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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) exhibits variable
immunity responses among hosts based on symptom severity. Whether immunity in
recovered individuals is effective for avoiding reinfection is poorly understood.
Determination of immune memory status against SARS-CoV-2 helps identify reinfection
risk and vaccine efficacy. Hence, after recovery from COVID-19, evaluation of protective
effectiveness and durable immunity of prior disease could be significant. Recent reports
described the dynamics of SARS-CoV-2 -specific humoral and cellular responses for
more than six months in convalescent SARS-CoV-2 individuals. Given the current
evidence, NK cell subpopulations, especially the memory-like NK cell subset, indicate a
significant role in determining COVID-19 severity. Still, the information on the long-term NK
cell immunity conferred by SARS-CoV-2 infection is scant. The evidence from vaccine
clinical trials and observational studies indicates that hybrid natural/vaccine immunity to
SARS-CoV-2 seems to be notably potent protection. We suggested the combination of
plasma therapy from recovered donors and vaccination could be effective. This focused
review aims to update the current information regarding immune correlates of COVID-19
recovery to understand better the probability of reinfection in COVID-19 infected cases
that may serve as guides for ongoing vaccine strategy improvement.

Keywords: recovered, hybrid immunity, vaccination, cellular immunity, COVID-19
INTRODUCTION

About two years after the first identified coronavirus disease 2019 (COVID-19) outbreak, it is still
hard to precisely anticipate when the pandemic will finally end, and the protective immunity status
in patients after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is a
global concern (1, 2). Investigating whether cellular immune response and humoral immunity
against SARS-CoV-2 are associated with a decreased risk of reinfection could be a vital issue. In light
of determining the future dynamics of SARS-CoV-2 circulation, it is critical to clarify how
frequently natural infections with SARS-CoV-2 stimulate that level of protection (3). Evaluating
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longevity to immunity is needed to understand the effectiveness
of immunity acquired by natural infection (4).

The underlying mechanisms of lifelong immunity after viral
infections have not been unraveled yet. The Smart et al. study
showed that antibodies had half-lives of 50 years or more for
varicella-zoster and measles; however, antibody levels in
response to non-replicating protein antigen, including tetanus
and diphtheria, dropped comparatively quickly, suggesting that
antigen-specific mechanisms play a crucial role in determining
the duration of humoral immunity in an individual (5).
Magnitude and persistence are two important factors of
humoral response in providing sufficient immune protection
(6). Evidence has shown that the humoral response of
SARSCoV-2 patients significantly decreased at 1 and 6 months
after infection. COVID-19 has a spectrum of clinical
complications, from asymptomatic to moderate symptoms and
even severe manifestations. Notably, recent studies found that
the severe patients had high levels of neutralizing antibodies until
3 months’ post-infection (7).

Some studies proposed that presenting the symptoms of the
disease in an individual who has formerly been infected and
recovered is unlikely; nevertheless, emerging evidence indicates
positive RT-PCR tests post COVID-19 (8–11). Hence, the
neutralizing titers were not associated with the viral shedding
duration, indicating that humoral immune protection alone
might be inadequate and other immune components (T cells
and innate immune cells) should also be taken into consideration
for achieving virus clearance in SARS-CoV-2 patients (12).

In the previous variants, a few confirmed cases of SARS-CoV-2
reinfection have been reported (13–15). Nevertheless, since the
immunity acquired through the previous infection is less effective
against Omicron than against other variants, with the Omicron
variant surging, the risk of reinfection has become a day-to-day
fact (2). The course of reinfection disease has been controversial in
the literature regarding the severity of the disease; some show a
worse course of the disease (16, 17) and some indicate milder
symptoms or no symptoms of reinfection at all (18). It remains
unclear whether the severity of the primary disease is related to the
risk of reinfection (15, 19), and moreover whether natural
immunity after recovery is durable in COVID19 patients with
differing severity.

A study demonstrated that asymptomatic or mild
symptomatic individuals could not mount virus-specific
germinal centers, causing failure in prolonged humoral
immunity (1). Alternatively, the mentioned groups of patients
mounted effective T helper 1 (Th1) and cytotoxic CD8 + T cells
responses. Contrarily, robust induction of virus-specific GC B
cell responses and minimally induced virus-specific TH1 and
CD8+ T cells were seen in individuals with moderate to severe
symptoms (20). Population-level studies show that most
individuals who recover develop low levels of neutralizing
antibodies (21), which are more significant in preventing
reinfection than in the fight against the contracted disease (22).

Some studies revealed that the function and the total number
of natural killer (NK) and CD8+T cells were markedly impaired
during the early stages of SARS-CoV-2 infection. Evaluation of
Frontiers in Immunology | www.frontiersin.org 2
PBMC in the late stage of recovery patients indicated that the
total number of B cells, NK, and T cells went back to normal
again. It seems evident that the risk of reinfection must be
evaluated in the COVID-19 disease for informing interventions
to guide treatment strategies, foresee the disease course, and
ascertain whether patients develop long-lasting immunity (23).
This review will be helpful to clarify the status of protective
immunity in the recovery process of COVID-19 disease and
determine the infected cases into separate groups based on the
acquired immunity and the possibility of reinfection.
HUMORAL IMMUNITY DURING COVID-19
INFECTION AND RECOVERY STAGE

Humoral immune responses are highly specific and provide
long-lasting protection against reinfection (22–25). Antibodies
act by either binding to the virus and preventing its interaction
with its receptor (neutralizing antibodies) or by causing the
destruction of infected cells and the virus bound to them and
marking them for demolition through cell-mediated immune
response (binding antibodies), which contribute to recognize and
initiate the clearance of antibody-coated target cells (26). The
ability to recruit antibody-dependent cellular phagocytosis
(ADCP), complement-dependent cytotoxicity (CDC), and
antibody-dependent cellular cytotoxicity (ADCC) is the activity
of the binding antibodies (27). Extra-neutralizing antibody
functions are associated with the recovery and prevention of
many infectious diseases. Conducting in vitro experiments
pointed to the infection of macrophages in the absence of
ACE2 receptors, which the virus uses to enter the cell (28).
This entrance is facilitated by antibody-mediated virus uptake
via FcgRII6 and is thought to trigger pattern-recognition
receptors and induce inflammatory cascades. In addition to
FcR expression, almost all innate immune cells present
complement receptors providing antibodies with the power to
direct the immune system. Antibodies play a critical role in direct
anti-viral immunity and priming T cells by delivering antigens to
antigen-presenting cells (29).

Antibodies react the same way to SARS-COV-2 as they do to
other viruses, with IgM and IgA being the first ones to rise and
wane and IgG increasing later on and persisting more prolonged
than the previous two. In Wu et al.’s study, multiple antibodies
such as immunoglobulin M (IgM) and G (IgG), receptor-binding
domain (RBD) of the spike (S) or the nucleocapsid (N) protein,
and neutralizing antibodies were evaluated 6 months after the
disease onset (30). Specific IgM-S/N are untraceable in the 12th
week in most individuals, and IgG-S/Ns titers decrease
moderately but reach a plateau at relatively high levels in 6
months with positivity rates for binding and neutralizing over
70%; these findings are in line with those of another study,
indicating that IgA and IgM decreased swiftly unlike IgG and
neutralizing antibodies which plateaued for 4 months (31, 32).
This data fortifies the idea of prolonged humoral immunity after
COVID-19 infection (30). Similar studies have indicated that
neutralizing antibodies decrease about 3 months after infection
May 2022 | Volume 13 | Article 884879
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(33, 34). In most individuals, the RBD-IgM of S and N proteins
was untraceable after 12 weeks. IgG-S/N experienced a decrease
and was sustained at high levels in most individuals after 6
months (30, 35), and a protective level prevails over a period of 9
months, up to 1 year (3, 4).

Recovered patients who presented with mild symptoms
showed a noticeable rise in the percentage of B cells compared
to healthy individuals. Despite specific anti-S IgG in all COVID-
19 patients, regardless of how severe the symptoms are, a rise was
seen in this antibody level as well (36). It remained high 90 days
after the infection in some individuals indicating long-term and
steady antibody levels. Intriguingly, the male participants had
notably higher anti-S IgG levels after recovery than females, as
seen in other works reflecting sex-dependent humoral immune
response against SARS CoV-2 (36, 37). There was also a
significant positive correlation between the patients’ age and
their anti-S IgG antibody levels, showing a greater concentration
in older adults compared to younger adults. Patients were
seropositive 100 days after the disease onset when the latest
measurement occurred (38). Robust humoral immunity
correlates with the spike-specific antibodies, memory B cells,
and circulating follicular helper T cells (cTFH), steadily induced
after SARS-CoV-2 infection and associated with plasma
neutralizing activity (39).

The Feng et al. study revealed that receptor-binding domain
immunoglobul in (RBD-IgG), fu l l - length Spike-IgG
concentrations, and serum neutralizing capacity drop during
the first 6 months but remain stable for up to 1 year. Even
individuals who had produced high IgG levels during early
convalescent stages had IgG levels that had decreased to a
similar level 1 year later. Notably, the RBD-IgG level positively
correlates with serum neutralizing capacity, suggesting the
representative role of RBD-IgG in predicting serum
protection (40).

A study investigated the magnitude and significant differences
in Ab level which is presented in recovered and naïve individuals.
They demonstrated a rise in IgG, IgA, and IgM levels. Among
these, elevated S-specific IgG and IgA levels in serum were
particularly noticeable. The increase in antibody levels to
endemic CoV was more distinct among IgG1 and IgG3
subclasses and was also apparent in nasal and stool samples
(41). Given the evidence of robust humoral responses in systemic
and mucosal specimens, the neutralization potency of serum and
nasal wash specimens was evaluated. Elevated serum
neutralization activity was detected in hospitalized subjects
who contracted the severe form of the disease. Unlike the
serum samples, nasal specimens from subjects with the severe
disease showed little to no viral neutralization. Individuals with
increased mucosal neutralization activity reported milder
symptoms more frequently than those who presented with
more severe forms of the disease. Interestingly, robust nasal
and serum neutralization activities were not co-induced (41).

Isho et al. reported that anti-SARS-CoV-2 IgA and IgM
antibodies decreased quickly, whereas IgG antibodies were
steady for up to 105 days’ post symptom onset in serum and
saliva. They indicated that IgG, IgM, and to a lesser extent, IgA
Frontiers in Immunology | www.frontiersin.org 3
levels in the serum are directly correlated with matched saliva
specimens (31).

Although many studies have mentioned the levels of different
antibodies participating in the COVID-19 course, one should
consider the required titers for sustained immunity, which is not
yet determined for COVID-19. Higher titers do not necessarily
mean more protection against reinfection and may be because of
higher antigen exposure (29) or an indicator of the severity of the
disease (35). However, some studies suggest that the quantity of
antibodies that persist is directly related to the extent of
protection against the virus that induced them (42). Another
key contributor to consider in prolonged immunity is memory
lymphocytes. In the convalescent period of a viral disease, when
the antigen is no longer present, and antibodies diminish,
memory B cells wait around in the bone marrow for
reinfection. The memory B cells then differentiate into plasma
cells and produce antibodies (Figure 1). Several extensive studies
have indicated a marked increase in plasmablast count in
peripheral blood of COVID-19 patients (43–46). The data on
memory B cells in COVID are still lacking. However, persisting
memory B cells in individuals with mild symptomatic recovered
COVID- 19 infection (34) suggest possible longevity of the
mentioned cells (35).

Studies propose two main paths toward long-term humoral
immunity against diseases; memory B-cell–dependent antibody
production by short-lived plasma cells and memory B-cell–
independent antibody production by long-lived plasma cells
(47–53). Theories of memory B-cell dependence need a
correlation between memory B cells after each infection and
antibodies, which has been controversial (54–57). Studies
indicated that memory B cells and antibody production are
regulated independently, paving the long-lived plasma cell path
(5, 54, 58, 59), and extended survival and antibody secretion time
to over 1 year in COVID-19 (5), and SARS-CoV-2-specific B cell
immunity persists despite overall antibody decline (60). Indeed,
production of memory B-cells after every immunization dose or
natural immunity did not correlate necessarily with antigen-
specific antibody levels. Memory B-cells remain elevated over
several years; while there is a rapid decline in neutralizing
antibodies, although the disappeared antibodies did not mean
without immune protection, given that memory B cells might
rapidly initiate a new immune response when the virus
is reencountered.
CD4+ AND CD8+ T CELLS DURING COVID-
19 INFECTION AND RECOVERY STAGE

Lymphocytopenia has been observed in patients with different
levels of COVID-19 severity (61–65). According to studies, the
severity of the COVID-19 disease is positively correlated with the
increased level of inflammatory cytokines while inversely
correlated with lymphocyte numbers, especially in patients
with severe and critical symptoms (61, 64–68). T cells
exhaustion occurs during disease progression (66) (63, 65, 69).
Notably, in severe disease patients, all lymphocyte subsets were
May 2022 | Volume 13 | Article 884879
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reduced, whereas in mild or asymptomatic individuals the
accounts of NK, NKT, and gd -T cells were similar to healthy
individuals or even higher than them (70).

During COVID-19 infection, especially in the stage of disease
progression, increased expression of inhibitory immune
checkpoints, including programmed death (PD-1), PD-L1, T-
lymphocyte associated prote in-4 (CTLA-4) , T cel l
immunoglobin, and mucin protein 3 (TIM-3) on T cell surface
renders T cell exhaustion and dysfunction, disabling T cell-
mediated anti-viral immunity (66, 71). Emerging evidence
indicates that co-blockade of TIM3 and PD1 can recover the
effector function of T cells (72, 73). Indeed, TIM3 acts as a
checkpoint receptor expressed on ‘exhausted’ T cells and that
inhibition of TIM3 boosts the effect of PD1 blockade (74).

The current study of hospitalized patients with COVID-19
infection indicated that higher expression of PD-1 and Tim-3
were observed in CD8+ T cells in COVID-19 patients requiring
ICU care. Similarly, Tim-3 expression enhanced in CD4+ T cells
during severe and ICU period disease stages while PD-1
Frontiers in Immunology | www.frontiersin.org 4
expression in CD4+ T cells was not overtly changed toward
the disease progression (66). Hence, co-blockade of TIM3
alongside inhibition of other checkpoint receptors such as PD-
1 could be therapeutic potential targets to treat SARS-CoV-2
infection. Furthermore, NKG2A is an inhibitory receptor that
expresses on NK cells and CTLs, blocking anti-virus activity of
cytotoxic lymphocytes. In recovery patients, restoration of
immune cells count occurs with downregulation of NKG2A
expression, which suggests that the progression of COVID-19
disease with cytotoxic lymphocytes exhaustion may result from
upregulation of NKG2A in the early stage of COVID-19. During
COVID-19 infection, over-expression of NKG2A also leads
to decreased production of CD107a, IFN-g, IL-2, granzyme B,
and TNF-a (Figure 1), which are necessary for cytotoxicity
function (75).

The whole transcriptome evaluation of innate, humoral, and
cellular immunity in mild, moderate, and severe COVID-19
patients during three different time points (treatment,
convalescence, and rehabilitation) showed that after recovery
FIGURE 1 | Schematic representation of the protective immunity against COVID-19 infection during infection.
May 2022 | Volume 13 | Article 884879
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in an infected individual, the strong protective response by
T cells through generating memory T-cells pool against SARS-
CoV-2 has been induced regardless of the severity of the disease.
In contrast, poor innate and humoral immune responses have
been observed. In addition, in recovered COVID-19 patients,
activation of transcription and differentiation genes of T cells was
detected, approving the strengthening of the T cells’ immune
response at this stage, which indicated an increased level of
CD4+ memory/effector and CD4+central memory T cells after
COVID-19 recovery. It was revealed that the level of CD4+
memory T-cell in the recovery phase was associated with the
severity of the disease (63). Memory CD8+ and CD4+ T cells
have a similar cluster of markers of activation/cycling phenotype,
including CD38, Ki-67, HLA-DR, and PD-1; however, the results
of the flow-cytometry analysis showed an increased number of
CD4+ T cells after recovery, while CD8+ numbers remained
unchanged (76). It was found that CD8+ T cells in the infectious
stage of the disease with limited proliferation had the Ki-67,
CCR7- CD27+ CD28+ CD45RA- CD127- phenotype, which was
in the convalescent-phase; these cells tend to differentiate toward
FIGURE 2 | A summary of the protective immunity against COVID-19 infection after

Frontiers in Immunology | www.frontiersin.org 5
memory cells (withCCR7+ CD127+ CD45RA-/+ TCF1+
phenotype) (Figure 2). This revealed differences of the
memory cells between the infection and recovery stage (62).

To evaluate the functional capabilities of memory CD8+ and
CD4+ T cells in convalescent COVID-19, Sekine et al. used
nucleocapsid, Spike, and membrane peptides to stimulate
PBMCs. They showed that SARS-CoV-2-specific CD4+ T cells
express IFN-g, IL-2, and TNF-a, while CD8+ T cells are
characterized by IFN-g production and mobilized CD107a
expression. Notably, Spike-specific-CD4+ T cells were skewed
toward circulating T follicular helper, while membrane and
nucleocapsid specific CD4+ T cell were differentiated toward
Th1 or a Th1/Th17 cells (62, 77, 78). Moreover, a study revealed
that in hospitalized patients there was increased levels of specific
IgG (against Spike and RBD), and memory B cells; while CD4+
memory T cell numbers were decreased compared with non-
hospitalized ones (79). These results indicated a significant role
of cellular immunity in severe COVID-19 disease. Furthermore,
after recovery, circulating CD8+ and CD4+ memory T cell
numbers were monitored for 1 month and 6 months after
recovery from SARS-CoV-2 infection.

May 2022 | Volume 13 | Article 884879
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COVID-19 infection, showing a trend toward decreasing both
subsets after 6 months (79). SARS-CoV-2-specific CD4+ T cells
were Th1 cells and predominantly T central memory (Tcm) cells
with robust helper function phenotypic features. A kind of CD4+
memory cell subset observed in COVID-19 infection is T
follicular helper (cTFH) memory cells with shelf life of more
than 6 months after disease onset (79).

Most SARS-Cov-2-specific CD8+ T memory cells
differentiated to effector memory cells re-expressing CD45RA
(Temra) T-cells with less terminal differentiation than most
Temra cells (80). Overall, the cooperation of all parts of the
immune system is essential to fight infection and protect the
body against re-infection. Interaction between humoral and
cellular memory cells leads to long-term solid adaptive
protection (79, 81). Cross-reactive memory T cells of human
coronaviruses have challenged the evaluation of COVID-19
specific memory cells responses (81). As the immune responses
to infection depend on the patient’s immune system and vary
from patient to patient, likewise, the immunity in recovered
patients and the functions of their memory cells will vary from
person to person. Having considered that regulating cytokine
productions is important in the inflammation and functions of
immune cell types, cytokine profiles of patients have been
studied in the course of infection and during recovery.

It was reported that IL-2, IL-7,IL-6, IL-10, TNF-a, TGF-b, G-
CSF, IP-10, MCP-1, and MIP-1A rose in COVID-19 patients,
especially in ICU patients compared to non-ICU patients (82, 83).
Based on Diao et al.’s report, the origin of these cytokines is not T
cells and revealed that some cytokines are released from
monocytes and macrophages. Secretion of cytokines effects on
immune responses. TNF-a leads to reduced T cells, or IL-6 causes
antibody production and effector T-cell development, but IL-10
results in T cell exhaustion and prevents T cell proliferation. This
finding refers to the inverse effects of serum cytokines level on the
survival and proliferation of T cells. Remarkably, normal cytokine
levels in some ICU patients may indicate immunodeficiency (66).
Evidence demonstrated that after recovery some cytokines such as
IL-10, TNF-a, and IL-6 were significantly decreased in the late
recovery stage compared to the early recovery stage, while TGF-b
level was not significantly different between the early and late
stages of recovery. However, the TGF-b reduction was observed
during a recovery (84).

Generally, evaluation of recovered COVID-19 patients
showed that months after infection, a strong response of
memory T cells against the SARS-Cov-2 spike, membrane, and
nucleocapsid peptides could be detected even in the absence of
circulating antibodies (62). Nevertheless, re-infection with
SARS-CoV-2 occurs (85, 86). It is also possible that COVID-19
recovered patients with lower memory cells will be more
susceptible to re-infection (79).
NK CELLS DURING COVID-19 INFECTION
AND RECOVERY STAGE

NK cells are early effector cells that play an essential role during
viral infections. Several studies have indicated that during
Frontiers in Immunology | www.frontiersin.org 6
COVID-19 infection from moderate to severe infection,
peripheral NK cells were dropped (87). The frequency of NK
cells decreased remarkably in severe patients compared with
those in mild cases and healthy controls (88). The key question
arises whether impairment of NK response, followed by
increased susceptibility to reinfection, is a concern for
recovered patients. Effective response against viral infection
needs the cooperation between humoral and cellular immunity.
Yunbao Pan et al. found that in COVID-19 convalescent
individuals, the production of NAbs might be correlated with
the NK cells’ antiviral activity as well as the activation of T cells
(89).However, NK cells are critical pieces of this puzzle; the
relative significance of these cells remains unclear.

According to a study, the frequency of CD56+ CD16+ NK
cells in the asymptomatic patients was significantly different
from that in healthy individuals after recovery, displaying an
expansion the level of NK cells in the asymptomatic COVID-19
patients. Hence, an important role could be assigned to NK cell
immunity which is sustained after recovery from COVID-19
(70). Notably, as an inhibitory receptor, the NKG2A receptor on
NK cells has been indicated to cause NK cell exhaustion in
chronic viral infections (90). In the early stage of COVID-19,
disease progression is associated with the functionally exhausted
NK cells in patients infected with SARS-CoV-2. Recently it was
reported that in COVID-19 patients, the expression of NKG2A
was elevated significantly on cytotoxic lymphocytes compared
with that in healthy individuals (75). Interestingly, the NKG2A
expression on both NK and CD8+ T cells was reduced after
recovery (Figure 1). Moreover, in patients convalescing after
viral therapy, the percentages of both NKG2A+ CTLs and
sequentially NKG2A NK cells were also dropped, indicating
decreased expression of NKG2A could be an indicator for the
useful control of SARS-CoV-2 infection (91). Therefore,
efficacious treatment is accompanied by fewer NKG2A+ NK
cells and TCD8+ cells along with the restoration of lymphocytes
percentage, including NK cells. Regarding treatment through
inhibition of roadblocks to immune tolerance could be
important in the formation of COVID-19 persistence. After
identification of NK cells’ functionality through the assessment
of CD107a and granzyme B(cytotoxicity markers) alongside the
evaluation of IFN-g, TNF-a, and IL-2 levels (inflammatory
proteins), it was revealed that upon COVID-19 infection, the
exhausted status of cytotoxic cells was also reflected in decreased
production of cytotoxic effector molecules, including CD107a,
IFN-g, IL-2, Granzyme B, and TNF-a, which was resorted and
gone up after therapy in convalescent individuals (92).

Based on the surface expression of CD56 and CD16 receptors,
NK cells are subdivided to different subsets with distinct
functions; the first subset, CD56dimCD16pos cell, includes
cytotoxic cell, the second subset is CD56brightCD16neg, which
is considered as a producer of cytokines, and the third subset is
CD56dimCD16neg, the unconventional subset, which expands
in different pathological conditions (93). On the one hand, it has
been revealed that NK cells in patients with severe COVID-19
are deficient and impaired. On the other hand, the enhanced
presence of NK cells in bronchoalveolar lavage (BAL) has been
found. One reason for decreased NK cells could be the homing of
May 2022 | Volume 13 | Article 884879
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NK cells from peripheral blood to the lung. Besides, the
CD56dimCD16pos NK cell subset with increased KIR
expression was found in the lungs (94). Notably, immune-
modulating occurs through KIR receptors of NK cells, playing
a significant role against SARS-CoV-2 infection (95), and
expression of CC chemokine receptor (CXCR) 3, CXCR6,
CCR5 on NK cells could cause the homing event developing in
BAL of COVID-19 patients. In this regard, these markers,
especially CCR6, could be considered risk factors in developing
severe COVID-19 (72).

Despite NK cell depletion, the evaluation of different
distributions of NK cell subsets could be appreciated in
COVID-19 patients compared to convalescent individuals
since these changes in the distribution of NK cells phenotype
could be assigned as a cause of NK cell defense role impairment
upon COVID-19 infection (93, 94). It might give us a tool to
improve the diagnostic evaluation and the immunized and non-
immunized COVID-19 patients’ estimation. Yet, further studies
are required to clarify the role of NK cells in individuals with
COVID-19.

Moreover, the assessment of NK cells based on CD56, CD16,
and KIRs expression in hospitalized COVID-19 patients indicated
that a higher frequency of KIR2DL1 inhibitory receptor was
concomitant with reduction of CD56dimCD16dim and
CD56dimCD16bright NK Cell Subsets. Interestingly, this
outcome was in parallel with CD56dimCD16neg NK Cell Subset
expansion and higher frequency of KIR2DL1 and KIR2DL1/S1
inhibitor receptors (95). In line with this result, there is NK cell’s
ADCC activity that results from the expression of CD16 on NK
cells as an FC receptor, allowing the detection of antibody-coated
infected and cancerous cells (72), hence the lack of CD16
expression could be associated with COVID19 severity. Recently
several features of immunological memory have been found in NK
cells similar to B and T cells, such as long-lived progeny expansion,
education clonal-like generation, and robust secondary responses
(74). It was revealed that NK cells have displayed their distinctive
cytotoxic ability against viral infections, including CMV,
hantavirus (74), chikungunya virus (74), and cancerous cells,
along with the upregulation of NKG2C activating receptor,
raising the possibility of a distinct subset of NK cell which could
selectively respond against a certain target and then driving
memory (60). In this line, it was mentioned in our previous
study that introducing NKG2C into chimeric antigen receptors in
NK cells to enhance effector functionality might be a potential
approach in future viral immunotherapy for emerging and re-
emerging viruses (42). Indeed, investigating this memory potential
of NK cells against specific pathogens might be efficient for
targeted cell therapy and vaccine development. There are several
clinical trials using NK cells for cell therapy as an off-the-shelf
living drug in the treatment of COVID-19 infection (75).

Immunity to SARS-CoV-2
Variants of Concern
Both natural infection with SARS-CoV-2 and immunization
with vaccines elicit protective immunity. However, the extent
to which such immune responses protect against emerging
variants is of increasing importance. Such VOC include Alpha
Frontiers in Immunology | www.frontiersin.org 7
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and a
new one, Omicron (B. 1. 1. 529).

In late 2021, the Omicron virus variant emerged, with
significant genetic differences and clinical effects from other
variants of concern. This variant demonstrated higher numbers
of polymorphisms in the gene encoding the Spike (S) protein, and
there has been displacement of the dominant Delta variant (96).
Natural infection with SARSCoV-2 induces robust protection
against re-infection with the B.1.1.7 (alpha),1,2 B.1.351 (beta),1
and B.1.617.2 (delta)3 variants. However, the B.1.1.529 (omicron)
variant makes multiple mutations that can provide immune
evasion (97). Indeed, SARS-CoV-2 Omicron variant
pseudovirus exhibits escape from vaccine-induced humoral
immunity. In addition, pseudovirus produced with the Omicron
spike exhibited more efficient transduction of ACE-2 expressing
target cells than other variants. A study reported a near-complete
lack of neutralizing activity against Omicron in polyclonal sera
from individuals vaccinated with two doses of vaccine and from
convalescent individuals, as well as resistance to different
monoclonal antibodies in clinical use (98), highlighting the
global need for vaccine boosters to combat the impact of
Omicron and emerging variants (99, 100). However, Omicron
is strongly neutralized by antibodies induced by booster third
dose vaccination (101, 102) or fourth dose in hemodialysis
patients (103) or by heterologous vaccination.This has led to
increased attention to the important role of T cells in protection
immunity. It was revealed that the responses of Spike-specific
CD4+ T cells were not different in variants of concern; while CD8+

T cells responses to Omicron spike were reduced compared to
other variants, enhanced with booster vaccine doses (104).

A national database study in Qatar found that there is a strong
protection against re-infection with the Alpha, Beta, and Delta
variants of SARS-CoV-2 (at approximately 90%), which is
confirmed with previous studies. While such effectiveness in
preventing reinfection with the Omicron variant was lower
(approximately 60%), however, it was still significant.
Furthermore, regardless of variant, the immunity of previous
infection against hospitalization or death caused by reinfection
appeared to be effectiveness (105).
PROTECTION OF NATURAL IMMUNITY,
VACCINE IMMUNITY, OR HYBRID
IMMUNITY–WHICH ONE IS BETTER?

It is important to determine the duration and quality of the
adaptive immune system, which may be different between natural
immunity (obtained by COVID-19 infection) and immunity
resulting from vaccination (106). There are several conflicting
reports about the immunity of both paths. Evidence indicates
infection-acquired immunity reduces with time since the previous
infection but prompts longer-lasting immunity against re-
infection than mRNA vaccine (7, 107, 108). Conversely, in
recovered patients with COVID-19, the risk of SARS-CoV-2 re-
infection and even hospitalization persisted low for several
months; nevertheless, vaccination affords further protection by
a slight difference (12, 109). However, both SARS-CoV-2
May 2022 | Volume 13 | Article 884879
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infection-derived immunity and vaccination prompt
multifaceted, functional immune memory; some studies have
highlighted that vaccination–derived immune response
following natural immunity boosts the immunity, termed
hybrid immunity (6, 110). A study carried out by Goldenberg
et al. (84) demonstrated that infection by the Delta variant of
SARS-CoV-2 has led to a more potent immune response as
compared with the BNT162b2 two-dose vaccine-derived
immunity, meanwhile; patients who were recovered from
SARS-CoV-2, and were then vaccinated by a single dose of the
vaccine acquired increased protective response against the Delta
variant. There seem to be specific memory lymphocytes, both B
cell and T cell components, to hybrid immunity. It is indicated
that in the context of reinfection after natural immunity alone or
vaccination of naïve individuals, there is a reduction in the level of
antibody-mediated immunity against variants of concern (VOCs)
(111), but after one dose of vaccination following the previous
infection with former VOCs the immunity rises. It should be
noted that neutralizing antibody drops are not due to low
antigenicity and spike protein mutations of the VOCs. It is
exemplified in a study that found in re-infected patients with
B.1.351(Beta) variant (previously infected with non-B.1.351),
neutralizing antibodies against this variant after vaccination
were shown to be 25 times higher than after vaccination (no
involved B.1.351 spike) (112, 113). When natural immunity to
SARS-CoV-2 is combined with vaccine-induced immunity, it has
been found that higher SARS-CoV-2 RBD-specific memory B
cells and variant-neutralizing antibodies and a specific population
memory SARS-CoV-2 spike-specific CD4+ T cells than
previously naive individuals are generated (114). In this line,
the production of diverse memory B cells needs T cells and their
cytokine profile. Even if the function of antibodies neutralizing is
failed against variants, memory T cells can recognize SARS-CoV-
2 variants (99), and in hybrid immunity, T cell memory consists
of both spike and non-spike T cell memory, unlike the vaccine-
induced memory T cell which involves spike –memory T cells.
Furthermore, the mutation does not occur in most epitopes of T
cells in new variants, demonstrating that the protective role of T
cells’ immunity is preserved (115).
CONCLUSION

During recovery, the investigation of cellular and humoral
immunity among COVID-19 patients with different disease
Frontiers in Immunology | www.frontiersin.org 8
manifestation could run additional insights into the roles of
these cell types during natural host immunity. In addition, the
clarification of the recovery and immunity process leads to
making the proper decisions by policymakers for screening
and lockdown, and improved diagnostic assessments of re-
infection in individuals. A combined natural/vaccine immune
response to SARS-CoV-2 seems to be a notably potent
accompanist. According to this concept, more investigation of
combinations of SARS-CoV-2 vaccines with different platforms,
such as mRNA and adenoviral vectors or mRNA and
recombinant protein vaccines, could be appreciated. Moreover,
the breadth of recognition of epitopes through T cells, both CD8
and CD4 lymphocytes, may guide ongoing vaccine strategy
improvement. In addition, the study of NK cells alongside the
evaluation of cytokine profiles (116, 117) in the hybrid immunity
can offer information for understanding which vaccines can
cross that threshold of hybrid status to confer individual and
herd immunity. Since hybrid immunity may be a reproducible
way to enhance immunity, the combination of plasma therapy
from recovered donors and vaccination could be effective;
however, it needs further support from future studies for
selecting the best donors to produce off-the-shelf living drugs.
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59. Edwards JCW, Szczepański L, Szechiński J, Filipowicz-Sosnowska A, Emery
P, Close DR, et al. Efficacy of B-Cell–Targeted Therapy With Rituximab in
Patients With Rheumatoid Arthritis. New Engl J Med (2004) 350:2572–81.
doi: 10.1056/nejmoa032534

60. Anand SP, Prévost J, Nayrac M, Beaudoin-Bussières G, Benlarbi M, Gasser
R, et al. Longitudinal Analysis of Humoral Immunity Against SARS-CoV-2
Spike in Convalescent Individuals Up to 8 Months Post-Symptom Onset.
Cell Rep Med (2021) 2(6):100290. doi: 10.1016/j.xcrm.2021.100290

61. Odak I, Barros-Martins J, Bosnjak B, Stahl K, David S, Wiesner O, et al.
Reappearance of Effector T Cells Is Associated With Recovery From
COVID-19. EBioMedicine (2020) 57:102885. doi: 10.1016/j.ebiom.2020.
102885

62. Sekine T, Perez-Potti A, Rivera-Ballesteros O, Stralin K, Gorin JB, Olsson A,
et al. Robust T Cell Immunity in Convalescent Individuals With
Asymptomatic or Mild COVID-19. Cell (2020) 183(1):158–68:e114.
doi: 10.1016/j.cell.2020.08.017

63. Zheng HY, Xu M, Yang CX, Tian RR, Zhang M, Li JJ, et al. Longitudinal
Transcriptome Analyses Show Robust T Cell Immunity During Recovery
From COVID-19. Signal Transduct Target Ther (2020) 5(1):294.
doi: 10.1038/s41392-020-00457-4

64. 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

65. Alsayb MA, Alsamiri ADD, Makhdoom HQ, Alwasaidi T, Osman HM,
Mahallawi WH. Prolonged Humoral and Cellular Immunity in COVID-19-
Recovered Patients. Saudi J Biol Sci (2021) 28(7):4010–5. doi: 10.1016/
j.sjbs.2021.04.008

66. Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and
Functional Exhaustion of T Cells in Patients With Coronavirus Disease
2019 (COVID-19). Front Immunol (2020) 11:827. doi: 10.3389/fimmu.
2020.00827
Frontiers in Immunology | www.frontiersin.org 10
67. 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

68. Khoshkam Z, Aftabi Y, Stenvinkel P, Paige Lawrence B, Rezaei MH, Ichihara
G, et al. Recovery Scenario and Immunity in COVID-19 Disease: A New
Strategy to Predict the Potential of Reinfection. J Adv Res (2021) 31:49–60.
doi: 10.1016/j.jare.2020.12.013

69. Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR,
et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans
With COVID-19 Disease and Unexposed Individuals. Cell (2020) 181
(7):1489–1501.e1415. doi: 10.1016/j.cell.2020.05.015

70. Alsayb MA, Alsamiri ADD, Makhdoom HQ, Alwasaidi T, Osman HM,
Mahallawi WH. Prolonged Humoral and Cellular Immunity in COVID-19-
Recovered Patients. Saudi J Biol Sci (2021) 28(7):4010–5. doi: 10.1016/
j.sjbs.2021.04.008

71. Wherry EJ, Kurachi M. Molecular and Cellular Insights Into T Cell
Exhaustion. Nat Rev Immunol (2015) 15(8):486–99. doi: 10.1038/nri3862

72. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC.
Targeting Tim-3 and PD-1 Pathways to Reverse T Cell Exhaustion and
Restore Anti-Tumor Immunity. J Exp Med (2010) 207(10):2187–94. doi:
10.1084/jem.20100643

73. Wu W, Shi Y, Li J, Chen F, Chen Z, Zheng M. Tim-3 Expression on
Peripheral T Cell Subsets Correlates With Disease Progression in Hepatitis B
Infection. Virol J (2011) 8(1):1–9. doi: 10.1186/1743-422X-8-113

74. Wolf Y, Anderson AC, Kuchroo VK. TIM3 Comes of Age as an Inhibitory
Receptor. Nat Rev Immunol (2020) 20(3):173–85. doi: 10.1038/s41577-019-
0224-6

75. 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

76. Rank A, Lohr P, Hoffmann R, Ebigbo A, Grutzner S, Schmid C, et al.
Sustained Cellular Immunity in Adults Recovered From Mild COVID-19.
Cytometry A (2021) 99(5):429–34. doi: 10.1002/cyto.a.24309

77. Piccoli L, Park YJ, Tortorici MA, Czudnochowski N, Walls AC, Beltramello
M, et al. Mapping Neutralizing and Immunodominant Sites on the SARS-
CoV-2 Spike Receptor-Binding Domain by Structure-Guided High-
Resolution Serology. Cell (2020) 183(4):1024–1042.e1021. doi: 10.1016/
j.cell.2020.09.037

78. Robbiani DF, Gaebler C, Muecksch F, Lorenzi JCC, Wang Z, Cho A, et al.
Convergent Antibody Responses to SARS-CoV-2 in Convalescent
Individuals. Nature (2020) 584(7821):437–42. doi: 10.1038/s41586-020-
2456-9

79. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al.
Immunological Memory to SARS-CoV-2 Assessed for Up to Eight
Months After Infection. bioRxiv [Preprint] (2020) 18:2020.11.15.383323.
doi: 10.1126/science.abf4063

80. 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

81. Havervall S, Ng H, Jernbom Falk A, Greilert-Norin N, Manberg A, Marking
U, et al. Robust Humoral and Cellular Immune Responses and Low Risk for
Reinfection at Least 8 Months Following Asymptomatic to Mild COVID-19.
J Intern Med (2022) 291(1):72–80. doi: 10.1111/joim.13387

82. Wang H, Ma S. The Cytokine Storm and Factors Determining the Sequence
and Severity of Organ Dysfunction in Multiple Organ Dysfunction
Syndrome. Am J Emerg Med (2008) 26(6):711–5. doi: 10.1016/
j.ajem.2007.10.031

83. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical Features of
Patients Infected With 2019 Novel Coronavirus in Wuhan, China. Lancet
(2020) 395(10223):497–506. doi: 10.1016/s0140-6736(20)30183-5

84. Fathi F, Sami R, Mozafarpoor S, Hafezi H, Motedayyen H, Arefnezhad R,
et al. Immune System Changes During COVID-19 Recovery Play Key Role
in Determining Disease Severity. Int J immunopathology Pharmacol (2020)
34:2058738420966497. doi: 10.1177/2058738420966497

85. Tillett RL, Sevinsky JR, Hartley PD, Kerwin H, Crawford N, Gorzalski A,
et al. Genomic Evidence for Reinfection With SARS-CoV-2: A Case Study.
Lancet Infect Dis (2021) 21(1):52–8. doi: 10.1016/s1473-3099(20)30764-7
May 2022 | Volume 13 | Article 884879

https://doi.org/10.1034/j.1600-065X.2003.00055.x
https://doi.org/10.1034/j.1600-065X.2003.00055.x
https://doi.org/10.1146/annurev.immunol.22.012703.104527
https://doi.org/10.1146/annurev.immunol.22.012703.104527
https://doi.org/10.1146/annurev.immunol.23.021704.115723
https://doi.org/10.1146/annurev.immunol.23.021704.115723
https://doi.org/10.1111/j.0105-2896.2006.00392.x
https://doi.org/10.1111/j.0105-2896.2006.00397.x
https://doi.org/10.1038/nri1886
https://doi.org/10.1016/S0264-410X(01)00328-0
https://doi.org/10.1016/S0264-410X(01)00328-0
https://doi.org/10.4049/jimmunol.171.10.4969
https://doi.org/10.1086/423937
https://doi.org/10.1088/0954-3899/43/4/045108
https://doi.org/10.1002/art.11181
https://doi.org/10.1056/nejmoa032534
https://doi.org/10.1016/j.xcrm.2021.100290
https://doi.org/10.1016/j.ebiom.2020.102885
https://doi.org/10.1016/j.ebiom.2020.102885
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1038/s41392-020-00457-4
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1016/j.sjbs.2021.04.008
https://doi.org/10.1016/j.sjbs.2021.04.008
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1016/j.jare.2020.12.013
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.sjbs.2021.04.008
https://doi.org/10.1016/j.sjbs.2021.04.008
https://doi.org/10.1038/nri3862
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1186/1743-422X-8-113
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1002/cyto.a.24309
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1016/j.xcrm.2020.100081
https://doi.org/10.1111/joim.13387
https://doi.org/10.1016/j.ajem.2007.10.031
https://doi.org/10.1016/j.ajem.2007.10.031
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1177/2058738420966497
https://doi.org/10.1016/s1473-3099(20)30764-7
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Alyasin et al. Immunity in COVID-19 Recovered Patients
86. To KK, Hung IF, Ip JD, Chu AW, Chan WM, Tam AR, et al. Coronavirus
Disease 2019 (COVID-19) Re-Infection by a Phylogenetically Distinct
Severe Acute Respiratory Syndrome Coronavirus 2 Strain Confirmed by
Whole Genome Sequencing. Clin Infect Dis (2021) 73(9):e2946–51.
doi: 10.1093/cid/ciaa1275

87. Yang L, Gou J, Gao J, Huang L, Zhu Z, Ji S, et al. Immune Characteristics of
Severe and Critical COVID-19 Patients. Signal transduction targeted Ther
(2020) 5(1):1–3. doi: 10.1038/s41392-020-00296-3

88. Leem G, Cheon S, Lee H, Choi SJ, Jeong S, Kim E-S, et al. Abnormality in the
NK-Cell Population Is Prolonged in Severe COVID-19 Patients. J Allergy
Clin Immunol (2021) 148(4):996–1006. e1018. doi: 10.1016/j.jaci.2021.07.022

89. Pan Y, Jiang X, Yang L, Chen L, Zeng X, Liu G, et al. SARS-CoV-2-Specific
Immune Response in COVID-19 Convalescent Individuals. Signal
Transduction Targeted Ther (2021) 6(1):256. doi: 10.1038/s41392-021-00686-1

90. Zhang C, Wang X-M, Li S-R, Twelkmeyer T, Wang W-H, Zhang S-Y, et al.
NKG2A Is a NK Cell Exhaustion Checkpoint for HCV Persistence. Nat
Commun (2019) 10(1):1–11. doi: 10.1038/s41467-019-09212-y

91. Ghasemzadeh M, Ghasemzadeh A, Hosseini E. Exhausted NK Cells and
Cytokine Storms in COVID-19: Whether NK Cell Therapy Could Be a
Therapeutic Choice. Hum Immunol (2021) 83(1):86–98. doi: 10.1016/
j.humimm.2021.09.004

92. De Biasi S, Meschiari M, Gibellini L, et al. Marked T Cell Activation,
Senescence, Exhaustion and Skewing Towards TH17 in Patients With
COVID-19 Pneumonia. Nat Commun (2020) 11:3434. doi: 10.1038/
s41467-020-17292-4

93. van Eeden C, Khan L, Osman MS, Cohen Tervaert JW. Natural Killer Cell
Dysfunction and Its Role in COVID-19. Int J Mol Sci (2020) 21(17):6351.
doi: 10.3390/ijms21176351

94. Forconi CS, Oduor CI, Oluoch PO, Ong'echa JM, Münz C, Bailey JA, et al. A
New Hope for CD56negCD16pos NK Cells as Unconventional Cytotoxic
Mediators: An Adaptation to Chronic Diseases. Front Cell infection
Microbiol (2020) 10:162. doi: 10.3389/fcimb.2020.00162

95. Casado JL, Moraga E, Vizcarra P, Velasco H, Martıń-Hondarza A,
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