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The current coronavirus pandemic (COVID-19), caused by SARS-CoV-2, has had

devastating effects on the global health and economic system. The cellular and

molecular mediators of both the innate and adaptive immune systems are critical

in controlling SARS-CoV-2 infections. However, dysregulated inflammatory

responses and imbalanced adaptive immunity may contribute to tissue

destruction and pathogenesis of the disease. Important mechanisms in severe

forms of COVID-19 include overproduction of inflammatory cytokines,

impairment of type I IFN response, overactivation of neutrophils and

macrophages, decreased frequencies of DC cells, NK cells and ILCs,

complement activation, lymphopenia, Th1 and Treg hypoactivation, Th2 and

Th17 hyperactivation, as well as decreased clonal diversity and dysregulated B

lymphocyte function. Given the relationship between disease severity and an

imbalanced immune system, scientists have been led to manipulate the immune

system as a therapeutic approach. For example, anti-cytokine, cell, and IVIG

therapies have received attention in the treatment of severe COVID-19. In this

review, the role of immunity in the development and progression of COVID-19 is

discussed, focusing on molecular and cellular aspects of the immune system in

mild vs. severe forms of the disease. Moreover, some immune- based therapeutic

approaches to COVID-19 are being investigated. Understanding key processes

involved in the disease progression is critical in developing therapeutic agents and

optimizing related strategies.
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1 Background

The coronavirus disease 2019 (COVID-19), caused by the severe

acute respiratory syndrome- coronavirus- 2 (SARS-CoV-2), is a viral

infectious disease spread worldwide (1). The outbreak of COVID-19

has led to extensive global morbidity and mortality (2). The

Coronaviridae family contains a and b coronaviruses capable of

causing both mild and severe respiratory diseases in wild animals

and humans. SARS-CoV, MERS-CoV and SARS-CoV-2 are positive-

sense single-stranded RNA b-coronaviruses causing severe

respiratory tract infections in humans (3, 4).

SARS-CoV-2 infection can have a variable clinical picture ranging

from asymptomatic to severe. In about 5% of patients, there is a risk of

death, while the overall mortality is about 1% (5). With increasing

vaccine coverage the numbers are getting smaller. SARS-CoV-2 can

enter and infect epithelial, and possibly endothelial cells expressing

the receptor angiotensin- converting enzyme 2 receptor (ACE2) and,

in certain cells, neuropilin-1 (6, 7).

During the initial exposure, the virus infects epithelial cells in the

upper respiratory tract through the ACE2 receptor. At this stage, the

innate and adaptive immunity try to inhibit the virus at the mucosal

sites and prevent the progression of the disease by various

mechanisms. These include the production of mucus and antiviral

metabolites, interferons and other cytokines, as well as IgA, when

there is preexisting immunity to the virus.

SARS-CoV-2 is able to inhibit innate and adaptive immune

responses in various ways. It can replicate unchecked in the

respiratory tract and eventually spread to the lungs (8, 9). COVID-

19 patients may develop a systemic disease with extrapulmonary

manifestations. Systemic manifestations during a later stage of

COVID-19 are linked to lymphopenia, increased amounts of

neutrophils, cytokine release syndrome (CRS) or cytokine storm,

activation of complement and coagulation cascades and elevated

levels of inflammatory chemokines and alarmins (10, 11). Several

studies have shown that male gender, higher age, obesity, diabetes,

hematological cancer, autoimmune diseases (e.g., psoriasis),

hypertension (especially pulmonary arterial hypertension), and

cardiovascular, cerebrovascular and chronic kidney diseases are risk

factors closely related to the severity and outcomes of COVID-19

infection (12–16).

Although innate and adaptive immunities are linked, they both

also have different cell types with varying functions (17). The innate

immune system includes monocytes, macrophages, dendritic cells

(DC), myeloid-derived suppressor cells (MDSC) and innate lymphoid

cells (ILCs). ILCs can be divided into different groups: natural killer

(NK) cells, 3 subsets of helper like ILCs (ILC1, 2 and 3), fetal

lymphoid tissue- inducer (LTi) cells and a population of innate

intraepithelial lymphocytes (IELs) in the intestine that express T

cell markers (18). In addition, the innate response includes a number

of molecules, e.g. the entire complement system with more than 40

different soluble or cell-bound components. Innate immune cells

expressing pattern-recognition receptors (PRRs) can detect

pathogen-associated molecular patterns (PAMPs) of invading

viruses to develop and maintain innate immune responses by

secreting interferons (IFNs) of type I (IFN-a and IFN-b) and type

III (IFN-l), as well as pro-inflammatory cytokines and chemokines

(19, 20). The adaptive immune system comprises B cells, CD4+ T
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helper and CD8+ cytotoxic T cells. CD4+ T cells orchestrate the

immune response by producing cytokines and providing help to other

immune cells. CD8+ T cells kill virally infected cells, and B cells

develop and produce antigen-specific IgM, IgG and IgA antibodies

(21). Larger amounts of specific antibodies are produced by plasma

cells that locate themselves into niches in the bone marrow.

Given that appropriate innate and adaptive immune responses are

required to control and contain COVID-19 infection and prevent the

disease in the long term, it is critical to recognize both types of

responses to SARS-CoV-2. This review aims to shed light on the

molecular and cellular players of the immune system in COVID-19

pathogenesis. Accordingly, the molecular and cellular compartments

involved in the innate and adaptive immune responses to SARS-CoV-

2 are thoroughly reviewed (A brief comparison of immune responses

in mildly versus critically ill COVID-19 patients has been provided in

Table 2). Special emphasis is on delineating differences that

distinguish severe disease forms from those of milder forms. Why

do certain individuals suffer from serious lung complications and

systemic effects, and what is the contribution of the immune system

itself in a vicious circle of inflammation in response to a

viral infection?.

2 The relationship between the innate
immune system and the progression
of COVID-19

2.1 Neutrophils

SARS-CoV-2 infection is marked by neutrophil migration into

pulmonary capillaries and alveolar spaces, leading to acute capillaritis,

fibrin deposition and neutrophilic mucositis (22). Neutrophils display

antiviral activity through different mechanisms, including direct,

antibody or complement-mediated recognition of the virus and

phagocytosis and secretion of cytokines, myeloperoxidase (MPO),

elastase and defensins. They can also form neutrophil extracellular

traps (NET) and modulate adaptive antiviral immunity (23–25).

Recent studies have found increased neutrophil counts in the

peripheral blood of non-surviving and severely ill COVID-19

patients compared to mildly ill cases. In addition, increased

numbers of low-density neutrophils have been found in the blood

of acute COVID-19 patients (26, 27). Different populations of

granulocytes in the blood could reflect emergency myelopoiesis.

Some of the granulocytes (N2-type) could be immunosuppressive

and cause impaired lymphocyte responses during acute disease (28).

Previous studies have also observed a high neutrophil- to- lymphocyte

ratio (NLR) in critically ill COVID-19 patients compared to cases

with mild disease. Therefore, NLR has been introduced as an

independent risk factor for severe disease (27, 29, 30). High levels

of MPO and citrullinated histone H3 (Cit-H3), serum markers of

NETs and indicators of neutrophil activation have also been described

in severe COVID-19 (31–33). It has thus been concluded that

neutrophilia and excessive formation of NETs, as well as the release

of reactive oxygen species (ROS), in severe COVID-19 trigger

cytokine release and respiratory failure, contributing to disease

severity (22, 34, 35). The changes in innate immune cells in

COVID-19 are summarized in Figure 1.
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2.2 Monocytes

Monocytes are a pivotal component of the innate immune

response. They participate in inflammatory responses, phagocytosis,

antigen presentation and other immune functions (36, 37). Human

monocytes are classified into classical (CD14high CD16−),

intermediate (CD14highCD16+) and non-classical (CD14low CD16+)

subsets (38). Intermediate and non-classical monocytes are known as

the “inflammatory” subsets due to their potent pro-inflammatory

activity. They contribute to various conditions such as asthma,

coronary artery disease, Crohn’s disease, sepsis and hepatitis B (39).

Recent studies have demonstrated that inflammatory monocytes are

involved in the hyper-inflammatory response and cytokine storm

observed during the infectious and inflammatory phases of severe

COVID-19 (40). The results indicate that the absolute numbers of all

blood and CD16- classical monocytes decrease in severely ill COVID-

19 patients, while the levels of the inflammatory subsets increase in

patients in comparison to the healthy controls (41). One study

showed an increased percentage of inflammatory monocytes

expressing S100A8+ S100A9 (calprotectin), CD14 and CD62L,

possibly correlating with a profibrotic differentiation pattern in

severe COVID-19 as compared to mild disease (42). Furthermore, a

significant increase in the frequency of CD14high CD16+ monocytes

producing IL-6 was reported in the peripheral blood of COVID-19

patients in the ICU compared to those without ICU hospitalization
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(43, 44). An increased number of inflammatory monocytes in patients

with mild disease has also been reported in several studies. This could

be considered as an indicator of viral control in such patients (45, 46).
2.3 Macrophages

The function of alveolar macrophages in the lungs is to preserve

homeostasis by removing dead cells and invading pathogens (47).

Under steady-state, two distinct populations of macrophages, the

interstitial macrophages (IMs) and alveolar macrophages (AMs), are

present in the lungs (48, 49). Interstitial macrophages are

characterized as CD11b+CD11c- cells localized in the parenchyma,

while AMs are identified as CD11b-CD11c+ macrophages residing in

the air space lumen (50). In inflammation and infectious diseases,

alveolar macrophages are polarized into the M1 or M2 subgroup (47).

M1 macrophages cooperate with T helper (Th) 1 cell to produce pro-

inflammatory cytokines and clear pathogens. They also induce the

migration of other immune cells to the lung parenchyma and alveoli.

M2 macrophages are associated with Th2 cells to increase the

secretion of anti-inflammatory cytokines and clearance of apoptotic

or senescent cells. Thus, the M2 cells restrict inflammation and

promote tissue remodeling (47, 51).

Based on recent data, macrophages are considered promoters of

the cytokine storm during infection by SARS-CoV-2. They are
FIGURE 1

The frequency and function of innate immune cells in severe COVID-19. SARS-CoV-2 infects cells that present the surface receptor ACE2. It is
recognized by tissue-resident immune cells in the lungs, which provoke a local immune response. More innate immune cells are recruited from the
blood by chemokines and complement activation products. The amounts of neutrophils, CD16+ monocytes, M1 macrophages and MDSCs are bigger in
severe COVID-19 patients, while the percentages of basophils, eosinophils, M2 macrophages, classical monocytes, DCs, ILCs, NK cells and
unconventional T cells are reduced. Activated neutrophils can amplify inflammation by secretion of pro-inflammatory cytokines, MPO, elastase and
defensins. They can also promote NET formation and Th17 cell differentiation. Activated basophils and eosinophils appear to predispose the development
of ARDS by releasing inflammatory and vasoactive substances. Peripheral CD16+ monocytes and M1 macrophages are involved in a hyper-inflammatory
response and cytokine storm during the inflammatory phase in severe COVID-19. Significant decrease in viral sensing and IFN signaling as well as
suppressed antigen presentation by both pDC and cDC have been reported in severe COVID-19. Aberrant or ineffective responses of ILCs (ILC1, ILC2,
ILC3 and NK cells), MDSCs and unconventional T cells (MAIT cells, gd T cells) also have role in promoting inflammation in severe COVID-19. ACE2,
Angiotensin-converting enzyme 2; MDSCs, Myeloid-derived suppressor cells; DC, Dendritic cell; ILCs, Innate-like lymphocyte; NK cell, Natural killer cell;
MPO, Myeloperoxidase; NET, Neutrophil extracellular trap; Th, T helper; ARDS, Acute respiratory distress syndrome; MAS, Macrophage activation
syndrome; PD-L1, Programmed cell death ligand 1; IFN: Interferon; cDC, Classical DC; pDC, Plasmacytoid DCiNOS, Inducible nitric oxide synthase;
PMN-MDSCs, Polymorphonuclear-MDSCs; M-MDSCs, Monocytic-MDSCs; ADCC, antibody-dependent cellular cytotoxicity; NKG2A, NK cell lectin-like
receptor subfamily C member 1. Figure was created by BioRender (Toronto, ON, Canada).
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associated with severe COVID-19 with a high risk of death (52, 53).

Moreover, the cytokine storm, mainly macrophage activation

syndrome (MAS), in addition to complement and neutrophil

activation, contributes to COVID-19-associated adult respiratory

distress syndrome (ARDS) and its exacerbation (54, 55). Another

study reported a significant correlation between SARS-CoV-2

infection of macrophages in the spleen and lymph nodes and severe

lymphocyte apoptosis in COVID-19 patients (27). Recent studies by

single-cell RNA sequencing of samples recovered from

bronchoalveolar lavage fluid of mildly and severely ill COVID-19

patients have revealed that SARS-CoV-2 infection leads to the

recruitment of an inflammatory macrophage subset with down-

regulation of type I IFN genes, which is related to disease severity

(56–58). In conclusion, macrophages sense SARS-CoV-2 and respond

to its threat by secreting pro-inflammatory cytokines and

chemokines. However, an uncontrolled macrophage response could

trigger MAS, ARDS and an exacerbation of COVID-19 (42).
2.4 Dendritic cells

Among other places, DCs are distributed in the respiratory tract,

where they can recognize invading microbes. SARS-CoV-2 can gain

entry into DCs, particularly into interstitial lung DCs, via ACE2,

CD147 and dendritic cell-specific intracellular adhesion molecule-

grabbing non-integrin (DC-SIGN) receptors (59). Classical myeloid

DCs (cDCs) and plasmacytoid DCs (pDCs) are two distinct DC

subsets in humans. The former serve as potent antigen- presenting

cells (APCs), while the latter is a specialized subset that can produce

type 1 IFN (60, 61). It has been found that pDC along with viral

sensing, interferon signaling and antigen presentation are more

defective in severe versus mild COVID-19 (62–68). Further

impairment in DC maturation and function in severe vs. mild

disease may be associated with a worse disease (69). In addition,

another study reported that the frequency of DCs in the blood of

COVID-19 patients decreased compared to healthy controls. It was

found that DCs from individuals with acute COVID-19 were

functionally impaired in maturation and in the ability to activate T

cells (43, 70). Two recent studies found both types of DCs (cDCs and

pDCs) to be much less abundant in the blood samples of people with

severe COVID-19 than in those with mild COVID-19 (71, 72).
2.5 Innate-like lymphocytes

ILCs are effector cells that detect environmental stimuli and

contribute to early immune responses by producing large amounts

of cytokines (73). They are categorized into four main groups: NK

cells, ILC1, ILC2, and ILC3 (74, 75). Transcriptionally and

functionally, the ILC1, ILC2, and ILC3 resemble Th1, Th2, and

Th17 cells, respectively, while NK cells resemble CD8+ T cells (73).

However, little is known about the distribution and function of

different ILC subsets in COVID-19. Recent studies have reported a

reduced percentage and lower absolute counts of ILCs in the blood of

COVID-19 patients (73). Accordingly, results have shown a

significant decrease in the frequency of ILC2 in severe compared to

moderate COVID-19 (73). Furthermore, previous studies have
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observed that the frequency of ILC2s in COVID-19 patients

negatively correlates with the level of the coagulation factor

fibrinogen-derived D-dimer and the development of severe disease

(76, 77). ILC2s could thus have a protective role in the disease.

Previously, it has been shown that ILC2 plays an important role in

lung tissue repair during influenza A infection in mice (78).

Therefore, it can be hypothesized that low ILC2 levels in COVID-

19 patients correlate with a more severe disease outcome. One further

investigation reported a decreased frequency of all ILCs, and

particularly of the ILC2 subpopulation, in severe COVID-19. Also,

compared to mildly diseased patients, it was observed that the

expression of NKG2D+, the activating C-type lectin-like molecule,

on ILC2s was significantly reduced in patients requiring mechanical

ventilation (79). Therefore, an increase in NKG2D+ ILC2s, along with

elevated levels of anti-inflammatory mediators, might be related to a

better prognosis in severe COVID-19 (Figure 1).
2.6 Natural killer cells

NK cells are the most important innate immune cells in fighting

viral infection. This is because they can induce direct lysis of target

cells by producing perforin and granzyme B, secrete inflammatory

cytokines, contribute to antibody-dependent cell cytotoxicity

(ADCC) and interact with other immune cells such as monocytes

(80). A significant decrease in the absolute number of NK cells in the

peripheral blood of patients with severe COVID-19, as well as in those

admitted to ICU, has been reported recently (81–83). According to

Leem et al., unconventional CD56dimCD16neg NK cells, associated

with decreased cytotoxic activity, expanded in both severe and mild

forms of the disease. These changes were reversed more rapidly in

mild vs. severe COVID-19 (84). Another study showed that the

percentage of perforin+ NK cells in COVID-19 patients, who were

in the ICU, was reduced as compared with non-ICU patients and

healthy controls (85). Previous studies have shown an increased

expression of the inhibitory receptor NKG2A on NK cells in

severely ill COVID-19 patients, as compared to mildly ill patients

and healthy subjects (86). NKG2A expression along with decreased

IFN-g, granzyme B, and TNF-a production is associated with NK cell

exhaustion and disease progression in COVID-19 patients. Further,

the percentage of NK cells expressing NKG2A is reduced in COVID-

19 patients, who recovered after receiving proper therapy (27, 87).

Hajeer et al. found an association between two NK cell

immunoglobulin-like receptors (KIR), named KIR2DS4 and

KIR3DL1, with an inhibitory and activating function, respectively,

and an increased risk of severe disease (88). Another study reported a

significant decrease in the inhibitory KIR receptors in COVID-19

patients compared to healthy controls and a considerable increase in

activating KIR receptors in patients with a severe disease

(89) (Figure 1).
2.7 Basophils

Basophils are a type of granulocyte representing less than 1% of

peripheral blood leukocytes (90). As they are involved in tissue repair

and production of anti-coagulant factors, their depletion results in
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increased pneumonitis in COVID-19 (91). In recent studies, a

significant decrease has been observed in the frequency and the

absolute numbers of basophils in patients with severe COVID-19

(82, 92, 93). Moreover, a stronger expression of programmed cell

death ligand 1 (PD-L1), an inhibitor of T cell activation, has been

found on basophils in severe vs. mild COVID-19, correlating with

poor disease outcomes (89).
2.8 Eosinophils

Eosinophils are multifunctional granulocytes involved in various

inflammatory contexts, including helminth, bacterial and viral

infections, tissue injury, tumor immunity and allergic diseases.

They secrete pro-inflammatory mediators, express adhesion

molecules and support smooth muscle cells (94, 95). Significantly

decreased eosinophil counts have been found in COVID-19 patients

compared to healthy controls or patients with mild disease (82, 96). A

decrease in eosinophil counts is related to fever, fatigue, shortness of

breath and poor outcome in COVID-19 patients (96, 97).
2.9 Myeloid-derived suppressor cells

In humans, MDSCs are classified into polymorphonuclear-

MDSCs (PMN-MDSCs) and monocytic-MDSCs (M-MDSCs),

which control inflammation and T cell responses through a high-

level expression of inducible nitric oxide synthase (iNOS), arginase-1

(Arg-1), nicotinamide adenine dinucleotide phosphate oxidase

(NOX2) and transforming growth factor-beta (TGF-b) (98). In viral

infections, MDSC-mediated immunosuppression causes viral

persistence and disease progression (99). A recent study showed a

significantly higher frequency of PMN-MDSCs in the peripheral

blood of patients with severe COVID-19 and in those who required

ICU compared to healthy blood donors (98). This correlated with

decreased antigen-specific T cell responses and poor disease outcomes

(98). Another study demonstrated an increased frequency of MDSCs

in both mild and severe COVID-19. According to this study, MDSC

expansion during the early phase of acute infection was protective by

reducing T cell hyperactivation and inflammation but could also

decrease the protective immune response (100). The percentage of M-

MDSCs correlated positively with neutrophil count, C-reactive

protein (CRP) and D-dimer levels, hospital stay and viral RNA load

and negatively with lymphocyte count and serum albumin in

COVID-19 patients admitted to ICU compared to healthy controls

and non-ICU patients (101). An increase in MDSC recruitment and

expansion along with impaired T cell function was observed in severe

COVID-19. This was related to IL-10, arginase-1 and indoleamine

2,3-dioxygenase (IDO) production by MDSCs (102, 103).
2.10 Unconventional T cells

Unconventional T or innate-like T cells, such as natural killer T

(NKT), mucosa-associated invariant T (MAIT) and gd T cells, exhibit

characteristics of both innate and adaptive cells. They express T cell

receptors (TCRs) with limited diversity and recognize alternative
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microbial antigens in major histocompatibility complex (MHC)-

unrestricted compartments (74). Most responses of NKT and gd T

cells seem to be stimulated against pathogenic agents. In particular,

the potent cytotoxic responses of these cells in patients infected with

influenza A viruses, herpes viruses or lentiviruses may be essential for

suppressing viral replication and regulating immunosuppressive

MDSCs (104–110). Recent studies have shown a reduced frequency

of NKT cells in patients with severe COVID-19 and a small PaO2/

FiO2 (P/F) ratio (82, 111). An increased expansion of CD160+ NKT

cells has been reported in mild COVID-19, possibly supporting

recovery from infection by direct cytotoxicity (112). Furthermore,

decreases in the levels of circulating NKT cells and IFN-g production
are observed in severe COVID-19. However, the expression levels of

CD69 and PD-1 are increased in NKT cells, and a strong PD-1

expression in NKT cells continues in patients in ICU on day 15 (113).

Another study showed that while the total percentage of gd T cells

decreased in COVID-19 patients, the percentage of CD4+gd T cells

significantly increased (114). It was suggested that the latter subset

might be associated with antigen presentation and activation of

adaptive immune cells (114). Based on another investigation,

increased frequencies and absolute numbers of naïve-like

(CD45RA+CD62L+) gd T cells and a decreased frequency of

effector-like (CD45RA-CD62L−) gdT cells were observed both in

mild and severe COVID-19. This study suggested that effector-like

gd T cells might be localized in the lungs of COVID-19 patients to

contribute to the immune response against the infecting virus

(115) (Figure 1).
2.11 Complement system

The complement system belongs mostly to innate immunity. It

can respond to invading microbes and other foreign materials (22,

116). It may recognize SARS-CoV-2 directly or with the help of

antibodies. Additionally, tissue damage caused by the virus can

activate complement. Complement activation can lead to acute or

chronic inflammation, thrombus formation, endothelial cell

dysfunction and intravascular coagulation, thus ultimately

contributing to multiple organ failure (MOF) and death (117). A

recent study showed prominent complement activation in the lungs,

skin and blood of severely ill COVID-19 patients compared to cases

with mild disease. Some individuals treated with a complement

inhibitor recovered with no adverse reactions (118). Complement

activation generates the pro-inflammatory polypeptides, C3a and

C5a, which can recruit and activate neutrophils and monocytes.

Mannose-binding lectin (MBL) interacts with SARS-CoV-2 and

could consequently activate complement C3 via the lectin pathway

(119). Through neutrophil extracellular trap (NETs) formation,

neutrophils activate the alternative complement pathway and may

engage an inflammatory feedback loop. Recently, a significant

correlation has been found between the activation of complement

component C3 and COVID-19 severity (120, 121). Similarly, an

investigation showed higher levels of C3a and C5a as well as C3-

fragment deposition in the lung biopsy samples of severe COVID-19

patients (122). Furthermore, in a further study, high levels of soluble

C5a and an increased expression of the C5a receptor in blood and

pulmonary myeloid cells were found in severe COVID-19 with acute
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respiratory distress syndrome compared to mildly diseased patients

and controls (123). Thus, multiple features of severe COVID-19 point

to the importance of complement activation in its pathogenesis,

mainly during inflated inflammatory responses and effects on

vascular endothelial cells, including promotion of blood coagulation

and increased capillary permeability.
3 The relationship between the
adaptive immune system and the
progression of COVID-19

3.1 Cell-mediated immunity

CD4+ and CD8+ T cells play important roles in resolving acute

viral infections and providing subsequent protection against

reinfection. DCs induce polarization and maturation of naive T

cells via the presentation of peptides in the context of MHC along

with the secretion of chemokines and cytokines. Subsequently,

activated T cells migrate to the site of infection, producing antiviral

cytokines, chemokines and cytotoxic molecules (124). Acute and

severe SARS-CoV-2 infections are associated with lymphopenia and

remarkable loss of CD4+ and CD8+ T cells, which is reversed by

disease recovery (125–127). Transient lymphopenia may be

associated with a direct effect of SARS-CoV-2 infection on the

production and/or differentiation of lymphocytes in primary

lymphoid organs and their release into the circulation (115, 128).

High levels of IL-6, IL-10 or TNF-alpha directly promote thymic

dysfunction and indirectly promote T cell apoptosis (127, 129–132).

In early studies on COVID-19, impairment in function and increased

expression of markers, which are hallmarks for activation and/or

exhaustion of CD4+ and CD8+ T cells, were observed in patients. The

expression levels of Ki-67, PD-1, perforin and granzyme B in CD4+ or

CD8+ T cells were found to be high in patients with severe disease

(133, 134). Some studies have considered the PD-1/PDL-1 axis as a

severity-associated biomarker that can inform about lymphocyte

depletion/exhaustion (135, 136). However, it seems that the

stronger expression of T cell inhibitory molecules (PD-1 and Tim-

3) in severe vs. mild COVID-19 might not only indicate T cell

exhaustion but could also suggest the existence of antigen-specific T

cells (77, 137, 138). Recent studies, including more than 1000

COVID-19 cases, have indicated that a reduced frequency of CD4+

T cells is related to disease severity (139, 140). The lower proportion

of SARS-CoV-2-specific CD4+ CD154+ T cells, which are unable to

secrete IL-2 and IFN-g following stimulation with S- protein, and

weaker humoral immune responses have been reported in

asymptomatic individuals with SARS-CoV-2 infection. In the

symptomatic group, the higher frequency of SARS-CoV-2-specific

CD4+ CD154+ T cells was significantly correlated with higher serum

levels of SARS-CoV-2-specific IgA, IgG and IgM antibodies (141).

Different subpopulations of CD4+ T cells, such as Th1, Th2, Th17 and

regulatory T cells (Treg), have been found to accumulate in COVID-

19 patients. In the following, the subpopulations of CD4+T cells, as

well as CD8+ T cells and memory T cell subsets in COVID-19

inflammatory conditions, will be discussed.
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3.2 Th1 cells

Previous studies have indicated that Th1 responses could play

protective roles in the early phase of SARS-CoV-2 infection (142).

Indeed, highly functional and terminally differentiated effector Th1

cells that eliminate infected target cells have been identified in the early

phase of COVID-19 (143, 144). A decreased expression of IFN-g on

CD4+ T cells has also been shown in severe COVID-19 cases (145).

Moreover, Th1 hypo-activation is associated with a poor prognosis of the

disease, and a lower percentage of Th1 cells is observed in severe COVID-

19 patients compared to mild patients (146, 147). Earlier investigations

suggested that in comparison to mild COVID-19, increased expansion of

peripheral neutrophils in severe COVID-19 potentially suppresses Th1

cell differentiation and triggers Th17 cell polarization (148) (Figure 2).
3.3 Th2 cells

Th2 cells usually mount an appropriate immune response against

extracellular pathogens. A recent study showed that Th2 hyper-

activation and higher plasma levels of Th2-produced cytokines,

including IL-4, -5, -10, and -13, significantly correlated with COVID-

19 severity and its related mortality (146, 147). Some studies have

highlighted the possible role of Th2 responses in immune-driven lung

injury and ARDS progression (142, 143). The association between an

increased percentage of Th2 cells and critical care, as well as the poor

prognosis, is reported in COVID-19 patients (149) (Figure 2).

Th17 cells secrete IL-17 and induce effector cells and

inflammatory cytokine production that amplifies uncontrolled

systemic inflammation and triggers tissue injury as well as multi-

organ failure and death. Several studies have demonstrated that

increased frequency and hyper-activation of Th17 cells and

subsequent production of pro-inflammatory cytokines are related to

the poor outcomes of COVID-19 (35, 142, 145, 148, 150–156).

Recently, a higher percentage of GM-CSF+ IL-6+ CCR6+ Th17 cells

has been detected in the blood circulation of COVID-19 patients (43).

According to new research, Th17 hyperactivation and signaling are

significantly correlated with a critical form of COVID-19 (148, 153).
3.4 Treg cells

Current evidence indicates smaller amounts of Treg cells in

correlation with disease severity in the peripheral blood of COVID-

19 patients (115, 157, 158). The frequency of this subset increases

during the recovery phase of the disease (159). The decrease in the

frequency of Tregs in the peripheral blood of COVID-19 cases might

be related to Treg migration into the lungs to resolve lung injury.

Besides, there is some evidence of enhanced apoptosis of Tregs due to

reduced IL-2 levels in severe compared to mild cases (139, 154, 160–

162). A higher frequency of Treg cells in the early phase and a lower

frequency in the late phase of SARS-CoV-2 infection could be

associated with poor outcomes of COVID-19 (139, 154, 160–162).

Accordingly, a decrease in Treg cells along with an increase in Th17

cells is associated with the deregulated pro-inflammatory cytokine

secretion in COVID-19 patients (163) (Figure 2).
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3.5 CD8+ T cells

CD8+ T cells exert their antiviral activity by killing or inducing

apoptosis of infected cells. This occurs by release of cytotoxic granules

(154) and secretion of cytokines (164). Several studies reported lower

CD8+ T cell counts in patients, even with mild or moderate, but

especially with severe or critical COVID-19 (160, 165–168). A

decreased frequency of CD8+ T cells in non-survivors was reported

until death (169). The percentage of HLA-DR+ PD-1+ Tim-3+

NKG2A+ activated CD8+ T cells has been reported to be higher in

patients with severe than mild COVID-19 (154, 170, 171). These

findings suggest that hyper-active CD8+ T cells may play a protective

role in the early phase of COVID-19, but rather a pathogenic role in

the late phases of the disease due to reduced cytotoxic function and

increased cytokine production (160).
3.6 Memory T cells

Memory T cells display rapid responses against subsequent

infection with similar or related pathogens (172). SARS-CoV-2-

specific memory T cell responses in the early recovery phase have
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been reported recently (138). Compared to mild disease, an increased

percentage of naïve CD4+T cells and a decreased percentage of

memory T helper cells are observed in severe COVID-19 (173).

Also, reduced frequencies of CD4+ and/or CD8+ effector and

central memory T cells have been observed in severe compared to

mild COVID-19. The naive/effector CD4+ memory T cell ratio, an

indicator of the differentiation from naive to memory T cells, is

reduced in severe cases due to severe impairment of adaptive

immunity (14, 174). Tissue-resident memory T cells secrete

cytokines and chemokines, resulting in the activation of innate cells

and an increase in the recruitment of memory T cells from the

periphery (175, 176). Although airway-resident memory T cells

mediate protective immune responses against emerging respiratory

coronaviruses , the role of this memory subset in the

immunopathogenesis of SARS-Cov2 infection should be analyzed

further (177). Accordingly, studies on COVID-19 patients, who

required ICU treatment, have revealed a lower frequency of tissue-

resident memory T cells than effector-memory T cells (178). Likewise,

tissue-resident memory-like Th17 cells (TRM17 cells), characterized

by an aberrant cytokine profile, are found in the lungs of recovered

cases (179). Despite these findings, some studies state that the

enrichment of virus-specific CD8+ TRM cells in the patients´
A B

FIGURE 2

Cell-mediated immune responses during COVID-19 progression in mild versus severe disease. (A) Dendritic cells (DCs) promote activation of T cell
responses by presentation of SARS-CoV-2 antigenic peptides in major histocompatibility complex (MHC) molecules along with costimulatory interactions
and the secretion of chemokines and cytokines. T cell responses can mainly be polarized into T helper (Th) cells and effector cytotoxic cells (CTLs). In
mild COVID-19, a higher proportion of Th1 cells plays an important role in defense against the virus by producing interleukin-2 (IL-2) and interferon-
gamma (IFN-g). Th1 cells and the cytokines they secrete activate macrophages, CTLs and natural killer (NK) cells. The Th2 cells stimulate the humoral
response and activate eosinophils, basophils and mast cells through IL-4 and IL-5 secretion. The T follicular helper (Tfh) cells are essential for the
formation of germinal centers (GCs), B cell maturation and immunoglobulin (Ig) production. CD8+ T cells, which coordinate the protective antiviral
activities in COVID-19, secrete cytotoxic granules containing perforin and granzyme B as well as IFN-g in patients who developed mild disease.
(B) Lymphopenia is a hallmark feature of patients with severe COVID-19. This may be the result of the migration of enormous numbers of T cells to the
lungs and other sites of inflammation. Both CD4+ and CD8+ T cells express strongly CD69, CD38, CD45RO, CD44, HLA-DR, programmed cell death
protein-1 (PD-1), T cell immunoglobulin domain and mucin domain-3 (TIM-3) and killer cell lectin-like receptor subfamily C member 1 (NKG2A), which
can represent hyperactivated, exhausted or a hypoactivated state of T cells in severe patients. Furthermore, the numbers and functions of regulatory T
cells (Treg) are significantly reduced in these patients. Smaller proportions of CD4+ and/or CD8+ effector cells (CD45RO+ CD45RA− CCR7−CD28−

CD62Llow), central memory cells (CD45RO+ CD45RA− CCR7+ CD28+) and tissue-resident memory (CD69+ CD103+ CD49a+) T cells were demonstrated
in severe COVID-19 patients. Figure was created by BioRender (Toronto, ON, Canada).
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respiratory system is positively correlated with the degree of lung

damage and even contributes to damage after the recovery

(180) (Figure 2).
3.7 Humoral immunity

In addition to antibody production, B cells display antiviral

immune responses through the secretion of inflammatory

mediators and T cell activation through antigen presentation (181–

183). These cells are a pivotal source of neutralizing antibodies (Abs)

that interfere with viral infections, including SARS, MERS, HIV and

Ebola. They bind to the virions and prevent their entry into the host

cells. Antibodies may activate the complement system and kill

infected cells through antibody-dependent cellular cytotoxicity

(ADCC) (126, 184, 185). On the other hand, antibodies could also

facilitate viral infections by increasing virion uptake via Fc or

complement receptors. The former is referred to as antibody-

dependent enhancement (ADE). ADE has been observed in dengue

virus, HIV, influenza, RSV and Ebola, as well as SARS-CoV-2

infections (181, 186–188).

Impaired cellular and humoral immune responses have been

reported in COVID-19 patients (5, 189). B cell immune responses

to SARS-CoV-2 infection have been found to be stronger in severe

than in mild COVID-19. Accordingly, increased clonal expansion of

B cells, and frequencies of plasmablasts, complement activation and

phagocytosis have been reported in severe cases (190, 191). Similarly

to chronic hepatitis B infection, the overall amounts of B cells are

large in severe COVID-19 cases. However, the B cell responses are

deficient due to decreased clonal diversity. In addition to decreased T

cell activity, this is another cause for improper immune responses

against infectious agents in elderly individuals (192, 193). Conversely,

several studies have reported decreased absolute numbers and

frequencies of B cells, as well as lower expression of genes

associated with BCR activation signaling, in severe vs. mild

COVID-19. This might be due to the consumption of B cells by

SARS-CoV-2 in order to inhibit immune activity (2, 83, 154,

194–198).

Also memory B cells are produced after infection with SARS-

CoV-2. They include classical CD24+ class-switched memory B cells,

activated CD24- and natural unswitched CD27+ IgD+ IgM+ subsets.

Recently, reduced frequencies of switched and unswitched memory B

cells have been observed in severe COVID-19 patients (83, 190, 197,

199–201). In contrast, some studies have reported higher percentages

of SARS-CoV2-S-specific memory B cells in severely ill compared to

mildly ill patients. The memory B cell levels remain stable several

months after disease resolution and provide protection against future

exposure (202–206). In one study, a higher proportion of double-

negative B cells (IgD- CD27-) was reported in severe COVID-19 (199,

207, 208). These cells exacerbate disease progression, possibly by

cytokine secretion (209–212). Increased frequencies of CD21+and

CD21low/- transitional B cells have also been observed in mild to

moderate and severe forms of COVID-19 (190, 199).

Many studies have shown high titers of antibodies in severe

COVID-19 that do not correlate to disease resolution (83, 154, 178,

191, 213–216). Indeed, it has been shown that anti-spike IgG could

promote pro-inflammatory responses in M1 macrophages, disruption
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of endothelial barriers, and microvascular thrombosis (217). This type

of thrombotic microangiopathy could be mediated by complement

activation. Moreover, anti-SARS-CoV-2 antibodies could enhance

virus entry into immune cells through the ADE mechanism (166,

218, 219). In severely ill patients, increased production of

autoantibodies, such as antinuclear (ANAs), anti-phospholipid and

anti-cardiolipin antibodies, have been associated with poor outcomes

(219, 220). They could be due to polyclonal B cell activation or be

induced by tissue damage. Also, several studies have reported higher

titers of anti-S1- and anti-N- specific IgG and IgM antibodies, as well

as neutralizing antibodies (nAbs) in severe vs. mild COVID-19 (199,

221–223). High titers of anti-N Abs have been found to be related to

increased virus replication and more severe disease (221) (Figure 3).
4 Cytokines, interferons and the
progression of COVID-19

Cytokines play a major role in many physiological and

pathological processes. In the inflammatory context, different

immune and non-immune cells, such as monocytes, macrophages,

T cells and platelets, as well as endothelial cells, epithelial cells and

fibroblasts, produce various cytokines. A cytokine storm, CRS, is

defined as an overproduction of cytokines due to an uncontrolled host

inflammatory response to different triggers. The triggers could

include infections, tissue damage, malignancy, rheumatic disorders

and certain drugs. Several studies on severely ill COVID-19 patients

have identified significant variations in the serum or plasma levels of

cytokines associated with COVID-19 pathogenicity (224, 225). It has

been demonstrated that cytokine storm plays an important role in the

severity of SARS-CoV-2 infection and lung damage, possibly resulting

in ARDS and patient referral to ICU (226, 227). Overproduction of

cytokines, including IL-17, IL-7, IL-1b, IL-9, IL-2, IL-10, TNF-a,
GM-CSF, G-CSF, IFN-g, MCP1, MIP1A, MIP1B, CXCL10 and

CXCL8, by monocytes and macrophages has been reported in

severe COVID-19 cases (182, 228, 229). Moreover, in a study

conducted in a group of 52 patients with severe conditions, high

plasma concentrations of GM-CSF were reported in COVID-19

patients who required ICU, suggesting a role for GM-CSF in

disease severity (182). A study conducted in Taiwan in 2021

compared 40 cytokines in COVID-19 patients with mild, moderate,

severe or critical diseases. It was found that the levels of 22 cytokines

gradually increased in critical and severe cases compared to moderate

ones (230). Evidence indicates that macrophages are the main

promoters of cytokine storm during SARS-CoV-2 infection, leading

to deleterious clinical manifestations and acute mortality in critically

ill patients with COVID-19 (37, 231).

As a broad class of cytokines, interferons (IFNs) are a group of

related proteins produced by a variety of cells against viral infection

(232). IFNs are classified into three types: type І, type П, and type Ш.

Plasmacytoid dendritic cells (pDC) are the main producers of type І

IFNs. By binding to their receptors, the interferons induce the

expression of IFN-stimulated genes (ISGs), thereby generating an

antiviral state by inhibiting virus replication in cells under infection

threat (233–235). Several studies have reported that both IFN-b1b
and IFN-b1a exert an inhibitory effect on SARS-CoV-2 (236–239). In

this regard, an impaired type I IFN response is reported in patients
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with severely and critically ill COVID-19 compared to those with

mild infections. Indeed, patients with lower plasma levels of type I

IFN have higher levels of TNF- a and IL-6, increased viral load, and

extensive NFkB-driven inflammatory responses (240). A recent study

showed that SARS-CoV-2 mRNA-encoded proteins, ORF3b and

ORF6, inhibit IFN production and signaling (241). Another study

found that high IFN-l levels during the early stages of SARS-CoV-2

infection were associated with a lower viral load in bronchial aspirates

and a better outcome in severely ill COVID-19 patients. In late stages

in critically ill COVID-19 patients, however, the serum levels of IFN-

a and IFN-l were found to be decreased compared to those with mild

disease (242).
5 Therapeutic approaches to COVID-19

Considering that SARS-CoV-2 infection and imbalanced immune

responses are the two main drivers of COVID-19 pathogenesis,

glucocorticoids and antiviral drugs have been the most commonly

used treatments to treat COVID-19 and its complications (243, 244).

Safe strategies to limit morbidity and mortality and to improve the

efficacy of treatments by finding new therapeutic targets are still

urgently required. Current studies have focused on specific means to

interfere with SARS-CoV-2 infection (245, 246). Nowadays, several

approaches are followed to explore candidates to decrease or subvert

inflammatory responses against primary SARS-CoV-2 and mutant

strains. Below, the most promising potential targets are reviewed, and

an update on the progress of treatments for COVID-19 is

provided (Table 1).
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5.1 Anti-cytokine therapy

One approach to treat cytokine storm in COVID-19 is to use

traditional anti-inflammatory drugs such as corticosteroids,

chloroquine and colchicine (258, 259). However, except for

corticosteroids, their use has remained limited. Recently,

recombinant cytokines and antibodies or inhibitor molecules

against different cytokines and their signaling pathways have been

tried or are in the pipeline for production. Below, some of the

approaches that are currently or could potentially be applied to

manage more serious forms of COVID-19 are described. For the

less serious, flu-like illnesses, rest and symptomatic treatment are

usually sufficient.

Recombinant human IL-7 (rhIL-7). According to a recent study,

recombinant human IL-7 (rhIL-7) administration significantly

rescued the immune function in a 74-year-old ICU patient with

severe COVID-19 (260). In another study, higher lymphocyte counts

without widespread inflammation or pulmonary injury were observed

in COVID-19 cases who received IL-7 (247). It has been found that

administration of dexamethasone with IL-7 leads to IL7 receptor (IL-

7Ra) upregulation and increased IL-7 activity in the more severe stage

of COVID-19 (261–263). Another clinical trial (NCT04379076) is

currently investigating the effect of CYT107, a commercial derivative

of rhIL-7, on the clinical picture and immune reconstitution in severe

COVID-19 patients. Accordingly, these results suggest that

appropriate administration of IL-7 with or without other agents

could be applied to critically ill COVID-19 patients with severe

lymphopenia. Because of its lymphopoiesis- stimulating effect, IL-7

has also been suggested as a potential vaccine adjuvant.
A B

FIGURE 3

Humoral immune responses during COVID-19 progression in mild versus severe disease. (A) During mild COVID-19, B cells contribute to antiviral
immune responses in many ways. The first is through production of neutralizing antibodies (Abs), which will bind to the virion and block its entry to the
host cells, thus impeding further infection. The second is through a process called antibody-dependent cellular cytotoxicity (ADCC), in which Fc
receptor-bearing effector cells can recognize and kill antibody-coated target cells expressing pathogen-derived antigens. The third is through antigen
presentation to T cells and activation of cell-mediated immunity. B cells also produce some cytokines to regulate inflammation and activation of
adaptive responses. Lastly, B cells can differentiate into antibody-secreting plasma cells, which produce high affinity and class-switched Abs. (B) B cell
immune responses in severe COVID-19 may exacerbate disease progression by excessive secretion of cytokines and production of autoantibodies. As an
adverse effect anti-viral antibodies can facilitate the entry of virus into monocytes/macrophages and granulocytic cells through interaction with Fc and/
or complement receptors in a process that is called antibody dependent enhancement (ADE). In addition, increased clonal expansion of B cells, higher
frequency of plasmablasts as well as reduced frequency of CD24+ switched and CD24-CD27+ IgD+ IgM+ unswitched memory B cells have been reported
in severe COVID-19 cases. Figure was created by BioRender (Toronto, ON, Canada).
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5.2 Targeting IL-6 signaling

A high concentration of the acute phase response stimulating

cytokine IL-6 is related to an increased risk for severe COVID-19.

Thus, targeting IL-6 signaling may provide a therapeutic approach for

the prevention of aggravated inflammation in SARS-CoV-2 infection

(264–266). A retrospective clinical trial showed that treatment with

tocilizumab, a monoclonal antibody against IL-6R, reduced oxygen

requirements, serum level of CRP, and hospital stays, as well as

improving lymphocyte recovery and clinical outcomes in severe or

critical COVID-19 (217). Another cohort study demonstrated a

decreased mortality in ICU COVID-19 patients who received

tocilizumab immediately after ICU admission as compared to those

who did not receive early tocilizumab intervention (249). A recent

study showed that the treatment of severe COVID-19 patients with

sarilumab, a monoclonal antibody against IL-6R, promoted the

recovery of cases with mild lung disease (267). In addition, according

to a retrospective clinical trial, sarilumab treatment improved clinical

symptoms and reduced serum CRP concentrations in most COVID-19

patients (268). A controlled cohort study (NCT04322188) evaluated the

impact of siltuximab, a monoclonal antibody against IL-6, on the

mortality rate of 30 COVID-19 patients requiring ventilator support.

The results showed that siltuximab treatment, in combination with

optimal supportive care, reduced the mortality rate of COVID-19 cases

as compared to control patients who received only optimal supportive

care (269).
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5.3 Targeting IL-1 signaling

Given the important role of IL-1b in the cytokine storm, several

agents targeting IL-1b signaling, including canakinumab and

anakinra, have been introduced to clinical COVID-19 treatment

trials (250, 270, 271). A retrospective clinical trial among 22 severe/

critical COVID-19 patients indicated that >8 days of treatment with

anakinra (IL-1 receptor antagonist) led to a reduced requirement for

mechanical ventilation, decreased serum CRP levels, and improved

clinical conditions in patients compared to the control group (251).

Another cohort study found that anakinra treatment reduced several

clinical parameters, including temperature, white blood cell count,

and plasma levels of ferritin, creatinine, procalcitonin, and bilirubin in

COVID-19 patients (272). According to a retrospective study,

subcutaneous administration of canakinumab (anti-IL-1b)
decreased hyperinflammation and improved PaO2/FiO2 ratio in

COVID-19 patients (250). Another cohort study on non-ICU

patients with mild or severe COVID-19 who received subcutaneous

canakinumab showed that canakinumab treatment significantly

increased the PaO2/FiO2 ratio and reduced inflammation (273).

Furthermore, other studies have reported the positive effects of

canakinumab during SARS-CoV-2 infection (274–276), and six

other clinical trials (NCT04348448, NCT04476706, NCT04362813,

NCT04365153, NCT04510493, NCT04278404) have been registered

to evaluate their potential therapeutic effects in SARS-CoV-2

infection (252).
TABLE 1 Therapeutic approaches in COVID-19.

Therapeutic approaches Mechanism of action References

Target for anti-cytokine therapy

IL-7 Immune reconstitution
Increased lymphocyte counts

(247, 248)

IL-6 Reduced oxygen requirement
Reduced CRP level
Reduced risk of mortality in ICU
Improved lymphocyte production and activity
Improved clinical outcomes

(217, 249)

IL-1 Reduced oxygen requirement and reduced CRP level
Improved clinical condition
Reduced white blood cell counts
Reduced ferritin, creatinine, procalcitonin and bilirubin levels
Increased the PaO2/FiO2 ratio

(250, 251)

TNF-a Reduced inflammatory cytokine production
Reduced hyperinflammation

(252, 253)

Interferon therapy

Reduced inflammatory cytokine production
Improved clinical outcomes

(254, 255)

Cell therapy

Reduced inflammatory cytokine production
Improved clinical outcomes

(256)

Intravenous immunoglobulin therapy

Reduced mortality
Improved clinical outcomes

(257)
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5.4 Targeting TNF-a

Since TNF-a is an initial driver of NF-kB activation and

involved in the expression of several pro-inflammatory and anti-

apoptotic genes in SARS-CoV-2 infection, its inhibition can

attenuate excessive cytokine release and hyperinflammation in

COVID-19 (28, 197, 277, 278). Recently, it has been observed that

the temporary use of etanercept, a soluble TNF-a receptor fusion

protein, reduces hyperinflammation in severe COVID-19 (28). A

case report study demonstrated that subcutaneous etanercept

administration in a 60-year-old man induced a rapid recovery

from COVID-19 and did not cause any signs of respiratory failure

(279). A total of four clinical trials of infliximab (anti-TNF-a)
(NCT04425538, NCT04734678, NCT04593940, NCT04344249)

and two clinical trials with adalimumab, another anti-TNF-a
antibody (ChiCTR2000030089, NCT04705844) are ongoing to

evaluate its effects in COVID-19 (252).

Interferon therapy: Some patients with life-threatening COVID-

19 have been shown to have IgG autoantibodies against type I
Frontiers in Immunology 11
interferon. Defects, both genetic and acquired, within the IFN

pathways have also been shown to predispose to severe COVID-19.

Therefore, IFNs have been introduced into clinical trials in an attempt

to decrease COVID-19 morbidity and mortality (280). The results of a

clinical trial demonstrated that the early triple combination of IFN-1b
+ lopinavir/ritonavir + ribavirin could reduce clinical symptoms and

hospital stay in patients with mild-to-moderate COVID-19 (238). A

previous study in China found that lopinavir/ritonavir in

combination with IFN-1a reduced the duration of SARS-CoV-2

shedding (281). Other clinical trials and case reports have shown

that IFN-a1b and -a2b positively affect cytokine levels in the blood,

virus clearance, and clinical symptoms (254, 255). On the other hand,

IFNs can also induce adverse effects such as flu-like symptoms,

headaches, gastrointestinal reactions, and rashes. In addition, the

sustained presence of IFNs could be involved in maintaining local and

systemic inflammation and causing tissue damage. The results

described above suggest that interferon therapy with antiviral drugs

early in the course of infection could help people with mild COVID-

19; however, its practicality still remains to be seen.
TABLE 2 Key features of immune responses in mildly versus critically ill COVID-19 patients.

Immune Response
Players Key Features References

Innate Immune Response Players

Cytokines Overproduction of cytokines in severe compared to mild patients can result in detrimental manifestations and mortality (22, 122)

Interferons Impaired type I IFN response in patients with severely ill COVID-19 compared to patients with a mild infection (32)

Complement system More intense complement activation and inflammatory responses in severely compared to mildly ill patients (38, 39)

Neutrophils Higher number of neutrophils, excessive NET formation and ROS production in severely compared to mildly ill patients (44, 48, 56)

Monocytes Increased percentage of inflammatory monocytes in severe COVID-19 compared with mild disease (63)

Macrophages
Macrophages are considered as promoters of cytokine storm and are associated with a high risk of death in severe COVID-
19 patients

(73, 74)

Dendritic cells Decreased number and further impairment in maturation and function of DC in severe compared with mild disease (83, 84)

ILCs Decreased frequency of ILC2 in severe COVID-19 in comparison to moderate disease (89)

Natural killer cells Decreased number and cytotoxicity of NK cells in severely ill COVID-19 patients (97, 100)

Basophils Decreased number and increased expression of PD-L1 on basophils in severe vs. mild COVID-19 (104)

Eosinophils Decreased number of eosinophils in severe vs. mild disease (106)

MDSCs
Higher frequency of MDSCs in severely ill COVID-19 patients correlated with decreased specific T cell responses and poor
disease outcomes

(107)

NKT cells Reduced frequency of NKT cells as well as of IFN-g production in severely ill COVID-19 patients (129)

Adaptive Immune Response Players

Th1 cells Lower percentage of Th1 cells and decreased production of IFN-g in severe COVID-19 (147, 148)

Th2 cells Th2 hyper-activation and higher plasma levels of Th2-produced cytokines correlated with disease severity and mortality (148)

Th17 cells
Increased frequency and hyper-activation of Th17 cells and subsequent production of pro-inflammatory cytokines in critical
forms of COVID-19

(149, 151)

Treg cells Decreased frequency and enhanced apoptosis of Tregs in severe cases compared to mild ones (156, 158)

CD8+ T cells Decreased frequency and cytotoxic function of CD8+ T cells in critically ill patients (166, 167)

Memory T cells Decreased percentage of memory T helper cells in severe COVID-19 (170)

B cells Decreased number of B cells and deficient humoral immune responses in severe cases (185, 186)

Antibodies Higher titers of antibodies in severe vs. mild patients associated with increased virus replication and a more severe disease (209)
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5.5 Cell therapy

While current treatment options for COVID-19 are mainly

nonspecific, e.g., the use of dexamethasone or anti-inflammatory

agents with significant side effects, the accessibility of other

approaches such as remdesivir and tocilizumab (anti-IL-6 receptor) is

limited (282). These therapeutic agents have no effects on regenerating

damaged tissue structures or functions. Thus, the relevance of cell

therapies in the treatment of COVID-19 has received considerable

attention (283). Although, particular cell types used in cell therapy for

COVID-19 are mesenchymal stem cells (MSCs), NK cells, and T cells,

early apoptotic cells, and other cell types are being investigated (284).

MSCs exhibit strong immunomodulatory and pluripotential properties

that can suppress CD3, CD8, and CD4 T cells and attenuate cytokine

secretion (285, 286). MSCs have been used in several clinical trials,

including graft vs. host disease (GvHD) (287), type 2 diabetes (288),

autoimmune diseases (289), and spinal cord injury (290). Considering

that MSCs do not express ACE2 receptors, MSC therapy can

accomplish immunomodulatory effects in SARS-CoV-2 infection

(291). Previous clinical trials have shown that the intravenous

injection of human umbilical cord-derived MSCs is related to an

attenuated cytokine storm and improves outcomes in severely ill

COVID-19 patients (256). Treatment of severely ill patients who

were refractory to steroids with human umbilical cord MSCs results

in the healing of pulmonary lesions (292). It has also been reported that

a single- dose injection of MSCs in mild, severe, and critical COVID-19

leads to improved clinical outcomes (256). A recent study indicated that

COVID-19 patients were extubated approximately 7 days after

injection of adipose-derived MSCs (293). Furthermore, a phase 1/2a

randomized trial (NCT04355728) found that administration of

umbilical cord derived-MSCs for COVID-19 patients with ARDS

improved survival following therapy (294).
5.6 Intravenous immunoglobulin therapy

IVIG is a natural immunoglobulin pool prepared from the sera of

healthy donors. The major component of IVIG is the serum IgG

fraction, mainly IgG1 and IgG2 subclasses (295). It is well known that

anti-cytokine autoantibodies, including IL-1, IL-6, and IFN-g
autoantibodies, are present in the IVIG of healthy individuals. These

antibodies may be related to the anti-inflammatory effects of IVIG in

inflammatory and autoimmune disorders (296–298). Previously, the

promising effect of IVIG therapy has been reported in SARS and the

2009 H1N1 influenza pandemic (299, 300). Recently, the possible

positive effects of IVIG administration during the early phase of

COVID-19 have been reported (301). A meta-analysis in three groups

of patients with non-severe, severe, or critical illness, including 825

hospitalized COVID-19 patients, indicated that IVIG might be

associated with a reduced mortality rate in critically ill patients (302).

Further, a significant correlation between IVIG treatment and increased

survival rate and decreased COVID-19 progression has been shown

(283). Moreover, the potential benefit of IVIG administration along with

antiviral drugs and mechanical ventilation in severe COVID-19 patients

has been reported (257). Conversely, IVIG administration, along with

hydroxychloroquine and lopinavir/ritonavir, in the treatment of severe

COVID-19 cases, has not been supported by recent findings (301).
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At this point in the pandemic, further understanding of the SARS-

CoV-2 biology and systemic host immune responses can provide

information on the processes and mechanisms involved in immune-

mediated viral clearance and define specific targets for the treatment

of COVID-19. Recent research on the immune mechanisms in

COVID-19 refer to the initiation of infection by SARS-CoV-2

accompanied by cellular immune responses, including specifically

poly-functional CD4+ and CD8+ T cell responses, which may become

chronic along with immune inflammation. Recovery from tissue

injury, prolonged inflammation and deviations in adaptive immune

activity may play a role in the postinfectious complications, termed

post-COVID. The consequences of deviated immune processes also

depend on genetic make-up and environmental risk factors. Due to

the SARS-CoV-2 contagiousness, the increased risk of death and the

need for an ICU in severe cases of the disease, there is an urgent need

for long-term follow-up of the molecular and cellular mechanisms in

virus-host communication at all stages of the disease. This

information is needed for delineating the optimal management of

infected patients in order to prevent the progression to severe forms

of the disease. Currently, ongoing large clinical trials based on

antiviral and immune-based treatments may soon provide efficient

therapeutic agents for COVID-19 patients. In any case, vaccination

still remains the best means for preventing severe illness.
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134. Georg P, Astaburuaga-Garcıá R, Bonaguro L, Brumhard S, Michalick L, Lippert
LJ, et al. Complement activation induces excessive T cell cytotoxicity in severe covid-19.
Cell (2022) 185(3):493–512.e25. doi: 10.1016/j.cell.2021.12.040

135. Beserra DR, Alberca RW, Branco ACCC, Oliveira LM, de Souza Andrade MM,
Gozzi-Silva SC, et al. Upregulation of pd-1 expression and high spd-L1 levels associated
with covid-19 severity. J Immunol Res (2022) 2022: 9764002. doi: 10.1155/2022/9764002

136. BenMohamed L, Srivastava R, Dhanushkodi N, Prakash S, Coulon P-G, Vahed H,
et al. High frequencies of phenotypically and functionally senescent and exhausted Cd56+
Cd57+ pd-1+ natural killer cells, sars-Cov-2-Specific memory Cd4+ and Cd8+ T cells
associated with severe disease in unvaccinated covid-19 patients. bioRxiv (2022)
2022.07.26.501655. doi: 10.1101/2022.07.26.501655

137. Ronit A, Berg RM, Bay JT, Haugaard AK, Ahlström MG, Burgdorf KS, et al.
Compartmental immunophenotyping in covid-19 Ards: A case series. J Allergy Clin
Immunol (2021) 147(1):81–91. doi: 10.1016/j.jaci.2020.09.009

138. Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strålin 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

139. Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of immune
response in patients with coronavirus 2019 (Covid-19) in wuhan, China. Clin Infect Dis
(2020) 71(15):762–8. doi: 10.1093/cid/ciaa248

140. Liu Z, LongW, TuM, Chen S, Huang Y, Wang S, et al. Lymphocyte subset (Cd4+,
Cd8+) counts reflect the severity of infection and predict the clinical outcomes in patients
with covid-19. J infect (2020) 81(2):318–56. doi: 10.1016/j.jinf.2020.03.054

141. Mazzoni A, Maggi L, Capone M, Spinicci M, Salvati L, Colao MG, et al. Cell-
mediated and humoral adaptive immune responses to sars-Cov-2 are lower in
asymptomatic than symptomatic covid-19 patients. Eur J Immunol (2020) 50
(12):2013–24. doi: 10.1002/eji.202048915

142. Martonik D, Parfieniuk-Kowerda A, Rogalska M, Flisiak R. The role of Th17
response in covid-19. Cells (2021) 10(6):1550. doi: 10.3390/cells10061550

143. Neidleman J, Luo X, Frouard J, Xie G, Gill G, Stein ES, et al. Sars-Cov-2-Specific T
cells exhibit phenotypic features of helper function, lack of terminal differentiation, and
high proliferation potential. Cell Rep Med (2020) 1(6):100081. doi: 10.1016/
j.xcrm.2020.100081

144. Verhagen J, van der Meijden ED, Lang V, Kremer AE, Völkl S, Mackensen A,
et al. Human Cd4+ T cells specific for dominant epitopes of sars-Cov-2 spike and
nucleocapsid proteins with therapeutic potential. Clin Exp Immunol (2021) 205 (3):363–
378. doi: 10.1111/cei.13627

145. Sadeghi A, Tahmasebi S, Mahmood A, Kuznetsova M, Valizadeh H, Taghizadieh
A, et al. Th17 and treg cells function in sars-Cov2 patients compared with healthy
controls. J Cell Physiol (2021) 236(4):2829–39. doi: 10.1002/jcp.30047

146. Gil-Etayo FJ, Suàrez-Fernández P, Cabrera-Marante O, Arroyo D, Garcinuño S,
Naranjo L, et al. T-Helper cell subset response is a determining factor in covid-19
progression. Front Cell Infect Microbiol (2021) 11:624483. doi: 10.3389/
fcimb.2021.624483

147. Aleebrahim-Dehkordi E, Molavi B, Mokhtari M, Deravi N, Fathi M, Fazel T, et al.
T Helper type (Th1/Th2) responses to sars-Cov-2 and influenza a (H1n1) virus: From
cytokines produced to immune responses. Transplant Immunol (2022) 70:101495. doi:
10.1016/j.trim.2021.101495

148. Parackova Z, Bloomfield M, Klocperk A, Sediva A. Neutrophils mediate Th17
promotion in covid-19 patients. J Leukoc Biol (2021) 109(1):73–6. doi: 10.1002/
JLB.4COVCRA0820-481RRR

149. Wei Ll, Wang Wj, Chen Dx, Xu B. Dysregulation of the immune response affects
the outcome of critical covid-19 patients. J Med Virol (2020) 92(11):2768–76.
doi: 10.1002/jmv.26181

150. Muyayalo KP, Huang DH, Zhao SJ, Xie T, Mor G, Liao AH. Covid-19 and Treg/
Th17 imbalance: Potential relationship to pregnancy outcomes. Am J Reprod Immunol
(2020) 84(5):e13304. doi: 10.1111/aji.13304

151. Wu D, Yang XO. Th17 responses in cytokine storm of covid-19: An emerging
target of Jak2 inhibitor fedratinib. J Microbiol Immunol Infect (2020) 53(3):368–70.
doi: 10.1016/j.jmii.2020.03.005
frontiersin.org

https://doi.org/10.1007/s10875-020-00920-5
https://doi.org/10.3389/fimmu.2021.695972
https://doi.org/10.1172/JCI36264
https://doi.org/10.1172/JCI36264
https://doi.org/10.1128/jvi.76.9.4294-4303.2002
https://doi.org/10.1128/jvi.76.9.4294-4303.2002
https://doi.org/10.1002/eji.200535487
https://doi.org/10.1128/JVI.01053-10
https://doi.org/10.1128/JVI.02689-10
https://doi.org/10.1172/JCI24041
https://doi.org/10.1002/eji.200636024
https://doi.org/10.1016/j.clim.2020.108630
https://doi.org/10.1038/s41590-020-0762-x
https://doi.org/10.1084/jem.20200872
https://doi.org/10.1111/jcmm.15620
https://doi.org/10.1111/jcmm.15620
https://doi.org/10.1016/j.ebiom.2020.102885
https://doi.org/10.1038/s41573-019-0031-6
https://doi.org/10.1038/s41573-019-0031-6
https://doi.org/10.1016/j.kint.2020.05.013
https://doi.org/10.4049/jimmunol.2000644
https://doi.org/10.1086/429631
https://doi.org/10.1172/jci.insight.140711
https://doi.org/10.3389/fimmu.2021.696085
https://doi.org/10.1038/s41577-020-0320-7
https://doi.org/10.1038/s41586-020-2600-6
https://doi.org/10.1007/s12026-014-8534-z
https://doi.org/10.1007/s12026-014-8534-z
https://doi.org/10.1016/j.cdtm.2020.04.001
https://doi.org/10.1038/s42256-020-0180-7
https://doi.org/10.1186/s12985-022-01926-8
https://doi.org/10.4103/abr.abr_303_20
https://doi.org/10.4103/abr.abr_303_20
https://doi.org/10.18632/oncotarget.14886
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1016/j.clim.2020.108486
https://doi.org/10.3390/ijms23094545
https://doi.org/10.1016/j.ijid.2020.05.106
https://doi.org/10.1016/j.cell.2021.12.040
https://doi.org/10.1155/2022/9764002
https://doi.org/10.1101/2022.07.26.501655
https://doi.org/10.1016/j.jaci.2020.09.009
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1016/j.jinf.2020.03.054
https://doi.org/10.1002/eji.202048915
https://doi.org/10.3390/cells10061550
https://doi.org/10.1016/j.xcrm.2020.100081
https://doi.org/10.1016/j.xcrm.2020.100081
https://doi.org/10.1111/cei.13627
https://doi.org/10.1002/jcp.30047
https://doi.org/10.3389/fcimb.2021.624483
https://doi.org/10.3389/fcimb.2021.624483
https://doi.org/10.1016/j.trim.2021.101495
https://doi.org/10.1002/JLB.4COVCRA0820-481RRR
https://doi.org/10.1002/JLB.4COVCRA0820-481RRR
https://doi.org/10.1002/jmv.26181
https://doi.org/10.1111/aji.13304
https://doi.org/10.1016/j.jmii.2020.03.005
https://doi.org/10.3389/fimmu.2023.1077236
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Nasrollahi et al. 10.3389/fimmu.2023.1077236
152. Tahmasebi S, El-Esawi MA, Mahmoud ZH, Timoshin A, Valizadeh H, Roshangar
L, et al. Immunomodulatory effects of nanocurcumin on Th17 cell responses in mild and
severe covid-19 patients. J Cell Physiol (2021) 236(7):5325–38. doi: 10.1002/jcp.30233

153. Orlov M, Wander PL, Morrell ED, Mikacenic C, Wurfel MM. A case for targeting
Th17 cells and il-17a in sars-Cov-2 infections. J Immunol (2020) 205(4):892–8.
doi: 10.4049/jimmunol.2000554

154. 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):533–5.
doi: 10.1038/s41423-020-0402-2

155. Wang J, Li Q, Qiu Y, Lu H. Covid-19: Imbalanced cell-mediated immune
response drives to immunopathology. Emerg Microbes Infect (2022) 11(1):2393–404.
doi: 10.1080/22221751.2022.2122579

156. Choto TA, Makupe I, Cakana AZ, Sibanda EN, Mduluza T. Excessive neutrophil
recruitment promotes typical T-helper 17 responses in coronavirus disease 2019 patients.
PloS One (2022) 17(8):e0273186. doi: 10.1371/journal.pone.0273186

157. Tahmasebi S, Saeed BQ, Temirgalieva E, Yumashev AV, El-Esawi MA,
Navashenaq JG, et al. Nanocurcumin improves treg cell responses in patients with mild
and severe sars-Cov2. Life Sci (2021) 276:119437. doi: 10.1016/j.lfs.2021.119437

158. Alahyari S, Rajaeinejad M, Jalaeikhoo H, Amani D. Regulatory T cells in
immunopathogenesis and severity of covid-19: A systematic review. Arch Iranian Med
(2022) 25(2):127–32. doi: 10.34172/aim.2022.22

159. 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):1–12. doi: 10.1038/s41467-020-
19080-6

160. 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

161. Kalfaoglu B, Almeida-Santos J, Tye CA, Satou Y, Ono M. T-Cell hyperactivation
and paralysis in severe covid-19 infection revealed by single-cell analysis. Front Immunol
(2020) 11:589380. doi: 10.3389/fimmu.2020.589380

162. Chu H, Zhou J, Wong BH-Y, Li C, Chan JF-W, Cheng Z-S, et al. Middle East
respiratory syndrome coronavirus efficiently infects human primary T lymphocytes and
activates the extrinsic and intrinsic apoptosis pathways. J Infect Dis (2016) 213(6):904–14.
doi: 10.1093/infdis/jiv380

163. Neurath MF. Covid-19 and immunomodulation in ibd. Gut (2020) 69(7):1335–
42. doi: 10.1136/gutjnl-2020-321269

164. Taylor GA, Feng CG, Sher A. P47 gtpases: Regulators of immunity to intracellular
pathogens. Nat Rev Immunol (2004) 4(2):100–9. doi: 10.1038/nri1270

165. Peng Y, Mentzer AJ, Liu G, Yao X, Yin Z, Dong D, et al. Broad and strong
memory Cd4+ and Cd8+ T cells induced by sars-Cov-2 in uk convalescent individuals
following covid-19. Nat Immunol (2020) 21(11):1336–45. doi: 10.1038/s41590-020-0782-
6

166. Cao X. Covid-19: Immunopathology and its implications for therapy. Nat Rev
Immunol (2020) 20(5):269–70. doi: 10.1038/s41577-020-0308-3

167. Zhang W, Zhao Y, Zhang F, Wang Q, Li T, Liu Z, et al. The use of anti-
inflammatory drugs in the treatment of people with severe coronavirus disease 2019
(Covid-19): The perspectives of clinical immunologists from China. Clin Immunol (2020)
214:108393. doi: 10.1016/j.clim.2020.108393

168. Ma Y, Qiu F, Deng C, Li J, Huang Y, Wu Z, et al. Integrating single-cell
sequencing data with gwas summary statistics reveals Cd16+ monocytes and memory
Cd8+ T cells involved in severe covid-19. Genome Med (2022) 14(1):1–21. doi: 10.1186/
s13073-022-01021-1

169. Heeb LE, Egholm C, Boyman O. Evolution and function of interleukin-4 receptor
signaling in adaptive immunity and neutrophils. Genes Immun (2020) 21(3):143–9.
doi: 10.1038/s41435-020-0095-7

170. Moon C. Fighting covid-19 exhausts T cells. Nat Rev Immunol (2020) 20(5):277–
8. doi: 10.1038/s41577-020-0304-7

171. Kaneko N, Boucau J, Kuo H-H, Perugino C, Mahajan VS, Farmer JR, et al.
Temporal changes in T cell subsets and expansion of cytotoxic Cd4+ T cells in the lungs in
severe covid-19. Clin Immunol (2022) 237:108991. doi: 10.1016/j.clim.2022.108991

172. Wherry EJ, Ahmed R. Memory Cd8 T-cell differentiation during viral infection. J
Virol (2004) 78(11):5535–45. doi: 10.1128/JVI.78.11.5535-5545.2004

173. Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of immune
response in patients with covid-19 in wuhan, China. Clin Infect Dis (2020) 71 (15):762–
768. doi: 10.1093/cid/ciaa248

174. Zuin J, Fogar P, Musso G, Padoan A, Piva E, Pelloso M, et al. T Cell senescence by
extensive phenotyping: An emerging feature of covid-19 severity. Lab Med (2022) 53
(6):609–13. doi: 10.1093/labmed/lmac048

175. Strutt TM, McKinstry KK, Dibble JP, Winchell C, Kuang Y, Curtis JD, et al.
Memory Cd4+ T cells induce innate responses independently of pathogen. Nat Med
(2010) 16(5):558–64. doi: 10.1038/nm.2142

176. Schenkel JM, Fraser KA, Vezys V, Masopust D. Sensing and alarm function of
resident memory Cd8+ T cells. Nat Immunol (2013) 14(5):509–13. doi: 10.1038/ni.2568

177. Zhao J, Zhao J, Mangalam AK, Channappanavar R, Fett C, Meyerholz DK, et al.
Airway memory Cd4+ T cells mediate protective immunity against emerging respiratory
coronaviruses. Immunity (2016) 44(6):1379–91. doi: 10.1016/j.immuni.2016.05.006
Frontiers in Immunology 16
178. Oja AE, Saris A, Ghandour CA, Kragten NA, Hogema BM, Nossent EJ, et al.
Divergent sars-Cov-2-Specific T-and b-cell responses in severe but not mild covid-19
patients. Eur J Immunol (2020) 50(12):1998–2012. doi: 10.1002/eji.202048908

179. Zhao Y, Kilian C, Turner J-E, Bosurgi L, Roedl K, Bartsch P, et al. Clonal
expansion and activation of tissue-resident memory-like Th17 cells expressing gm-csf in
the lungs of severe covid-19 patients. Sci Immunol (2021) 6(56): eabf6692. doi: 10.1126/
sciimmunol.abf6692

180. Chen L, Wei B, Di D. A narrative review of tissue-resident memory T cells and
their role in immune surveillance and covid-19. Eur Rev Med Pharmacol Sci (2022) 26
(12):4486–96. doi: 10.26355/eurrev_202206_29088

181. Lam JH, Smith FL, Baumgarth N. B cell activation and response regulation during
viral infections. Viral Immunol (2020) 33(4):294–306. doi: 10.1089/vim.2019.0207

182. Jin Y, Yang H, Ji W, Wu W, Chen S, Zhang W, et al. Virology, epidemiology,
pathogenesis, and control of covid-19. Viruses (2020) 12(4):372. doi: 10.3390/v12040372

183. Wildner NH, Ahmadi P, Schulte S, Brauneck F, Kohsar M, Lütgehetmann M,
et al. B cell analysis in sars-Cov-2 versus malaria: Increased frequencies of plasmablasts
and atypical memory b cells in covid-19. J Leukoc Biol (2021) 109(1):77–90. doi: 10.1002/
JLB.5COVA0620-370RR

184. Davis CW, Jackson KJ, McElroy AK, Halfmann P, Huang J, Chennareddy C, et al.
Longitudinal analysis of the human b cell response to Ebola virus infection. Cell (2019)
177(6):1566–82. e17. doi: 10.1016/j.cell.2019.04.036

185. Butler AL, Fischinger S, Alter G. The antibodiome–mapping the humoral
immune response to hiv. Curr HIV/AIDS Rep (2019) 16(2):169–79. doi: 10.1007/
s11904-019-00432-x

186. Siracusano G, Pastori C, Lopalco L. Humoral immune responses in covid-19
patients: A window on the state of the art. Front Immunol (2020) 11:1049. doi: 10.3389/
fimmu.2020.01049

187. Kulkarni R. Antibody-dependent enhancement of viral infections. Dyn Immune
Activation Viral Dis Ed Bramhachari P (2020), (Springer, Singapore). doi: 10.1007/978-
981-15-1045-8_2

188. Yang Y, Xu F. Evolving understanding of antibody-dependent enhancement
(ADE) of SARS-CoV-2. Front Immunol (2022), 13: 1008285. doi: 10.3389/
fimmu.2022.1008285

189. Yao C, Bora SA, Parimon T, Zaman T, Friedman OA, Palatinus JA, et al. Cell-
Type-Specific immune dysregulation in severely ill covid-19 patients. Cell Rep (2021) 34
(1):108590. doi: 10.1016/j.celrep.2020.108590

190. Sosa-Hernández VA, Torres-Ruıź J, Cervantes-Dıáz R, Romero-Ramıŕez S, Páez-
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