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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing the coronavirus
disease 2019 (COVID-19) pandemic is a serious global threat until we identify the effective
preventive and therapeutic strategies. SARS-CoV-2 infection is characterized by various
immunopathological consequences including lymphocyte activation and dysfunction,
lymphopenia, cytokine storm, increased level of neutrophils, and depletion and
exhaustion of lymphocytes. Considering the low level of antibody-mediated protection
during coronavirus infection, understanding the role of T cell for long-term protection is
decisive. Both CD4+ and CD8+ T cell response is imperative for cell-mediated immune
response during COVID-19. However, the level of CD8+ T cell response reduced to almost
half as compared to CD4+ after 6 months of infection. The long-term protection is
mediated via generation of immunological memory response during COVID-19. The
presence of memory CD4+ T cells in all the severely infected and recovered individuals
shows that the memory response is predominated by CD4+ T cells. Prominently, the
antigen-specific CD4+ and CD8+ T cells are specifically observed during day 0 to day 28 in
COVID-19-vaccinated individuals. However, level of antigen-specific T memory cells in
COVID-19-vaccinated individuals defines the long-term protection against forthcoming
outbreaks of SARS-CoV-2.

Keywords: SARS-CoV-2, COVID-19, T cell response, B cell response, immunopathogenesis, cytokine storm,
memory T cell response
INTRODUCTION

The global emergence of Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused
the pandemic coronavirus disease (COVID-19), affecting at least 243 million cases with 4.9 million
deaths (1). SARS-CoV-2 belongs to Coronaviridae which is a family of diverse enveloped RNA
viruses of positive sense (2). SARS-CoV-2 is primarily transmitted via direct, indirect, or close
contact with respiratory droplets generated by infected individuals through sneezing, coughing,
talking, or singing. However, other possible routes of transmission occur via fomite, blood-borne,
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fecal–oral, mother-to-child, and animal-to-human transmission
(3). Among the coronaviruses (CoVs), SARS-CoV-2 is the
seventh coronavirus that infected humans. The size of the
SARS-CoV-2 genome ranges from 27 to 32 kb which
comprises of 6–11 open reading frames (ORFs). Among all the
ORFs, the replicase (ORF1a/ORF1b), spike (S), membrane (M),
envelope (E), and nucleocapsid (N) are the six functional ORFs,
whereas seven putative ORFs encode for accessory proteins,
which are interspersed in between the structural genes. The
replicase gene encompasses 67% of the genome that encodes
for a large polyprotein (pp1ab) that gets processed into 16 non-
structural proteins (nsps) (4, 5). SARS-CoV-2 infection initiates
upon attachment of spike glycoprotein with the ACE2 receptor
and consequent priming of spike protein through host cell serine
protease TMPRSS2 (6). Following entry, viral RNA is released
into the cytoplasm which instantly undergoes translation to
generate ORF1a and ORF1b (7). Crystal structures of crucial
SARS-CoV-2 proteins have been resolved which are crucial for
the designing of effective therapeutic strategies (8–11). However,
understanding of SARS-CoV-2 immunopathology and immune
response is crucial for designing effective vaccines and
immunotherapeutics (12). Importantly, understating of effector
T and B cell response is vital for controlling SARS-CoV-2
infection and crucial to providing long-lasting protection via
generation of antigen-specific immunological memory response
(13, 14). This strategy may help us to implement more effective
vaccines in the mass population for reducing the burden of
COVID-19 (15, 16).
IMMUNOPATHOLOGY OF SARS-CoV-2
INFECTION

COVID‐19 represents a complex profile with heterogeneous
clinical manifestations (17). Most of the SARS-CoV-2
infections are asymptomatic and may present mild to
moderate clinical symptoms of upper respiratory tract whereas
around 15% of the cases result in severe pneumonia and
approximately 5% of the cases result in acute respiratory
distress syndrome (ARDS) or multiple-organ dysfunction due
to septic shock (18). Severe patients are identified with bilateral
lung involvement where 80% of the severe cases necessitate
oxygenation, of which 30%–40% need mechanical ventilation.
Importantly, 80%–90% of the severe cases of mechanical
ventilation is the prime cause of COVID-19-associated
mortality (19). Critically ill or severe COVID-19 patients are
characterized as lymphocyte activation identified as increased
levels of CD38, CD69, and CD44 T cell activation markers and
exhaustion of T cells identified as the increased expression of T
cell immunoglobulin domain and mucin domain-3 (TIM3),
programmed cell death protein-1 (PD1), and killer cell lectin-
like receptor subfamily C member 1 (NKG2A) (20). Therefore,
lymphopenia or lymphocytopenia has been found as a decisive
feature of severe cases of COVID-19 (21). In addition, the level of
neutrophils is strikingly higher whereas the levels of monocytes,
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eosinophils, and basophiles have been found to be reduced (22).
Importantly, severe cases of COVID-19 are identified as
uncontrolled inflammatory response known as cytokine storm
where IL-6, IL-1b, IL-10, and IFN-g have been found to be
significantly higher (23). Moreover, patients are identified with
the higher level of immunoglobulin G (IgG) and total antibodies
(24). Non-survivors are identified as elevated levels of C-reactive
proteins, serum ferritin, lactate dehydrogenase, and serum IL-6
as compared with survivors (25). Analysis of the postmortem
samples showed the infiltration of lymphocytes and
macrophages in the lungs as well as hemophagocytosis in
reticuloendothelial organs and bone marrow (26). The SARS-
CoV-2-induced lung injury is characterized by diffuse alveolar
damages in the pulmonary vessels identified as platelet fibrin
microthrombi (27, 28). Altogether, this hyperinflammatory
response during COVID-19 suggests the involvement of
diverse COVID-19 immunopathologies and host immune
responses. Classification of the severity of the disease is crucial
for the gradient-based treatment of COVID-19. So far, the
radiological imaging of pulmonary systems and other auxiliary
examinations are exhibited for the classification of the disease
severity (29). However, the blood profiling of the patients is a
cost-effective examination of the severe cases.
CYTOKINE STORM DURING COVID-19

In addition to T and B cell response, elevated levels of cytokines are
associated with the disease severity and mortality during SARS-
CoV-2 infection (30). Activation of coagulation pathways as an
immune response mechanism against SARS-CoV-2 infection is
associated with the hyperactivation of proinflammatory cytokine
production and multi organ failures (31). Importantly, some of the
crucial cytokines such as CCL7, CXCL10, and IL-1 receptor
antagonist are associated with the increased viral load, pulmonary
dysfunction and damage, and mortality (32, 33). Severe COVID-19
patients have been shown to exhibit higher levels of IL-2, IL-6, IL-
10, IL-1, GSCF, MCP-1, TNF-a, and MIP1A (34, 35). Interestingly,
the peak plasma levels of IL-6 have been shown to be less as
compared with the patients with hyperinflammatory ARDS,
cytokine release syndrome, and sepsis (Figure 1) (36).
T CELL RESPONSE DURING COVID-19

Similar to other respiratory viral infections, lymphocyte
response is crucial during SARS-CoV-2 infection. Response of
lymphocytes specifically T cells is vital since the cellular
immune response is exhibited via T cells which are involved
in the direct killing of the virus-infected cells via cytotoxic T
lymphocyte CD8+ T cells and CD4+ T cell-mediated CD8+ T
cell priming and induction of B cell differentiation into plasma
cells to produce virus-specific antibodies (37). Response of both
T and B cells during SARS-CoV-2 infection has been detected
in the blood approximately 1 week after the onset of
February 2022 | Volume 12 | Article 804808
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symptoms (38). Studies are suggesting that the activation of
CD8+ T cells is greater than the CD4+ T cell response which was
observed by the higher expression of activation markers HLA-
DR and CD38 (39). Response of a high magnitude of CD8+ T
cells was observed in the mild cases of COVID-19 which may
define the protective role of these cells (40). However, severe
cases of COVID-19 have been shown to exhibit the terminally
differentiated or exhausted CD8+ T cells with an increased
expression of inhibitory receptors including TIM3, PD1,
CTLA4, LAG3, CD39, and NKG2A showing the characteristic
of T cell dysfunction. However, some reports are suggesting
that SARS-CoV-2-infected individuals exhibit functional CD8+

T cells identified by PD-1 (41). These data also suggest the
hyperactivation of antigen-specific CD8+ T cells might be the
cause of disease severity (42). Interestingly, CD4+ T cell
response has been observed against spike glycoprotein in the
recovered patients (43) whereas CD8+ T cell response was
specifically attributed toward the internal proteins of SARS-
CoV-2 (44). The six predominant epitopes have been identified
to be involved in the T cell response where three epitopes are
from spike and two from membrane proteins and one is from
nucleocapsid (45). In addition, a significant CD4+ T cell
response was found to be specific against spike, nsp3, nsp4,
ORF3s, ORF7a, nsp12, and ORF8 (46).
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B CELL RESPONSE DURING COVID-19

In patients of COVID-19, B cell response has been found to be
elicited against nucleocapsid protein which concomitantly
exhibited with T follicular helper cell response after 1 week of
onset of symptoms (47). Strikingly, antibody response against
spike glycoprotein was observed 4–8 days after the onset of
symptoms (38, 48). Neutralizing antibody response against spike
glycoprotein was found to be generated after 2 to 3 weeks (49). A
subset of individuals has been found to be incapable of
developing long-lasting antibody response and therefore might
be prone to the reinfections (50, 51). Importantly, SARS-CoV-2
infection has been shown to be involved in antibody-dependent
enhancement of infection mediated by IgG receptors FcgRIIA
and FcgRIIIA (52). Strikingly, despite of the presence of the anti-
SARS-CoV-2 RBD antibody of serum neutralization activity,
effector B cell response is linked with poor clinical outcome and
disease severity of the COVID-19 patients (53). The B cell
response during SARS-CoV-2 infection mimic the patients
reported with active autoimmune processes and human
systemic lupus erythematosus (54). In spite of productive
humoral response marked by higher antibody-secreting cells
(ASCs), expansion was associated with the more severe
infections in a subset of COVID-19 patients; neutralizing
FIGURE 1 | Immunopathogenesis of SARS-COV-2 infection. Severe COVID-19 is identified with infiltration of lymphocytes and macrophages in the lungs,
lymphopenia or lymphocytopenia where reduction in the number of CD4+, CD8+ T cells, B cells and NK cells occurs. SARS-CoV-2 infection is identified with the
lymphocyte activation with increased expression of CD38, CD69 and CD44 activation markers and T cell exhaustion identified as T cell immunoglobulin domain and
mucin domain-3 (TIM3), programmed cell death protein-1 (PD1), and killer cell lectin-like receptor subfamily C member 1 (NKG2A) markers. Level of neutrophils is
strikingly higher whereas the level of monocytes, eosinophils and basophiles has been found to be reduced. Severe COVID-19 patients have been shown to exhibits
higher levels of IL-2, IL-6, IL-10, IL-1, GSCF, MCP-1, TNF-a, MIP1A, IFN-g, IL-1 and GM-CSF.
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antibodies were found to provide ineffective protection against
SARS-CoV-2 infection (55).
LYMPHOPENIA IN SEVERE COVID-19

Lymphopenia or lymphocytopenia has been found as the key
immunopathological characteristic of severe COVID-19 cases
where 20% of the severe cases showed a low T cell count (56).
More specifically, CD8+ T cells remains low as a result of
COVID-19-associated lymphopenia (57). In addition, the level
of memory TH cells identified as triple-positive cells (CD3+CD4+

and CD45RO+) has been found to be reduced (58). The probable
reason for the lymphopenia has been suggested via four ways,
namely, SARS-CoV-2 directly infecting the lymphocytes causing
lymphocyte programmed cell death, damage to the lymphoid
organs, hyperinflammation-mediated lymphocyte dysfunction
probably via TNF-a and IL-6, and metabolic molecule-
mediated lymphocyte dysfunction (59). All of the probable
mechanisms result in lymphopenia, and therefore, admitted
patients may be immediately subjected to T cell count which
suggests the severity of the case (60).
MEMORY T CELL RESPONSE DURING
SARS-COV-2 INFECTION

Although neutralizing antibody response is important for
protection against SARS-CoV-2 infection, long-term protection
is required from the onset of infection during reexposure of
infection and therefore is crucial for designing effective vaccine
candidates for COVID-19 which aims to generate robust
memory response upon reexposure. Memory T and B cell
responses are the most vital immunological responses, which
provide long-term protection against any infections. Recovered
COVID-19 patients have been shown to exhibit robust and
broad memory CD4+ and CD8+ T cell responses (45, 61).
Human peripheral CD4+ T cells can be classified based on
their activity during antigen reexposure where naïve cells can
be characterized as CCR7+ and CD45RA+ cells, and central and
effector memory cells are characterized as CCR7+ CD45RA- and
CCR7- CD45RA-, respectively. Recovered convalescent patients
who were recently discharged from the hospital and 2 to 4 weeks
after being declared virus-free have been shown to exhibit
persistent memory CD4+ T cell response as well as effector
memory-circulating T follicular helper (cTfh) cells (47, 62).
Unlike SARS-CoV infection, where memory CD8+ T cell
response was found to be higher as compared with the
memory CD4+ T cell response which persists for more than 6
years (63, 64), SARS-CoV-2-infected recovered patients showed
memory CD4+ T cells in all patients where memory CD8+ T cells
are present in 70% individuals, suggesting that memory response
in severe cases is predominated by CD4+ Tm cells (45). In
addition, all memory T cell responses have been observed
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against structural proteins of SARS-CoV after 9 and 11 years
of recovery (65).
GENERATION OF ANTIGEN-PRIMED
T CELLS DURING NATURAL COVID-19
INFECTION

Antigen-primed T cells are crucial to effectively countering the
SARS-CoV-2 infection mediated by both CD4+ and CD8+ Teff
cells (66). T cell response investigated against nucleocapsid (N)
protein has been shown to exhibit robust IFN-g response after 17
years of SARS-CoV infection against N peptides. Interestingly,
PBMCs collected from these individuals elicited a similar
response against N peptides from SARS-CoV-2. SARS-CoV-2-
infected individuals exhibit N protein-specific T cell repertoires
which are the part of individuals with a history of SARS-CoV
infection (67). Prominently, T cell response has been investigated
in COVID-19 patients 6 months after the infection. IFN-g
ELISPOT analysis revealed the presence of predominant
antigen-specific CD4+ T cells with robust IL-2 expression (68).
However, CD8+ response was found to be half as compared to
the CD4+ T cell response which is mostly seen against non-spike
proteins (68, 69). The level of T cell response can be strongly
correlated with the magnitude of peak antibody level specific
against spike and RBD (68). These data suggest that infection
with betacoronaviruses induces long-lasting T cell-mediated
immunity that will prevent COVID-19 survivors to be infected
from forthcoming severe infections.
LYMPHOCYTE RESPONSE AGAINST
COVID-19-VACCINATED INDIVIDUALS

Considering the crucial role of T cell-mediated immunity during
SARS-CoV-2 infection, it is imperative to understand the T cell
response during COVID-19 vaccination. A replication-deficient
simian adenoviral vector-based vaccine, ChAdOx1 nCoV-19
(AZD1222), has been shown to induce discrete clusters of
populations of lymphocyte (70). These clusters were identified
as Ki-67+ as proliferating population and CD69+ as activated
population for both CD4+ and CD8+ T cells. Interestingly,
terminally differentiating T cells identified as CD57+ and
KLRG1+ were not detected showing a reduced low cytotoxicity
response upon AZD1222 vaccination. Upon vaccination, anti-
SARS-CoV-2 spike IgG1 and IgG3 responses have been detected
at day 14 that further increased by day 28. However, by day 56,
these responses were found to be similar to those by day 14.
Importantly, IgG1 responses were detected in half, whereas IgG3
was detected in almost all the recruited vaccinated individuals
(71). Similar to the COVID-19 patients, T cell responses were
measured in AZD1222-vaccinated individuals using IFN-g
ELISpot assay which was peaked at day 14. Spike-specific
cytokine response measured by intracellular cytokine staining
February 2022 | Volume 12 | Article 804808
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(ICS) showed that CD4+ T cell response is heavily responsive
toward secretion of Th1 cytokines specifically IL-2 and IFN-g
(Figure 2). Assessment of combination of cytokines shows that
these responses are primarily dominated by monofunctional
IFN-g CD8+ T cells (71).

Considering the emergence of newer SARS-CoV-2 variants
including Omicron, the efficacy of COVID-19 vaccines is crucial
to be explored (72). Prominently, sera collected from the second
dose of BNT162b2-vaccinated individuals show neutralizing Abs
response against several of the emerging SARS-CoV-2 variants
(73). Importantly, detection of IFN-g, IL-12p70, and IL-2 but not
IL-4 or IL-5 showed the promising TH1 response along with the
absence of deleterious TH2 immune response (74). Likewise, the
mRNA-1273 vaccine has been shown to elicit strong CD4
cytokine response specifically type 1 helper T cells (75).
Importantly, no correlation of T cell response has been found
in these vaccinated individuals toward common cold
coronaviruses (CCCs). These vaccines show enhanced T cell
response toward peptides derived from SARS-CoV-2 spike as
well as toward HCoV-NL63 spike peptides (76).
Frontiers in Immunology | www.frontiersin.org 5
CONCLUSIONS

Severe COVID-19 cases are associated with the macrophage and
lymphocyte infiltration to the lungs, which results in lung injury
via activation of lymphocytes and hyperinflammatory responses.
The T cell response is crucial as compared with the B cell
response due to inability of antibody-mediated neutralization
of SARS-CoV-2 and its level of reduction in long-term
protection. Memory CD4+ T cell response is higher as
compared with the memory CD8+ T cell response which might
be linked with the compromised long-lasting protection.
Considering the presence of memory T cell responses against
structural proteins of SARS-CoV after 9 and 11 years of recovery,
long-term protection against COVID-19 depends upon the
presence of antigen-specific memory T cell response against
SARS-CoV-2 which is predominated by CD4+ T cells.
However, lymphopenia has been also reported in various
severe infections, which results in compromised immune
response and death. COVID-19-vaccinated individuals show
presence of antigen-specific CD4+ and CD8+ T cells observed
FIGURE 2 | T cell response during COVID-19 and vaccinated individuals. Both CD4+ (marked by IL-2 expression) and CD8+ T (marked by IFN-g expression) cell
response are peaked at 14 days from the onset of infection. However, after 6 months of COVID-19 infection CD8+ T cell response becomes half of the CD4+ T cell
response. SARS-CoV specific T cell response is seen after 17 years that may suggests the persistence of antigen specific memory T cells. Similarly, T cell response
are seen in COVID-19 vaccinated individuals which are prominently observed in day 0 to day 28.
February 2022 | Volume 12 | Article 804808

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


Kumar et al. Memory T Cell Response During COVID-19
on day 0 to day 28. However, the level of these cells in COVID-
19-vaccinated individuals defines the long-term protection
against forthcoming outbreaks of SARS-CoV-2.
FUTURE PERSPECTIVES

The number of SARS-CoV-2 infection is continuously rising
with the emergence of more mutant strains. A comprehensive
understanding of immunological response is crucial for the
development of effective immunotherapy and vaccines.
Considering the inability of complete protection mediated by
antibody response, understanding of memory cell response
during SARS-CoV-2 infection is crucial for developing the
effective vaccine for long-term protection. Therefore, more
clinical studies are required that focus on the memory T cell
response during COVID-19 and its associated pathophysiology
in natural infection and vaccinated individuals. Therefore, it is
really important to look at the specificity of the currently
developed vaccine candidates for its effectiveness and
protection. Majority of the currently developed vaccines are
based on the spike glycoprotein; however, we should also focus
on the importance of other structural and non-structural
proteins for the development of effective COVID-19 vaccine.
Emergence of SARS-CoV-2 variants imposes imperative
Frontiers in Immunology | www.frontiersin.org 6
concerns for COVID-19 vaccination due to their vaccine
breakthrough cases. Therefore, the ideal vaccine may focus on
the protection against various predominant SARS-CoV-2
variants and be able to induce effective memory T cell
generation for long-term protection.
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Rodrıǵuez L. SARS-CoV-2 Infection: The Role of Cytokines in COVID-19
Disease. Cytokine Growth Factor Rev (2020) 54:62–75. doi: 10.1016/
j.cytogfr.2020.06.001

24. Hou H, Wang T, Zhang B, Luo Y, Mao L, Wang F, et al. Detection of IgM and
IgG Antibodies in Patients With Coronavirus Disease 2019. Clin Transl
Immunol (2020) 9(5):e01136. doi: 10.1002/cti2.1136

25. Poggiali E, Zaino D, Immovilli P, Rovero L, Losi G, Dacrema A, et al. Lactate
Dehydrogenase and C-Reactive Protein as Predictors of Respiratory Failure in
CoVID-19 Patients. Clin Chim Acta (2020) 509:135–8. doi: 10.1016/
j.cca.2020.06.012

26. Gustine JN, Jones D. Immunopathology of Hyperinflammation in COVID-19.
Am J Pathol (2021) 191(1):4–17. doi: 10.1016/j.ajpath.2020.08.009

27. Rapkiewicz AV, Mai X, Carsons SE, Pittaluga S, Kleiner DE, Berger JS, et al.
Megakaryocytes and Platelet-Fibrin Thrombi Characterize Multi-Organ
Thrombosis at Autopsy in COVID-19: A Case Series. EClinicalMedicine
(2020) 24:100434. doi: 10.1016/j.eclinm.2020.100434

28. Borczuk AC, Salvatore SP, Seshan SV, Patel SS, Bussel JB, Mostyka M, et al.
COVID-19 Pulmonary Pathology: A Multi-Institutional Autopsy Cohort
From Italy and New York City. Mod Pathol (2020) 33(11):2156–68. doi:
10.1038/s41379-020-00661-1

29. Verity R, Okell LC, Dorigatti I, Winskill P, Whittaker C, Imai N, et al.
Estimates of the Severity of Coronavirus Disease 2019: A Model-Based
Analysis. Lancet Infect Dis (2020) 20(6):669–77. doi: 10.1016/S1473-3099
(20)30243-7

30. Del Valle DM, Kim-Schulze S, Huang HH, Beckmann ND, Nirenberg S, Wang
B, et al. An Inflammatory Cytokine Signature Predicts COVID-19
Severity and Survival. Nat Med (2020) 26(10):1636–43. doi: 10.1038/s41591-
020-1051-9

31. Jose RJ, Manuel A. COVID-19 Cytokine Storm: The Interplay Between
Inflammation and Coagulation. Lancet Respir Med (2020) 8(6):e46–7. doi:
10.1016/S2213-2600(20)30216-2

32. Vaninov N. In the Eye of the COVID-19 Cytokine Storm. Nat Rev Immunol
(2020) 20(5):277. doi: 10.1038/s41577-020-0305-6

33. Elrobaa IH, New KJ. COVID-19: Pulmonary and Extra Pulmonary
Manifestations. Front Public Health (2021) 9:711616. doi: 10.3389/
fpubh.2021.711616

34. Noroozi R, Branicki W, Pyrc K, Łabaj PP, Pospiech E, Taheri M, et al. Altered
Cytokine Levels and Immune Responses in Patients With SARS-CoV-2
Infection and Related Conditions. Cytokine (2020) 133:155143. doi:
10.1016/j.cyto.2020.155143

35. Costela-Ruiz VJ, Illescas-Montes R, Puerta-Puerta JM, Ruiz C, Melguizo-
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