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Abstract: Neutralizing antibodies are considered a correlate of protection against SARS-CoV-2 infection
and severe COVID-19, although they are not the only contributing factor to immunity: T-cell responses
are considered important in protecting against severe COVID-19 and contributing to the success of
vaccination effort. T-cell responses after vaccination largely mirror those of natural infection in magnitude
and functional capacity, but not in breadth, as T-cells induced by vaccination exclusively target the
surface spike glycoprotein. T-cell responses offer a long-lived line of defense and, unlike humoral
responses, largely retain reactivity against the SARS-CoV-2 variants. Given the increasingly recognized
role of T-cell responses in protection against severe COVID-19, the circulation of SARS-CoV-2 variants,
and the potential implementation of novel vaccines, it becomes imperative to continuously monitor
T-cell responses. In addition to “classical” T-cell assays requiring the isolation of peripheral blood
mononuclear cells, simple whole-blood-based interferon-γ release assays have a potential role in routine
T-cell response monitoring. These assays could be particularly useful for immunocompromised people
and other clinically vulnerable populations, where interactions between cellular and humoral immunity
are complex. As we continue to live alongside COVID-19, the importance of considering immunity as a
whole, incorporating both humoral and cellular responses, is crucial.

Keywords: humoral immunity; cellular immunity; T-cell response; interferon-γ release assay;
SARS-CoV-2; vaccination; immunocompromised

1. Introduction

Virus-specific (neutralizing) antibodies and memory immune cells (acquired naturally
or through vaccination) play complementary roles in responding to SARS-CoV-2 infection
and protecting against COVID-19 [1,2].

Currently approved COVID-19 vaccines all target the SARS-CoV-2 spike (S)
protein [3,4]. S-targeting vaccines have been shown to induce both antibody and T-cell re-
sponses [2], although the magnitude of the response varies between different vaccines [1,5].
Neutralizing antibodies have been identified as a correlate of protection [6]; concomitantly,
a robust, timely, and coordinated adaptive CD4+ and CD8+ T-cell response may be critical
for attenuating the severity of COVID-19 [1,7–9].

As we continue to live alongside COVID-19, the need to comprehensively evaluate
the characteristics of the adaptive immune response to SARS-CoV-2 is becoming more
pertinent, particularly with the emergence of antigenically distinct variants, which have the
propensity for (partial) escape from neutralizing antibodies [2,5,8]. It is imperative that we
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learn more about the durability and dynamics of immune responses, including the virus-
specific T-cell response, to identify the extent to which vaccines retain effectiveness against
variants and to inform vaccination policies and booster programs [8,10]. Virus-specific
T-cells are an essential consideration for understanding and mitigating the high burden of
COVID-19 in vulnerable populations, such as the elderly or immunocompromised, where
inadequate immune responses may worsen patient outcomes [9–12].

This review highlights the significance of monitoring SARS-CoV-2-specific T-cell responses
and their potential long-term role in protecting against severe COVID-19. The importance of
considering both cellular and humoral immunity is underscored, and evidence is presented to
support the measurement of T-cell responses as a valuable tool to evaluate immunity.

2. Current Views on SARS-CoV-2-Specific T-Cell Responses
2.1. T-Cell Responses following SARS-CoV-2 Infection and COVID-19 Vaccination

Effective viral clearance and mild COVID-19 following SARS-CoV-2 infection are
associated with an early innate immune response [1,13] followed by a virus-specific CD8+
T-cell response (within 7 days of symptoms and peaking after 14 days, mirroring antibody
kinetics) and mobilization of CD4+ T helper type 1 cells [14]. Both CD8+ and CD4+ T-cells
show considerable expansion within 4 weeks [14] and detectable levels can be maintained
for at least 6–8 months [14,15]. COVID-19 vaccines based on mRNA, adenovirus vector,
or inactivated virus platforms and validated for use in humans [4] also induce SARS-CoV-
2-specific CD8+ and CD4+ T-cell responses [14,16] that resemble the timing of responses
following natural infection [17,18]. However, following (mRNA-based) vaccination, the
early memory pool of CD8+ T-cells appears distinguishable from that of natural infection
with regard to memory T-cell subsets distribution, possibly due to differences in the
location or duration of contact with the antigen, or inflammatory responses following
vaccination versus infection [18]. With the exception of inactivated vaccines [19] other
approved vaccines to date rely solely on the targeting of the S antigen and, thus, generate
only S-specific memory responses, whereas in most convalescent individuals, S-specific
T-cells represent a minority of the cellular populations [20]. In addition to S-specific
responses, a broader repertoire of T-cell reactivity may have relevance in vaccine-derived
protection against SARS-CoV-2 by targeting other T-cell inducing components such as
the nucleocapsid (N) protein, nonstructural protein (NSP) antigens encoded in the open
reading frames (ORFs) of the genome, or the antigen domains of fragments that have
abundant T-cell epitopes [21–23].

2.2. Durability of SARS-CoV-2-Specific T-Cell Responses

Data are rapidly accumulating on the durability and dynamics of SARS-CoV-2-specific
immune responses (Figure 1). Evidence suggests that patients who previously had SARS in
the 2003 outbreak (the disease associated with SARS-CoV infection) maintained memory
T-cell reactivity to the N protein of the virus for 17 years, suggesting a long-term durability
of T-cell responses [24].

Following SARS-CoV-2 infection, large population-based studies have shown that,
while circulating antibody levels are well maintained for at least 3–4 months [25,26], CD4+
and CD8+ T-cells can persist for longer (at least 6–8 months) [15].

After two-dose vaccination regimens, T-cell responses occur within 28 days and persist
for at least 6 months [8,16]. S-specific and neutralizing antibody responses to a third or
“booster” vaccine are also detectable at 5 months post-booster vaccination, but at a lower
level compared with those seen at 28 days [27]. Therefore, despite the obvious waning
of the antibody response over time, vaccination induces the formation and persistence of
T-cell immunity [28]. Following a booster vaccine dose, levels of neutralizing antibodies
to SARS-CoV-2 appear potentiated compared with responses following two doses; T-cell
reactivity can also be augmented by a booster dose, peaking within 2 weeks [5,29–32],
which may reflect the long-term persistence of earlier vaccine-induced T-cell responses.
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The extent of the effect of boosters on both humoral and cellular responses appears to be
vaccine- and variant-specific [5,29,31,32].
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Figure 1. Durability of the memory response to SARS-CoV-2. The different components of the
memory response to SARS-CoV-2 after natural immunity, mRNA vaccination, or hybrid immunity
show different kinetics defining the durability of the response and, therefore, the protection against
severe disease and breakthrough infections. The scales are not quantitative. The CD4 or CD8 memory
response is intended to spike for the mRNA vaccination and to the entire virus for the infection.
The B memory and neutralizing responses are intended to spike. The infection is represented by
SARS-CoV-2. In the “mRNA vaccination” plot, the booster dose is considered at 8 months. In hybrid
immunity, the vaccination is considered at 6 months. In both cases, the vaccination is represented by
a syringe. Footnotes: mRNA: messenger ribonucleic acid; Ab: antibody. Created with Biorender.com.

2.3. Hybrid Immunity and Breakthrough Infections

Now that SARS-CoV-2 has been circulating worldwide for more than 3 years, the
heightened and robust protection that is afforded by a combination of naturally acquired
infection and vaccination (i.e., “hybrid immunity”) has become increasingly apparent, as
supported by immunological and epidemiological evidence [31].

In individuals with SARS-CoV-2 infection prior to vaccination, CD4+ T-cells were
detected in the convalescent phase and were boosted after a first mRNA-based vaccine
dose, with a second dose offering no additional boosting effect [2]. CD8+ T-cells were also
present following recovery from COVID-19 and were increased following two mRNA-based
vaccination doses [2] (Figure 1). Additionally, prior COVID-19 promoted the development
of high levels of neutralizing antibodies and antibody-dependent cellular cytotoxicity
(ADCC)-mediating responses following a single vaccination, which were not observed in
COVID-19-naïve individuals until after the second vaccination dose [2]. It has also been
shown that being infected during the first (ancestral virus) or second (Beta variants) wave of
COVID-19 in South Africa prior to adenovirus-vector-based vaccination boosted S-specific
binding antibodies, neutralizing antibodies, and ADCC, and moderately boosted CD4+
and CD8+ T-cell responses [33]. Further, neutralizing antibody responses to mRNA- or
adenovirus-vector-based vaccines were higher in healthcare workers who had previously
been infected with SARS-CoV-2 than those who were naïve to infection [5]. These studies
highlight an enhanced response to vaccination from the priming of the immune system by
prior SARS-CoV-2 exposure.

Similarly, hybrid immunity can be acquired from the priming of the immune system
by vaccination followed by subsequent natural infections. These breakthrough infections
can depend on several factors related to both the host and virus [34,35]. Whereas antibody
responses are elicited by breakthrough infections [35], the available data on T-cell responses
are more complex to interpret. Indeed, it was shown that SARS-CoV-2 infection after
spike-based vaccination allows the development of T-cells specific against other SARS-
CoV-2 antigens [36], and a rapid and extensive recall of spike-specific CD4 and CD8 occurs
early after Delta or Omicron breakthrough infection [37]. Moreover, several studies show
that T-cell frequencies do not differ between SARS-CoV-2 breakthrough infections and
non-breakthrough cases [38,39], with enhanced spike-specific T-cells in some reports [40].



Pathogens 2023, 12, 862 4 of 16

In contrast, mRNA-vaccinated individuals who experienced severe COVID-19 as conse-
quence of a breakthrough infection had a delayed T-cell response to S [41]. Monitoring
breakthrough infections is important to guide the development of novel vaccines, especially
in the current scenario where antigenically distinct variants have emerged.

2.4. T-Cell Responses as a Potential Correlate of Protection

There is a crucial role for neutralizing antibodies in vaccine-induced protection from
infection [6], while T-cells could have potential in limiting disease severity [42]. Indeed,
clinical outcomes in COVID-19 are at least partly determined by the functional capacity
of T-cell responses: efficient viral clearance and mild disease are associated with a rapid
induction of CD4+ and CD8+ T-cells, whereas severe disease and fatal outcomes are more
likely in the absence of these responses [1,9,14]. In contrast, the presence of neutralizing
antibodies alone is insufficient to control disease [9]. In convalescent rhesus macaques, the
depletion of CD8+ T-cells partially abrogated the protective efficacy of natural immunity
against rechallenge with SARS-CoV-2, suggesting a role for T-cell immunity in the context
of waning or subprotective antibody titers [43]. A separate study showed that vaccine-
elicited CD8+ T-cells contributed substantially to virologic control following SARS-CoV-2
challenge in rhesus macaques, with CD8-depleted animals showing higher viral levels in
the upper and lower respiratory tract than non-CD8-depleted animals [44]. Interestingly,
the SARS-CoV-2-specific CD4+ T-cell response appears to have the dominant protective
role for lessening COVID-19 severity and controlling and clearing infections [9].

2.5. T-Cell Immunity in Specific Populations

In clinically vulnerable individuals, the interaction between adaptive and humoral
immunity is often atypical and complex, and there are varying degrees of antibody and T-cell
responses to natural infection and vaccination depending on several factors [1,9,11,42,45–54]
(Figures 2 and 3).
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Figure 2. Factors impacting the immune response to SARS-CoV-2. The development of the adaptive
immune response to SARS-CoV-2 may depend on host factors or viral features. The immune “status”
of an individual at any moment (i.e., primary immunodeficiency or immune-mediated disorders),
the age, and/or immunomodulating drugs are well recognized host factors that may have an impact
on the induction and durability of both B and T-cell response to SARS-CoV-2. Moreover, viral
factors as the emergence of new viral variants of concern, with higher degree of immune escape and
infectivity, as well as the level of exposure to SARS-CoV-2, may be associated with a lesser immune
protection against sever COVID-19 and breakthrough infections. Footnotes: SARS-CoV-2: severe
acute respiratory syndrome coronavirus 2. Created with Biorender.com.
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infection. The immune host background (i.e., inborn errors of immunity), infections, and several
drugs may differently modify SARS-CoV-2-specific response. Known causes of T-cell response
impairment are combined (SCID) as well as T-cell activation immunodeficiency syndromes, HIV
infection, and drugs such as fingolimod or checkpoint inhibitors and anti-Pan T, used for immune-
mediated disorders or malignancies. Similarly, B-cell response impairment may be attributed to SCID
or antibody deficiencies and drugs that affect B-cell functions as anti-CD20. Footnotes: SCID: severe
combined immunodeficiency; HIV: human immunodeficiency virus. Created with Biorender.com.

2.6. Elderly

Individuals who are older than 65 years of age have a higher risk of developing severe
COVID-19. This may be due to low frequencies of naïve T-cells [35,36] and, therefore, to a
scarcity of T-cells able to respond to new antigens. Moreover, in older people, SARS-CoV-2
infection contributes to the loss of a coordinated response between the cellular and the
humoral responses. The CD8 effector response mediated by granzyme and perforin is also
reduced in elderly people older than 80 years of age [9]. The evidence that age impairs
T-cell immunity with an impact on controlling infections is also available for other diseases,
like AIDS and tuberculosis [55].

2.7. People with Immune-Mediated Disorders

Patients with immune-mediated disorders face a higher risk of severe disease or
even death from COVID-19 and are more likely to mount a delayed immune response or
produce insufficient SARS-CoV-2-specific antibodies [1,11,45,54,56]. Patients with immune-
mediated inflammatory diseases mount an immune response to SARS-CoV-2, even when
infected with viral variants [49,57,58]; they also generate a specific response after vaccina-
tion [56]. However, this response may have a lower intensity and less durability compared
with controls, mainly in those taking T-cell-targeted or B-cell-targeted therapies [53,59].
Similarly, in patients with multiple sclerosis undergoing immune-suppressive treatments,
several studies reported a low or absent humoral- and cell-mediated immunity [60]; booster
mRNA vaccine doses reinforce specific immunity, although this is dependent on the type
of therapy used [61]. In particular, patients receiving CD20 inhibitors may fail to develop a
sufficient antibody response to COVID-19 vaccination. In addition, patients treated with
fingolimod, a disease-modifying therapy for multiple sclerosis that reduces T-cell egress
from the lymph nodes and reduces the levels of circulating lymphocytes [50,62,63], have
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a blunted antibody- or T-cell-mediated response to COVID-19 vaccination. Importantly,
whether T-cell responses are able to protect patients with immune-mediated disorders from
severe disease is still matter of debate [35]. In particular, fingolimod use does not appear
to be related to a greater risk of severe COVID-19 [64], suggesting an ongoing protective
role of immune responses in the lymphoid tissues [65]. However, the retention of T-cell
responses postvaccination [50,62], particularly in the absence of functional antibodies [66],
is important for protection, and highlights the need to consider immunity as a whole (both
humoral and cellular).

2.8. People with Primary Immunodeficiencies

Whereas the majority of subjects with primary immunodeficiencies, or inborn errors of
immunity (IEI), undergo a mild course of COVID-19, people with some specific forms of IEI,
as combined immunodeficiencies, antibody defects (i.e., X-linked agammaglobulinemia)
or NF-kB deficiency, showing an impairment of the adaptive immune responses may fail
to control SARS-CoV-2 infection and may be at higher risk of developing severe COVID-
19 [67,68]. In this context, it is also important to understand the efficacy of COVID-19
vaccines. In particular, it has been shown that patients with IEI are able to mount both a
humoral and cellular response [69,70]). The possibility of detecting a vaccine-induced T-cell
response, which may reduce disease severity, also in patients who lack B-cells suggests that
patients with IEI could still benefit from vaccination [69,70].

2.9. PLWH

People living with HIV (PLWH) are considered at high risk of severe COVID-19,
mainly in the case of low CD4+ counts [71] or unsuppressed viremia. Antiretroviral
therapy, suppressing the viral load, may play an important role in the development of a
robust T-cell response. Indeed, it has been demonstrated that SARS-CoV-2-specific CD4+
and CD8+ T-cell responses are detectable in PLWH with controlled HIV infection [72]. T-cell
responses are also detectable in mRNA-vaccinated HIV patients. However, the magnitude
of the response is reduced in patients with a CD4+ T-cell count < 200 cells/µL [73]. Vaccine-
induced responses persist up to six months after vaccine schedule completion, even if
a slight decline was observed over time [74]. Moreover, whereas antibodies titers are
increased by boosters, the T-cell responses seem to be unaffected [75].

2.10. Solid Organ Transplant Recipients

Solid organ transplant recipients were able to mount a SARS-CoV-2-specific T-cell
response after vaccination or infection. This response seems to be qualitatively and quantita-
tively similar to that observed in controls [74]. However, the induction and the maintenance
of the T-cell responses are influenced by the disease severity [76]. Like other vulnerable
populations, the increased risk for severe COVID-19 comes from the treatment of solid
organ transplant recipients with immunomodulating drugs. Therefore, vaccination strate-
gies in these patients should be carefully evaluated. Indeed, several studies demonstrated
an impaired CD4 and CD8 T-cell response, and more importantly, an attenuated anti-
body response after SARS-CoV-2 vaccination [77]. Moreover, therapies may profoundly
affect the vaccine-induced response. In particular, an impairment of both humoral and
cellular response has been shown in allogeneic hematopoietic stem cell transplant (allo-
HSCT) recipients taking corticosteroids during or prior the vaccination administration [78].
Vaccine-induced T-cell response is also influenced by the time between vaccine admin-
istration and transplant, with effector memory CD4 T-cells being detectable after CD4
reconstitution [78]. T-cell response was also increased through completion of the vaccine
schedule in allo-HSCT patients. Indeed, the rate of T-cell responders increased from 35.3%
(after the first dose) to 82.3% (after the second dose) [79]. Due to the uncertainty of the
persistence of vaccine-induced immune response, it has been recommended that patients
with HSCT can receive a fourth vaccine booster [80].
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2.11. Solid and Hematologic Cancer Patients

Patients with cancers have higher COVID-19 morbidity and mortality, mainly when the
elderly or patients with comorbidities are infected with SARS-CoV-2. It has been extensively
documented that patients with solid tumors have a sustained antibody response and higher
frequencies of virus-specific CD4 and CD8 compared to hematological malignances [81].
Moreover, these patients with hematologic malignancies show high expression of T-cell
exhaustion markers [81]. This immune impairment further highlights the importance of the
T-cell response in protecting from severe disease. COVID-19 vaccines induce a low antibody
response, mainly in patients with hematologic disorders, and a reduced T-cell response,
that was similar between solid and hematologic cancers [74,82]. Like in immune-mediated
disorder, therapies with CD20 inhibitors may drastically impair the antibody response in
patients with hematologic malignancies [83]. The timing of CD20 inhibitors therapies is an
important factor to consider for vaccine-induced response. Indeed, it has been shown that
if COVID-19 vaccination is performed during the treatment, the rate of seroconversion is
not impacted; on the other hand, if vaccination is performed after treatment completion or
within 12 months, an improvement from 40 to 70% is observed [84]. In contrast, vaccine-
induced T-cell response is less impaired by CD20 inhibitors [83]. Indeed, even if the T-cell
response is observed mainly in seroconverted patients [85] and was less associated with
the time from the last CD20 inhibitors dose administration [84], it may be detected even in
the absence of a detectable humoral response [74], supporting the benefit of vaccination
even in the case of these therapies. Moreover, like patients with HSCT, booster vaccination
doses have been suggested for patients with hematologic malignancies [80]. In contrast to
CD20 inhibitors, anticancer therapies with checkpoint inhibitors seem to be associated with
an impaired T-cell response, mainly in the CD4 compartment [78].

Combined, all this evidence highlights that immune fragilities require tailored clini-
cal strategies and immunocompromised patients should have access to primary prophy-
laxis [86], early SARS-CoV-2 detection, and prompt and proper management of COVID-19.

3. Immune Responses to Emerging SARS-CoV-2 Variants

While vaccines were crucial to protect against severe COVID-19 and mortality early in
the pandemic (and continue to be so), it remains unclear whether it is necessary to boost the
existing immune response in communities where SARS-CoV-2 infections are commonplace
and there is pre-existing immunity from both vaccination and infection. The emergence of
novel variants, particularly the Omicron sublineages at the time of writing, which have a
high degree of humoral immune escape and infectivity compared with other variants and
a propensity to cause repeated infections, complicates the question about the necessity for
continuous booster vaccinations [5,87].

In individuals receiving a course of approved mRNA- or adenovirus-vector-based
vaccines or a whole inactivated virus vaccine, antibody reactivity to SARS-CoV-2 is con-
siderably reduced for variants, including Beta, Gamma, Delta, and Omicron, compared
with the ancestral strain [2,4,5,16,33,88–91]. Diminished humoral responses to variants
have also been reported in COVID-19 convalescent individuals or those previously infected
with SARS-CoV-2 and later vaccinated [16,88,90,91]. Low cross-reactivity of neutralizing
antibodies is reported for the Omicron sublineages, reflecting high numbers of mutations
and deletions in the S protein, including in the receptor binding domain, essential to gain
host cell entry [16]. Booster vaccinations (i.e., third or fourth doses) in general restored
the antibody cross-neutralization of Omicron variants, with mRNA-based vaccines ap-
pearing to be more effective than adenovirus-vector-based vaccines [5,16,92]. Frequent
boosters could be necessary for vulnerable populations with inadequate immune responses
to vaccination to help sustaining protective immunity [93,94].

In contrast to the detrimental effects of variants on antibody reactivity, it is encour-
aging that polyclonal T-cell responses to SARS-CoV-2 following vaccination and/or in-
fection are largely maintained, despite the abundance of mutations, even in the case of
Omicron [2,8,16,20,33,42,95]. A detailed cohort study of COVID-19 vaccine recipients re-
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ported that variant-specific memory T-cell responses are preserved across vaccine platforms
(both mRNA and adenovirus-vector-based) for up to 6 months postvaccination [16]. Mini-
mal immune escape to SARS-CoV-2 variants at the T-cell level may provide an additional
line of defense to help counteract the low cross-reactivity of neutralizing antibodies and
protect against severe COVID-19 [30]. Recent data suggest that T-cell reactivity to Omicron
can be boosted following a third vaccine dose [30].

Differently to neutralizing antibodies, it is hypothesized that T-cells are reactive to
emerging variants because of their ability to recognize a wider range of epitopes [8,20,96].
The vast majority of T-cell epitopes (including epitopes in the S protein) are conserved
in variants, and T-cell affinity appears to be unaffected by variant mutations [8,20,97].
Overall, polyclonal SARS-CoV-2 T-cell reactivity to and recognition of variants appear
to be only modestly reduced in vaccinated and COVID-19-recovered individuals [8,95],
even if certain T-cell clones targeting specific mutated epitopes may lose reactivity [95].
In addition, vulnerable populations such as those with immune-mediated inflammatory
disease [49] or multiple sclerosis [12,50] still show intact T-cell responses and retain the
ability to recognize variants, even though they are receiving immunosuppressive drugs.

4. T-Cell Vaccines

As T-cells can recognize conserved viral epitopes, vaccines aimed at the specific
induction of virus-specific T-cells might provide even broader reactivity to SARS-CoV-2
variants [97]. Early studies aiming to identify suitable SARS-CoV-2 epitopes to target
with vaccines identified strong CD4+ and CD8+ T-cell responses to the membrane (M)
protein; N protein; NSP3, 4, 6, 7, 12, and 13 (ORF1ab); and ORF3a and ORF8, in addition to
the S protein [42,98,99]. As some of the most dominant SARS-CoV-2-specific CD8+ T-cell
responses are directed against non-S epitopes, extending vaccines to non-S antigens would
increase the breadth of T-cell responses even further [20]. Several vaccines with multiple
targets (more than one S protein (e.g., bivalent vaccines), or including antigens other than
the S protein) to induce broad immune responses are currently in preclinical and clinical
trials; these include mRNA-based, protein-based, DNA-based, and viral-vector-based
platforms [96,100]. Developments in the field of T-cell vaccines might be key to protecting
against antigenically distinct variants that can potentially overcome immunity induced by
current vaccines [97].

5. Potential Role and Value of Whole-Blood-Based Interferon (IFN)-γ Release Assays
(IGRAs) in Immune Monitoring
Methods and Considerations for Measuring T-Cell Responses

Detecting virus-specific T-cell responses can help to better understand how vaccines
protect against SARS-CoV-2 infection and the development of severe COVID-19. Both
the longevity of that protection and the reactivity of immune responses with variants are
crucial pieces of information to determine vaccine policy, including the optimal frequency
of booster vaccination, particularly in high-risk populations [10,45,47]. At the molecular
level, T-cell responses can be investigated using next-generation sequencing platforms to
sequence the T-cell receptor DNA, although technical challenges, including analyses, and
costs have limited the adoption of this technology outside of research laboratories [10]. The
detection of antigen-specific immune responses on the cellular level includes the enzyme-
linked immunosorbent spot (ELISpot) assay, intracellular cytokine staining (ICS), or the
activation-induced marker (AIM) assay, which predominantly examine the T-cell recall
response in (cryopreserved) peripheral blood mononuclear cells (PBMCs) isolated from
blood [10]. The ELISpot assay is relatively easy and inexpensive to employ, although it
provides limited information on the phenotype of antigen-experienced cells. The ICS and
AIM approaches tackle this shortcoming but require costly equipment and a degree of
specialist training to ensure that the measurement of related cytokines or surface antigen
markers is correctly characterized and linked to T-cell phenotypes [10].
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A simpler alternative method for detecting T-cell responses is provided by functional
cellular assays that are based on the detection of excreted IFN-γ as an established blood-
based marker of T-cell activation (i.e., IGRAs) [101]. IGRA assessment of the S-specific
T-cell response from fresh whole blood shows high correlation with the results obtained with
traditional assays (including AIM and ELISpot) [101], although the sensitivity of different
assays may vary in patients with underlying conditions [102]. Although not yet approved for
diagnostic use in the context of COVID-19 natural infection and vaccination, IGRAs are well
recognized tools for the detection of Mycobacterium tuberculosis infection [10,103]. IGRAs
have been widely used in studies of COVID-19 patients [104,105] and to investigate T-cell
responses to COVID-19 vaccination [101,106]. IGRAs have also been used postvaccination
to evaluate the nature of T-cell responses in other studies of healthcare workers; individu-
als with low versus high humoral responses; and patients who are immunosuppressed,
immunocompromised, on hemodialysis, or have coinfections [45,48,98,107–112].

Measuring T-cell responses in whole blood using IGRAs is a straightforward procedure
with short turnaround times, and has the added advantage of more closely reflecting
in vivo conditions than testing purified PBMCs [113]. However, it may not accurately
reflect the multifaceted nature of total immunity (also incorporating humoral immunity
and the contribution of memory B-cells) [1]. In addition, the absence of detectable T-cell
activity in the blood does not necessarily equate to the absence of virus-specific T-cells
from lymphoid tissues, in which these cells may be readily reactivated in response to
infection or vaccination [114]. Indeed, fingolimod treatment in patients with multiple
sclerosis is characterized by the sequestration of T-cells in lymphoid tissues and low T-cell
S-specific response in the peripheral blood [50], yet the risk of severe COVID-19 appears to
be similar to that of the general population or the multiple sclerosis population overall [64].
Despite their limitations, because IGRAs are characterized by ease of use and an ability to
accurately evaluate the magnitude and monitor T-cell response, they may help clarify the
picture of T-cell responses against SARS-CoV-2, particularly as an adjunct to other immune
response investigations.

6. Conclusions and Future Directions

A mounting body of evidence points to the importance of evaluating T-cell responses
alongside humoral responses when assessing the protective effects of vaccines and predict-
ing outcomes following SARS-CoV-2 infection on an individual basis, particularly for those
at greater risk of severe COVID-19.

Questions remain regarding the degree to which T-cells contribute to protective immu-
nity and the longevity of these responses. The concept of hybrid immunity resulting from
a combination of a natural infection and vaccination is becoming more relevant as SARS-
CoV-2 continues to circulate. This leads to additional questions regarding the necessity of
continuous booster vaccinations for the general population, and at which frequency these
are given, to promote both optimal humoral and cellular responses. Additionally, sufficient
research regarding which vaccines may be most effective in priming, and in particular
boosting, T-cell responses is lacking.

A thorough evaluation of immune responses to inactivated virus- or protein-based
vaccines has yet to be performed. These questions are further complicated by the evolution
of SARS-CoV-2, as a significant detrimental impact of variants on antibody reactivity, in
particular, has been observed. It is clear that T-cell responses are robust in protecting
against severe COVID-19, including disease caused by SARS-CoV-2 variants, even in
patients who are immunocompromised or otherwise clinically vulnerable. Although T-cell
response monitoring in clinical practice is not yet routinely employed, evidence to support
the value of simple assays that could be implemented diagnostically, such as IGRAs, is
accumulating in the research setting. The widespread use of such assays could help us to
advance our understanding of the T-cell response to SARS-CoV-2 infection and/or COVID-
19 vaccination, contributing to the development of new vaccines (for example, T-cell-based



Pathogens 2023, 12, 862 10 of 16

vaccines targeted at conserved viral epitopes) and guiding decisions on vaccine booster
programs as we learn to live alongside COVID-19.
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32. Yavuz, E.; Günal, Ö.; Başbulut, E.; Şen, A. SARS-CoV-2 specific antibody responses in healthcare workers after a third booster
dose of CoronaVac or BNT162b2 vaccine. J. Med. Virol. 2022, 94, 3768–3775. [CrossRef]

33. Keeton, R.; Richardson, S.I.; Moyo-Gwete, T.; Hermanus, T.; Tincho, M.B.; Benede, N.; Manamela, N.P.; Baguma, R.; Makhado, Z.;
Ngomti, A.; et al. Prior infection with SARS-CoV-2 boosts and broadens Ad26.COV2.S immunogenicity in a variant-dependent
manner. Cell Host Microbe 2021, 29, 1611–1619.e5. [CrossRef]

34. Lipsitch, M.; Krammer, F.; Regev-Yochay, G.; Lustig, Y.; Balicer, R.D. SARS-CoV-2 breakthrough infections in vaccinated
individuals: Measurement, causes and impact. Nat. Rev. Immunol. 2022, 22, 57–65. [CrossRef] [PubMed]

35. Sette, A.; Sidney, J.; Crotty, S. T Cell Responses to SARS-CoV-2. Annu. Rev. Immunol. 2023, 41, 343–373. [CrossRef] [PubMed]
36. Almendro-Vázquez, P.; Chivite-Lacaba, M.; Utrero-Rico, A.; González-Cuadrado, C.; Laguna-Goya, R.; Moreno-Batanero, M.;

Sánchez-Paz, L.; Luczkowiak, J.; Labiod, N.; Folgueira, M.D.; et al. Cellular and humoral immune responses and breakthrough
infections after three SARS-CoV-2 mRNA vaccine doses. Front. Immunol. 2022, 13, 981350. [CrossRef] [PubMed]

37. Koutsakos, M.; Reynaldi, A.; Lee, W.S.; Nguyen, J.; Amarasena, T.; Taiaroa, G.; Kinsella, P.; Liew, K.C.; Tran, T.; Kent, H.E.;
et al. SARS-CoV-2 breakthrough infection induces rapid memory and de novo T cell responses. Immunity 2023, 56, 879–892.e4.
[CrossRef]

38. Rovida, F.; Cassaniti, I.; Paolucci, S.; Percivalle, E.; Sarasini, A.; Piralla, A.; Giardina, F.; Sammartino, J.C.; Ferrari, A.; Bergami,
F.; et al. SARS-CoV-2 vaccine breakthrough infections with the alpha variant are asymptomatic or mildly symptomatic among
health care workers. Nat. Commun. 2021, 12, 6032. [CrossRef]

39. Rümke, L.W.; Groenveld, F.C.; van Os, Y.M.G.; Praest, P.; Tanja, A.A.N.; de Jong, D.T.C.M.; Symons, J.; Schuurman, R.; Reinders,
T.; Hofstra, L.M.; et al. In-depth Characterization of Vaccine Breakthrough Infections With SARS-CoV-2 Among Health Care
Workers in a Dutch Academic Medical Center. Open Forum. Infect. Dis. 2021, 9, ofab553. [CrossRef]

40. Ahmed, M.I.M.; Diepers, P.; Janke, C.; Plank, M.; Eser, T.M.; Rubio-Acero, R.; Fuchs, A.; Baranov, O.; Castelletti, N.; Kroidl, I.;
et al. Enhanced Spike-specific, but attenuated Nucleocapsid-specific T cell responses upon SARS-CoV-2 breakthrough versus
non-breakthrough infections. Front. Immunol. 2022, 13, 1026473. [CrossRef]

41. Paniskaki, K.; Anft, M.; Meister, T.L.; Marheinecke, C.; Pfaender, S.; Skrzypczyk, S.; Seibert, F.S.; Thieme, C.J.; Konik, M.J.; Dolff,
S.; et al. Immune Response in Moderate to Critical Breakthrough COVID-19 Infection After mRNA Vaccination. Front. Immunol.
2022, 13, 816220. [CrossRef]

42. Dan, J.; da Silva Antunes, R.; Grifoni, A.; Weiskopf, D.; Crotty, S.; Sette, A. Observations and Perspectives on Adaptive Immunity
to Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Clin. Infect. Dis. 2022, 75, S24–S29. [CrossRef]

43. McMahan, K.; Yu, J.; Mercado, N.B.; Loos, C.; Tostanoski, L.H.; Chandrashekar, A.; Liu, J.; Peter, L.; Atyeo, C.; Zhu, A.; et al.
Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature 2021, 590, 630–634. [CrossRef] [PubMed]

44. Liu, J.; Yu, J.; McMahan, K.; Jacob-Dolan, C.; He, X.; Giffin, V.; Wu, C.; Sciacca, M.; Powers, O.; Nampanya, F.; et al. CD8 T cells
contribute to vaccine protection against SARS-CoV-2 in macaques. Sci. Immunol. 2022, 7, eabq7647. [CrossRef] [PubMed]

45. Oyaert, M.; De Scheerder, M.; Van Herrewege, S.; Laureys, G.; Van Assche, S.; Cambron, M.; Naesens, L.; Hoste, L.; Claes, K.;
Haerynck, F.; et al. Evaluation of Humoral and Cellular Responses in SARS-CoV-2 mRNA Vaccinated Immunocompromised
Patients. Front. Immunol. 2022, 13, 858399. [CrossRef]

46. van Leeuwen, L.P.M.; GeurtsvanKessel, C.H.; Ellerbroek, P.M.; de Bree, G.J.; Potjewijd, J.; Rutgers, A.; Jolink, H.; van de Veerdonk,
F.; van Gorp, E.C.M.; de Wilt, F.; et al. Immunogenicity of the mRNA-1273 COVID-19 vaccine in adult patients with inborn errors
of immunity. J. Allergy Clin. Immunol. 2022, 149, 1949–1957. [CrossRef] [PubMed]

47. Van Praet, J.T.; Vandecasteele, S.; De Roo, A.; Vynck, M.; De Vriese, A.S.; Reynders, M. Dynamics of the Cellular and Humoral
Immune Response After BNT162b2 Messenger Ribonucleic Acid Coronavirus Disease 2019 (COVID-19) Vaccination in COVID-
19-Naive Nursing Home Residents. J. Infect. Dis. 2021, 224, 1690–1693. [CrossRef]

48. Van Praet, J.; Reynders, M.; De Bacquer, D.; Viaene, L.; Schoutteten, M.K.; Caluwé, R.; Doubel, P.; Heylen, L.; De Bel, A.V.; Van
Vlem, B.; et al. Predictors and Dynamics of the Humoral and Cellular Immune Response to SARS-CoV-2 mRNA Vaccines in
Hemodialysis Patients: A Multicenter Observational Study. J. Am. Soc. Nephrol. 2021, 32, 3208–3220. [CrossRef]

https://doi.org/10.1093/cid/ciac495
https://doi.org/10.1016/j.medj.2021.04.003
https://doi.org/10.1016/S0140-6736(21)02717-3
https://www.ncbi.nlm.nih.gov/pubmed/34863358
https://doi.org/10.1016/j.cell.2022.01.029
https://doi.org/10.1111/imr.13089
https://doi.org/10.1002/jmv.27794
https://doi.org/10.1016/j.chom.2021.10.003
https://doi.org/10.1038/s41577-021-00662-4
https://www.ncbi.nlm.nih.gov/pubmed/34876702
https://doi.org/10.1146/annurev-immunol-101721-061120
https://www.ncbi.nlm.nih.gov/pubmed/36750314
https://doi.org/10.3389/fimmu.2022.981350
https://www.ncbi.nlm.nih.gov/pubmed/36059485
https://doi.org/10.1016/j.immuni.2023.02.017
https://doi.org/10.1038/s41467-021-26154-6
https://doi.org/10.1093/ofid/ofab553
https://doi.org/10.3389/fimmu.2022.1026473
https://doi.org/10.3389/fimmu.2022.816220
https://doi.org/10.1093/cid/ciac310
https://doi.org/10.1038/s41586-020-03041-6
https://www.ncbi.nlm.nih.gov/pubmed/33276369
https://doi.org/10.1126/sciimmunol.abq7647
https://www.ncbi.nlm.nih.gov/pubmed/35943359
https://doi.org/10.3389/fimmu.2022.858399
https://doi.org/10.1016/j.jaci.2022.04.002
https://www.ncbi.nlm.nih.gov/pubmed/35421449
https://doi.org/10.1093/infdis/jiab458
https://doi.org/10.1681/ASN.2021070908


Pathogens 2023, 12, 862 13 of 16

49. Petrone, L.; Picchianti-Diamanti, A.; Sebastiani, G.D.; Aiello, A.; Laganà, B.; Cuzzi, G.; Vanini, V.; Gualano, G.; Grifoni, A.; Ferraioli,
M.; et al. Humoral and cellular responses to spike of δ SARS-CoV-2 variant in vaccinated patients with immune-mediated
inflammatory diseases. Int. J. Infect. Dis. 2022, 121, 24–30. [CrossRef] [PubMed]

50. Petrone, L.; Tortorella, C.; Aiello, A.; Farroni, C.; Ruggieri, S.; Castilletti, C.; Meschi, S.; Cuzzi, G.; Vanini, V.; Palmieri, F.; et al.
Humoral and Cellular Response to Spike of Delta SARS-CoV-2 Variant in Vaccinated Patients With Multiple Sclerosis. Front.
Neurol. 2022, 13, 881988. [CrossRef]

51. Jena, A.; Mishra, S.; Deepak, P.; Kumar, M.P.; Sharma, A.; Patel, Y.I.; Kennedy, N.A.; Kim, A.H.J.; Sharma, V.; Sebastian, S. Response
to SARS-CoV-2 vaccination in immune mediated inflammatory diseases: Systematic review and meta-analysis. Autoimmun. Rev.
2022, 21, 102927. [CrossRef]

52. Fagni, F.; Simon, D.; Tascilar, K.; Schoenau, V.; Sticherling, M.; Neurath, M.F.; Schett, G. COVID-19 and immune-mediated
inflammatory diseases: Effect of disease and treatment on COVID-19 outcomes and vaccine responses. Lancet Rheumatol. 2021, 3,
e724–e736. [CrossRef] [PubMed]

53. Farroni, C.; Aiello, A.; Picchianti-Diamanti, A.; Laganà, B.; Petruccioli, E.; Agrati, C.; Garbuglia, A.R.; Meschi, S.; Lapa, D.; Cuzzi,
G.; et al. Booster dose of SARS-CoV-2 messenger RNA vaccines strengthens the specific immune response of patients with
rheumatoid arthritis: A prospective multicenter longitudinal study. Int. J. Infect. Dis. 2022, 125, 195–208. [CrossRef] [PubMed]

54. Strangfeld, A.; Schäfer, M.; Gianfrancesco, M.A.; Lawson-Tovey, S.; Liew, J.W.; Ljung, L.; Mateus, E.F.; Richez, C.; Santos, M.J.;
Schmajuk, G.; et al. Factors associated with COVID-19-related death in people with rheumatic diseases: Results from the
COVID-19 Global Rheumatology Alliance physician-reported registry. Ann. Rheum. Dis. 2021, 80, 930–942. [CrossRef] [PubMed]

55. Grifoni, A.; Alonzi, T.; Alter, G.; Noonan, D.M.; Landay, A.L.; Albini, A.; Goletti, D. Impact of aging on immunity in the context of
COVID-19, HIV, and tuberculosis. Front. Immunol. 2023, 14, 1146704. [CrossRef] [PubMed]

56. Picchianti-Diamanti, A.; Aiello, A.; Laganà, B.; Agrati, C.; Castilletti, C.; Meschi, S.; Farroni, C.; Lapa, D.; Najafi Fard, S.; Cuzzi, G.;
et al. ImmunosuppressiveTherapies Differently Modulate Humoral- and T-Cell-Specific Responses to COVID-19 mRNA Vaccine
in Rheumatoid Arthritis Patients. Front. Immunol. 2021, 12, 740249. [CrossRef] [PubMed]

57. Mahil, S.K.; Bechman, K.; Raharja, A.; Domingo-Vila, C.; Baudry, D.; Brown, M.A.; Cope, A.P.; Dasandi, T.; Graham, C.; Khan, H.;
et al. Humoral and cellular immunogenicity to a second dose of COVID-19 vaccine BNT162b2 in people receiving methotrexate
or targeted immunosuppression: A longitudinal cohort study. Lancet Rheumatol. 2022, 4, e42–e52. [CrossRef]

58. Qui, M.; Le Bert, N.; Chan, W.P.W.; Tan, M.; Hang, S.K.; Hariharaputran, S.; Sim, J.X.Y.; Low, J.G.H.; Ng, W.; Wan, W.Y.; et al.
Favorable vaccine-induced SARS-CoV-2-specific T cell response profile in patients undergoing immune-modifying therapies. J.
Clin. Investig. 2022, 132, e159500. [CrossRef]

59. Simon, D.; Tascilar, K.; Fagni, F.; Kleyer, A.; Krönke, G.; Meder, C.; Dietrich, P.; Orlemann, T.; Mößner, J.; Taubmann, J.; et al.
Intensity and longevity of SARS-CoV-2 vaccination response in patients with immune-mediated inflammatory disease: A
prospective cohort study. Lancet Rheumatol. 2022, 4, e614–e625. [CrossRef]

60. Etemadifar, M.; Abhari, A.P.; Nouri, H.; Eighani, N.; Salari, M.; Sedaghat, N. Effect of multiple sclerosis disease-modifying
therapies on the real-world effectiveness of two doses of BBIBP-CorV (Sinopharm) vaccine. J. Neurol. Sci. 2023, 444, 120518.
[CrossRef]

61. Tortorella, C.; Aiello, A.; Gasperini, C.; Agrati, C.; Castilletti, C.; Ruggieri, S.; Meschi, S.; Matusali, G.; Colavita, F.; Farroni, C.;
et al. Humoral- and T-Cell-Specific Immune Responses to SARS-CoV-2 mRNA Vaccination in Patients With MS Using Different
Disease-Modifying Therapies. Neurology 2022, 98, e541–e554. [CrossRef] [PubMed]

62. Tallantyre, E.C.; Vickaryous, N.; Anderson, V.; Asardag, A.N.; Baker, D.; Bestwick, J.; Bramhall, K.; Chance, R.; Evangelou, N.;
George, K.; et al. COVID-19 Vaccine Response in People with Multiple Sclerosis. Ann. Neurol. 2022, 91, 89–100. [CrossRef]

63. Achiron, A.; Mandel, M.; Dreyer-Alster, S.; Harari, G.; Magalashvili, D.; Sonis, P.; Dolev, M.; Menascu, S.; Flechter, S.; Falb, R.;
et al. Humoral immune response to COVID-19 mRNA vaccine in patients with multiple sclerosis treated with high-efficacy
disease-modifying therapies. Ther. Adv. Neurol. Disord. 2021, 14, 17562864211012835. [CrossRef] [PubMed]

64. Sullivan, R.; Kilaru, A.; Hemmer, B.; Campbell Cree, B.A.; Greenberg, B.M.; Kundu, U.; Hach, T.; DeLasHeras, V.; Ward, B.J.;
Berger, J. COVID-19 Infection in Fingolimod- or Siponimod-Treated Patients: Case Series. Neurol. Neuroimmunol. Neuroinflamm.
2021, 9, e1092. [CrossRef]

65. Rybkina, K.; Davis-Porada, J.; Farber, D.L. Tissue immunity to SARS-CoV-2: Role in protection and immunopathology. Immunol.
Rev. 2022, 309, 25–39. [CrossRef] [PubMed]

66. Apostolidis, S.A.; Kakara, M.; Painter, M.M.; Goel, R.R.; Mathew, D.; Lenzi, K.; Rezk, A.; Patterson, K.R.; Espinoza, D.A.; Kadri,
J.C.; et al. Cellular and humoral immune responses following SARS-CoV-2 mRNA vaccination in patients with multiple sclerosis
on anti-CD20 therapy. Nat. Med. 2021, 27, 1990–2001. [CrossRef] [PubMed]

67. Abraham, R.S.; Marshall, J.M.; Kuehn, H.S.; Rueda, C.M.; Gibbs, A.; Guider, W.; Stewart, C.; Rosenzweig, S.D.; Wang, H.; Jean, S.;
et al. Severe SARS-CoV-2 disease in the context of a NF-κB2 loss-of-function pathogenic variant. J. Allergy Clin. Immunol. 2021,
147, 532–544.e1. [CrossRef] [PubMed]

68. Delmonte, O.M.; Castagnoli, R.; Notarangelo, L.D. COVID-19 and Inborn Errors of Immunity. Physiology 2022, 37, 290–301.
[CrossRef]

69. Hagin, D.; Freund, T.; Navon, M.; Halperin, T.; Adir, D.; Marom, R.; Levi, I.; Benor, S.; Alcalay, Y.; Freund, N.T. Immunogenicity
of Pfizer-BioNTech COVID-19 vaccine in patients with inborn errors of immunity. J. Allergy Clin. Immunol. 2021, 148, 739–749.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.ijid.2022.04.027
https://www.ncbi.nlm.nih.gov/pubmed/35462039
https://doi.org/10.3389/fneur.2022.881988
https://doi.org/10.1016/j.autrev.2021.102927
https://doi.org/10.1016/S2665-9913(21)00247-2
https://www.ncbi.nlm.nih.gov/pubmed/34485930
https://doi.org/10.1016/j.ijid.2022.10.035
https://www.ncbi.nlm.nih.gov/pubmed/36328289
https://doi.org/10.1136/annrheumdis-2020-219498
https://www.ncbi.nlm.nih.gov/pubmed/33504483
https://doi.org/10.3389/fimmu.2023.1146704
https://www.ncbi.nlm.nih.gov/pubmed/37292210
https://doi.org/10.3389/fimmu.2021.740249
https://www.ncbi.nlm.nih.gov/pubmed/34594343
https://doi.org/10.1016/S2665-9913(21)00333-7
https://doi.org/10.1172/JCI159500
https://doi.org/10.1016/S2665-9913(22)00191-6
https://doi.org/10.1016/j.jns.2022.120518
https://doi.org/10.1212/WNL.0000000000013108
https://www.ncbi.nlm.nih.gov/pubmed/34810244
https://doi.org/10.1002/ana.26251
https://doi.org/10.1177/17562864211012835
https://www.ncbi.nlm.nih.gov/pubmed/34035836
https://doi.org/10.1212/NXI.0000000000001092
https://doi.org/10.1111/imr.13112
https://www.ncbi.nlm.nih.gov/pubmed/35752871
https://doi.org/10.1038/s41591-021-01507-2
https://www.ncbi.nlm.nih.gov/pubmed/34522051
https://doi.org/10.1016/j.jaci.2020.09.020
https://www.ncbi.nlm.nih.gov/pubmed/33007327
https://doi.org/10.1152/physiol.00016.2022
https://doi.org/10.1016/j.jaci.2021.05.029
https://www.ncbi.nlm.nih.gov/pubmed/34087242


Pathogens 2023, 12, 862 14 of 16

70. Pham, M.N.; Murugesan, K.; Banaei, N.; Pinsky, B.A.; Tang, M.; Hoyte, E.; Lewis, D.B.; Gernez, Y. Immunogenicity and tolerability
of COVID-19 messenger RNA vaccines in primary immunodeficiency patients with functional B-cell defects. J. Allergy Clin.
Immunol. 2022, 149, 907–911.e3. [CrossRef] [PubMed]

71. Tesoriero, J.M.; Swain, C.E.; Pierce, J.L.; Zamboni, L.; Wu, M.; Holtgrave, D.R.; Gonzalez, C.J.; Udo, T.; Morne, J.E.; Hart-Malloy,
R.; et al. COVID-19 Outcomes Among Persons Living With or Without Diagnosed HIV Infection in New York State. JAMA Netw.
Open 2021, 4, e2037069. [CrossRef]

72. Alrubayyi, A.; Gea-Mallorquí, E.; Touizer, E.; Hameiri-Bowen, D.; Kopycinski, J.; Charlton, B.; Fisher-Pearson, N.; Muir, L.; Rosa,
A.; Roustan, C.; et al. Characterization of humoral and SARS-CoV-2 specific T cell responses in people living with HIV. Nat.
Commun. 2021, 12, 5839. [CrossRef] [PubMed]

73. Antinori, A.; Cicalini, S.; Meschi, S.; Bordoni, V.; Lorenzini, P.; Vergori, A.; Lanini, S.; De Pascale, L.; Matusali, G.; Mariotti, D.;
et al. Humoral and Cellular Immune Response Elicited by mRNA Vaccination Against Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) in People Living With Human Immunodeficiency Virus Receiving Antiretroviral Therapy Based on
Current CD4 T-Lymphocyte Count. Clin. Infect. Dis. 2022, 75, e552–e563. [PubMed]

74. Reeg, D.B.; Hofmann, M.; Neumann-Haefelin, C.; Thimme, R.; Luxenburger, H. SARS-CoV-2-Specific T Cell Responses in
Immunocompromised Individuals with Cancer, HIV or Solid Organ Transplants. Pathogens 2023, 12, 244. [CrossRef] [PubMed]

75. Vergori, A.; Cozzi Lepri, A.; Cicalini, S.; Matusali, G.; Bordoni, V.; Lanini, S.; Meschi, S.; Iannazzo, R.; Mazzotta, V.; Colavita, F.;
et al. Immunogenicity to COVID-19 mRNA vaccine third dose in people living with HIV. Nat. Commun. 2022, 13, 4922. [CrossRef]

76. Favà, A.; Donadeu, L.; Jouve, T.; Gonzalez-Costello, J.; Lladó, L.; Santana, C.; Toapanta, N.; Lopez, M.; Pernin, V.; Facundo, C.;
et al. A comprehensive assessment of long-term SARS-CoV-2-specific adaptive immune memory in convalescent COVID-19 Solid
Organ Transplant recipients. Kidney Int. 2022, 101, 1027–1038. [CrossRef] [PubMed]

77. Gao, Y.; Cai, C.; Wullimann, D.; Niessl, J.; Rivera-Ballesteros, O.; Chen, P.; Lange, J.; Cuapio, A.; Blennow, O.; Hansson, L.;
et al. Immunodeficiency syndromes differentially impact the functional profile of SARS-CoV-2-specific T cells elicited by mRNA
vaccination. Immunity 2022, 55, 1732–1746.e5. [CrossRef]

78. Macková, J.; Hainz, P.; Kryštofová, J.; Roubalová, K.; Št’astná-Marková, M.; Vaníková, Š.; Musil, J.; Vydra, J.; Němečková, Š.
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