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A B S T R A C T   

Exhaustion of immune cells in COVID-19 remains a serious concern for infection management and therapeutic 
interventions. As reported, immune cells such as T effector cells (Teff), T regulatory cells (Tregs), natural killer 
cells (NKs), and antigen-presenting cells (APCs) exhibit uncontrolled functions in COVID-19. Unfortunately, the 
mechanisms that orchestrate immune cell functionality and virus interaction are still unknown. Recent studies 
linked adaptive immune cell exhaustion to underlying epigenetic mechanisms that regulate the epigenetic 
transcription of inhibitory immune checkpoint receptors (ICs). Further to that, the over-activation of T cells 
accompanied by the dysfunctionality of DCs and Tregs may enhance uncontrollable alveoli inflammation and 
cytokine storm in COVID-19. This might explain the reasons behind the failure of DC-based vaccines in inducing 
sufficient anti-viral responses. This review explains the processes behind the over-activation and exhaustion of 
innate and adaptive immune cells in COVID-19, which may contribute to developing novel immune intervention 
strategies.   

1. Introduction 

SARS-CoV-2 is the virus causing COVID-19, which beget the new 
world corona pandemic. COVID-19 displayed distinct patterns of 
cellular and humoral immune disorders compared to previous corona 
infections. It induces exhaustion of T cells, DCs, and NKs in the early and 
mild stages, but over-activation dramatically increases in severe cases, 
resulting in a cytokine storm that was linked to the risk of dyspnea and 
death. Early reports concluded that in COVID-19, macrophages act as 
the first antigen-presenting cell (APC) responder to viral invasion, elic
iting innate and adaptive immune responses [1,2]. It generates macro
phage inflammatory protein 1 (MIP1) and type I interferons (IFNs), 
which activate T cell responses [3,4]. In addition, macrophages produce 
interleukin 6 (IL-6), tumor necrosis factor-alpha (TNF-), and interleukin- 
1 beta (IL-1β) [5]. In response to macrophage alarming and 
Macrophage-T cell interaction, T cell subset differentiation occurs 
quickly, resulting in the proliferation of T helper 1 (Th1), cytotoxic T 
cells (CTLs), and Th17. Recent research has revealed that macrophage 
hyperactivation in COVID-19 causes acute respiratory distress syndrome 
(ARDS) and dyspnea [6]. This is characterized primarily by an increase 
in the number of FNC1+ macrophages in bronchoalveolar lavage fluid 

(BALF). Hyperactive macrophages secrete high levels of proin
flammatory cytokines such as IFN, induced protein 10 (IP10), IL-6, IL- 
17, TNF-α, TGF-β, and IL-10/23 after activation, resulting in cytokine 
storm syndrome [7]. Further, activation of T cell subsets immediately 
releases high levels of IFN-γ, IFN-α/β, monocyte chemotactic protein 1 
(MCP1), IL-21, and other proinflammatory cytokines [1,3]. High in
flammatory cytokines stimulate NK cells and effector T cells to infiltrate 
the alveoli, which leads to an increase in the destruction of infected 
epithelial cells. 

Unfortunately, the interaction between responded immune cells in 
the alveoli remains unclear. Early studies found that upregulation of 
inhibitory immune checkpoints (ICs) in COVID-19 is linked to exhaus
tion of T cells and NK cells [8]. The exhaustion of CD8+ T cells is evident 
in mild/moderate infections but it seems to be lower in severe infections 
that showed an increase in the cytokine-producing T cells [8]. Analyzing 
ICs on T cells of a cohort of 108 patients with mild, moderate, and severe 
COVID-19 showed upregulation of CTLA-4, PD-1, CD39, CD160, TIM-3, 
VISTA, 2B4, TIGIT, NKG2A, and Gal-9 [9]. Importantly, some scientists 
questioned the expression of ICs in CD8+ T cells in COVID-19 and the 
link to the exhaustion phenomenon, claiming that T cells that recognize 
SARS-CoV-2 peptide pools (M/N/S) have higher frequencies of cytokine- 
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producing T cells even when they express ICs [9]. Another study 
revealed that in the early convalescent phase, multimer+ cells showed 
early developed effector-memory characteristics. In the late convales
cent period, the frequency of stem-like memory cells rose among mul
timer+ cells. The percentage of interferon-producing cells was much 
lower among SARS-CoV-2-specific CD8+ T cells than among those spe
cific to the influenza A virus. They concluded that SARS-CoV-2-specific 
CD8+ T cells are not exhausted but functional [10]. As a result, they 
propose that the expression of ICs in CD8+ T cells has no significant 
impact on the exhaustion in SARS-CoV-2, except for lowering the 
expression of IFN-γ. However, in COVID-19 and other chronic infections, 
a link between persistent exhaustion of CD8+ T cells and epigenetic 
changes in ICs transcription has been experimentally demonstrated 
[11,12]. Furthermore, ICs blockade, like PD-1 and NKG2A, enhances 
significant CD8+ T cell immune responses in chronic infections [13,14]. 
Ex vivo blockade of PD-1 in exhausted T cells isolated from COVID-19 
patients restored T cell functional response to COVID-19 [15]. 

Furthermore, PD-1/PD-L1 blockade improves the symptoms of cancer 
patients infected with COVID-19, who had complete virus clearance 
based on a nasopharyngeal swab test [16]. Overall, the link between ICs 
overexpression and exhaustion in CD8+ T cells have been reported in 
several studies. Releasing low levels of cytokines is not strong evidence 
to dismiss the link between ICs and CD8+ T cell exhaustion. Therefore, 
more clinical trials targeting ICs in CD8+ T cells could be effective in the 
enhancement of COVID-19 immunotherapy. Furthermore, a deep un
derstanding of immune modulation supporting virus infectivity is 
strongly needed to realize how can we prevent severe complications of 
COVID-19. 

2. Immunomodulation and COVID-19 progression 

Most COVID-19 patients showed lymphopenia, the elevation of C- 
Reactive Protein (CRP), serum ferritin, and procalcitonin levels. Patients 
with COVID-19 show low percentages of basophils, eosinophils, and 

Fig. 1. Schematic diagram shows potential scenarios of immune interaction with SARS-CoV-2. 1) immune cells express different inhibitory ICs on exhausted T and 
NK cells; 2) immune response when SARS-CoV-2 invades epithelial cells starts with antigen presentation and cytokine release; 3) in the severe phase of COVID-19, T 
cells over-activation leads to the release of many types of inflammatory cytokines and surface markers; 4) hyper inflammation induce cytokine storm. 
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monocytes, while the number of neutrophils increases. In severe cases, 
the neutrophil/lymphocyte ratio (NLR) was higher than in mild cases 
[17]. NLR has been shown to be a predictor of pneumonia and a clear 
marker of systemic inflammation and infection [18]. Many studies have 
revealed that an increase in NLR indicates the development of severe 
COVID-19 infections and a serious disruption in homeostasis [19]. 
Nonetheless, recent reports have shown that purified human neutrophil 
defensin (HNP1–3) cannot inhibit SARS-CoV infectivity [20]. It is un
clear whether the increase in neutrophils is related to lymphocyte 
exhaustion. The exhaustion of cytotoxic T cells and NK cells are a 
distinct feature of COVID-19 cases [10,21–23]. Despite the fact that 
CD8+ T cells and NK cells share many effector characteristics, activation 
processes, and immune suppression effects, the primary function of NK 
cells is distinct [24]. On the other hand, differentially expressed genes 
(DEGs) of COVID-19 T cells revealed that the downregulated DEGs 
involved T-cell activation, signaling pathways mediated by cytokines, 
and Th17 cell differentiation [25]. Furthermore, recent reports suggest 
that SARS-CoV-2 mediates immune modulation to enhance immune cell 
exhaustion and over-activation at different stages of COVID-19 patho
genesis, as presented in Fig. 1. 

As several studies stated, SARS-CoV-2 induces a strong release of 
cytokines in a life-threatening manner that can be described as systemic 
hyper inflammation and immune dysregulation. It is well known that 
COVID-19 increases the levels of several pro-inflammatory cytokines/ 
chemokines such as IL-6, MCP1, IL-21, IL-1β, CCL2, CXCL10, and IFN-γ 
[26]. Once SARS-CoV-2 invades epithelial cells, the activation of innate 
inflammatory cells starts strongly and keeps working with high trends 
that alleviate responses of functional adaptive immune cells. It’s thought 
that activation of NF-Kβ elicits the expression of IRF4, COX2, and other 
signals that enhances the expression of ICs leading to suppression of 
adaptive immune cells response [27]. However, up to date, it is not 
known how SARS-CoV-2 orchestrates type of immune responses. We 
think that the high frequency of viral invasion induces the activation of 
multiple antigen-presenting cell types such as macrophages and DCs that 
elicit antigen persistence expression. Antigen persistence induces ICs 
transcription and overexpression on adaptive immune cells such as 
CD4+ T cells, CD8+ T cells, and B cells, hence inducing adaptive immune 
cell exhaustion [28–30]. Besides, exhaustion of some other immune cells 
such as DCs and NK cells is still unclear in COVID-19. 

2.1. SARS-CoV-2 mediates innate and adaptive immune cell modulation 

As known, the innate immune system recognizes viral RNAs, 
including SARS-CoV-2, via pattern recognition receptors (PRRs) such as 
NOD-like receptors (NLRs), RIG-I-like receptors (RLRs), and Toll-like 
receptors (TLRs), which induce the release of interferons (IFNs) and 
the activation of macrophages, NK cells, and CD8+ T cells [31–34]. PRR 
activation via the NF/IRF7 and MAPKs pathways results in the activa
tion of inflammatory cytokines [35]. Based on data from animal model 
studies, plasmacytoid dendritic cells (pDCs) serve as the primary APCs, 
releasing high levels of type I interferons that regulate responses to 
SARS-CoV infections [36]. In pDCs, TLR7/TLR9 recognizes the viral 
nucleic acid and induces type I IFNs, which promote the release of in
flammatory cytokines via activation of NF-κB and IRF7 [37]. At mod
erate infections of COVID-19, monocyte-derived FCN1+ macrophages 
and not fatty acid binding protein 4 (FABP4+) alveolar macrophages 
were observed as predominant APCs [38]. Furthermore, pDCs were 
considered high in severe COVID-19 infections, and high levels of type I 
IFNs was linked to an increased number of pDCs [39]. However, some 
studies have found that severe COVID-19 impairs pDC function, result
ing in increased viral infectivity [40]. Previous studies have suggested 
that pDCs are the most important subsets for recognizing virally-infected 
cells and releasing anti-viral IFNs [41]. Recently, Andreas Wack re
ported that pDCs, conventional dendritic cells (cDCs), and monocytes 
become exhausted in severe COVID-19 infections due to increased 
apoptosis-inducing pathways, when compared to moderate COVID-19 

infections [42]. 
A study conducted in the United Kingdom reported that CD68+NP+

macrophages and monocytes were highly accumulated in the kidneys of 
COVID-19 patients due to acute kidney tubular damage [7]. scRNA-seq 
analysis of peripheral blood mononuclear cells and immunostaining of 
post-mortem tissue revealed that macrophages express the ACE2 re
ceptor and contain SARS-CoV-2 nucleoprotein (NP) [43,44]. However, it 
is not clear whether the virus infects macrophages, or the NP positivity 
reflects the activity of macrophage uptake which remains unknown, but 
these phenomena presented that virus exhibits special mechanisms to 
modulate immune cell responses. According to previous research, 
macrophages, and myeloid dendritic cells (mDCs) both play an impor
tant role in the over-activation of adaptive immune cells in severe 
COVID-19 by releasing high levels of IL-6 in the alveolar space, resulting 
in a fulminant and fatal hypercytokinaemia. Thus, there is a different 
behavior for DCs and macrophage subsets at different stages of COVID- 
19, indicating that SARS-CoV-2 mediates some epigenetic modulation of 
immune cell functions, which is still unclear. 

As known, differentiation of naïve CD4+ T cells into memory subsets 
and effectors is one of the most fundamental facets of T-cell-mediated 
immunity [45]. The balance between memory and naïve CD4+ T cells is 
critical for immune maintenance. In moderate cases of COVID-19, 
memory cell subsets decrease while naïve CD4+ T cells increase [21]. 
A high memory: naïve ratio indicates the onset of T cell dysfunction 
[17]. The molecular mechanism by which SARS-CoV-2 mediates im
mune imbalance and T cell impairment are still unknown. Furthermore, 
the relationship between immune checkpoints (ICs) overexpression and 
virus interaction leading to exhaustion remains to be elaborated. Sci
entists suggest a change in the epigenome of immune cells, which reg
ulates the complete transcription program leading to uncontrollable 
transcription of ICs [46]. The global epigenome may have changed 
because of the high load of SARS-CoV-2. Although over-activation of 
inflammatory responses in severe COVID-19 was linked to the decrease 
and dysfunctionality of T regulatory cells (Tregs) [47], the role of Tregs 
is still controversial. According to several studies, moderate and severe 
COVID-19 showed a relative increase in immunosuppressive Tregs 
[48,49]. The increase of Tregs is due to the high release of inflammatory 
mediators. In contrast, some studies reported that the number of Tregs 
was decreased in severe COVID-19 patients [50,51]. Single-cell 
screening in severe infections revealed that the expression of FOXP3 
was significantly lower than moderate, but CD25 expression was 
significantly higher [52]. The reason was attributed to increasing in 
furin protease, which facilitates viral particle entrance [52]. Further 
reports on COVID-19 patients observed that Tregs present perturbations 
expression due to IL-6 and IL-18 that may individually contribute 
different facets of these COVID-19–linked perturbations [53]. These 
results indicate that the mechanism by which SARS-CoV-2 mediates 
immunomodulation is still unclear, as well as the timing of suitable 
immunotherapy intervention remains to be elucidated. 

2.2. NK exhaustion in SARS-CoV-2 infection 

NK cells are a type of innate immune cells that recognize virally 
infected cells and promote death fate [54]. The increase of NK cells at
tributes to acute viral infections. NK cells induce cytokine-producing 
CD8+ T cells and sustained T cell responses, which may prevent the 
exhaustion of CD8+ T cells. During early chronic infections, 
CD49a− CD49b+NKp46+ NK cell subsets increase and show low 
expression of Ly49 and TRAIL, but CD94/NKG2A and KLRG1 expres
sions increase [55]. Increased NKG2A expression was associated with 
NK cell exhaustion in COVID-19, which significantly contributes to the 
exhaustion of CD8+ T cells [56,57]. NKG2A is commonly used as an 
exhaustion marker. As a result, SARS-CoV-2 mediates NKG2A over
expression in cytotoxic lymphocytes, leading to Qa-1 molecule upre
gulation [58]. Activation of NKG2A suppresses the release of cytokines 
in NK cells through transducing the expression of TIM-3 [59,60]. 
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Moreover, IFN-γ, IL-2, granzyme B, and TNF-α levels were found to be 
lower in early COVID-19, with an increase in NKG2A expression in NK 
and CD8+ T cells. In addition, NKG2A expression was found to be low in 
recovered COVID-19 patients, implying that NKG2A may play an 
important role in disease progression and the induction of NK cell 
exhaustion [59]. Thus, it is recommended in moderate COVID-19 to use 
monalizumab, an inhibiting antibody against NKG2A, to prevent risks of 
NK cell and CD8+ T cell exhaustion, and to promote proper CD8+ T and 
NK cell responses. 

Self and non-self-discrimination via MHC binding is critical for NK 
cell recognition, and repetitive NK cell contact with target cells lacking 
MHC, whether due to viral or neoplastic etiology, is a common cause of 
exhaustion [60]. When SARS-CoV-2 infects epithelial cells, those cells 
present low expression of MHCI/MHCII due to interaction with SARS- 
CoV-2 through ORF8/ORF6 proteins [61–63]. Thus, it doesn’t allow 
NK cells to recognize infected cells, while the inflammation is 
increasing, which induces NK cell exhaustion. Thus, the increase of 
inflammation without recognizing the virally infected -cell induces NK 
cell exhaustion in COVID-19. Fortunately, dendritic cells (DCs) play a 
key role in NK cell activation by producing NK-activating cytokines 
[64]. It can increase the expression of the molecules that control NK-DC 
contact and activation, such as the NKp30-activating receptor, DNAX 
accessory molecule-1, TNF-α, and IL-15 trans-presentation [65]. As a 
result, by boosting NK cell screening and detecting infected cells, which 
promote functional CD8+ T cells, activated DCs would be a significant 
intervention in the immunomodulation of NK cell activity in COVID-19 
[66,67]. 

2.3. Lymphopenia and T cell exhaustion in SARS-CoV-2 infection 

Underlying mechanisms involving interaction between lymphocytes 
and SARS-CoV-2 and promoting severe lymphopenia are still unknown. 
Early reports of a rapid decline in total lymphocytes in early and in
termediate COVID-19 cases were published [68,69]. As reported, lym
phopenia and T cell dysfunction can be caused by one of the following: 
(1) antigen exposure persistence, interfering with T cell memory for
mation and immunological contraction mechanisms, resulting in 
exhaustion, (2) sustained up-regulation of ICs in CD8+ T cells and NK 
cells. Thus, prolonged antigen exposure produces T cell fatigue, 
although the mechanism by which this occurs is unknown. There are 
some factors that contribute to the occurrence of T cell exhaustion, such 
as the overexpression of ICs [70]. To date, two subsets of exhausted T 
lymphocytes were identified in COVID-19; CD8+CD279low/medium at the 
early and intermediate stages, which can respond to PD-1 blockade and 
retain semi-normal mitochondrial function; and CD8+CD279high/medium 

at the late stage, which is terminally exhausted [71]. The inability to 
respond to PD-1 blockade is attributed to mitochondrial impairment. 
Furthermore, the overexpression of TIM-3 and PD-1 in CD4+ T cells 
circulating in SARS-CoV-2-infected patients contributes to a shift in 
pathological status from asymptomatic to openly symptomatic. 
Following upregulation of ICs expression in T cells, IFN-γ and TNF-α 
levels decrease, promoting high TIGIT and HLA-DR expression in CD8+

T cells [72]. Besides that, serum IL-10 levels in COVID-19 patients rise 
significantly during early and moderate infections [73]. Overexpression 
of IL-10 by CD8alow DCs in chronic infections was linked to CD4+ T cell 
dysfunction. In chronic infections, neutralizing antibodies targeting the 
IL-10 receptor (IL-10R) promoted IFN-γ-producing CD8+ T cells [74]. In 
the E-Tcl1 mouse model, lowering IL-10 levels increased CD8+ T-cell 
proliferation, IFN-γ production, and memory cell prevalence [75]. Thus, 
the potential link between IL-10 release in early COVID-19 and the in
duction of T exhaustion could be significant. 

On the other hand, the calcineurin/NFAT pathway plays an impor
tant role in T cell function. When SARS-CoV infects cells, the thymocyte 
selection-associated HMG box (TOX) is activated [76]. In vivo studies 
have shown that TOX signaling is important in the occurrence of T cell 
exhaustion in chronic infections such as COVID-19 [10,77]. Activation 

of calcineurin/NFAT signaling induces TOX expression in the nucleus. 
Once the pathway is initiated, sustained TOX expression causes alter
ation in the chromosome that changes RNA transcription, inhibiting 
differentiation into effector T cells and leading to overexpression of PD- 
1, TIM-3, CTLA-4, TIGIT, and transcription factors, such as Eomes and 
TCF1, which impair cytokine production and induce exhaustion status 
[78–80]. Altogether, all signaling pathways that enhance T cell 
exhaustion are suggested to promote epigenetic transcription of ICs that 
mediate the exhaustion status of lymphocytes. 

The underlying mechanisms mediating epigenetic transcription of 
ICs remain to be elucidated. Assay for Transposase-Accessible Chro
matin with high-throughput sequencing (ATAC-Seq) for antigen-specific 
CD8+ T cells of patients with acute lymphocytic choriomeningitis virus 
(LCMV) infection that present high functional phenotype of CD8+ T 
cells, compared to exhausted CD8+ T cells with high ICs expression 
obtained from chronic infections (post-infection 8-27 days) and naïve 
CD8+ T cells revealed that chromatin accessibility was significantly 
increased among exhausted CD8+ T cells [81]. Further analysis showed 
that 71% of chromatin-accessible regions (ChARs) were concentrated in 
Ccr7 and Ifng gene loci. Moreover, 44.5% of all ChARs among exhausted 
cells were not related to gene expression. Only 9.7% of gene expression 
differences were detected, indicating the change of CD8+ T cells status 
linked to high reorganization of accessible chromatin that epigenetically 
induces ICs overexpression [81,82]. Another study reported that the 
transcription factor Blimp-1 played a significant role in the induction of 
CD8+ T cells exhaustion in chronic viral infections by inducing epige
netic transcription of ICs [83]. Deletion of Blimp-1 reduced the expres
sion of ICs and enhanced functional CD8+ T cells. Moreover, persistent 
antigen presentation may induce epigenetic transcription of FoxO1 that 
enhances sustain expression of PD-1 and exhaustion in immune cells 
[84]. Moreover, a study reported that among the eight cis-elements that 
regulate the expression of Pdcd1 (encodes PD-1), CR-B and CR-C were 
linked to activation of the Pdcd1 promoter. It is noteworthy that reporter 
constructs that employ the PD-1 promoter but do not contain the CR-C 
region failed to trigger PD-1 expression [85]. In addition, a significant 
link between the exhaustion of T cells and the epigenetic transcription of 
TCF1, IRF4, and TOX in chronic viral infections was reported [10]. 
However, in COVID-19 this is no available data describing molecular 
epigenetic mechanisms regulating the expression of ICs in immune cells, 
confirming the urgent need for molecular studies of epigenetic changes 
in T cells in COVID-19. 

2.4. Hypercytokinaemia and over-activation of T cells in COVID-19 

Hypercytokinaemia, also known as cytokine storm syndrome (CSS), 
is a massive redundancy and overlap increase in inflammatory cytokine/ 
chemokine levels that cause pulmonary dyspnea and death in COVID-19 
[86]. Increased levels of proinflammatory cytokines such as IL-6, IL-2, 
IL-8, TNF-α, IL-1, G-CSF, and GM-CSF, as well as chemokines such as 
MIP1, IP10, and MCP1, are mediated by macrophages, neutrophils, and 
over-activated T cells [87]. CSS develops in SARS-CoV-2 infections due 
to secondary haemophagocytic lymphohistiocytosis elicited by a viral 
infection [88]. Recently, it was discovered that immune-suppressive and 
anti-inflammatory drugs such as hydroxychloroquine, IL-6, and IL-1β 
antagonists reduced hypercytokinaemia in COVID-19 patients [89]. CSS 
initiation causes apoptosis signaling in epithelial cells, resulting in 
multiorgan failure due to low oxygen levels and the induction of self- 
apoptosis signaling. Furthermore, as an immediate response to the 
viral infection, many cells undergo apoptosis, resulting in severe lung 
damage [90]. Lung injury induces lung fluid disequilibrium, which in
creases the absorption of massive fluids into lungs interstitium, reaching 
lungs alveoli and capillaries and resulting in pneumonia, dyspnea, and 
oxygen deprivation in the blood [91]. The relationship between 
lymphocyte exhaustion and CSS initiation is still debatable. Nonetheless, 
some research suggests that CSS promotes apoptosis or necrosis in T 
lymphocytes in COVID-19 [92]. CSS was found to induce T lymphocyte 
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apoptosis in COVID-19 by altering genes enriched in P53 signaling 
pathways, including TP53I3, STEAP3, CCNB2, BIRC5, CDK1, CTSL, 
CTSZ, CTSD, DDIT4, GTSE1, CTSB, NTRK1, CCNB1, RRAS, IGFBP3, 
TNFSF10, and RRM2 [93]. According to some reports, glucocorticoids, 
soluble Fas ligand (sFasL), and vascular cell adhesion molecule-1 
(sVCAM-1) may play a role in inducing lymphocyte apoptosis in 
SARS-CoV-2 patients [94]. The relationship between CSS in COVID-19 
and regulation of the apoptosis signaling P53 pathway via CCL4/ 
MIP1B, CXCL10/IP-10, CCL3/MIP-1A, and CCL2/MCP-1, on the other 
hand, may have a link with T cell dysfunctionality [95]. The fusion of 
SARS-unique domain (SUD) and papain-like protease (SUD-PLpro) in
teracts with RCHY1, causing p53 degradation by promoting degradation 
of RCHY1-p53 and stability of RCHY1 [96], which may induce 
lymphocyte apoptosis and CSS activation. Overall, CSS stimulation in 
COVID-19 may or may not be associated with T lymphocyte dysfunction 
or over-activation, and more research is needed to uncover the under
lying mechanisms. 

2.5. Role of IL-6 in COVID-19 and cytotoxic T cell exhaustion 

IL-6 is a versatile cytokine that modulates both humoral and cellular 
immune responses. IL-6 is also important in the cellular response to 
inflammation and tissue damage during chronic infections [97]. In 
SARS-CoV-2 infections, the SARS N protein is a powerful inducer of IL-6 
secretion [98]. Furthermore, IL-6 is required for B-cell differentiation 
and antibody production, as well as regulation of inflammatory re
sponses via IL-6Rb [99]. It was reported that IL-6 levels were increased 
in the serum of patients infected with SARS [100], MERS [101], and 
SARS-CoV-2. Accumulated evidence suggests a link between the SARS- 
CoV-2 viral load and a significant increase in IL-6 in severe COVID-19 
cases [102]. As noticed, when patients with chronic diseases such as 
hypertension, cardiovascular diseases, cancers, and chronic renal failure 
become co-infected with SARS-CoV-2, the persistent overexpression of 
IL-6 mostly becomes a fatal factor fostering cytokine storm. Some hos
pitals reported that administration of tocilizumab, an anti-IL-6R anti
body, in COVID-19 patients in clinical practice improved pulmonary 
symptoms [103]. Furthermore, the role of IL-6 in the exhaustion of CD8+

T cells in COVID-19 has not been evidenced yet. The increase in T cell 
exhaustion in early and moderate COVID-19 was associated with an 
increase in IL-6 levels [104], but the link between the two factors and 
the underlying mechanisms remains unknown. Blocking IL-6/IL-6R 
improves the function of exhausted T cells by inducing cytokine 
release and decreasing PD-1 expression in patients with Cytomegalo
virus (CMV) [105]. In addition, there is a newly published study re
ported that IL-6 released by macrophages promotes both M2 
polarization as well as STAT3-dependent PD-1 signaling in CD8+ T cells 
in the lung tumor microenvironment [106]. Another study suggests that 
IL-6/JAK1 promotes PD-L1 phosphorylation to keep it stable by acti
vating the N-glycosyltransferase STAT3 to increase PD-L1 glycosylation 
[107]. As a result, more studies are needed to explore the relationship 
between IL-6 overexpression and CD8+ T cell exhaustion in COVID-19. 

3. Relationship between Th17 cells and T cell exhaustion in the 
SARS-CoV-2 

Th17 cells play an important role in responses to viral infections and 
the promotion of proinflammatory responses. In COVID-19, Th17 was 
recognized as a major contributor to CSS, pulmonary oedema, and injury 
[108]. CCR6+ Th17 cell subset increases in the periphery of COVID-19 
severe cases [109]. This subset releases high levels of TNFα and IL-1β, 
which promote vascular permeability and leakage. Rapid differentiation 
of Th17 in part comes through the actions of IL-6 by STAT3/JAK2 
dependent signaling [98]. Furthermore, Th17 cells secrete IL-17, GM- 
CSF, IL-21, and IL-22 in the alveoli, which promotes hyper-inflammation 
[110]. IL-22 contributes to the induction of mucins, serum amyloid A, 
fibrinogen, LPS binding protein, and anti-apoptotic proteins [110], as 

observed in COVID-19 infected patients. Thus, the induction of life- 
threatening oedema via IL-17 and IL-22 may be enriched with mucins 
and fibrin. Furthermore, neutrophils activate Th17, and consequently, 
IL-17 induces G-CSF, which works to enhance neutrophil inflammatory 
response [111]. Nonetheless, Th17 cells induce many inflammatory 
chemokines in COVID-19, including KC, MIP2A, IL-8, IP10, and MIP3A, 
which may attract and recruit more immune infiltrates to the alveoli. 
Importantly, a study of 39 COVID-19 patients found that a detected 
cytokine storm in plasma is accompanied by the release of TNF, IFN-γ, 
and IL-2, as well as differentiation of naïve T cells to Th17 or Tc17 
phenotypes [22]. This alteration was linked directly with T cell 
dysfunction and Treg reduction. The analysis of the Th17/Treg ratio in 
COVID-19 patients revealed that Tregs have declined due to insufficient 
regulation of pro-inflammatory responses, which enhanced differentia
tion towards the IL-17-producing phenotype. The increase in Th17 cells 
mediates imbalance and uncontrollable systemic inflammation, leading 
to tissue damage [112]. The unique response of Th17 in COVID-19 has 
been linked to the exhaustion of another immune cells such as Tregs 
[113]. Because of the high numbers of Th17 cells in COVID-19 and the 
pro-inflammatory cytokines produced by Th17 cells, several clinical 
trials using secukinab, ixekizumab, JAK inhibitors, and ruxolitinib were 
conducted to reduce the proportion of Th17 cells [112,114,115]. 
However, the effectiveness and safety of these blockers are still 
debatable. 

4. Immune strategies for activating SARS-CoV-2-specific T cells 

Immunotherapy for SARS-CoV-2 infections is a hot focus of scientists 
since the beginning of the COVID-19 pandemic. Several strategies were 
used to stimulate specific immune responses, particularly triggering 
viral-specific T cells. DC-based vaccines were used early for inducing the 
proliferation of functional CD4+ and CD8+ T cells in many incurable 
diseases [116]. Importantly, DC-based vaccines have been tested in 
COVID-19 patients, as reported for a vaccination with AV-COVID-19 
(Trial NCT04685603). However, the efficacy of DCs-based vaccines 
doesn’t reach a satisfactory level as showed in previous viral infections. 
Stimulation of viral-specific CD4+ T cells can elicit sustained activation 
of cytotoxic CD8+ T cells and play a pivotal role in preventing viral 
replication, as reported in human immunodeficiency virus (HIV) [117], 
Hepatitis B virus (HBV) [118], and other viral diseases. Furthermore, 
using activated DCs and alveolar macrophages showed promises in 
increasing significant T cell stimulation in respiratory viral infections 
[119]. But in COVID-19 there was not enough innovation in the modi
fication of DCs-based vaccine. In this context, as presented in Fig. 2, the 
DCs-based vaccine needs to be improved to (1) enhance the generation 
of SARS-CoV2-specific CD4+ T cells that can boost the full immune 
response against virally infected cells; (2) boost the differentiation of 
SARS-CoV2-specific CD8+ T cells; (3) inducing the activation of tolero
genic plasmacytoid DCs that has the potential to rebalance immune 
responses. Thus, different types of DCs such as immature cDCs, tolero
genic pDCs, DCs-reg, and DCs presenting specific viral antigens can be 
generated from CD34+ progenitor cells, which are supposed to boost a 
proper response to specific viral antigens as well as keeping stable im
mune hemostasis by reducing hyperinflammatory responses. DCs can be 
transfected directly with viral-SP or concomitantly cultured with a pool 
of proteins or peptides derived from different strains of SARS-CoV-2 
spikes for generating multi-antigen presenting DCs. These DCs can 
post T cell responses efficiently against multiple targets, as tested in 
phase 1 treatment of gastric cancer (Trials NCT03393416 & 
NCT03034304) [120]. DCs were modified to present multi-antigens and 
combined with anti-PD-1 to promote efficient multi-antigen targeting. 
Another approach is to use activated T cells from donors to treat severe 
COVID-19 cases. An important study screened spike-reactive CD4+ T 
cells among COVID-19 patients and COVID-19 unexposed donors and 
discovered that 35% of spike-reactive CD4+ T cells are circulating in 
healthy donors and 83% in COVID-19 recovered cases’ blood [121]. It is 
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proposed that sorting spike-reactive CD4+ T cells from donors would be 
an effective intervention for treating severe and moderate COVID-19. 
However, the causes of T cell exhaustion in COVID-19 infections may 
make this strategy ineffective in reducing virus replication. Nonetheless, 
viral-SP-overexpressing DCs are expected to generate a large number of 
SARS-CoV-2-specific T cells. 

However, as stated above timing of suitable immune therapy inter
vention is very important. In the case of CSS or hyper-inflammation, the 
induction of inflammatory T cells would be not the proper choice. Thus, 
inducing immunosuppressive Tregs is required to prevent dyspnea. 
Thus, inducing tolerogenic plasmacytoid DCs (tolpDCs) could be an 
effective immune intervention in severe cases because these cells can 
work to increase Treg cell proliferation while decreasing hyper- 

inflammation in the lungs [122]. As a result, using tolpDCs for severe 
and moderate COVID-19 infections could improve breathing due to 
reducing inflammatory mediators by activating foxp3+ Tregs [123]. 
tolpDCs can be injected directly into the peritoneum or any other 
location near lymph nodes that are supposed to induce Treg differenti
ation and proliferation. As a result, tolpDCs for inducing foxp3+ Tregs 
could contribute to the first line of immune intervention to treat COVID- 
19 by rebalancing immune responses. After that, stimulation of effector 
T cells would be the required step for effective immunotherapy of 
COVID-19. 

Fig. 2. Schematic diagram describes potential strategies for generating modified DCs from CD34+ progenitor cells to present SARS-CoV-2-SP to T cells, leading to 
inducing virus-specific CD4+ T cells; activating CD8+ T cells; preventing exhaustion, and reducing hyper-inflammation by tolerogenic DCs phenotypes. 
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5. Conclusion 

It is evident that SARS-CoV-2 activates critical immunomodulation 
mechanisms, which are likely to result in induction of imbalanced im
mune responses of both innate and adaptive immune cells. Several ar
ticles reported exhaustion and over-activation of immune cells at 
different stages of COVID-19, which suggests the need for time and 
COVID-19 stage consideration before immune intervention. Thus, the 
interaction between virus, host cells, and immune responses is very 
important to manage infection initiation, progression, and immune 
exhaustion. Exhaustion of T cells, compared to over-activation in 
COVID-19, could be caused by different factors such as epigenetic in
duction of ICs, persistent overexpression of multiple antigens, an inter
action between different immune responses, and response to activation 
of a special type of Th17 cells. However, to date, the link between 
exhaustion of immune cells and the induction of ICs remains contro
versial. Few studies reported expressions of ICs such as PD-1, LAG3, and 
TIM-3 in cytokine-producing T cells and concluded no relationship be
tween the exhaustion of T cells and ICs in COVID-19. On the other hand, 
different clinical studies reported the significant relationship between T 
cell exhaustion and the expression of ICs, which promote an acceleration 
of COVID-19 virulence. By tracking previous studies, the role of ICs in 
immune cell exhaustion and COVID-19 virulence was clearly evidenced. 
However, recording cytokines released from exhausted T cells needs 
further investigation. Hence, the importance of immune modulation in 
the induction of persistent exhaustion of immune cells and over- 
activation of the immune response needs further studies in human and 
animal models to reach a proper understanding of the interaction of 
SARS-CoV-2 with the immune system. Thus, immunotherapy of COVID- 
19 will be more specific and efficient. 
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I.F. López-Moyado, R.O. Georges, W. Zhang, A. Onodera, C.-J. Wu, L.-F. Lu, P. 
G. Hogan, A. Bhandoola, A. Rao, TOX and TOX2 transcription factors cooperate 
with NR4A transcription factors to impose CD8<sup>+</sup> T cell 
exhaustion, Proc. Natl. Acad. Sci. 116 (2019) 12410–12415. 

[80] C. Liang, S. Huang, Y. Zhao, S. Chen, Y. Li, TOX as a potential target for 
immunotherapy in lymphocytic malignancies, Biomark. Res. 9 (2021) 20. 

[81] D.R. Sen, J. Kaminski, R.A. Barnitz, M. Kurachi, U. Gerdemann, K.B. Yates, H.- 
W. Tsao, J. Godec, M.W. LaFleur, F.D. Brown, P. Tonnerre, R.T. Chung, D. 
C. Tully, T.M. Allen, N. Frahm, G.M. Lauer, E.J. Wherry, N. Yosef, W.N. Haining, 
The epigenetic landscape of T cell exhaustion, Science 354 (2016) 1165–1169. 

[82] J.D. Buenrostro, P.G. Giresi, L.C. Zaba, H.Y. Chang, W.J. Greenleaf, Transposition 
of native chromatin for fast and sensitive epigenomic profiling of open chromatin, 
DNA-binding proteins and nucleosome position, Nat. Methods 10 (2013) 
1213–1218. 

[83] H. Shin, S.D. Blackburn, A.M. Intlekofer, C. Kao, J.M. Angelosanto, S.L. Reiner, E. 
J. Wherry, A role for the transcriptional repressor blimp-1 in CD8+ T cell 
exhaustion during chronic viral infection, Immunity 31 (2009) 309–320. 

[84] Matthew M. Staron, Simon M. Gray, Heather D. Marshall, Ian A. Parish, Jonathan 
H. Chen, Curtis J. Perry, G. Cui, Ming O. Li, Susan M. Kaech, The transcription 
factor FoxO1 sustains expression of the inhibitory receptor PD-1 and survival of 
antiviral CD8+ T cells during chronic infection, Immunity 41 (2014) 802–814. 

[85] A.P.R. Bally, J.W. Austin, J.M. Boss, Genetic and epigenetic regulation of PD-1 
expression, J. Immunol. 196 (2016) 2431–2437. 

[86] Y. Zhang, L. Yu, L. Tang, M. Zhu, Y. Jin, Z. Wang, L. Li, A promising anti-cytokine- 
storm targeted therapy for COVID-19: the artificial-liver blood-purification 
system, Engineering 7 (1) (2020) 11–13. 

[87] A. Kosyreva, D. Dzhalilova, A. Lokhonina, P. Vishnyakova, T. Fatkhudinov, The 
Role of Macrophages in the Pathogenesis of SARS-CoV-2-Associated Acute 
Respiratory Distress Syndrome, Front Immunol. 12 (2021) 682871. 

[88] X. Yongzhi, COVID-19-associated cytokine storm syndrome and diagnostic 
principles: an old and new Issue, Emerg, Microbes Infect. 10 (2021) 266–276. 

[89] G. Schett, M. Sticherling, M.F. Neurath, COVID-19: risk for cytokine targeting in 
chronic inflammatory diseases? Nat. Rev. Immunol. 20 (2020) 271–272. 

[90] L.A. Henderson, S.W. Canna, G.S. Schulert, S. Volpi, P.Y. Lee, K.F. Kernan, 
R. Caricchio, S. Mahmud, M.M. Hazen, O. Halyabar, K.J. Hoyt, J. Han, A.A. Grom, 
M. Gattorno, A. Ravelli, F. De Benedetti, E.M. Behrens, R.Q. Cron, P.A. Nigrovic, 
On the alert for cytokine storm: immunopathology in COVID-19, Arthritis Rheum. 
72 (7) (2020) 1059–1063, n/a. 

[91] X. Cui, W. Chen, H. Zhou, Y. Gong, B. Zhu, X. Lv, H. Guo, J. Duan, J. Zhou, 
E. Marcon, H. Ma, Pulmonary edema in COVID-19 patients: mechanisms and 
treatment potential, Front. Pharmacol. 12 (2021), 664349. 

[92] B. Diao, C. Wang, Y. Tan, X. Chen, Y. Liu, L. Ning, L. Chen, M. Li, Y. Liu, G. Wang, 
Z. Yuan, Z. Feng, Y. Zhang, Y. Wu, Y. Chen, Reduction and functional exhaustion 
of T cells in patients with coronavirus disease 2019 (COVID-19), Front. Immunol. 
11 (2020) 827. 

[93] Y. Xiong, Y. Liu, L. Cao, D. Wang, M. Guo, A. Jiang, D. Guo, W. Hu, J. Yang, 
Z. Tang, H. Wu, Y. Lin, M. Zhang, Q. Zhang, M. Shi, Y. Liu, Y. Zhou, K. Lan, 
Y. Chen, Transcriptomic characteristics of bronchoalveolar lavage fluid and 
peripheral blood mononuclear cells in COVID-19 patients, Emerg. Microbes 
Infect. 9 (2020) 761–770. 

[94] R.F. Chen, J.C. Chang, W.T. Yeh, C.H. Lee, J.W. Liu, H.L. Eng, K.D. Yang, Role of 
vascular cell adhesion molecules and leukocyte apoptosis in the lymphopenia and 
thrombocytopenia of patients with severe acute respiratory syndrome (SARS), 
Microbes Infect. 8 (2006) 122–127. 

[95] R. Channappanavar, A.R. Fehr, R. Vijay, M. Mack, J. Zhao, D.K. Meyerholz, 
S. Perlman, Dysregulated type I interferon and inflammatory monocyte- 
macrophage responses cause lethal pneumonia in SARS-CoV-infected mice, Cell 
Host Microbe 19 (2016) 181–193. 

[96] Y. Ma-Lauer, J. Carbajo-Lozoya, M.Y. Hein, M.A. Müller, W. Deng, J. Lei, 
B. Meyer, Y. Kusov, B. von Brunn, D.R. Bairad, S. Hünten, C. Drosten, 
H. Hermeking, H. Leonhardt, M. Mann, R. Hilgenfeld, A. von Brunn, p53 down- 
regulates SARS coronavirus replication and is targeted by the SARS-unique 
domain and PLpro via E3 ubiquitin ligase RCHY1, Proc. Natl. Acad. Sci. U. S. A. 
113 (2016). E5192-5201. 

[97] G.R. Nagy, E. Varga, L. Kovacs, I. Nemeth, E. Varga, L. Kemeny, Z. Bata-Csorgo, 
Anti-Interleukin-6 receptor therapy-induced cutaneous symptoms resembling 
purpura fulminans in a patient with seropositive rheumatoid arthritis, J. Eur. 
Acad. Dermatol. Venereol. 34 (9) (2020) e523–e524. 

[98] P.J. Hotez, M.E. Bottazzi, D.B. Corry, The potential role of Th17 immune 
responses in coronavirus immunopathology and vaccine-induced immune 
enhancement, Microbes Infect. 22 (4–5) (2020) 165–167. 

[99] M. Levy, Interleukin-6 receptor blockade for the treatment of NMOSD, Lancet 
Neurol. 19 (2020) 370–371. 

[100] C.K. Wong, C.W. Lam, A.K. Wu, W.K. Ip, N.L. Lee, I.H. Chan, L.C. Lit, D.S. Hui, M. 
H. Chan, S.S. Chung, J.J. Sung, Plasma inflammatory cytokines and chemokines 
in severe acute respiratory syndrome, Clin. Exp. Immunol. 136 (2004) 95–103. 

[101] E.S. Kim, P.G. Choe, W.B. Park, H.S. Oh, E.J. Kim, E.Y. Nam, S.H. Na, M. Kim, K. 
H. Song, J.H. Bang, S.W. Park, H.B. Kim, N.J. Kim, M.D. Oh, Clinical progression 
and cytokine profiles of middle east respiratory syndrome coronavirus infection, 
J. Korean Med. Sci. 31 (2016) 1717–1725. 

[102] X. Chen, B. Zhao, Y. Qu, Y. Chen, J. Xiong, Y. Feng, D. Men, Q. Huang, Y. Liu, 
B. Yang, J. Ding, F. Li, Detectable serum SARS-CoV-2 viral load (RNAaemia) is 
closely correlated with drastically elevated interleukin 6 (IL-6) level in critically 
ill COVID-19 patients, Clin. Infect. Dis. 71 (8) (2020) 1937–1942. 

[103] Correction: insights from immuno-oncology: the Society for Immunotherapy of 
Cancer Statement on access to IL-6-targeting therapies for COVID-19, 
J. Immunother. Cancer 8 (2020). 

[104] P.-H. Yang, Y.-B. Ding, Z. Xu, R. Pu, P. Li, J. Yan, J.-L. Liu, F.-P. Meng, L. Huang, 
L. Shi, T.-J. Jiang, E.-Q. Qin, M. Zhao, D.-W. Zhang, P. Zhao, L.-X. Yu, Z.-H. Wang, 
Z.-X. Hong, Z.-H. Xiao, Q. Xi, D.-X. Zhao, P. Yu, C.-Z. Zhu, Z. Chen, S.-G. Zhang, J.- 
S. Ji, F.-S. Wang, G.-W. Cao, Increased circulating level of interleukin-6 and CD8+
T cell exhaustion are associated with progression of COVID-19, Infect. Dis. 
Poverty 9 (2020) 161. 

[105] T. Kato, T. Nishida, M. Murase, Y. Ito, M. Murata, T. Naoe, Correlation of serum 
IL-6 level with exhaustion of cytomegalovirus-specific T cells after hematopoietic 
stem cell transplantation, Blood 118 (2011), 360-360. 

[106] I.Y. Kuo, Y.-E. Yang, P.-S. Yang, Y.-J. Tsai, H.-T. Tzeng, H.-C. Cheng, W.-T. Kuo, 
W.-C. Su, C.-P. Chang, Y.-C. Wang, Converged Rab37/IL-6 trafficking and STAT3/ 
PD-1 transcription axes elicit an immunosuppressive lung tumor 
microenvironment, Theranostics 11 (2021) 7029–7044. 

[107] L.-C. Chan, C.-W. Li, W. Xia, J.-M. Hsu, H.-H. Lee, J.-H. Cha, H.-L. Wang, W.- 
H. Yang, E.-Y. Yen, W.-C. Chang, Z. Zha, S.-O. Lim, Y.-J. Lai, C. Liu, J. Liu, 
Q. Dong, Y. Yang, L. Sun, Y. Wei, L. Nie, J.L. Hsu, H. Li, Q. Ye, M.M. Hassan, H. 
M. Amin, A.O. Kaseb, X. Lin, S.-C. Wang, M.-C. Hung, IL-6/JAK1 pathway drives 
PD-L1 Y112 phosphorylation to promote cancer immune evasion, J. Clin. Invest. 
129 (2019) 3324–3338. 

[108] D. Wu, X.O. Yang, TH17 responses in cytokine storm of COVID-19: an emerging 
target of JAK2 inhibitor Fedratinib, J. Microbiol. Immunol. Infect. 53 (3) (2020) 
368–370. 

[109] Z. Xu, L. Shi, Y. Wang, J. Zhang, L. Huang, C. Zhang, S. Liu, P. Zhao, H. Liu, 
L. Zhu, Y. Tai, C. Bai, T. Gao, J. Song, P. Xia, J. Dong, J. Zhao, F.S. Wang, 
Pathological findings of COVID-19 associated with acute respiratory distress 
syndrome, Lancet Respir. Med. 8 (2020) 420–422. 

[110] L.A. Zenewicz, IL-22: there is a gap in our knowledge, ImmunoHorizons 2 (2018) 
198–207. 

[111] Z. Parackova, M. Bloomfield, A. Klocperk, A. Sediva, Neutrophils mediate Th17 
promotion in COVID-19 patients, J. Leukoc. Biol. 109 (2021) 73–76. 

[112] D. Martonik, A. Parfieniuk-Kowerda, M. Rogalska, R. Flisiak, The role of Th17 
response in COVID-19, Cells 10 (2021) 1550. 

[113] A. Sadeghi, S. Tahmasebi, A. Mahmood, M. Kuznetsova, H. Valizadeh, 
A. Taghizadieh, M. Nazemiyeh, L. Aghebati-Maleki, F. Jadidi-Niaragh, 
S. Abbaspour-Aghdam, L. Roshangar, H. Mikaeili, M. Ahmadi, Th17 and Treg cells 
function in SARS-CoV2 patients compared with healthy controls, J. Cell. Physiol. 
236 (2021) 2829–2839. 

[114] A. Hosseini, T. Gharibi, A. Mohammadzadeh, A. Ebrahimi-kalan, F. Jadidi- 
niaragh, Z. Babaloo, D. Shanehbandi, E. Baghbani, B. Baradaran, Ruxolitinib 
attenuates experimental autoimmune encephalomyelitis (EAE) development as 
animal models of multiple sclerosis (MS), Life Sci. 276 (2021), 119395. 

[115] J. Frieder, D. Kivelevitch, A. Menter, Secukinumab: a review of the anti-IL-17A 
biologic for the treatment of psoriasis, Ther. Adv. Chronic Dis. 9 (2018) 5–21. 

[116] M. Alahdal, Y. Xing, T. Tang, J. Liang, 1-Methyl-D-tryptophan Reduces Tumor 
CD133(+) cells, Wnt/β-catenin and NF-κβp65 while Enhances Lymphocytes NF- 
κβ2, STAT3, and STAT4 Pathways in Murine Pancreatic Adenocarcinoma, Sci. 
Rep. 8 (2018) 9869. 

[117] F. García, M. Plana, N. Climent, A. León, J.M. Gatell, T. Gallart, Dendritic cell 
based vaccines for HIV infection: the way ahead, Hum. Vaccin. Immunother. 9 
(2013) 2445–2452. 

[118] M.-J. Wei, X.-N. Pan, K.-P. Wei, X.-H. Li, X.-L. Liu, X.-M. Zhang, Y.-L. Jiang, C.- 
Y. Zhang, J.-K. Shen, Efficacy of HBV-pulsed DCs in combination with entecavir in 
patients with chronic hepatitis B infection, Int. Immunopharmacol. 27 (2015) 
238–243. 

[119] T.H. Kim, H.K. Lee, Differential roles of lung dendritic cell subsets against 
respiratory virus infection, Immune Netw. 14 (2014) 128–137. 

M. Alahdal and E. Elkord                                                                                                                                                                                                                     

http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0365
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0365
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0370
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0370
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0370
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0375
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0375
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0375
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0375
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0375
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0380
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0380
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0380
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0380
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0380
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0380
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0380
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0385
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0385
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0385
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0385
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0385
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0385
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0390
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0390
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0390
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0390
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0395
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0395
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0395
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0395
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0395
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0400
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0400
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0405
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0405
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0405
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0405
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0410
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0410
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0410
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0410
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0415
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0415
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0415
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0420
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0420
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0420
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0420
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0425
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0425
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0430
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0430
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0430
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0435
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0435
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0435
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0440
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0440
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0445
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0445
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0450
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0450
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0450
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0450
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0450
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0455
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0455
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0455
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0460
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0460
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0460
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0460
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0465
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0465
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0465
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0465
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0465
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0470
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0470
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0470
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0470
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0475
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0475
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0475
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0475
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0480
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0480
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0480
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0480
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0480
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0480
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0485
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0485
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0485
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0485
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0490
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0490
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0490
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0495
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0495
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0500
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0500
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0500
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0505
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0505
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0505
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0505
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0510
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0510
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0510
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0510
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0515
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0515
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0515
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0520
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0520
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0520
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0520
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0520
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0520
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0525
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0525
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0525
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0530
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0530
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0530
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0530
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0535
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0535
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0535
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0535
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0535
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0535
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0540
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0540
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0540
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0545
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0545
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0545
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0545
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0550
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0550
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0555
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0555
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0560
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0560
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0565
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0565
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0565
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0565
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0565
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0570
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0570
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0570
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0570
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0575
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0575
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0580
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0580
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0580
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0580
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0585
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0585
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0585
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0590
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0590
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0590
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0590
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0595
http://refhub.elsevier.com/S1521-6616(22)00258-3/rf0595


Clinical Immunology 245 (2022) 109177

10

[120] Z. Bu, Z. Jia, K. Ji, X. Ji, J. Zhang, X. Wu, Y. Kong, A. Zhu, X. Li, J. Ji, A phase I 
study to evaluate the safety of multiantigen stimulated tumor specific cell therapy 
(MASCT-I) in subjects with advanced gastric cancer, J. Clin. Oncol. 39 (2021), 
200-200. 

[121] J. Braun, L. Loyal, M. Frentsch, D. Wendisch, P. Georg, F. Kurth, S. Hippenstiel, 
M. Dingeldey, B. Kruse, F. Fauchere, E. Baysal, M. Mangold, L. Henze, R. Lauster, 
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