, and
S100A9 (186). CD69'CD103™ Try CD8+ T cells have an
activated phenotype and express higher levels of NKG7, a
cytotoxic proinflammatory molecule, and granzyme K, a
proinflammatory and profibrotic granzyme. Lastly, CXCR6"
CD8" T cells accumulate in the lungs of convalescents
compared to healthy controls, with their presence positively
correlating with fibrotic lung changes on PFTs and imaging.
The gene expression signature of these CXCR6" CD8" T cells
approximates those of tissue-damaging CXCR6" CD8" T cells in
nonalcoholic steatohepatitis (186, 188).

Therefore, accumulating CD69"CD103” and CXCR6" CD8+
T cells elaborate proinflammatory and profibrotic cytokines to
cause lung fibrosis in PACS.

4.1.4 Pre-Existing T-Cell Responses and
Cross-Reactivity

Intriguingly, the previous study by Grifoni et al. (167) and
numerous other reports (163, 189-192) show that many
unexposed controls — who had their blood samples collected
before the COVID-19 pandemic - test positive for SARS-CoV-2
cross-reactive T cells. The relevance of cross-reactive humoral
immunity against SARS-CoV-2 in unexposed individuals is
minimal in comparison (193). To this end, Mateus et al.
identified 142 epitopes recognized by these cross-reactive CD4+
memory T cells and demonstrated significant sequence homology
between these epitopes and peptides of human common cold
coronaviruses (HCoVs) — OC43, 229E, NL63, and HKU1 (194).
Subsequently, peptide pools composed of more than 100 HCoV
peptide homologs were reacted with these CD4+ memory T cells
from unexposed individuals, revealing much greater reactivity to
these homologs than to SARS-CoV-2 peptides. Lastly, the
researchers created in vitro T cell lines using these epitopes, which
recognized specific HCoV peptides even better than SARS-CoV-2

epitopes (194). Therefore, prior exposure to HCoVs explains the
pre-existing memory CD4+ T cell immunity. However, prior
exposure to HCoVs alone cannot account for all pre-existing T
cell cross-reactivity (195), because unexposed individuals also
exhibit noncognate cross-reactivity (i.e., not explainable by prior
exposure to HCoVs). To this end, another study showed that pre-
existing T cell responses to SARS-CoV-2 epitopes derive from
previous exposure to common viral antigens such as Influenza
and CMV but not the HCoVs (196). Nevertheless, the significance
of these cross-reactive T cells in contributing to COVID-19
outcomes and responses to vaccination remains an area of
active investigation.

Bacher et al. revealed the pre-existing CD4+ T cell memory
response as displaying only low functional avidity and an
increase in their proportion in the CD4+ T cell compartment
with aging (197). Furthermore, comparing TCR avidities of these
memory T cells in hospitalized COVID-19 patients versus mild
COVID-19 revealed their expansion in severe cases. In severe
COVID-19, the TCR repertoire was also broader and of low
avidity, similar to the pre-existing memory CD4+ response. In
contrast, a highly clonally expanded and cytotoxic Th1 response
characterizes mild COVID-19. Therefore, pre-existing T-cell
reactivity may contribute to low avidity and polyclonal
responses in severe COVID-19, which would explain the
association of COVID-19 with aging, as the proportion of
these cells increases with aging. However, the presence and
contribution of pre-existing CD4+ memory T cells in these
hospitalized patients was unknown, but similar T-cell
responses profiles in mildly affected patients were associated
with pre-existing T-cell immunity (197).

Contrastingly, recent studies have suggested a beneficial role
of pre-existing memory T cell cross-reactivity in SARS-CoV-2
infection and vaccination. In this regard, Loyal et al.
demonstrated recruitment of pre-existing SARS-CoV-2 cross-
reactive T cells into the immune response upon SARS-CoV-2
infection (198). Furthermore, the magnitude of this cross-
reactive T cell response was associated with higher neutralizing
antibody titers. In agreement with this, many studies have
reported that prior infection by HCoVs may be associated with
less severe COVID-19.

Furthermore, significant T cell responses against HCoVs are
evident in unexposed individuals, with a subset of this response
accounted for by high avidity CD4+ T cells (199). A decrease in
the high avidity cross-reactive CD4+ response with aging was
observed and could explain the vulnerability of the elderly
population to severe COVID-19 (198). Lastly, the immune
response after Pfizer-BioNTech (BNT162b2) vaccination
superseded even that seen after natural SARS-CoV-2 infection
in terms of S protein-specific T cell and neutralizing antibody
responses. Importantly, immune responses against regions of the
S protein sharing homology with HCoV peptides exhibited
secondary immune response kinetics, while other regions did
not. Thus, perhaps pre-existing memory T cell cross-reactivity
accounts for the rapid protection provided by the BNT162b2
vaccine and the requirement of booster doses in the elderly (198).
In agreement with this, a recent study by Mateus et al.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 835104


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

investigated the adaptive response elicited by a low 25ug dose of
the mRNA-1273 Moderna vaccine and showed that pre-existing
T cell responses enhanced antibody responses, S protein-specific
Tth cells, and total CD4+ T cell count (200). In addition, cross-
reactive memory T cells correlate with higher neutralizing
antibody titers six months after vaccine administration (200).

Collectively, therefore, the pre-existence of SARS-CoV-2
cross-reactive T cells — the majority but not all of which
originate from prior exposure to HCoVs - enhances the
immune responses against SARS-CoV-2 infection and
vaccination. However, increasing age and possibly other
unknown factors may, in turn, cause these cells to drive
immunopathological low avidity and polyclonal T cell
responses in severe COVID-19 cases. However, although pre-
existing cross-reactive T cells influence adaptive immune
responses, their role in protecting against SARS-CoV-2
infection is likely minimal. Indeed, SARS-CoV-2-induced CD4
+ responses targeted 280 epitopes, 227 of which were not seen in
unexposed donors, indicating that infection generates a new
TCR repertoire (201). However, an interesting study showed that
T cell subsets in close contacts of symptomatic COVID patients
showed that individuals who possess cross-reactive memory T
cells remain PCR-negative despite frequent exposure to COVID-
19 patients (202), suggesting that cross-reactive memory T cells
protect against SARS-CoV-2 infection.

4.1.5 SARS-CoV-2 T Cell Epitopes
An exhaustive review by Grifoni et al. enumerated the total
number of T cell epitopes discovered by numerous studies and
found 1052 non-redundant class I epitopes and 352 class II
epitopes (203). Most studies show the S, M, and N proteins to be
the primary, i.e., the immunodominant, targets of CD4+ and
CD8+ T cell responses. In addition, strong responses against
ORF3, ORF8, ORFlab (nsp 13), and nsp3, 4, 6, and 12 are also
present (167, 201, 204). The antigen’s size and expression level
determine the number of epitopes on an antigen and, therefore,
the robustness of the T cell response against that antigen. For
instance, the SARS-CoV-2 structural proteins S, M, and N are
highly expressed and are also the most immunodominant (167).
Studies also identified the most immunodominant regions of
the antigens mentioned above. For example, the spike RBD was
not an immunodominant target of CD4+ responses; discrete
areas adjacent to the RBD, such as residues 154-254, 296-370,
and 682-925, were more immunodominant for CD4. In
comparison, the S protein immunodominance pattern across
an antigen for CD8 is more homogenous throughout the protein.
This same pattern is maintained for M and N proteins and is
more exaggerated in the case of nsp3 and nsp12 (201, 203). Thus,
in summary, while CD4 responses focus on discrete regions of
the above-mentioned immunodominant antigens, CD8 epitopes
are more homogenously distributed throughout the protein.
The seminal study by Tarke et al. showed that, for CD4+ T
cells, the most immunodominant epitopes are promiscuous (i.e.,
recognized in at least three donors), and each individual
recognizes 15-20 class I and class II epitopes (201).
Furthermore, because of HLA restrictions, each individual

recognizes and generates responses against different epitopes,
which produces a great diversity of T cell responses between
individuals. This study also demonstrated HLA restrictions for
178 out of 280 different epitopes for CD4+ T cell responses (201).

Other studies expanded these findings, and the review by
Grifoni et al. identified a total of 1,191 class I restrictions and 783
class II restrictions in the literature (203). The median epitopes
per HLA allele is 35 for class I and 12 for class II. The most
common class I restrictions are associated with A*02:01,
A*24:02, A*01:01, and B*07:02 allelic specificities, and the most
common class II restrictions occur in the context of DRB1*07:01
and DRB1*15:01 (203). Lastly, although average individuals
target between 15-20 class I and II epitopes, the response
efficacy may vary as manifested in the significant variability of
COVID-19 in disease severity (201). Gittelman et al. (205),
Snyder et al. (206), Shomuradova et al. (207), and Gangaev
et al. (204) associated certain TCR with the recognition of
specific epitopes, and Snyder also developed a methodology to
diagnose SARS-CoV-2 infection based on TCR sequencing
(206). Therefore, future studies expanding these findings could
provide mechanistic insights into SARS-CoV-2 pathogenesis and
have diagnostic and therapeutic implications (203).

SARS-CoV-2 variants acquire mutations in the S protein but
conserve the other epitopes that generate robust T cell immunity.
Studies comparing antibody and T cell responses generated
against VOCs in COVID-19 convalescents and recipients of
the Moderna and Pfizer-BioNTech vaccines showed variable
degrees of impairment in antibody responses, but the
preservation of CD4+ and CD8+ T cell responses (208, 209).
Indeed, only 7% and 3%, respectively, of CD4+ and CD8+
epitopes are affected by mutations in VOCs (208). Therefore,
vaccine-induced T cell responses against the SARS-CoV-2
variants appear to be a promising vaccine target to prevent
severe infection.

Recent studies show similar findings regarding the Omicron
variant. Although Omicron features in a more significant
percentage of mutations in S-specific epitopes targeted by
vaccine-induced CD4+ Th (14%) cells and CD8+ CTLs (28%)
than the previous variants, a large amount (86% and 72%,
respectively) of the CD4+ and CD8+ S-specific response are
conserved (210). Another recent study utilized the 280 CD4
epitopes identified by Tarke et al. in Omicron to determine their
degree of conservation. 80.4% (74/92) and 94.7% (178/188) of spike
and non-spike epitopes, respectively, were conserved in Omicron,
and 90.2% (252/280) of the aforementioned CD4+ T cell epitopes
were completely conserved (211). As for the 454 class I-restricted
CD8 epitopes, 88.4% (137/155) and 98.3% (294/299) of spike and
non-spike epitopes, respectively, were conserved, and 94.9% (431/
454) of the CD8 epitopes were conserved in Omicron (211).
Therefore, although the VOCs, including the recent Omicron
variant, evade humoral responses to a considerable degree (212-
214), T cell epitopes and responses are primarily conserved (211),
which is encouraging for the, which is encouraging for the COVID-
19 vaccines currently in use.

To conclude this section, the T-cell arm of adaptive immunity
is more critical than antibody responses in clearing SARS-CoV-2
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and reducing disease severity, although a coordinated adaptive
immunity is the best correlate of protection. Furthermore, T cells
show favorable evidence regarding clearing the already
circulating and the inevitable future emerging SARS-CoV-2
variants, which can escape neutralizing antibody responses
considerably. However, as discussed above, in the context of
immunologic memory, the adaptive response to SARS-CoV-2
infection is incredibly heterogeneous, and antibody responses
cannot predict T cell responses reliably. Consequently, there is a
concerted effort to develop assays to measure T cell responses,
such as the interferon-y release assays (IGRAs) used in
tuberculosis infection and vaccination (215).

4.2 T Cell Responses in COVID-19
4.2.1 Lymphopenia
Lymphopenia affecting all T cell classes, particularly the CD8+
population, are hallmarks of severe COVID-19 (216, 217). The
lymphopenia specifically affects central memory and naive CTLs,
which correlates with disease severity, whereas all Th subclasses
are affected (217, 218). Contrastingly, neutrophil counts
progressively increase with disease severity as discussed in
neutrophil responses to COVID-19, and non-survivors show
elevated neutrophil counts compared to survivors. Neutrophilia
and T-cell lymphopenia manifest as an increased neutrophil to
lymphocyte ratio. Indeed, the neutrophil-to-lymphocyte ratio is
considered an independent predictor of COVID-19 severity (94,
219, 220). T-cell function and activation indices are also reduced,
including TCRs, T cell surface markers, T cell migratory
stimulators, and TCR signaling kinases, further hinting at a
global impairment in T cell functionality (218, 221). Detectable
protective T cell-mediated antiviral responses occur in mildly
affected patients, and T cell recovery occurs in convalescent sera,
reaching comparable levels to mild disease (94, 217).
Augmented extravasation into the interstitium of the lung
and affected organs could explain lymphopenia. However, while
post-mortem analyses reveal pulmonary lymphocytic infiltrates,
these are not drastic enough to cause systemic lymphopenia.
Interestingly, SARS-CoV-2 can directly deplete T cells. In this
context, a preprint study conducting postmortem examinations
of the spleen and lymph nodes reports elevated markers of T cell
apoptosis and FAS expression (10). Flow cytometry studies have
also shown similar findings, implicating activation-induced cell
death (AICD) as the causative mechanism (222). Alternatively,
IL-2 - IL-2 receptor signaling defects also contribute to T cell loss
in critical patients (223). From the above data, the mechanism
underlying SARS-CoV-2 lymphopenia remains unproven but may
involve multiple pathways.

4.2.2 Severity-Dependent T Cell Phenotypes

in COVID-19

CD4+ Th, CD8+ CTL, and NK cell exhaustion - defined as the
upregulated and sustained expression of cell surface immune
checkpoint inhibitors — occurs in severe COVID cases (224, 225).
T cell exhaustion features an increased expression of
programmed cell death protein 1 (PD1) and T-cell
immunoglobulin mucin 3 (TIM-3), and the extent of CD4+ Th

cell exhaustion is more significant in patients admitted to ICUs
versus those with milder disease (42, 226-228). CD8+ cytotoxic
T cell and NK cell exhaustion are also marked in severe cases, as
evidenced by the increased expression of surface NKG2A, which
correlates with the numerical depletion of these cells and disease
progression (95). High circulating IL-6 increases NGK2A
expression on CTLs and NK cells, as shown previously in
influenza (229, 230). Consistently, in convalescing and
recovering patients, CTL and NK cell counts normalize with
decreased expression of NKG2A (45, 204). Based on the reduced
effector functions of CD8+ CTLs in COVID-19, studies have
suggested that CD8+ T cells — unlike CD4+ Th cells - are
immunoprotective in COVID-19 (204, 231).

Contradictory reports exist on the CD8+ T cell phenotypes in
severe COVID-19. Studies report either robust activation of the
T-cells in critical cases (232) with a high percentage of IFN-y-
producing CTL cells (233) or severe COVID-19 as an
immunosuppressive phenotype, exemplified by profound
declines in IFNy- and TNF-producing T cells (225). Therefore,
whether the exhausted CD8+ T cell phenotype is primarily due
to exhaustion or secondary to hyperactivation remains unclear.
To this end, a recent study compared the immune landscape in
11 postmortem COVID-19 lungs versus three non-COVID-19
lungs (234). An immunosuppressive phenotype was detected, as
evidenced by greater TIM-3 and PD-1 in COVID-19 lungs. The
immunosuppression also selectively affected T-cells. Men exhibit
greater magnitudes of immunosuppression than women, and a
positive correlation between TIM-3 expression and aging exists
in men but not women (234), which perhaps contributes to
males being more vulnerable to severe disease than females.

The apparent critical role of PD-1 and TIM-3 as
immunosuppressive mediators rationalizes their inhibition to
mitigate critical COVID. However, blocking immune
checkpoints may conversely augment dysfunctional T-cell
responses in severe patients and, in turn, mediate
immunopathology. Indeed, cancer patients receiving these
therapies develop severe COVID-19, but whether checkpoint
inhibiting therapies or the generally increased vulnerability of
cancer patients to severe infections explain this remains
unknown (234). Therefore, more extensive studies on patients
not suffering from comorbidities, which independently increase
the likelihood of severe disease, are needed.

4.2.3 Mechanisms Underlying T Cell Impairment

in COVID-19

A recent study proposed a model where SARS-CoV-2 initially
infects resident alveolar macrophages. These, in turn, produce
chemokines that attract cross-reactive memory T cells, which
produce IFN- Y to activate these macrophages (5). A central
factor in this scenario is cross-reactive memory T cells, which
several studies have confirmed in the elderly and severe COVID
patients. Furthermore, cross-reactive T cells display reduced
antiviral responses secondary to stimulation with SARS-CoV-2
peptides compared to patients who recovered from COVID-19.
The authors further stated that these ineffective cross-reactive T
cells possibly explain the increased susceptibility of such
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demographics to severe COVID infection (5). However, these
findings remain controversial due to the evidence on the
beneficial role of pre-existing cross-reactive T cells.

An interesting preprint study generated SARS-CoV-2 reactive
CD4+ T cells from healthy donors to compare the anti-S and
anti-M protein CD4+ T cell responses (235). While the anti-S
protein CD4+ T cell responses approximated conventional CD4+
signatures to other viral antigens such as CMV, the M-specific CD4
+ T cell lines showed a distinct transcriptional signature featuring
suppression of interferon signaling, not dissimilar to findings in
severe COVID-19 patients (235). Therefore, perhaps severe SARS-
CoV-2 infection seen in specific individuals is because of an
imbalance of CD4+ T cells in favor of M-specific T cell lines that
drive pathologic responses (235). It will be interesting to see how
future studies attempt to uncover the driving factors of specific T
cell signatures in varying severities of COVID-19; advancing age
associated with T cell immunosenescence and HLA restrictions are
likely candidates.

Recent data suggest an effect of SARS-CoV-2 on the homing
behavior of T cells through altering chemokine receptor patterns
(218). Indeed, BALF analysis of mild-to-moderate COVID
demonstrates a highly clonally expanded CD8+ T cell
infiltration, whereas severe cases show more heterogeneously
expanded CTLs (52). Additionally, the immunodominant
epitope - i.e., the epitope representing the predominant target of
T-cell immunity - is variable in SARS-CoV-2, with robust
immune responses against the N protein, S protein, and M
protein against specific ORFs (201, 236). This broad TCR
repertoire in COVID-19 starkly contrasts with the original
SARS-CoV-2 infection, where the S protein is the primary target
of host responses. This apparent lack of an immunodominant
epitope may be due to aberrant antigen processing, which could, in
turn, impair T cell reactions (237). SARS-CoV-2 specific CD4+ Th
memory cells retrieved from severely afflicted patients respond to a
wider variety of epitopes than in milder cases (52, 237). However,
the reason behind why such a diverse and robust antiviral response
cannot eradicate SARS-CoV-2 remains unanswered.

Future studies should explain why a hyperactivated T cell
response cannot eradicate SARS-CoV-2. In addition, why severe
illness disproportionately occurs in specific demographics
remains a contentious issue. Studies investigating these highly
pertinent questions would further our understanding of some
critical, clinically relevant problems and improve the
identification of at-risk individuals.

4.3 B cell and Humoral Responses

in COVID-19

Humoral antibody responses constitute an essential part of
adaptive immunity against viruses, including SARS-CoV-2
(238). For example, antibodies against the RBD of SARS-CoV-
2 sterically hinder virus-host cell interactions, neutralizing virus
infectivity. Alternatively, IgG antibodies binding viral surfaces
promote opsonization, i.e., phagocytosis by macrophages.
Antibodies also directly induce the clearance of virus-infected
cells through NK cell activation by antibody-dependent cellular
cytotoxicity (ADCC). Lastly, memory B cells are crucial to long-
lasting immunity against viruses (239).

B cells are classified based on surface CD27 and CD38
expression into transitional (CD27 CD38""), naive (CD27
CD38"), plasmablasts (CD27""CD38"), memory unswitched
(IgD*CD27'CD38), memory switched (IgD"CD27'CD38"), and
double-negative cells (CD27°CD38") (240). The prototypical B cell
response to a viral infection features an initial extrafollicular (EF)
B cell signature, which involves the differentiation of naive B cells
into plasmablasts that generate low-affinity and temporary
antibodies. Simultaneously, viral infection also elicits recall of
pre-existing cross-reactive memory B-cells. Some B cells migrate
to germinal centers (GC) where they undergo somatic
hypermutations (SHM) to generate long-lived plasma cells,
which continuously produce high-affinity antibodies and class-
switched memory B cells, which produce high-affinity antibodies
upon antigenic re-exposure.

SARS-CoV-2 infection generates potent neutralizing
antibody responses against the SARS-CoV-2 N and S proteins,
and most individuals seroconvert ~10 days post-symptom onset
(PSO). The RBD of S-protein is targeted by 90% of nAbs, with
variable degrees of neutralizing activity against the NTD.
Furthermore, this highly convergent SARS-CoV-2 neutralizing
antibody response against the RBD of S and therapeutic
monoclonal antibodies targeting these same sites exert
tremendous selection pressure for SARS-CoV-2 to develop
mutations in these sequences (241). Indeed, the already present
VOCs harbor common mutations in sequences recognized by
these neutralizing antibodies and mAbs, resulting in reduced
efficacy of neutralizing antibody responses and therapeutic
antibody cocktails (212, 241-244).

These early antibodies derive from naive B-cell-derived
extrafollicular responses, as studies show that these IgG nAbs
possess little to no SHM (245, 246) and appear in the blood at the
same time as plasmablasts (42). Indeed, B-cell responses in mild
SARS-CoV-2 infection follow the model described above, with
an early EF response derived from differentiation of naive B-cells
to antibody-secreting plasmablasts, as well as pre-existing
memory B-cells derived from seasonal HCoV exposure (247).
Ongoing GC responses which produce long-lived SARS-CoV-2-
specific plasma and memory cells are a feature of mild COVID-
19. Studies demonstrate a progressive accumulation of Vi gene
mutations in SARS-CoV-2 memory B cells (248), robust Tth and
GC responses in lymphoid tissues of infected patients at least 6
months post-infection (182), and the presence of long-lived
plasma cells in the bone marrow of SARS-CoV-2 infected
individuals (249). Underlying the ongoing GC response may
be persistent SARS-CoV-2 antigenic exposure, as a recent study
detected SARS-CoV-2 nucleic acids in the intestine of previously
infected individuals for at least 3 months after infection (178).

Severe COVID-19 markedly alters the composition rather
than quantity of the B-cell compartment of adaptive immunity.
To this end, De Biasi et al. reported similar percentages of total
B-cells and naive B-cells in hospitalized COVID-19 patients and
controls (250), which is consistent with other studies (251).
However, while proportions of total and naive B-cells among
controls and patients were similar, transitional B-cell percentages
were higher in COVID-19 patients (250, 251). Significantly, the
absolute numbers and portions of memory switched and
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unswitched in COVID-19 patients were drastically decreased
compared to healthy controls, and plasmablasts are expanded
considerably in COVID-19 patients than in controls. Per these
findings, other reports consistently show memory B-cell
responses with amplification of antibody-secreting plasmablast
responses in COVID-19 compared to healthy controls. A
peculiar aspect of B-cell phenotypes in COVID-19 is the
correlation of disease severity with values of peripheral DN B
cells. Indeed, while patients and controls show comparable levels
of total DN cells, DN subsets are profoundly altered in COVID-
19. In particular, DN2 and DN3 are increased dramatically in
severe and critical groups of COVID-19 (251, 252).

Furthermore, DN3 correlates with laboratory parameters of
COVID-19 severity, such as arterial oxygen saturation. Although
the function of DN B cells remains uncertain, studies reveal their
expansion in various inflammatory and autoimmune diseases,
such as systemic lupus erythematosus (SLE) (253). On the other
hand, memory B cell responses inversely correlate with clinical
severity and reduced hospitalization time (254).

Therefore, severe COVID-19 displays hallmarks of
extrafollicular B-cell responses and higher neutralizing
antibody titers, and high nAb titers correlate with
inflammatory biomarkers, multi-organ failure, and mortality
(252, 255). Consistently, individuals with lower IgG clear the
virus better than stronger responders (256), suggesting that an
exaggerated humoral response leads to the persistence of viral
loads and disease exacerbation. However, why such an
exaggerated nAb response in severe disease does not clear
COVID-19 might be due to severely ill individuals failing to
develop GC responses (257). Indeed, Tth cells are markedly
reduced in some patients’ draining LNs and spleen (258), which
would also explain the low-level SHM characterizing the B-cell
signature in advanced COVID-19. However, many individuals
severely affected by COVID-19 develop potent Tth responses,
implying that they also generate GC responses but still suffer
from severe COVID-19 (259). Dysregulated T-cell responses
likely play a role in this, but further investigations are required
to explain the apparent heterogenous immunologic phenotype
observed in severe COVID-19 (260).

A macaque model of SARS-CoV infection posited antibody-
dependent enhancement (ADE) as aggravating lung injury (261).
However, these findings are complicated by data implicating a
delayed, rather than amplified, IgG response in disease
progression; indeed, IgA and IgM responses are roughly
equivalent across disease severities (262, 263). Additionally, in
severe patients, a redirection of the humoral immune response
from the S-protein to the N-protein is observed, with S-
predominant and N-predominant humoral responses in
convalescent patients and deceased individuals, respectively
(264). The potential role of ADE remains to be clearly defined,
and contradictory data implicating a delayed and rewired
humoral response in SARS-CoV-2 needs to be substantiated.

Intriguingly, the prevalence of autoantibodies - particularly
against cytokines, chemokines, complement - is significantly
higher in COVID-19 patients than in uninfected controls (265-
267). Moreover, autoantibodies against tissue antigens correlate
with disease severity (267), and the EF B cell repertoire in such

settings resembles that seen in systemic lupus erythematosus
(SLE) (164). Mainly, autoantibodies against type 1 IFNs are seen
significantly more frequently in life-threatening COVID-19
patients than in patients with asymptomatic or mild COVID-
19 and healthy controls, and these antibodies neutralize the
interferon-mediated antiviral immune response in vitro (268).
However, with the blunting of the IFN response caused by SARS-
CoV-2 infection, the contribution of these anti-IFN
autoantibodies remains undefined in severe COVID-19 cases.
Regarding the persistence of anti-SARS-CoV-2 humoral
responses, a prospective study analyzing the longitudinal
profile of serum anti-SARS-CoV-2 antibodies revealed a
seroconversion rate of IgM, IgG, and IgA of 7-10 days PSO,
with titers peaking at 4-6 weeks PSO (255, 269-271).
Seroreversion - i.e., the time measured for serum anti-SARS-
CoV-2 antibodies to wane - is rapid for IgM, with a median time
of 7-10 weeks, but comparatively longer for IgG, which features
modest declines after 5-8 months (178, 272). Current data is
contradictory regarding the persistence of IgA (178). Therefore,
although SARS-CoV-2 infection elicits robust B-cell responses
described above, neutralizing antibodies wane rapidly and may
not protect against reinfection (175, 273). These findings have
rationalized postulations that booster vaccine doses may be
necessary to sustain protective immunity, which is now being
encouraged in parts of the world to combat mutant strains, such
as the Omicron Variant. However, studies have revealed long-
lasting SARS-CoV-2-specific memory B cells (175, 178, 274,
275). SARS-CoV-2-specific memory B cells are unchanged at
six months PSO (178), and other studies show a continuous rise
of anti-RBD and anti-N protein memory B cells at six (275) and
eight months PSO (175), with a temporal switch from
extrafollicular to germinal center maturation featuring somatic
hypermutations in the variable region of anti-RBD Abs (247,
257). These findings hint at the potentially long-lasting efficacy of
the current COVID-19 vaccines. Ongoing studies on the
humoral trajectories of COVID-19 patients for extended
periods will undoubtedly provide better insights into this topic

5 CONCLUSION

A remarkable undertaking from the scientific community has
answered many pressing questions about the complex
immunopathogenesis of COVID-19. We highlighted some of the
current discussion points surrounding the immunopathogenesis of
COVID-19. Future research on these issues will further our
understanding of COVID-19 and potentially provide a foundation
for developing interventions to combat this everchanging virus and
help return to normalcy.

AUTHOR CONTRIBUTIONS

Conceptualization, AY, JK, and AS. Writing—original draft
preparation, AZ, SS, and SA. Writing—review and editing, KK,
AY, and JK. Supervision, AY and KK. Funding acquisition, KK.
All authors have read and agreed to the published version of
the manuscript

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 835104


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

REFERENCES

1.

o

w

w

[=2}

N

o

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen
S, et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181(2):271-
80.e8. doi: 10.1016/j.cell.2020.02.052

. Karim SSA, Karim QA. Omicron SARS-CoV-2 Variant: A New Chapter in

the COVID-19 Pandemic. Lancet (2021) 398(10317):2126-8. doi: 10.1016/
S0140-6736(21)02758-6

. Osuchowski MF, Winkler MS, Skirecki T, Cajander S, Shankar-Hari M,

Lachmann G, et al. The COVID-19 Puzzle: Deciphering Pathophysiology
and Phenotypes of a New Disease Entity. Lancet Respir Med (2021) 9:622—
42. doi: 10.1016/5S2213-2600(21)00218-6

. Lee C, Choi WJ. Overview of COVID-19 Inflammatory Pathogenesis From

the Therapeutic Perspective. Arch Pharm Res (2021) 44:1. doi: 10.1007/
s12272-020-01301-7

. Grant RA, Morales-Nebreda L, Markov NS, Swaminathan S, Querrey M,

Guzman ER, et al. Circuits Between Infected Macrophages and T Cells in
SARS-CoV-2 Pneumonia. Nature (2021) 590(7847):635-41. doi: 10.1038/
541586-020-03148-w

. Zhong P, Xu J, Yang D, Shen Y, Wang L, Feng Y, et al. COVID-19-

Associated Gastrointestinal and Liver Injury: Clinical Features and Potential
Mechanisms. Signal Transduct Target Ther (2020) 5(1):256. doi: 10.1038/
$41392-020-00373-7

. Song E, Zhang C, Israclow B, Lu-Culligan A, Prado AV, Skriabine S, et al.

Neuroinvasion of SARS-CoV-2 in Human and Mouse Brain. ] Exp Med
(2021) 218(3). doi: 10.1101/2020.06.25.169946

. Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Miiller MA,

et al. Virological Assessment of Hospitalized Patients With COVID-2019.
Nature (2020) 581:7809. doi: 10.1038/541586-020-2196-x

. Corman VM, Albarrak AM, Omrani AS, Albarrak MM, Farah ME, Almasri

M, et al. Viral Shedding and Antibody Response in 37 Patients With Middle
East Respiratory Syndrome Coronavirus Infection. Clin Infect Dis (2016)
62:477-83. doi: 10.1093/cid/civ951

Feng Z, Diao B, Wang R, Wang G, Wang C, Tan Y, et al. The Novel Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Directly
Decimates Human Spleens and Lymph Nodes. medRxiv (2020)
2020.03.27.20045427. doi: 10.1101/2020.03.27.20045427

Wang C, Xie ], Zhao L, Fei X, Zhang H, Tan Y, et al. Alveolar Macrophage
Dysfunction and Cytokine Storm in the Pathogenesis of Two Severe
COVID-19 Patients. EBioMedicine (2020) 57:102833. doi: 10.1016/
j.ebiom.2020.102833

Gu Y, Cao J, Zhang X, Gao H, Wang Y, Wang J, et al. Receptome Profiling
Identifies KREMENI and ASGRI as Alternative Functional Receptors
of SARS-CoV-2. Cell Res (2022) 32(1):24-37. doi: 10.1038/s41422-021-
00595-6

Cantuti-Castelvetri L, Ojha R, Pedro LD, Djannatian M, Franz ] KS, van der
Meer F, et al. Neuropilin-1 Facilitates SARS-CoV-2 Cell Entry and
Infectivity. Science (New York NY) (2020) 370(6518):856-60. doi: 10.1126/
science.abd2985

Wang S, Qiu Z, Hou Y, Deng X, Xu W, Zheng T, et al. AXL is a Candidate
Receptor for SARS-CoV-2 That Promotes Infection of Pulmonary and
Bronchial Epithelial Cells. Cell Res (2021) 31:2. doi: 10.1038/s41422-020-
00460-y

Rodriguez-Morales AJ, Cardona-Ospina JA, Gutiérrez-Ocampo E,
Villamizar-Pefia R, Holguin-Rivera Y, Escalera-Antezana JP, et al.
Clinical, Laboratory and Imaging Features of COVID-19: A Systematic
Review and Meta-Analysis. Travel Med Infect Dis (2020) 34:101623. doi:
10.1016/j.tmaid.2020.101623

Kvietys PR, Fakhoury HMA, Kadan S, Yaqinuddin A, Al-Mutairy E, Al-
Kattan K. COVID-19: Lung-Centric Immunothrombosis. Front Cell Infect
Microbiol (2021) 11:679878. doi: 10.3389/fcimb.2021.679878

Swenson KE, Ruoss SJ, Swenson ER. The Pathophysiology and Dangers of
Silent Hypoxemia in COVID-19 Lung Injury. Ann Am Thorac Soc (2021) 18
(7):1098-105. doi: 10.1513/AnnalsATS.202011-1376CME

Kanne JP, Little BP, Chung JH, Elicker BM, Ketai LH. Essentials for
Radiologists on COVID-19: An Update—Radiology Scientific Expert
Panel. Radiology (2020) 296(2):E113-E4. doi: 10.1148/radiol.2020200527

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

39.

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical Features of
Patients Infected With 2019 Novel Coronavirus in Wuhan, China. Lancet
(Lond Engl) (2020) 395(10223):497-506. doi: 10.1016/S0140-6736(20)
30183-5

Trunz LM, Lee P, Lange SM, Pomeranz CL, Needleman L, Ford RW, et al.
Imaging Approach to COVID-19 Associated Pulmonary Embolism. Int |
Clin Pract (2021) 75:¢14340. doi: 10.22541/au.161675640.02782854/v1
Klok FA, Kruip MJHA, van der Meer NJM, Arbous MS, Gommers DAMPJ,
Kant KM, et al. Incidence of Thrombotic Complications in Critically Ill ICU
Patients With COVID-19. Thromb Res (2020) 191:145-7. doi: 10.1016/
j.thromres.2020.04.013

Poissy J, Goutay J, Caplan M, Parmentier E, Duburcq T, Lassalle F, et al.
Pulmonary Embolism in Patients With COVID-19. Circulation (2020) 142
(2):184-6. doi: 10.1161/CIRCULATIONAHA.120.047430

Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F,
et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in
Covid-19. N Engl ] Med (2020) 383:120-8. doi: 10.1056/NEJMo0a2015432
Grillo F, Barisione E, Ball L, Mastracci L, Fiocca R. Lung Fibrosis: An
Undervalued Finding in COVID-19 Pathological Series. Lancet Infect Dis
(2021) 21:e72. doi: 10.1016/S1473-3099(20)30582-X

Pellegrini M, Larina A, Mourtos E, Frithiof R, Lipcsey M, Hultstrom M, et al.
A Quantitative Analysis of Extension and Distribution of Lung Injury in
COVID-19: A Prospective Study Based on Chest Computed Tomography.
Crit Care (2021) 25:1. doi: 10.1186/s13054-021-03685-4

Rai DK, Sharma P, Kumar R. Post Covid 19 Pulmonary Fibrosis. Is it Real
Threat? Indian ] Tuberc (2021) 68:330. doi: 10.1016/}.ijtb.2020.11.003
Brochard L, Slutsky A, Pesenti A. Mechanical Ventilation to Minimize
Progression of Lung Injury in Acute Respiratory Failure. Am | Respir Crit
Care Med (2017) 195:438-42. doi: 10.1164/rccm201605-1081CP

Callender LA, Curran M, Bates SM, Mairesse M, Weigandt J, Betts CJ. The
Impact of Pre-Existing Comorbidities and Therapeutic Interventions on
COVID-19. Front Immunol (2020) 11. doi: 10.3389/fimmu.2020.01991
Emami A, Javanmardi F, Pirbonyeh N, Akbari A. Prevalence of Underlying
Diseases in Hospitalized Patients With COVID-19: A Systematic Review and
Meta-Analysis. Arch Acad Emerg Med (2020) 8(1):e35. doi: 10.1371/
journal.pone.0241265

Yang J, Zheng Y, Gou X, Pu K, Chen Z, Guo Q, et al. Prevalence of
Comorbidities and its Effects in Patients Infected With SARS-CoV-2: A
Systematic Review and Meta-Analysis. Int ] Infect Dis (2020) 94:91-5. doi:
10.1016/j.ijid.2020.03.017

Verdecchia P, Cavallini C, Spanevello A, Angeli F. The Pivotal Link Between
ACE2 Deficiency and SARS-CoV-2 Infection. Eur ] Intern Med (2020)
76:14-20. doi: 10.1016/j.¢jim.2020.04.037

Tseng Y-H, Yang R-C, Lu T-S. Two Hits to the Renin-Angiotensin System
may Play a Key Role in Severe COVID-19. Kaohsiung ] Med Sci (2020)
36:389-92. doi: 10.1002/kjm?2.12237

Vaduganathan M, Vardeny O, Michel T, McMurray JJV, Pfeffer MA,
Solomon SD. Renin-Angiotensin-Aldosterone System Inhibitors in
Patients With Covid-19. N Engl ] Med (2020) 382:1653-9. doi: 10.1056/
NEJMsr2005760

Kuba K, Imai Y, Ohto-Nakanishi T, Penninger JM. Trilogy of ACE2: A
Peptidase in the Renin-Angiotensin System, a SARS Receptor, and a Partner
for Amino Acid Transporters. Pharmacol Ther (2010) 128:119-28. doi:
10.1016/j.pharmthera.2010.06.003

Goldin CJ, Vazquez R, Polack FP, Alvarez-Paggi D. Identifying
Pathophysiological Bases of Disease in COVID-19. Trans Med Commun
(2020) 5:1. doi: 10.1186/s41231-020-00067-w

Li D, Wu M. Pattern Recognition Receptors in Health and Diseases. Signal
Transduct Target Ther (2021) 6(1):291. doi: 10.1038/s41392-021-00687-0
Vabret N, Britton GJ, Gruber C, Hegde S, Kim J, Kuksin M, et al.
Immunology of COVID-19: Current State of the Science. Immunity
(2020) 52(6):910-41. doi: 10.1016/j.immuni.2020.05.002

. Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D, Meller R,

et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of
COVID-19. Cell (2020) 181(5):1036-45.€9. doi: 10.1016/j.cell.2020.04.026
Made C, Simons A, Schuurs-Hoeijmakers J, Heuvel G, Mantere T, Kersten S,
et al. Presence of Genetic Variants Among Young Men With Severe COVID-
19. JAMA (2020) 324:663-73. doi: 10.1001/jama.2020.13719

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 835104


https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/S0140-6736(21)02758-6
https://doi.org/10.1016/S0140-6736(21)02758-6
https://doi.org/10.1016/S2213-2600(21)00218-6
https://doi.org/10.1007/s12272-020-01301-7
https://doi.org/10.1007/s12272-020-01301-7
https://doi.org/10.1038/s41586-020-03148-w
https://doi.org/10.1038/s41586-020-03148-w
https://doi.org/10.1038/s41392-020-00373-7
https://doi.org/10.1038/s41392-020-00373-7
https://doi.org/10.1101/2020.06.25.169946
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1093/cid/civ951
https://doi.org/10.1101/2020.03.27.20045427
https://doi.org/10.1016/j.ebiom.2020.102833
https://doi.org/10.1016/j.ebiom.2020.102833
https://doi.org/10.1038/s41422-021-00595-6
https://doi.org/10.1038/s41422-021-00595-6
https://doi.org/10.1126/science.abd2985
https://doi.org/10.1126/science.abd2985
https://doi.org/10.1038/s41422-020-00460-y
https://doi.org/10.1038/s41422-020-00460-y
https://doi.org/10.1016/j.tmaid.2020.101623
https://doi.org/10.3389/fcimb.2021.679878
https://doi.org/10.1513/AnnalsATS.202011-1376CME
https://doi.org/10.1148/radiol.2020200527
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.22541/au.161675640.02782854/v1
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1161/CIRCULATIONAHA.120.047430
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1016/S1473-3099(20)30582-X
https://doi.org/10.1186/s13054-021-03685-4
https://doi.org/10.1016/j.ijtb.2020.11.003
https://doi.org/10.1164/rccm201605-1081CP
https://doi.org/10.3389/fimmu.2020.01991
https://doi.org/10.1371/journal.pone.0241265
https://doi.org/10.1371/journal.pone.0241265
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1016/j.ejim.2020.04.037
https://doi.org/10.1002/kjm2.12237
https://doi.org/10.1056/NEJMsr2005760
https://doi.org/10.1056/NEJMsr2005760
https://doi.org/10.1016/j.pharmthera.2010.06.003
https://doi.org/10.1186/s41231-020-00067-w
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1016/j.immuni.2020.05.002
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1001/jama.2020.13719
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Zhang Q, Bastard P, Liu Z, Pen JL, Moncada-Velez M, Chen J, et al. Inborn
Errors of Type I IFN Immunity in Patients With Life-Threatening
COVID-19. Science (2020) 370(6515):eabd4570. doi: 10.1126/
science.abd4570

Paludan SR, Mogensen TH. Innate Immunological Pathways in COVID-19
Pathogenesis. Sci Immunol (2022) 7(67):eabm5505. doi: 10.1126/
sciimmunol.abm5505

Kuri-Cervantes L, Pampena MB, Meng W, Rosenfeld AM, Ittner CAG,
Weisman AR, et al. Comprehensive Mapping of Immune Perturbations
Associated With Severe COVID-19. Sci Immunol (2020) 5(49):eabd7114.
doi: 10.1126/sciimmunol.abd7114

Schulte-Schrepping ], Reusch N, Paclik D, Bafiler K, Schlickeiser S, Zhang B,
et al. Severe COVID-19 Is Marked by a Dysregulated Myeloid Cell
Compartment. Cell (2020) 182(6):1419-40.e23. doi: 10.1016/j.cell.
2020.08.001

Osman M, Faridi RM, Sligl W, Shabani-Rad MT, Dharmani-Khan P, Parker
A, et al. Impaired Natural Killer Cell Counts and Cytolytic Activity in
Patients With Severe COVID-19. Blood Adv (2020) 4(20):5035-9. doi:
10.1182/bloodadvances.2020002650

Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, et al. Functional
Exhaustion of Antiviral Lymphocytes in COVID-19 Patients. Cell Mol
Immunol (2020) 17:5. doi: 10.1038/s41423-020-0402-2

Maucourant C, Filipovic I, Ponzetta A, Aleman S, Cornillet M, Hertwig L,
et al. Natural Killer Cell Immunotypes Related to COVID-19 Disease
Severity. Sci Immunol (2020) 5(50):eabd6832. doi: 10.1126/
sciimmunol.abd6832

Liu C, Martins AJ, Lau WW, Rachmaninoff N, Chen J, Imberti L, et al. Time-
Resolved Systems Immunology Reveals a Late Juncture Linked to Fatal
COVID-19. Cell (2021) 184(7):1836-57.€22. doi: 10.1016/j.cell.20

Kramer B, Knoll R, Bonaguro L, ToVinh M, Raabe J, Astaburuaga-Garcia R,
et al. Early IFN-o Signatures and Persistent Dysfunction are Distinguishing
Features of NK Cells in Severe COVID-19. Immunity (2021) 54(11):2650-
69.e14. doi: 10.1016/j.immuni.2021.09.002

Masso-Silva JA, Moshensky A, Lam MTY, Odish M, Patel A, Xu L, et al.
Increased Peripheral Blood Neutrophil Activation Phenotypes and NETosis
in Critically Il COVID-19 Patients: A Case Series and Review of the
Literature. Clin Infect Dis (2021) 74(3):479-89. doi: 10.1101/2021.01.
14.21249831

Middleton EA, He XY, Denorme F, Campbell RA, Ng D, Salvatore SP, et al.
Neutrophil Extracellular Traps Contribute to Immunothrombosis in
COVID-19 Acute Respiratory Distress Syndrome. Blood (2020) 136
(10):1169-79. doi: 10.1182/blood.2020007008

Chua RL, Lukassen S, Trump S, Hennig BP, Wendisch D, Pott F, et al.
COVID-19 Severity Correlates With Airway Epithelium-Immune Cell
Interactions Identified by Single-Cell Analysis. Nat Biotechnol (2020) 38
(8):970-9. doi: 10.1038/s41587-020-0602-4

Liao M, Liu Y, Yuan J, Wen Y, Xu G, Zhao J, et al. Single-Cell Landscape of
Bronchoalveolar Immune Cells in Patients With COVID-19. Nat Med
(2020) 26:6. doi: 10.1038/541591-020-0901-9

Vasquez-Bonilla WO, Orozco R, Argueta V, Sierra M, Zambrano LI,
Munoz-Lara F, et al. A Review of the Main Histopathological Findings in
Coronavirus Disease 2019. Hum Pathol (2020) 105:74-83. doi: 10.1016/
j-humpath.2020.07.023

Reusch N, De Domenico E, Bonaguro L, Schulte-Schrepping J, Bafller K,
Schultze JL, et al. Neutrophils in COVID-19. Front Immunol (2021) 12. doi:
10.3389/fimmu.2021.652470

Silvin A, Chapuis N, Dunsmore G, Goubet AG, Dubuisson A, Derosa L, et al.
Elevated Calprotectin and Abnormal Myeloid Cell Subsets Discriminate
Severe From Mild COVID-19. Cell (2020) 182(6):1401-18.e18. doi: 10.1016/
j.cell.2020.08.002

Sacchi A, Grassi G, Bordoni V, Lorenzini P, Cimini E, Casetti R, et al. Early
Expansion of Myeloid-Derived Suppressor Cells Inhibits SARS-CoV-2
Specific T-Cell Response and may Predict Fatal COVID-19 Outcome. Cell
Death Dis (2020) 11(10):921. doi: 10.1038/s41419-020-03125-1

Agrati C, Sacchi A, Bordoni V, Cimini E, Notari S, Grassi G, et al. Expansion
of Myeloid-Derived Suppressor Cells in Patients With Severe Coronavirus
Disease (COVID-19). Cell Death Differ (2020) 27:3196-207. doi: 10.1038/
$41418-020-0572-6

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

Tomic S, Pokic J, Stevanovic D, Ilic N, Gruden-Movsesijan A, Dinic M, et al.
Reduced Expression of Autophagy Markers and Expansion of Myeloid-
Derived Suppressor Cells Correlate With Poor T Cell Response in Severe
COVID-19 Patients. Front Immunol (2021) 0:208. doi: 10.3389/
fimmu.2021.614599

Veglia F, Perego M, Gabrilovich D. Myeloid-Derived Suppressor Cells
Coming of Age. Nat Immunol (2018) 19:2. doi: 10.1038/s41590-017-0022-x
Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, et al.
Nomenclature of Monocytes and Dendritic Cells in Blood. Blood (2010) 116
(16):74-80. doi: 10.1182/blood-2010-02-258558

Kapellos TS, Bonaguro L, Gemiind I, Reusch N, Saglam A, Hinkley ER, et al.
Human Monocyte Subsets and Phenotypes in Major Chronic Inflammatory
Diseases. Front Immunol (2019) 10. doi: 10.3389/fimmu.2019.02035
Boyette LB, Macedo C, Hadi K, Elinoff BD, Walters JT, Ramaswami B, et al.
Phenotype, Function, and Differentiation Potential of Human Monocyte
Subsets. PloS One (2017) 12(4):e0176460-e. doi: 10.1371/journal.
pone.0176460

Sampath P, Moideen K, Ranganathan UD, Bethunaickan R. Monocyte
Subsets: Phenotypes and Function in Tuberculosis Infection. Front
Immunol (2018) 9. doi: 10.3389/fimmu.2018.01726

Patterson BK, Francisco EB, Yogendra R, Long E, Pise A, Rodrigues H, et al.
Persistence of SARS CoV-2 S1 Protein in CD16+ Monocytes in Post-Acute
Sequelae of COVID-19 (PASC) Up to 15 Months Post-Infection. Front
Immunol (2022) 12:746021-. doi: 10.3389/fimmu.2021.746021

Knoll R, Schultze JL, Schulte-Schrepping J. Monocytes and Macrophages in
COVID-19. Front Immunol (2021) 12. doi: 10.3389/fimmu.2021.720109
Gatti A, Radrizzani D, Vigano P, Mazzone A, Brando B. Decrease of Non-
Classical and Intermediate Monocyte Subsets in Severe Acute SARS-CoV-2
Infection. Cytometry A (2020) 97(9):887-90. doi: 10.1002/cyto.a.24188
Boumaza A, Gay L, Mezouar S, Bestion E, Diallo AB, Michel M, et al.
Monocytes and Macrophages, Targets of Severe Acute Respiratory
Syndrome Coronavirus 2: The Clue for Coronavirus Disease 2019
Immunoparalysis. ] Infect Dis (2021) 224(3):395-406. doi: 10.1093/infdis/
jiab044

Payen D, Cravat M, Maadadi H, Didelot C, Prosic L, Dupuis C, et al. A
Longitudinal Study of Immune Cells in Severe COVID-19 Patients. Front
Immunol (2020) 11:580250. doi: 10.3389/fimmu.2020.580250

Spinetti T, Hirzel C, Fux M, Walti LN, Schober P, Stueber F, et al. Reduced
Monocytic Human Leukocyte Antigen-DR Expression Indicates
Immunosuppression in Critically Il COVID-19 Patients. Anesth Analg
(2020) 131(4):993-9. doi: 10.1213/ANE.0000000000005044

Zingaropoli MA, Nijhawan P, Carraro A, Pasculli P, Zuccala P, Perri V, et al.
Increased Scd163 and Scd14 Plasmatic Levels and Depletion of Peripheral
Blood Pro-Inflammatory Monocytes, Myeloid and Plasmacytoid Dendritic
Cells in Patients With Severe COVID-19 Pneumonia. Front Immunol (2021)
12:627548. doi: 10.3389/fimmu.2021.627548

. Gomez-Rial J, Curras-Tuala MJ, Rivero-Calle I, Gomez-Carballa A, Cebey-

Lopez M, Rodriguez-Tenreiro C, et al. Increased Serum Levels of Scd14 and
Scd163 Indicate a Preponderant Role for Monocytes in COVID-19
Immunopathology. Front Immunol (2020) 11:560381. doi: 10.3389/
fimmu.2020.560381

Rajamanickam A, Kumar NP, Pandiarajan AN, Selvaraj N, Munisankar S,
Renji RM, et al. Dynamic Alterations in Monocyte Numbers,
Subset Frequencies and Activation Markers in Acute and Convalescent
COVID-19 Individuals. Sci Rep (2021) 11(1):20254. doi: 10.1038/s41598-
021-99705-y

Vanderbeke L, Van Mol P, Van Herck Y, De Smet F, Humblet-Baron S,
Martinod K, et al. Monocyte-Driven Atypical Cytokine Storm and Aberrant
Neutrophil Activation as Key Mediators of COVID-19 Disease Severity. Nat
Commun (2021) 12(1):4117. doi: 10.1038/s41467-021-24360-w

Ren X, Wen W, Fan X, Hou W, Su B, Cai P, et al. COVID-19 Immune
Features Revealed by a Large-Scale Single-Cell Transcriptome Atlas. Cell
(2021) 184(7):1895-913.e19. doi: 10.1016/j.cell.2021.01.053
Sanchez-Cerrillo I, Landete P, Aldave B, Sanchez-Alonso S, Sanchez-Azofra
A, Marcos-Jimeénez A, et al. COVID-19 Severity Associates With Pulmonary
Redistribution of CDlc+ DCs and Inflammatory Transitional and
Nonclassical Monocytes. ] Clin Invest (2020) 130(12):6290-300. doi:
10.1172/JCI140335

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 835104


https://doi.org/10.1126/science.abd4570
https://doi.org/10.1126/science.abd4570
https://doi.org/10.1126/sciimmunol.abm5505
https://doi.org/10.1126/sciimmunol.abm5505
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1016/j.cell.2020.08.001
https://doi.org/10.1016/j.cell.2020.08.001
https://doi.org/10.1182/bloodadvances.2020002650
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1126/sciimmunol.abd6832
https://doi.org/10.1126/sciimmunol.abd6832
https://doi.org/10.1016/j.cell.20
https://doi.org/10.1016/j.immuni.2021.09.002
https://doi.org/10.1101/2021.01.14.21249831
https://doi.org/10.1101/2021.01.14.21249831
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1038/s41587-020-0602-4
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1016/j.humpath.2020.07.023
https://doi.org/10.1016/j.humpath.2020.07.023
https://doi.org/10.3389/fimmu.2021.652470
https://doi.org/10.1016/j.cell.2020.08.002
https://doi.org/10.1016/j.cell.2020.08.002
https://doi.org/10.1038/s41419-020-03125-1
https://doi.org/10.1038/s41418-020-0572-6
https://doi.org/10.1038/s41418-020-0572-6
https://doi.org/10.3389/fimmu.2021.614599
https://doi.org/10.3389/fimmu.2021.614599
https://doi.org/10.1038/s41590-017-0022-x
https://doi.org/10.1182/blood-2010-02-258558
https://doi.org/10.3389/fimmu.2019.02035
https://doi.org/10.1371/journal.pone.0176460
https://doi.org/10.1371/journal.pone.0176460
https://doi.org/10.3389/fimmu.2018.01726
https://doi.org/10.3389/fimmu.2021.746021
https://doi.org/10.3389/fimmu.2021.720109
https://doi.org/10.1002/cyto.a.24188
https://doi.org/10.1093/infdis/jiab044
https://doi.org/10.1093/infdis/jiab044
https://doi.org/10.3389/fimmu.2020.580250
https://doi.org/10.1213/ANE.0000000000005044
https://doi.org/10.3389/fimmu.2021.627548
https://doi.org/10.3389/fimmu.2020.560381
https://doi.org/10.3389/fimmu.2020.560381
https://doi.org/10.1038/s41598-021-99705-y
https://doi.org/10.1038/s41598-021-99705-y
https://doi.org/10.1038/s41467-021-24360-w
https://doi.org/10.1016/j.cell.2021.01.053
https://doi.org/10.1172/JCI140335
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Ginhoux F, Jung S. Monocytes and Macrophages: Developmental Pathways
and Tissue Homeostasis. Nat Rev Immunol (2014) 14(6):392-404. doi:
10.1038/nri3671

Szabo PA, Dogra P, Gray JI, Wells SB, Connors TJ, Weisberg SP, et al.
Longitudinal Profiling of Respiratory and Systemic Immune Responses
Reveals Myeloid Cell-Driven Lung Inflammation in Severe COVID-19.
Immunity (2021) 54(4):797-814.e6. doi: 10.1016/j.immuni.2021.03.005
Wauters E, Van Mol P, Garg AD, Jansen S, Van Herck Y, Vanderbeke L,
et al. Discriminating Mild From Critical COVID-19 by Innate and Adaptive
Immune Single-Cell Profiling of Bronchoalveolar Lavages. Cell Res (2021) 31
(3):272-90. doi: 10.1038/s41422-020-00455-9

Falck-Jones S, Vangeti S, Yu M, Falck-Jones R, Cagigi A, Badolati I, et al.
Functional Monocytic Myeloid-Derived Suppressor Cells Increase in Blood
But Not Airways and Predict COVID-19 Severity. J Clin Invest (2021) 131
(6):e144734. doi: 10.1172/]JCI144734

Reizine F, Lesouhaitier M, Gregoire M, Pinceaux K, Gacouin A, Maamar A,
et al. SARS-CoV-2-Induced ARDS Associates With MDSC Expansion,
Lymphocyte Dysfunction, and Arginine Shortage. J Clin Immunol (2021)
41:3. doi: 10.1007/s10875-020-00920-5

Giamarellos-Bourboulis EJ, Netea MG, Rovina N, Akinosoglou K,
Antoniadou A, Antonakos N, et al. Complex Immune Dysregulation in
COVID-19 Patients With Severe Respiratory Failure. Cell Host Microbe
(2020) 27:992-1000.€3. doi: 10.1016/j.chom.2020.04.009

Wendisch D, Dietrich O, Mari T, von Stillfried S, Ibarra IL, Mittermaier M,
et al. SARS-CoV-2 Infection Triggers Profibrotic Macrophage Responses
and Lung Fibrosis. Cell (2021) 184(26):6243-61.e27. doi: 10.1016/
j.cell.2021.11.033

Wang Y, Zhang L, Wu G-R, Zhou Q, Yue H, Rao L-Z, et al. MBD2 Serves as
a Viable Target Against Pulmonary Fibrosis by Inhibiting Macrophage M2
Program. Sci Adv (2021) 7(1):eabb6075. doi: 10.1126/sciadv.abb6075

Shen T, Wang T. Metabolic Reprogramming in COVID-19. Int ] Mol Sci
(2021) 22(21):11475. doi: 10.3390/ijms222111475

Semenza GL. Hypoxia-Inducible Factors in Physiology and Medicine. Cell
(2012) 148(3):399-408. doi: 10.1016/j.cell.2012.01.021

Qi F, Zhang W, Huang J, Fu L, Zhao J. Single-Cell RNA Sequencing Analysis
of the Immunometabolic Rewiring and Immunopathogenesis of
Coronavirus Disease 2019. Front Immunol (2021) 12. doi: 10.3389/
fimmu.2021.651656

Taniguchi-Ponciano K, Vadillo E, Mayani H, Gonzalez-Bonilla CR, Torres J,
Majluf A, et al. Increased Expression of Hypoxia-Induced Factor 1o mRNA
and its Related Genes in Myeloid Blood Cells From Critically Il COVID-19
Patients. Ann Med (2021) 53(1):197-207. doi: 10.1080/
07853890.2020.1858234

Tian M, Liu W, Li X, Zhao P, Shereen MA, Zhu C, et al. HIF-1o. Promotes
SARS-CoV-2 Infection and Aggravates Inflammatory Responses to COVID-
19. Signal Transduct Target Ther (2021) 6(1):308. doi: 10.1038/s41392-021-
00726-w

AbdelMassih A, Yacoub E, Husseiny RJ, Kamel A, Hozaien R, El
Shershaby M, et al. Hypoxia-Inducible Factor (HIF): The Link Between
Obesity and COVID-19. Obes Med (2021) 22:100317. doi: 10.1016/
j.obmed.2020.100317

Codo AC, Davanzo GG, Monteiro LB, de Souza GF, Muraro SP, Virgilio-da-
Silva JV, et al. Elevated Glucose Levels Favor SARS-CoV-2 Infection and
Monocyte Response Through a HIF-1a/Glycolysis-Dependent Axis. Cell
Metab (2020) 32(3):437-46.e5. doi: 10.2139/ssrn.3606770

Dias SSG, Soares VC, Ferreira AC, Sacramento CQ, Fintelman-Rodrigues N,
Temerozo JR, et al. Lipid Droplets Fuel SARS-CoV-2 Replication and
Production of Inflammatory Mediators. PloS Pathog (2020) 16(12):
€1009127. doi: 10.1371/journal.ppat.1009127

Borella R, De Biasi S, Paolini A, Boraldi F, Lo Tartaro D, Mattioli M, et al.
Metabolic Reprograming Shapes Neutrophil Functions in Severe COVID-
19. Eur ] Immunol (2022) 52:484-502. doi: 10.1002/eji.202149481.

Ryu S, Shchukina I, Youm YH, Qing H, Hilliard B, Dlugos T, et al. Ketogenic
Diet Restrains Aging-Induced Exacerbation of Coronavirus Infection in
Mice. Elife (2021) 10(1):186. doi: 10.7554/eLife.66522

Liu J, Li S, Liu J, Liang B, Wang X, Wang H, et al. Longitudinal
Characteristics of Lymphocyte Responses and Cytokine Profiles in the

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Peripheral Blood of SARS-CoV-2 Infected Patients. EBioMedicine (2020)
55:102763. doi: 10.1016/j.ebiom.2020.102763

Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and
Immunological Features of Severe and Moderate Coronavirus Disease 2019.
J Clin Invest (2020) 130(5):2620-9. doi: 10.1172/JCI137244

Roy RK, Sharma U, Wasson MK, Jain A, Hassan MI, Prakash H.
Macrophage Activation Syndrome and COVID 19: Impact of MAPK
Driven Immune-Epigenetic Programming by SARS-Cov-2. Front
Immunol (2021) 12. doi: 10.3389/fimmu.2021.763313

Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ.
COVID-19: Consider Cytokine Storm Syndromes and Immunosuppression.
Lancet (2020) 395(10229):1033-4. doi: 10.1016/S0140-6736(20)30628-0
Melms JC, Biermann J, Huang H, Wang Y, Nair A, Tagore S, et al. A
Molecular Single-Cell Lung Atlas of Lethal COVID-19. Nature (2021) 595
(7865):114-9. doi: 10.1038/541586-021-03569-1

Weiss ES, Girard-Guyonvarch C, Holzinger D, de Jesus AA, Tariq Z,
Picarsic J, et al. Interleukin-18 Diagnostically Distinguishes and
Pathogenically Promotes Human and Murine Macrophage Activation
Syndrome. Blood (2018) 131(13):1442-55. doi: 10.1182/blood-2017-12-
820852

Janka GE, Lehmberg K. Hemophagocytic Syndromes-an Update. Blood Rev
(2014) 28(4):135-42. doi: 10.1016/j.blre.2014.03.002

Clark KEN, Nevin WD, Mahungu T, Lachmann H, Singh A. Assessment of
the Hemophagocytic Lymphohistiocytosis HScore in Patients With
Coronavirus Disease 2019. Clin Infect Dis (2020) 73(9):e3110-e2. doi:
10.1093/cid/ciaal463

Leverenz DL, Tarrant TK. Is the HScore Useful in COVID-19? Lancet (2020)
395(10236):¢83. doi: 10.1016/S0140-6736(20)31057-6

Galani IE, Rovina N, Lampropoulou V, Triantafyllia V, Manioudaki M,
Pavlos E, et al. Untuned Antiviral Immunity in COVID-19 Revealed by
Temporal Type I/III Interferon Patterns and Flu Comparison. Nat Immunol
(2021) 22(1):32-40. doi: 10.1038/s41590-020-00840-x

Delabranche X, Quenot JP, Lavigne T, Mercier E, Frangois B, Severac F, et al.
Early Detection of Disseminated Intravascular Coagulation During Septic
Shock: A Multicenter Prospective Study. Crit Care Med (2016) 44(10):e930-
9. doi: 10.1097/CCM.0000000000001836

Shah A, Donovan K, McHugh A, Pandey M, Aaron L, Bradbury CA, et al.
Thrombotic and Haemorrhagic Complications in Critically Il Patients With
COVID-19: A Multicentre Observational Study. Crit Care (2020) 24(1):561.
doi: 10.1186/513054-020-03260-3

Rech TH, Girardi AM, Gazzana MB. Incidence of Pulmonary Embolism in
Patients With COVID-19. Intensive Care Med (2020) 46(7):1500-1. doi:
10.1007/500134-020-06081-8

Susen S, Tacquard CA, Godon A, Mansour A, Garrigue D, Nguyen P, et al.
Prevention of Thrombotic Risk in Hospitalized Patients With COVID-19
and Hemostasis Monitoring. Crit Care (2020) 24(1):364. doi: 10.1186/
$13054-020-03000-7

Mueller AL, McNamara MS, Sinclair DA. Why Does COVID-19
Disproportionately Affect Older People? Aging (Albany NY) (2020) 12
(10):9959-81. doi: 10.18632/aging.103344

Angioni R, Sanchez-Rodriguez R, Munari F, Bertoldi N, Arcidiacono D,
Cavinato S, et al. Age-Severity Matched Cytokine Profiling Reveals Specific
Signatures in Covid-19 Patients. Cell Death Dis (2020) 11(11):957. doi:
10.1038/541419-020-03151-z

Lewis SA, Sureshchandra S, Zulu MZ, Doratt B, Jankeel A, Ibraim IC, et al.
Differential Dynamics of Peripheral Immune Responses to Acute SARS-
CoV-2 Infection in Older Adults. Nat Aging (2021) 1(11):1038-52. doi:
10.1038/543587-021-00127-2

Bartleson JM, Radenkovic D, Covarrubias AJ, Furman D, Winer DA, Verdin
E. SARS-CoV-2, COVID-19 and the Aging Immune System. Nat Aging
(2021) 1(9):769-82. doi: 10.1038/s43587-021-00114-7

Sinha P, Matthay MA, Calfee CS. Is a “Cytokine Storm” Relevant to COVID-
19?2 JAMA Intern Med (2020) 180:1152-4. doi: 10.1001/
jamainternmed.2020.3313

Kox M, Waalders NJB, Kooistra EJ, Gerretsen J, Pickkers P. Cytokine Levels
in Critically Ill Patients With COVID-19 and Other Conditions. JAMA
(2020) 324:1565-7. doi: 10.1001/jama.2020.17052

Frontiers in Immunology | www.frontiersin.org

20

March 2022 | Volume 13 | Article 835104


https://doi.org/10.1038/nri3671
https://doi.org/10.1016/j.immuni.2021.03.005
https://doi.org/10.1038/s41422-020-00455-9
https://doi.org/10.1172/JCI144734
https://doi.org/10.1007/s10875-020-00920-5
https://doi.org/10.1016/j.chom.2020.04.009
https://doi.org/10.1016/j.cell.2021.11.033
https://doi.org/10.1016/j.cell.2021.11.033
https://doi.org/10.1126/sciadv.abb6075
https://doi.org/10.3390/ijms222111475
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.3389/fimmu.2021.651656
https://doi.org/10.3389/fimmu.2021.651656
https://doi.org/10.1080/07853890.2020.1858234
https://doi.org/10.1080/07853890.2020.1858234
https://doi.org/10.1038/s41392-021-00726-w
https://doi.org/10.1038/s41392-021-00726-w
https://doi.org/10.1016/j.obmed.2020.100317
https://doi.org/10.1016/j.obmed.2020.100317
https://doi.org/10.2139/ssrn.3606770
https://doi.org/10.1371/journal.ppat.1009127
https://doi.org/10.1002/eji.202149481
https://doi.org/10.7554/eLife.66522
https://doi.org/10.1016/j.ebiom.2020.102763
https://doi.org/10.1172/JCI137244
https://doi.org/10.3389/fimmu.2021.763313
https://doi.org/10.1016/S0140-6736(20)30628-0
https://doi.org/10.1038/s41586-021-03569-1
https://doi.org/10.1182/blood-2017-12-820852
https://doi.org/10.1182/blood-2017-12-820852
https://doi.org/10.1016/j.blre.2014.03.002
https://doi.org/10.1093/cid/ciaa1463
https://doi.org/10.1016/S0140-6736(20)31057-6
https://doi.org/10.1038/s41590-020-00840-x
https://doi.org/10.1097/CCM.0000000000001836
https://doi.org/10.1186/s13054-020-03260-3
https://doi.org/10.1007/s00134-020-06081-8
https://doi.org/10.1186/s13054-020-03000-7
https://doi.org/10.1186/s13054-020-03000-7
https://doi.org/10.18632/aging.103344
https://doi.org/10.1038/s41419-020-03151-z
https://doi.org/10.1038/s43587-021-00127-2
https://doi.org/10.1038/s43587-021-00114-7
https://doi.org/10.1001/jamainternmed.2020.3313
https://doi.org/10.1001/jamainternmed.2020.3313
https://doi.org/10.1001/jama.2020.17052
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Mudd PA, Crawford JC, Turner JS, Souquette A, Reynolds D, Bender D, et al.
Distinct Inflammatory Profiles Distinguish COVID-19 From Influenza With
Limited Contributions From Cytokine Storm. Sci Adv (2020) 6:eabe3024.
doi: 10.1126/sciadv.abe3024

Louie JK, Acosta M, Winter K, Jean C, Gavali S, Schechter R, et al. Factors
Associated With Death or Hospitalization Due to Pandemic 2009 Influenza
A(HIN1) Infection in California. JAMA (2009) 302:1896-902. doi: 10.1001/
jama.2009.1583

Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical Characteristics of
138 Hospitalized Patients With 2019 Novel Coronavirus-Infected
Pneumonia in Wuhan, China. JAMA (2020) 323(11):1061-9. doi: 10.1001/
jama.2020.1585

Liu K, Fang YY, Deng Y, Liu W, Wang MF, Ma JP, et al. Clinical
Characteristics of Novel Coronavirus Cases in Tertiary Hospitals in Hubei
Province. Chin Med ] (2020) 133(9):1025-31. doi: 10.1097/
CM9.0000000000000744

Lippi G, Plebani M. Laboratory Abnormalities in Patients With COVID-
2019 Infection. Clin Chem Lab Med (2020) 58:1131-4. doi: 10.1515/cclm-
2020-0198

Metkus TS, Sokoll L], Barth AS, Czarny MJ, Hays AG, Lowenstein CJ, et al.
Myocardial Injury in Severe COVID-19 Compared With Non-COVID-19
Acute Respiratory Distress Syndrome. Circulation (2021) 143(6):553-65. doi:
10.1161/CIRCULATIONAHA.120.050543

Connors JM, Levy JH. COVID-19 and its Implications for Thrombosis and
Anticoagulation. Blood (2020) 135(23):2033-40. doi: 10.1182/
blood.2020006000

Smadja DM, Mentzer S], Fontenay M, Laffan MA, Ackermann M, Helms J,
etal. COVID-19 is a Systemic Vascular Hemopathy: Insight for Mechanistic
and Clinical Aspects. Angiogenesis (2021) 24(4):755-88. doi: 10.1007/
510456-021-09805-6

Stahl K, Gronski PA, Kiyan Y, Seeliger B, Bertram A, Pape T, et al. Injury to
the Endothelial Glycocalyx in Critically Ill Patients With COVID-19. Am |
Respir Crit Care Med (2020) 202(8):1178-81. doi: 10.1164/rccm.202007-
2676LE

Bermejo-Martin JF, Gonzalez-Rivera M, Almansa R, Micheloud D, Tedim
AP, Dominguez-Gil M, et al. Viral RNA Load in Plasma is Associated With
Critical Illness and a Dysregulated Host Response in COVID-19. Crit Care
(2020) 24(1):691. doi: 10.1186/s13054-020-03398-0

Li L, Huang M, Shen J, Wang Y, Wang R, Yuan C, et al. Serum Levels of
Soluble Platelet Endothelial Cell Adhesion Molecule 1 in COVID-19 Patients
Are Associated With Disease Severity. ] Infect Dis (2021) 223(1):178-9. doi:
10.1093/infdis/jiaa642

Barrett TJ, Lee AH, Xia Y, Lin LH, Black M, Cotzia P, et al. Platelet and
Vascular Biomarkers Associate With Thrombosis and Death in Coronavirus
Disease. Circ Res (2020) 127(7):945-7. doi: 10.1161/
CIRCRESAHA.120.317803

Vassiliou AG, Keskinidou C, Jahaj E, Gallos P, Dimopoulou I, Kotanidou A,
et al. ICU Admission Levels of Endothelial Biomarkers as Predictors of
Mortality in Critically Il COVID-19 Patients. Cells (2021) 10(1). doi:
10.3390/cells10010186

Hakanpaa L, Sipila T, Leppanen VM, Gautam P, Nurmi H, Jacquemet G,
et al. Endothelial Destabilization by Angiopoietin-2 via Integrin B1
Activation. Nat Commun (2015) 6:5962. doi: 10.1038/ncomms6962

Smadja DM, Guerin CL, Chocron R, Yatim N, Boussier J, Gendron N, et al.
Angiopoietin-2 as a Marker of Endothelial Activation is a Good Predictor
Factor for Intensive Care Unit Admission of COVID-19 Patients.
Angiogenesis (2020) 23(4):611-20. doi: 10.1007/s10456-020-09730-0
Dupont V, Kanagaratnam L, Goury A, Poitevin G, Bard M, Julien G, et al.
Excess Soluble Fms-Like Tyrosine Kinase 1 Correlates With Endothelial
Dysfunction and Organ Failure in Critically Il Coronavirus Disease 2019
Patients. Clin Infect Dis (2021) 72(10):1834-7. doi: 10.1093/cid/ciaal007
Rovas A, Osiaevi I, Buscher K, Sackarnd ], Tepasse PR, Fobker M, et al.
Microvascular Dysfunction in COVID-19: The MYSTIC Study. Angiogenesis
(2021) 24(1):145-57. doi: 10.1007/s10456-020-09753-7

Medford ARL, Millar AB. Vascular Endothelial Growth Factor (VEGF) in
Acute Lung Injury (ALI) and Acute Respiratory Distress Syndrome (ARDS):
Paradox or Paradigm? Thorax (2006) 61(7):621. doi: 10.1136/
thx.2005.040204

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Madureira G, Soares R. The Misunderstood Link Between SARS-CoV-2 and
Angiogenesis. A Narrative Review. Pulmonology (2021) 27:52531-0437(21)
00160-4. doi: 10.1016/j.pulmoe.2021.08.004

Ackermann M, Mentzer SJ, Kolb M, Jonigk D. Inflammation and
Intussusceptive Angiogenesis in COVID-19: Everything in and Out of
Flow. Eur Respir ] (2020) 56(5):2003147. doi: 10.1183/13993003.03147-2020
Panigada M, Bottino N, Tagliabue P, Grasselli G, Novembrino C,
Chantarangkul V, et al. Hypercoagulability of COVID-19 Patients in
Intensive Care Unit: A Report of Thromboelastography Findings and
Other Parameters of Hemostasis. | Thromb Haemost (2020) 18(7):1738-
42. doi: 10.1111/jth.14850

Goshua G, Pine AB, Meizlish ML, Chang CH, Zhang H, Bahel P, et al.
Endotheliopathy in COVID-19-Associated Coagulopathy: Evidence From a
Single-Centre, Cross-Sectional Study. Lancet Haematol (2020) 7(8):e575-
e82. doi: 10.1016/52352-3026(20)30216-7

von Meijenfeldt FA, Havervall S, Adelmeijer J, Lundstrom A, Rudberg AS,
Magnusson M, et al. Prothrombotic Changes in Patients With COVID-19
are Associated With Disease Severity and Mortality. Res Pract Thromb
Haemost (2021) 5(1):132-41. doi: 10.1002/rth2.12462

Philippe A, Chocron R, Gendron N, Bory O, Beauvais A, Peron N,
et al. Circulating Von Willebrand Factor and High Molecular Weight
Multimers as Markers of Endothelial Injury Predict COVID-19 in-
Hospital Mortality. Angiogenesis (2021) 24(3):505-17. doi: 10.1007/
510456-020-09762-6

Bazzan M, Montaruli B, Sciascia S, Cosseddu D, Norbiato C, Roccatello D.
Low ADAMTS 13 Plasma Levels are Predictors of Mortality in COVID-19
Patients. Intern Emerg Med (2020) 15(5):861-3. doi: 10.1007/s11739-020-
02394-0

Ondracek AS, Lang IM. Neutrophil Extracellular Traps as Prognostic
Markers in COVID-19: A Welcome Piece to the Puzzle. Arterioscler
Thromb Vasc Biol (2021) 41(2):995-8. doi: 10.1161/ATVBAHA.120.315633
Ng H, Havervall S, Rosell A, Aguilera K, Parv K, Meijenfeldt F, et al.
Circulating Markers of Neutrophil Extracellular Traps Are of Prognostic
Value in Patients With COVID-19. Arterioscler Thromb Vasc Biol (2021) 41
(2):988-94. doi: 10.1161/ATVBAHA.120.315267

Janiuk K, Jablonska E, Garley M. Significance of NETs Formation in
COVID-19. Cells (2021) 10(1):151. doi: 10.3390/cells10010151

Arcanjo A, Logullo ], Menezes CCB, de Souza Carvalho Giangiarulo TC, dos
Reis MC, de Castro GMM, et al. The Emerging Role of Neutrophil
Extracellular Traps in Severe Acute Respiratory Syndrome Coronavirus 2
(COVID-19). Sci Rep (2020) 10:1. doi: 10.1038/s41598-020-76781-0
Schurink B, Roos E, Radonic T, Barbe E, Bouman CSC, de Boer HH, et al.
Viral Presence and Immunopathology in Patients With Lethal COVID-19: A
Prospective Autopsy Cohort Study. Lancet Microbe (2020) 1:¢290-e9. doi:
10.1016/52666-5247(20)30144-0

Blasco A, Coronado M-J, Hernandez-Terciado F, Martin P, Royuela A,
Ramil E, et al. Assessment of Neutrophil Extracellular Traps in Coronary
Thrombus of a Case Series of Patients With COVID-19 and Myocardial
Infarction. JAMA Cardiol (2021) 6(4):469-74. doi: 10.1001/
jamacardio.2020.7308

Ouwendijk WJD, Raadsen MP, van Kampen JJA, Verdijk RM, von der
Thusen JH, Guo L, et al. High Levels of Neutrophil Extracellular Traps
Persist in the Lower Respiratory Tract of Critically Ill Patients With
Coronavirus Disease 2019. ] Infect Dis (2021) 223(9):1512-21. doi:
10.1093/infdis/jiab050

Alkattan W, Yaqinuddin A, Shafqat A, Kashir J. NET-Mediated Pathogenesis
of COVID-19: The Role of NETSs in Hepatic Manifestations. ] Health Allied
Sci NU. (EFirst) doi: 10.1055/s-0041-1741418.

Kashir J, Ambia AR, Shafqat A, Sajid MR, AlKattan K, Yaqinuddin A.
Scientific Premise for the Involvement of Neutrophil Extracellular Traps
(NETs) in Vaccine-Induced Thrombotic Thrombocytopenia (VITT). J
Leukoc Biol (2021) 111:JLB.5COVR0621-320RR. doi: 10.1002/
JLB.5COVR0621-320RR

Ackermann M, Anders H-J, Bilyy R, Bowlin GL, Daniel C, De Lorenzo R,
et al. Patients With COVID-19: In the Dark-NETs of Neutrophils. Cell Death
Differ (2021) 11:1-15. doi: 10.1038/s41418-021-00805-z

Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto G, Galuska
SP, et al. Neutrophil Extracellular Traps Directly Induce Epithelial and

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 835104


https://doi.org/10.1126/sciadv.abe3024
https://doi.org/10.1001/jama.2009.1583
https://doi.org/10.1001/jama.2009.1583
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1097/CM9.0000000000000744
https://doi.org/10.1097/CM9.0000000000000744
https://doi.org/10.1515/cclm-2020-0198
https://doi.org/10.1515/cclm-2020-0198
https://doi.org/10.1161/CIRCULATIONAHA.120.050543
https://doi.org/10.1182/blood.2020006000
https://doi.org/10.1182/blood.2020006000
https://doi.org/10.1007/s10456-021-09805-6
https://doi.org/10.1007/s10456-021-09805-6
https://doi.org/10.1164/rccm.202007-2676LE
https://doi.org/10.1164/rccm.202007-2676LE
https://doi.org/10.1186/s13054-020-03398-0
https://doi.org/10.1093/infdis/jiaa642
https://doi.org/10.1161/CIRCRESAHA.120.317803
https://doi.org/10.1161/CIRCRESAHA.120.317803
https://doi.org/10.3390/cells10010186
https://doi.org/10.1038/ncomms6962
https://doi.org/10.1007/s10456-020-09730-0
https://doi.org/10.1093/cid/ciaa1007
https://doi.org/10.1007/s10456-020-09753-7
https://doi.org/10.1136/thx.2005.040204
https://doi.org/10.1136/thx.2005.040204
https://doi.org/10.1016/j.pulmoe.2021.08.004
https://doi.org/10.1183/13993003.03147-2020
https://doi.org/10.1111/jth.14850
https://doi.org/10.1016/S2352-3026(20)30216-7
https://doi.org/10.1002/rth2.12462
https://doi.org/10.1007/s10456-020-09762-6
https://doi.org/10.1007/s10456-020-09762-6
https://doi.org/10.1007/s11739-020-02394-0
https://doi.org/10.1007/s11739-020-02394-0
https://doi.org/10.1161/ATVBAHA.120.315633
https://doi.org/10.1161/ATVBAHA.120.315267
https://doi.org/10.3390/cells10010151
https://doi.org/10.1038/s41598-020-76781-0
https://doi.org/10.1016/S2666-5247(20)30144-0
https://doi.org/10.1001/jamacardio.2020.7308
https://doi.org/10.1001/jamacardio.2020.7308
https://doi.org/10.1093/infdis/jiab050
https://doi.org/10.1055/s-0041-1741418
https://doi.org/10.1002/JLB.5COVR0621-320RR
https://doi.org/10.1002/JLB.5COVR0621-320RR
https://doi.org/10.1038/s41418-021-00805-z
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Endothelial Cell Death: A Predominant Role of Histones. PloS One (2012) 7
(2):€32366. doi: 10.1371/journal.pone.0032366

Street ME. HMGBI1: A Possible Crucial Therapeutic Target for COVID-19?
Horm Res Paediatr (2020) 93(2):73-5. doi: 10.1159/000508291

Maugeri N, Campana L, Gavina M, Covino C, De Metrio M, Panciroli C,
et al. Activated Platelets Present High Mobility Group Box 1 to Neutrophils,
Inducing Autophagy and Promoting the Extrusion of Neutrophil
Extracellular Traps. ] Thromb Haemost (2014) 12(12):2074-88. doi:
10.1111/jth.12710

Gralinski LE, Ferris MT, Aylor DL, Whitmore AC, Green R, Frieman MB,
et al. Genome Wide Identification of SARS-CoV Susceptibility Loci Using
the Collaborative Cross. PloS Genet (2015) 11(10):e1005504. doi: 10.1371/
journal.pgen.1005504

Stenmark KR, Frid MG, Gerasimovskaya E, Zhang H, McCarthy MK,
Thurman JM, et al. Mechanisms of SARS-CoV-2-Induced Lung Vascular
Disease: Potential Role of Complement. Pulm Circ (2021) 11
(2):20458940211015799. doi: 10.1177/20458940211015799

Magro C, Mulvey JJ, Berlin D, Nuovo G, Salvatore S, Harp J, et al.
Complement Associated Microvascular Injury and Thrombosis in the
Pathogenesis of Severe COVID-19 Infection: A Report of Five Cases.
Trans Res ] Lab Clin Med (2020) 220:1-13. doi: 10.1016/j.trs1.2020.04.007
Cugno M, Meroni PL, Gualtierotti R, Griffini S, Grovetti E, Torri A, et al.
Complement Activation and Endothelial Perturbation Parallel COVID-19
Severity and Activity. ] Autoimmun (2021) 116:102560-. doi: 10.1016/
j.jaut.2020.102560

Cugno M, Meroni PL, Gualtierotti R, Griffini S, Grovetti E, Torri A, et al.
Complement Activation in Patients With COVID-19: A Novel Therapeutic
Target. J Allergy Clin Immunol (2020) 146(1):215-7. doi: 10.1016/
j.jaci.2020.05.006

Yu J, Yuan X, Chen H, Chaturvedi S, Braunstein EM, Brodsky RA. Direct
Activation of the Alternative Complement Pathway by SARS-CoV-2 Spike
Proteins is Blocked by Factor D Inhibition. Blood (2020) 136(18):2080-9.
doi: 10.1182/blood.2020008248

Kang S, Yang M, He S, Wang Y, Chen X, Chen YQ, et al. A SARS-CoV-2
Antibody Curbs Viral Nucleocapsid Protein-Induced Complement
Hyperactivation. Nat Commun (2021) 12(1):2697. doi: 10.1038/s41467-
021-23036-9

Georg P, Astaburuaga-Garcia R, Bonaguro L, Brumhard S, Michalick L,
Lippert LJ, et al. Complement Activation Induces Excessive T Cell
Cytotoxicity in Severe COVID-19. Cell (2021) 185(3):495-512.e25. doi:
10.2139/ssrn.3866835

Sette A, Crotty S. Adaptive Immunity to SARS-CoV-2 and COVID-19. Cell
(2021) 184(4):861-80. doi: 10.1016/j.cell.2021.01.007

Vanderheiden A, Ralfs P, Chirkova T, Upadhyay AA, Zimmerman MG,
Bedoya S, et al. Type I and Type III Interferons Restrict SARS-CoV-2
Infection of Human Airway Epithelial Cultures. J Virol (2020) 94(19):
€000985-20. doi: 10.1128/JV1.00985-20

Rydyznski Moderbacher C, Ramirez SI, Dan JM, Grifoni A, Hastie KM,
Weiskopf D, et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in
Acute COVID-19 and Associations With Age and Disease Severity. Cell
(2020) 183(4):996-1012.€19. doi: 10.1016/j.cell.2020.09.038

Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strélin K, Gorin J-B, Olsson A,
et al. Robust T Cell Immunity in Convalescent Individuals With
Asymptomatic or Mild COVID-19. Cell (2020) 183(1):158-68.e14. doi:
10.1016/j.cell.2020.08.017

Soresina A, Moratto D, Chiarini M, Paolillo C, Baresi G, Foca E, et al. Two X-
Linked Agammaglobulinemia Patients Develop Pneumonia as COVID-19
Manifestation But Recover. Pediatr Allergy Immunol (2020) 31:565-9. doi:
10.1111/pai.13263

Montero-Escribano P, Matias-Guiu J, G(’)mez—lglesias P, Porta-Etessam ],
Pytel V, Matias-Guiu JA. Anti-CD20 and COVID-19 in Multiple Sclerosis
and Related Disorders: A Case Series of 60 Patients From Madrid, Spain.
Mult Scler Relat Disord (2020) 42:102185. doi: 10.1016/j.msard.2020.
102185

Treon SP, Castillo JJ, Skarbnik AP, Soumerai JD, Ghobrial IM, Guerrera ML,
et al. The BTK Inhibitor Ibrutinib may Protect Against Pulmonary Injury in
COVID-19-Infected Patients. Blood (2020) 135(21):1912-5. doi: 10.1182/
blood.2020006288

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR,
et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans
With COVID-19 Disease and Unexposed Individuals. Cell (2020) 181
(7):1489-501.e15. doi: 10.1016/j.cell.2020.05.015

Goronzy JJ, Fang F, Cavanagh MM, Qi Q, Weyand CM. Naive T Cell
Maintenance and Function in Human Aging. ] Immunol (2015) 194
(9):4073-80. doi: 10.4049/jimmunol.1500046

Feldstein LR, Rose EB, Horwitz SM, Collins JP, Newhams MM, Son MBF,
et al. Multisystem Inflammatory Syndrome in U.S. Children and
Adolescents. N Engl J Med (2020) 383(4):334-46. doi: 10.1056/
NEJMo0a2021680

DeBiasi RL. Immunotherapy for MIS-C — IVIG, Glucocorticoids, and
Biologics. N Engl ] Med (2021) 385(1):74-5. doi: 10.1056/NEJMe2108276
Consiglio CR, Cotugno N, Sardh F, Pou C, Amodio D, Rodriguez L, et al. The
Immunology of Multisystem Inflammatory Syndrome in Children With
COVID-19. Cell (2020) 183(4):968-81.€7. doi: 10.1016/j.cell.2020.09.016
Vella LA, Giles JR, Baxter AE, Oldridge DA, Diorio C, Kuri-Cervantes L,
et al. Deep Immune Profiling of MIS-C Demonstrates Marked But Transient
Immune Activation Compared to Adult and Pediatric COVID-19. Sci
Immunol (2021) 6(57):eabf7570. doi: 10.1101/2020.09.25.20201863
Abu-Raddad L], Chemaitelly H, Malek JA, Ahmed AA, Mohamoud YA,
Younuskunju S, et al. Assessment of the Risk of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) Reinfection in an Intense
Reexposure Setting. Clin Infect Dis (2021) 73(7):e1830-e40. doi: 10.1093/
cid/ciaal846

Vitale J, Mumoli N, Clerici P, De Paschale M, Evangelista I, Cei M, et al.
Assessment of SARS-CoV-2 Reinfection 1 Year After Primary Infection in a
Population in Lombardy, Italy. JAMA Internal Med (2021) 181(10):1407-8.
doi: 10.1001/jamainternmed.2021.2959

Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Immunological
Memory to SARS-CoV-2 Assessed for Up to 8 Months After Infection.
Science (2021) 371(6529):eabf4063. doi: 10.1126/science.abf4063

Ward H, Cooke GS, Atchison C, Whitaker M, Elliott J, Moshe M, et al.
Prevalence of Antibody Positivity to SARS-CoV-2 Following the First Peak
of Infection in England: Serial Cross-Sectional Studies of 365,000 Adults.
Lancet Reg Health Eur (2021) 4:100098. doi: 10.1016/j.lanepe.2021.100098
Zuo ], Dowell AC, Pearce H, Verma K, Long HM, Begum J, et al. Robust
SARS-CoV-2-Specific T Cell Immunity is Maintained at 6 Months Following
Primary Infection. Nat Immunol (2021) 22(5):620-6. doi: 10.1038/s41590-
021-00902-8

Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama M, et al.
Evolution of Antibody Immunity to SARS-CoV-2. Nature (2021) 591
(7851):639-44. doi: 10.1038/s41586-021-03207-w

Lozano-Rodriguez R, Valentin-Quiroga J, Avendafio-Ortiz J, Martin-Quiros
A, Pascual-Iglesias A, Terron-Arcos V, et al. Cellular and Humoral
Functional Responses After BNT162b2 mRNA Vaccination Differ
Longitudinally Between Naive and Subjects Recovered From COVID-19.
Cell Rep (2022) 38(2):110235. doi: 10.1016/j.celrep.2021.110235

Prendecki M, Clarke C, Brown J, Cox A, Gleeson S, Guckian M, et al. Effect of
Previous SARS-CoV-2 Infection on Humoral and T-Cell Responses to
Single-Dose BNT162b2 Vaccine. Lancet (2021) 397(10280):1178-81. doi:
10.1016/50140-6736(21)00502-X

Ebinger JE, Fert-Bober J, Printsev I, Wu M, Sun N, Prostko JC, et al.
Antibody Responses to the BNT162b2 mRNA Vaccine in Individuals
Previously Infected With SARS-CoV-2. Nat Med (2021) 27(6):981-4. doi:
10.1038/541591-021-01325-6

Poon MML, Rybkina K, Kato Y, Kubota M, Matsumoto R, Bloom NI, et al.
SARS-CoV-2 Infection Generates Tissue-Localized Immunological Memory
in Humans. Sci Immunol (2021) 6(65):eabl9105. doi: 10.1126/
sciimmunol.abl9105

Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS,
et al. Post-Acute COVID-19 Syndrome. Nat Med (2021) 27(4):601-15. doi:
10.1038/541591-021-01283-z

Ramakrishnan RK, Kashour T, Hamid Q, Halwani R, Tleyjeh IM. Unraveling
the Mystery Surrounding Post-Acute Sequelae of COVID-19. Front
Immunol (2021) 12. doi: 10.3389/fimmu.2021.686029

Caruso D, Guido G, Zerunian M, Polidori T, Lucertini E, Pucciarelli F, et al.
Post-Acute Sequelae of COVID-19 Pneumonia: Six-Month Chest CT

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 835104


https://doi.org/10.1371/journal.pone.0032366
https://doi.org/10.1159/000508291
https://doi.org/10.1111/jth.12710
https://doi.org/10.1371/journal.pgen.1005504
https://doi.org/10.1371/journal.pgen.1005504
https://doi.org/10.1177/20458940211015799
https://doi.org/10.1016/j.trsl.2020.04.007
https://doi.org/10.1016/j.jaut.2020.102560
https://doi.org/10.1016/j.jaut.2020.102560
https://doi.org/10.1016/j.jaci.2020.05.006
https://doi.org/10.1016/j.jaci.2020.05.006
https://doi.org/10.1182/blood.2020008248
https://doi.org/10.1038/s41467-021-23036-9
https://doi.org/10.1038/s41467-021-23036-9
https://doi.org/10.2139/ssrn.3866835
https://doi.org/10.1016/j.cell.2021.01.007
https://doi.org/10.1128/JVI.00985-20
https://doi.org/10.1016/j.cell.2020.09.038
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1111/pai.13263
https://doi.org/10.1016/j.msard.2020.102185
https://doi.org/10.1016/j.msard.2020.102185
https://doi.org/10.1182/blood.2020006288
https://doi.org/10.1182/blood.2020006288
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.4049/jimmunol.1500046
https://doi.org/10.1056/NEJMoa2021680
https://doi.org/10.1056/NEJMoa2021680
https://doi.org/10.1056/NEJMe2108276
https://doi.org/10.1016/j.cell.2020.09.016
https://doi.org/10.1101/2020.09.25.20201863
https://doi.org/10.1093/cid/ciaa1846
https://doi.org/10.1093/cid/ciaa1846
https://doi.org/10.1001/jamainternmed.2021.2959
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1016/j.lanepe.2021.100098
https://doi.org/10.1038/s41590-021-00902-8
https://doi.org/10.1038/s41590-021-00902-8
https://doi.org/10.1038/s41586-021-03207-w
https://doi.org/10.1016/j.celrep.2021.110235
https://doi.org/10.1016/S0140-6736(21)00502-X
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.1126/sciimmunol.abl9105
https://doi.org/10.1126/sciimmunol.abl9105
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.3389/fimmu.2021.686029
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Follow-Up. Radiology (2021) 301(2):E396-405. doi: 10.1148/
radiol.2021210834

Cheon IS, Li C, Son YM, Goplen NP, Wu Y, Cassmann T, et al. Immune
Signatures Underlying Post-Acute COVID-19 Lung Sequelae. Sci Immunol
(2021) 6(65):eabk1741. doi: 10.1126/sciimmunol.abk1741

Goplen NP, Wu Y, Son YM, Li C, Wang Z, Cheon IS, et al. Tissue-Resident
CD8(+) T Cells Drive Age-Associated Chronic Lung Sequelae After Viral
Pneumonia. Sci Immunol (2020) 5(53). doi: 10.1126/sciimmunol.abc4557
Dudek M, Pfister D, Donakonda S, Filpe P, Schneider A, Laschinger M,
et al. Auto-Aggressive CXCR6(+) CD8 T Cells Cause Liver Immune
Pathology in NASH. Nature (2021) 592(7854):444-9. doi: 10.1038/s41586-
021-03233-8

Steiner S, Sotzny F, Bauer S, Na IK, Schmueck-Henneresse M, Corman VM,
et al. HCoV- and SARS-CoV-2 Cross-Reactive T Cells in CVID Patients.
Front Immunol (2020) 11:607918. doi: 10.3389/fimmu.2020.607918

Braun J, Loyal L, Frentsch M, Wendisch D, Georg P, Kurth F, et al. SARS-
CoV-2-Reactive T Cells in Healthy Donors and Patients With COVID-19.
Nature (2020) 587(7833):270-4. doi: 10.1038/s41586-020-2598-9

Weiskopf D, Schmitz KS, Raadsen MP, Grifoni A, Okba NMA, Endeman H,
et al. Phenotype and Kinetics of SARS-CoV-2-Specific T Cells in COVID-19
Patients With Acute Respiratory Distress Syndrome. Sci Immunol (2020) 5
(48):eabd2071. doi: 10.1126/sciimmunol.abd2071

Nelde A, Bilich T, Heitmann JS, Maringer Y, Salih HR, Roerden M, et al.
SARS-CoV-2-Derived Peptides Define Heterologous and COVID-19-
Induced T Cell Recognition. Nat Immunol (2021) 22(1):74-85. doi:
10.1038/541590-020-00808-x

Poston D, Weisblum Y, Wise H, Templeton K, Jenks S, Hatziioannou T, et al.
Absence of Severe Acute Respiratory Syndrome Coronavirus 2 Neutralizing
Activity in Prepandemic Sera From Individuals With Recent Seasonal
Coronavirus Infection. Clin Infect Dis (2021) 73(5):e1208-ell. doi:
10.1093/cid/ciaal803

Mateus ], Grifoni A, Tarke A, Sidney J, Ramirez SI, Dan JM, et al. Selective
and Cross-Reactive SARS-CoV-2 T Cell Epitopes in Unexposed Humans.
Science (2020) 370(6512):89-94. doi: 10.1126/science.abd3871

Tan CCS, Owen CJ, Tham CYL, Bertoletti A, van Dorp L, Balloux F. Pre-
Existing T Cell-Mediated Cross-Reactivity to SARS-CoV-2 Cannot Solely be
Explained by Prior Exposure to Endemic Human Coronaviruses. Infect
Genet Evol (2021) 95:105075. doi: 10.1016/j.meegid.2021.105075

Mabhajan S, Kode V, Bhojak K, Karunakaran C, Lee K, Manoharan M, et al.
Immunodominant T-Cell Epitopes From the SARS-CoV-2 Spike Antigen
Reveal Robust Pre-Existing T-Cell Immunity in Unexposed Individuals. Sci
Rep (2021) 11(1):13164. doi: 10.1038/s41598-021-92521-4

Bacher P, Rosati E, Esser D, Martini GR, Saggau C, Schiminsky E, et al. Low-
Avidity CD4+ T Cell Responses to SARS-CoV-2 in Unexposed Individuals
and Humans With Severe COVID-19. Immunity (2020) 53(6):1258-71.e5.
doi: 10.1016/j.immuni.2020.11.016

Loyal L, Braun J, Henze L, Kruse B, Dingeldey M, Reimer U, et al. Cross-
Reactive CD4+ T Cells Enhance SARS-CoV-2 Immune Responses Upon
Infection and Vaccination. Science (2021) 374(6564):eabh1823. doi: 10.1126/
science.abh1823

Sagar M, Reifler K, Rossi M, Miller NS, Sinha P, White LF, et al. Recent
Endemic Coronavirus Infection Is Associated With Less-Severe COVID-19.
J Clin Invest (2021) 131(1):e143380. doi: 10.1172/JCI143380

Mateus J, Dan JM, Zhang Z, Moderbacher CR, Lammers M, Goodwin B,
et al. Low-Dose mRNA-1273 COVID-19 Vaccine Generates Durable
Memory Enhanced by Cross-Reactive T Cells. Science (2021) 374(6566):
eabj9853. doi: 10.1126/science.abjo853

Tarke A, Sidney J, Kidd CK, Dan JM, Ramirez SI, Yu ED, et al.
Comprehensive Analysis of T Cell Immunodominance and
Immunoprevalence of SARS-CoV-2 Epitopes in COVID-19 Cases. Cell
Rep Med (2021) 2(2):100204. doi: 10.1016/j.xcrm.2021.100204

Kundu R, Narean JS, Wang L, Fenn J, Pillay T, Fernandez ND, et al. Cross-
Reactive Memory T Cells Associate With Protection Against SARS-CoV-2
Infection in COVID-19 Contacts. Nat Commun (2022) 13(1):80. doi:
10.1038/s41467-021-27674-x

Grifoni A, Sidney J, Vita R, Peters B, Crotty S, Weiskopf D, et al. SARS-CoV-
2 Human T Cell Epitopes: Adaptive Immune Response Against COVID-19.
Cell Host Microbe (2021) 29(7):1076-92. doi: 10.1016/j.chom.2021.05.010

204.

205.

206.

207.

208.

210.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Gangaev A, Ketelaars SLC, Isaeva OI, Patiwael S, Dopler A, Hoefakker K,
et al. Identification and Characterization of a SARS-CoV-2 Specific CD8(+)
T Cell Response With Immunodominant Features. Nat Commun (2021) 12
(1):2593. doi: 10.1038/s41467-021-22811-y

Gittelman RM, Lavezzo E, Snyder TM, Zahid HJ, Elyanow R, Dalai S, et al.
Diagnosis and Tracking of SARS-CoV-2 Infection By T-Cell Receptor
Sequencing. medRxiv (2021) 2020.11.09.20228023. doi: 10.1101/
2020.11.09.20228023

Snyder TM, Gittelman RM, Klinger M, May DH, Osborne EJ, Taniguchi R,
et al. Magnitude and Dynamics of the T-Cell Response to SARS-CoV-2
Infection at Both Individual and Population Levels. medRxiv Preprint Server
Health Sci (2020), 2020.07.31.20165647. doi: 10.1101/2020.07.31.20165647
Shomuradova AS, Vagida MS, Sheetikov SA, Zornikova KV, Kiryukhin D,
Titov A, et al. SARS-CoV-2 Epitopes Are Recognized by a Public and Diverse
Repertoire of Human T Cell Receptors. Immunity (2020) 53(6):1245-57.€5.
doi: 10.1016/j.immuni.2020.11.004

Tarke A, Sidney J, Methot N, Yu ED, Zhang Y, Dan JM, et al. Impact of
SARS-CoV-2 Variants on the Total CD4(+) and CD8(+) T Cell Reactivity in
Infected or Vaccinated Individuals. Cell Rep Med (2021) 2(7):100355. doi:
10.1016/j.xcrm.2021.100355

. Geers D, Shamier MC, Bogers S, den Hartog G, Gommers L, Nieuwkoop NN,

et al. SARS-CoV-2 Variants of Concern Partially Escape Humoral But Not T-
Cell Responses in COVID-19 Convalescent Donors and Vaccinees. Sci
Immunol (2021) 6(59):eabj1750. doi: 10.1126/sciimmunol.abj1750

Ahmed SF, Quadeer AA, McKay MR. SARS-CoV-2 T Cell Responses
Elicited by COVID-19 Vaccines or Infection Are Expected to Remain
Robust Against Omicron. Viruses (2022) 14(1):79. doi: 10.3390/
v14010079

. Choi §J, Kim D-U, Noh JY, Kim S, Park S-H, Jeong HW, et al. T Cell

Epitopes in SARS-CoV-2 Proteins Are Substantially Conserved in the
Omicron Variant. Cell Mol Immunol (2022) 19:447-8. doi: 10.1038/
541423-022-00838-5

Liu L, Iketani S, Guo Y, Chan JEW, Wang M, Liu L, et al. Striking Antibody
Evasion Manifested by the Omicron Variant of SARS-CoV-2. Nature (2022)
602:676-81. doi: 10.1038/s41586-021-04388-0

Planas D, Saunders N, Maes P, Guivel-Benhassine F, Planchais C,
Buchrieser ], et al. Considerable Escape of SARS-CoV-2 Omicron to
Antibody Neutralization. Nature (2022) 602:671-5. doi: 10.1038/s41586-
021-04389-z

Cele S, Jackson L, Khoury DS, Khan K, Moyo-Gwete T, Tegally H, et al.
Omicron Extensively But Incompletely Escapes Pfizer BNT162b2
Neutralization. Nature (2022) 602:654-6. doi: 10.1038/s41586-021-04387-1
Goletti D, Petrone L, Manissero D, Bertoletti A, Rao S, Ndunda N, et al. The
Potential Clinical Utility of Measuring Severe Acute Respiratory Syndrome
Coronavirus 2-Specific T-Cell Responses. Clin Microbiol Infect (2021) 27
(12):1784-9. doi: 10.1016/j.cmi.2021.07.005

Mohamed Khosroshahi L, Rezaei N. Dysregulation of the Inmune Response
in Coronavirus Disease 2019. Cell Biol Int (2021) 45(4):702-7. doi: 10.1002/
cbin.11517

Wang F, Nie ], Wang H, Zhao Q, Xiong Y, Deng L, et al. Characteristics of
Peripheral Lymphocyte Subset Alteration in COVID-19 Pneumonia. ] Infect
Dis (2020) 221(11):1762-9. doi: 10.1093/infdis/jiaal 50

De Biasi S, Meschiari M, Gibellini L, Bellinazzi C, Borella R, Fidanza L, et al.
Marked T Cell Activation, Senescence, Exhaustion and Skewing Towards
TH17 in Patients With COVID-19 Pneumonia. Nat Commun (2020) 11:1.
doi: 10.1038/541467-020-17292-4

Urra JM, Cabrera CM, Porras L, Rodenas I. Selective CD8 Cell Reduction by
SARS-CoV-2 is Associated With a Worse Prognosis and Systemic
Inflammation in COVID-19 Patients. Clin Immunol (2020) 217:108486.
doi: 10.1016/j.clim.2020.108486

Carissimo G, Xu W, Kwok I, Abdad MY, Chan Y-H, Fong S-W, et al. Whole
Blood Immunophenotyping Uncovers Immature Neutrophil-to-VD2 T-Cell
Ratio as an Early Marker for Severe COVID-19. Nat Commun (2020) 11:1.
doi: 10.1038/s41467-020-19080-6

. LiJ, Guo M, Tian X, Wang X, Yang X, Wu P, et al. Virus-Host Interactome

and Proteomic Survey Reveal Potential Virulence Factors Influencing SARS-
CoV-2 Pathogenesis. Med (2021) 2:99-112.e7. doi: 10.1016/
j.medj.2020.07.002

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 835104


https://doi.org/10.1148/radiol.2021210834
https://doi.org/10.1148/radiol.2021210834
https://doi.org/10.1126/sciimmunol.abk1741
https://doi.org/10.1126/sciimmunol.abc4557
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.3389/fimmu.2020.607918
https://doi.org/10.1038/s41586-020-2598-9
https://doi.org/10.1126/sciimmunol.abd2071
https://doi.org/10.1038/s41590-020-00808-x
https://doi.org/10.1093/cid/ciaa1803
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1016/j.meegid.2021.105075
https://doi.org/10.1038/s41598-021-92521-4
https://doi.org/10.1016/j.immuni.2020.11.016
https://doi.org/10.1126/science.abh1823
https://doi.org/10.1126/science.abh1823
https://doi.org/10.1172/JCI143380
https://doi.org/10.1126/science.abj9853
https://doi.org/10.1016/j.xcrm.2021.100204
https://doi.org/10.1038/s41467-021-27674-x
https://doi.org/10.1016/j.chom.2021.05.010
https://doi.org/10.1038/s41467-021-22811-y
https://doi.org/10.1101/2020.11.09.20228023
https://doi.org/10.1101/2020.11.09.20228023
https://doi.org/10.1101/2020.07.31.20165647
https://doi.org/10.1016/j.immuni.2020.11.004
https://doi.org/10.1016/j.xcrm.2021.100355
https://doi.org/10.1126/sciimmunol.abj1750
https://doi.org/10.3390/v14010079
https://doi.org/10.3390/v14010079
https://doi.org/10.1038/s41423-022-00838-5
https://doi.org/10.1038/s41423-022-00838-5
https://doi.org/10.1038/s41586-021-04388-0
https://doi.org/10.1038/s41586-021-04389-z
https://doi.org/10.1038/s41586-021-04389-z
https://doi.org/10.1038/s41586-021-04387-1
https://doi.org/10.1016/j.cmi.2021.07.005
https://doi.org/10.1002/cbin.11517
https://doi.org/10.1002/cbin.11517
https://doi.org/10.1093/infdis/jiaa150
https://doi.org/10.1038/s41467-020-17292-4
https://doi.org/10.1016/j.clim.2020.108486
https://doi.org/10.1038/s41467-020-19080-6
https://doi.org/10.1016/j.medj.2020.07.002
https://doi.org/10.1016/j.medj.2020.07.002
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

222.

223.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Bellesi S, Metafuni E, Hohaus S, Maiolo E, Marchionni F, D’Innocenzo S,
et al. Increased CD95 (Fas) and PD-1 Expression in Peripheral Blood T
Lymphocytes in COVID-19 Patients. Br ] Haematol (2020) 191:207-11. doi:
10.1111/bjh.17034

Shi H, Wang W, Yin J, Ouyang Y, Pang L, Feng Y, et al. The Inhibition of IL-
2/IL-2R Gives Rise to CD8+ T Cell and Lymphocyte Decrease Through
JAK1-STATS5 in Critical Patients With COVID-19 Pneumonia. Cell Death
Dis (2020) 11:6. doi: 10.1038/s41419-020-2636-4

. Yaginuddin A, Kashir J. Innate Immunity in COVID-19 Patients Mediated

by NKG2A Receptors, and Potential Treatment Using Monalizumab,
Cholroquine, and Antiviral Agents. Med Hypotheses (2020) 140:109777.
doi: 10.1016/j.mehy.2020.109777

Luo XH, Zhu Y, Mao J, Du RC. T Cell Immunobiology and Cytokine Storm
of COVID-19. Scand J Immunol (2021) 93:¢12989. doi: 10.1111/sji.12989
Wang F, Hou H, Luo Y, Tang G, Wu S, Huang M, et al. The Laboratory Tests
and Host Immunity of COVID-19 Patients With Difterent Severity of Illness.
JCI Insight (2020) 5(10):e137799. doi: 10.1172/jci.insight.137799

Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction
and Functional Exhaustion of T Cells in Patients With Coronavirus
Disease 2019 (COVID-19). Front Immunol (2020) 11:827. doi: 10.1101/
2020.02.18.20024364

Zheng H-Y, Zhang M, Yang C-X, Zhang N, Wang X-C, Yang X-P, et al.
Elevated Exhaustion Levels and Reduced Functional Diversity of T Cells in
Peripheral Blood may Predict Severe Progression in COVID-19 Patients. Cell
Mol Immunol (2020) 17:5. doi: 10.1038/s41423-020-0401-3

Pereira BI, Devine OP, Vukmanovic-Stejic M, Chambers ES, Subramanian P,
Patel N, et al. Senescent Cells Evade Immune Clearance via HLA-E-
Mediated NK and CD8+ T Cell Inhibition. Nat Commun (2019) 10:1. doi:
10.1038/s41467-019-10335-5

Zhou J, Matsuoka M, Cantor H, Homer R, Enelow RI. Cutting Edge:
Engagement of NKG2A on CD8+ Effector T Cells Limits
Immunopathology in Influenza Pneumonia. J Immunol (2008) 180(1):25-
9. doi: 10.4049/jimmunol.180.1.25

Tan AT, Linster M, Tan CW, Le Bert N, Chia WN, Kunasegaran K, et al.
Early Induction of Functional SARS-CoV-2-Specific T Cells Associates With
Rapid Viral Clearance and Mild Disease in COVID-19 Patients. Cell Rep
(2021) 34(6):108728. doi: 10.1016/j.celrep.2021.108728

Xu Z, ShiL, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological Findings
of COVID-19 Associated With Acute Respiratory Distress Syndrome. Lancet
Respir Med (2020) 8(4):420-2. doi: 10.1016/52213-2600(20)30076-X
Arunachalam PS, Wimmers F, Mok CKP, Perera RAPM, Scott M, Hagan T,
et al. Systems Biological Assessment of Immunity to Mild Versus Severe
COVID-19 Infection in Humans. Science (New York NY) (2020) 369:1210-
20. doi: 10.1126/science.abc6261

Wu H, He P, Ren Y, Xiao S, Wang W, Liu Z, et al. Postmortem High-
Dimensional Immune Profiling of Severe COVID-19 Patients Reveals
Distinct Patterns of Immunosuppression and Immunoactivation. Nat
Commun (2022) 13(1):269. doi: 10.1038/s41467-021-27723-5
Gazzinelli-Guimaraes PH, Sanku G, Sette A, Weiskopf D, Schaughency P,
Lack J, et al. Antigenic Determinants of SARS-CoV-2-Specific CD4"T Cell
Lines Reveals M Protein-Driven Dysregulation of Interferon Signaling.
medRxiv (2022) 2022.01.20.22269491. doi: 10.1101/2022.01.20.22269491
Ferretti AP, Kula T, Wang Y, Nguyen DMV, Weinheimer A, Dunlap GS,
et al. Unbiased Screens Show CD8+ T Cells of COVID-19 Patients Recognize
Shared Epitopes in SARS-CoV-2 That Largely Reside Outside the Spike
Protein. Immunity (2020) 53(5):1095-107.e3. doi: 10.1016/
j.immuni.2020.10.006

Perico L, Benigni A, Casiraghi F, Ng LFP, Renia L, Remuzzi G. Immunity,
Endothelial Injury and Complement-Induced Coagulopathy in COVID-19.
Nat Rev Nephrol (2020) 17:1. doi: 10.1038/s41581-020-00357-4
Taefehshokr N, Taefehshokr S, Heit B. Mechanisms of Dysregulated
Humoral and Cellular Immunity by SARS-CoV-2. Pathog (Basel
Switzerland) (2020) 9(12):1027. doi: 10.3390/pathogens9121027

Lee E, Oh JE. Humoral Immunity Against SARS-CoV-2 and the Impact on
COVID-19 Pathogenesis. Mol Cells (2021) 44(6):392-400. doi: 10.14348/
molcells.2021.0075

Kudryavtsev IV, Arsentieva NA, Batsunov OK, Korobova ZR, Khamitova IV,
Isakov DV, et al. Alterations in B Cell and Follicular T-Helper Cell Subsets in

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

Patients With Acute COVID-19 and COVID-19 Convalescents. Curr Issues
Mol Biol (2022) 44(1):194-205. doi: 10.3390/cimb44010014

Sakharkar M, Rappazzo CG, Wieland-Alter WF, Hsieh CL, Wrapp D,
Esterman ES, et al. Prolonged Evolution of the Human B Cell Response to
SARS-CoV-2 Infection. Sci Immunol (2021) 6(56):eabg6916. doi: 10.1126/
sciimmunol.abg6916

Planas D, Veyer D, Baidaliuk A, Staropoli I, Guivel-Benhassine F, Rajah MM,
et al. Reduced Sensitivity of SARS-CoV-2 Variant Delta to Antibody
Neutralization. Nature (2021) 596(7871):276-80. doi: 10.1038/s41586-021-
03777-9

Wang P, Nair MS, Liu L, Iketani S, Luo Y, Guo Y, et al. Antibody Resistance
of SARS-CoV-2 Variants B.1.351 and B.1.1.7. Nature (2021) 593(7857):130—
5. doi: 10.1038/s41586-021-03398-2

Yaginuddin A, Shafqat A, Kashir J, Alkattan K. Effect of SARS-CoV-2
Mutations on the Efficacy of Antibody Therapy and Response to Vaccines.
Vaccines (2021) 9(8):914. doi: 10.3390/vaccines9080914

Nielsen SCA, Yang F, Jackson KJL, Hoh RA, Roltgen K, Jean GH, et al.
Human B Cell Clonal Expansion and Convergent Antibody Responses to
SARS-CoV-2. Cell Host Microbe (2020) 28(4):516-25.e5. doi: 10.1016/
j.chom.2020.09.002

Kim SI, Noh J, Kim S, Choi Y, Yoo DK, Lee Y, et al. Stereotypic Neutralizing
V(H) Antibodies Against SARS-CoV-2 Spike Protein Receptor Binding
Domain in Patients With COVID-19 and Healthy Individuals. Sci Transl
Med (2021) 13(578):eabd6990. doi: 10.1126/scitranslmed.abd6990

Sokal A, Chappert P, Barba-Spaeth G, Roeser A, Fourati S, Azzaoui 1, et al.
Maturation and Persistence of the Anti-SARS-CoV-2 Memory B Cell
Response. Cell (2021) 184(5):1201-13.e14. doi: 10.1016/j.cell.2021.01.050
Moriyama S, Adachi Y, Sato T, Tonouchi K, Sun L, Fukushi S, et al.
Temporal Maturation of Neutralizing Antibodies in COVID-19
Convalescent Individuals Improves Potency and Breadth to Circulating
SARS-CoV-2 Variants. Immunity (2021) 54(8):1841-52.e4. doi: 10.1016/
jimmuni.2021.06.015

Turner JS, Kim W, Kalaidina E, Goss CW, Rauseo AM, Schmitz AJ, et al.
SARS-CoV-2 Infection Induces Long-Lived Bone Marrow Plasma Cells in
Humans. Nature (2021) 595(7867):421-5. doi: 10.1038/s41586-021-03647-4
De Biasi S, Lo Tartaro D, Meschiari M, Gibellini L, Bellinazzi C, Borella R,
et al. Expansion of Plasmablasts and Loss of Memory B Cells in Peripheral
Blood From COVID-19 Patients With Pneumonia. Eur ] Immunol (2020) 50
(9):1283-94. doi: 10.1002/€ji.202048838

Sosa-Hernandez VA, Torres-Ruiz J, Cervantes-Diaz R, Romero-Ramirez S,
Paez-Franco JC, Meza-Sanchez DE, et al. B Cell Subsets as Severity-
Associated Signatures in COVID-19 Patients. Front Immunol (2020) 11.
doi: 10.3389/fimmu.2020.611004

Woodruff MC, Ramonell RP, Nguyen DC, Cashman KS, Saini AS, Haddad
NS, et al. Extrafollicular B Cell Responses Correlate With Neutralizing
Antibodies and Morbidity in COVID-19. Nat Immunol (2020) 21
(12):1506-16. doi: 10.1038/541590-020-00814-z

Jenks SA, Cashman KS, Zumaquero E, Marigorta UM, Patel AV, Wang X,
et al. Distinct Effector B Cells Induced by Unregulated Toll-Like Receptor 7
Contribute to Pathogenic Responses in Systemic Lupus Erythematosus.
Immunity (2018) 49(4):725-39.e6. doi: 10.1016/j.immuni.2018.08.015
Ruschil C, Gabernet G, Lepennetier G, Heumos S, Kaminski M, Hracsko Z,
et al. Specific Induction of Double Negative B Cells During Protective and
Pathogenic Immune Responses. Front Immunol (2020) 11. doi: 10.3389/
fimmu.2020.606338

Tan W, Lu Y, Zhang ], Wang J, Dan Y, Tan Z, et al. Viral Kinetics and
Antibody Responses in Patients With COVID-19. doi: 10.1101/
2020.03.24.20042382.

Zhao J, Yuan Q, Wang H, Liu W, Liao X, Su Y, et al. Antibody Responses to
SARS-CoV-2 in Patients With Novel Coronavirus Disease 2019. Clin Infect
Dis (2020) 71(16):2027-34. doi: 10.1093/cid/ciaa344

Laidlaw BJ, Ellebedy AH. The Germinal Centre B Cell Response to SARS-
CoV-2. Nat Rev Immunol (2022) 22(1):7-18. doi: 10.1038/s41577-021-
00657-1

Kaneko N, Kuo HH, Boucau J, Farmer JR, Allard-Chamard H, Mahajan VS,
et al. Loss of Bcl-6-Expressing T Follicular Helper Cells and Germinal
Centers in COVID-19. Cell (2020) 183(1):143-57.e13. doi: 10.1016/
j.cell.2020.08.025

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 835104


https://doi.org/10.1111/bjh.17034
https://doi.org/10.1038/s41419-020-2636-4
https://doi.org/10.1016/j.mehy.2020.109777
https://doi.org/10.1111/sji.12989
https://doi.org/10.1172/jci.insight.137799
https://doi.org/10.1101/2020.02.18.20024364
https://doi.org/10.1101/2020.02.18.20024364
https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.1038/s41467-019-10335-5
https://doi.org/10.4049/jimmunol.180.1.25
https://doi.org/10.1016/j.celrep.2021.108728
https://doi.org/10.1016/S2213-2600(20)30076-X
https://doi.org/10.1126/science.abc6261
https://doi.org/10.1038/s41467-021-27723-5
https://doi.org/10.1101/2022.01.20.22269491
https://doi.org/10.1016/j.immuni.2020.10.006
https://doi.org/10.1016/j.immuni.2020.10.006
https://doi.org/10.1038/s41581-020-00357-4
https://doi.org/10.3390/pathogens9121027
https://doi.org/10.14348/molcells.2021.0075
https://doi.org/10.14348/molcells.2021.0075
https://doi.org/10.3390/cimb44010014
https://doi.org/10.1126/sciimmunol.abg6916
https://doi.org/10.1126/sciimmunol.abg6916
https://doi.org/10.1038/s41586-021-03777-9
https://doi.org/10.1038/s41586-021-03777-9
https://doi.org/10.1038/s41586-021-03398-2
https://doi.org/10.3390/vaccines9080914
https://doi.org/10.1016/j.chom.2020.09.002
https://doi.org/10.1016/j.chom.2020.09.002
https://doi.org/10.1126/scitranslmed.abd6990
https://doi.org/10.1016/j.cell.2021.01.050
https://doi.org/10.1016/j.immuni.2021.06.015
https://doi.org/10.1016/j.immuni.2021.06.015
https://doi.org/10.1038/s41586-021-03647-4
https://doi.org/10.1002/eji.202048838
https://doi.org/10.3389/fimmu.2020.611004
https://doi.org/10.1038/s41590-020-00814-z
https://doi.org/10.1016/j.immuni.2018.08.015
https://doi.org/10.3389/fimmu.2020.606338
https://doi.org/10.3389/fimmu.2020.606338
https://doi.org/10.1101/2020.03.24.20042382
https://doi.org/10.1101/2020.03.24.20042382
https://doi.org/10.1093/cid/ciaa344
https://doi.org/10.1038/s41577-021-00657-1
https://doi.org/10.1038/s41577-021-00657-1
https://doi.org/10.1016/j.cell.2020.08.025
https://doi.org/10.1016/j.cell.2020.08.025
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Shafgat et al.

Immunology of COVID-19

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Fenoglio D, Dentone C, Parodi A, Di Biagio A, Bozzano F, Vena A, et al.
Characterization of T Lymphocytes in Severe COVID-19 Patients. | Med
Virol (2021) 93(9):5608-13. doi: 10.1002/jmv.27037

Niessl J, Sekine T, Buggert M. T Cell Immunity to SARS-CoV-2. Semin
Immunol (2021) 55:101505. doi: 10.1016/j.smim.2021.101505

Liu L, Wei Q, Lin Q, Fang J, Wang H, Kwok H, et al. Anti-Spike IgG Causes
Severe Acute Lung Injury by Skewing Macrophage Responses During Acute
SARS-CoV Infection. JCI Insight (2019) 4. doi: 10.1172/jci.insight.123158
Zohar T, Loos C, Fischinger S, Atyeo C, Wang C, Slein MD, et al.
Compromised Humoral Functional Evolution Tracks With SARS-CoV-2
Mortality. Cell (2020) 183:1508-19.12. doi: 10.1016/j.cell.2020.10.052
Lucas C, Klein ], Sundaram M, Liu F, Wong P, Silva ], et al. Kinetics of
Antibody Responses Dictate COVID-19 Outcome. medRxiv (2020). doi:
10.1101/2020.12.18.20248331

Atyeo C, Fischinger S, Zohar T, Slein MD, Burke J, Loos C, et al. Distinct
Early Serological Signatures Track With SARS-CoV-2 Survival. Immunity
(2020) 53(3):524-32.e4. doi: 10.1016/j.immuni.2020.07.020

Woodruff MC, Ramonell RP, Saini AS, Haddad NS, Anam FA, Rudolph ME, et al.
Relaxed Peripheral Tolerance Drives Broad De Novo Autoreactivity in Severe
COVID-19. medRxiv (2021) 2020.10.21.20216192. doi: 10.1101/2020.10.21.20216192
Zuniga M, Gomes C, Carsons SE, Bender MT, Cotzia P, Miao QR, et al.
Autoimmunity to the Lung Protective Phospholipid-Binding Protein
Annexin A2 Predicts Mortality Among Hospitalized COVID-19 Patients.
Nature (2021) 595:283-8. doi: 10.1183/13993003.00918-2021.

Wang EY, Mao T, Klein J, Dai Y, Huck JD, Liu F, et al. Diverse Functional
Autoantibodies in Patients With COVID-19. Nature (2021) 595:283-8. doi:
10.1038/s41586-021-03631-y.

Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann HH, Zhang Y, et al.
Autoantibodies Against Type I IFNs in Patients With Life-Threatening
COVID-19. Science (New York NY) (2020) 370. doi: 10.1126/science.abd4585
Long Q-X, Liu B-Z, Deng H-J, Wu G-C, Deng K, Chen Y-K, et al. Antibody
Responses to SARS-CoV-2 in Patients With COVID-19. Nat Med (2020)
26:845-8. doi: 10.1038/s41591-020-0897-1

Iyer AS, Jones FK, Nodoushani A, Kelly M, Becker M, Slater D, et al.
Persistence and Decay of Human Antibody Responses to the Receptor
Binding Domain of SARS-CoV-2 Spike Protein in COVID-19 Patients. Sci
Immunol (2020) 5(54):eabe0240. doi: 10.1126/sciimmunol.abe0367

271. Roltgen K, Powell AE, Wirz OF, Stevens BA, Hogan CA, Najeeb J, et al.
Defining the Features and Duration of Antibody Responses to SARS-CoV-2
Infection Associated With Disease Severity and Outcome. Sci Immunol
(2020) 5(54). doi: 10.1126/sciimmunol.abe0240

Roltgen K, Boyd SD. Antibody and B Cell Responses to SARS-CoV-2
Infection and Vaccination. Cell Host Microbe (2021) 29:1063-75. doi:
10.1016/j.chom.2021.06.009

Ibarrondo FJ, Fulcher JA, Goodman-Meza D, Elliott ], Hofmann C, Hausner
MA, et al. Rapid Decay of Anti-SARS-CoV-2 Antibodies in Persons With
Mild Covid-19. N Engl ] Med (2020) 383(11):1085-7. doi: 10.1056/
NEJMc2025179

Rodda LB, Netland ], Shehata L, Pruner KB, Morawski PA, Thouvenel
CD, et al. Functional SARS-CoV-2-Specific Immune Memory Persists
After Mild COVID-19. Cell (2021) 184(1):169-83.e17. doi: 10.1016/
j.cell.2020.11.029

Hartley GE, Edwards ESJ, Aui PM, Varese N, Stojanovic S, McMahon J, et al.
Rapid Generation of Durable B Cell Memory to SARS-CoV-2 Spike and
Nucleocapsid Proteins in COVID-19 and Convalescence. Sci Immunol
(2020) 5(54):eabf8891. doi: 10.1126/sciimmunol.abf8891

272.

273.

274.

275.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Shafqat, Shafqat, Salameh, Kashir, Alkattan and Yaginuddin. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

25

March 2022 | Volume 13 | Article 835104


https://doi.org/10.1002/jmv.27037
https://doi.org/10.1016/j.smim.2021.101505
https://doi.org/10.1172/jci.insight.123158
https://doi.org/10.1016/j.cell.2020.10.052
https://doi.org/10.1101/2020.12.18.20248331
https://doi.org/10.1016/j.immuni.2020.07.020
https://doi.org/10.1101/2020.10.21.20216192
https://doi.org/10.1183/13993003.00918-2021
https://doi.org/10.1038/s41586-021-03631-y
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1126/sciimmunol.abe0367
https://doi.org/10.1126/sciimmunol.abe0240
https://doi.org/10.1016/j.chom.2021.06.009
https://doi.org/10.1056/NEJMc2025179
https://doi.org/10.1056/NEJMc2025179
https://doi.org/10.1016/j.cell.2020.11.029
https://doi.org/10.1016/j.cell.2020.11.029
https://doi.org/10.1126/sciimmunol.abf8891
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Mechanistic Insights Into the Immune Pathophysiology of COVID-19; An In-Depth Review
	1 Introduction
	2 Anatomy of SARS-CoV-2 Infection and Clinical Features
	2.1 Mechanisms of SARS-CoV-2 Infection
	2.2 Clinical Features
	2.3 Comorbidities Linked to COVID-19 Severity

	3 Innate Immune Responses Against SARS-CoV-2
	3.1 Neutrophil, Monocyte, and Macrophage Responses in COVID-19
	3.1.1 Neutrophils
	3.1.2 Monocyte Responses in COVID-19
	3.1.3 Macrophage Responses in COVID-19
	3.1.4 Metabolic Reprogramming in COVID-19

	3.2 Cytokine Storm of COVID-19
	3.3 Endothelial Dysfunction in COVID-19: A Major Player in Pathogenesis
	3.3.1 Evidence of SARS-CoV-2-Induced Endothelial Disease
	3.3.2 Role of NETs, Platelets, and Complement in Endotheliitis


	4 Adaptive Immune Response Against SARS-CoV-2
	4.1 What Does Protective Immunity Against SARS-CoV-2 Constitute?
	4.1.1 Immunological Signatures in Convalescent and Acute COVID-19
	4.1.2 Immunologic Memory to SARS-CoV-2
	4.1.3 Immune Profiles in Long COVID-19
	4.1.4 Pre-Existing T-Cell Responses and Cross-Reactivity
	4.1.5 SARS-CoV-2 T Cell Epitopes

	4.2 T Cell Responses in COVID-19
	4.2.1 Lymphopenia
	4.2.2 Severity-Dependent T Cell Phenotypes in COVID-19
	4.2.3 Mechanisms Underlying T Cell Impairment in COVID-19

	4.3 B cell and Humoral Responses in COVID-19

	5 Conclusion
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


