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Abstract: Recently, the protective and/or pathological role of virus-specific T cells in SARS-CoV-2
infection has been the focus of many studies. We investigated the anti-spike IgG levels and SARS-CoV-
2-specific T cells in 125 donors (90 vaccinated with four different vaccine platforms, 16 individuals
with a previous natural infection, and 19 not vaccinated donors who did not report previous SARS-
CoV-2 infections). Our data show that anti-spike IgG titers were similar between naturally infected
subjects and those vaccinated with adenoviral vector vaccines. Of note, all immunized donors
produced memory CD4* and/or CD8* T cells. A sustained polyfunctionality of SARS-CoV-2-specific
T cells in all immunized donors was also demonstrated. Altogether, our data suggest that the natural
infection produces an overall response like that induced by vaccination. Therefore, this detailed
immunological evaluation may be relevant for other vaccine efforts especially for the monitoring of
novel vaccines effective against emerging virus variants.
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1. Introduction

During the last 2 years, the development of COVID-19 vaccines has been extremely
fast and successful, and several manufacturers have obtained clinical authorization in a
short period of time. These vaccines have been used worldwide in mass immunization
programs; they have been largely demonstrated to prevent serious disease and death,
and, in general, they have been fundamental in fighting the pandemic [1-5]. All currently
authorized vaccines rely on the viral spike protein (S) as an immunogen [6], given that it is
exposed on the surface of the virus and plays a crucial role in the recognition of human host
cell surface receptor angiotensin-converting enzyme 2 (ACE2). This recognition is required
for the fusion of viral and host cell membranes, and the transfer of the viral nucleocapsid
into the host cells [7].

In Italy, two different mRNA vaccines, Moderna mRNA-1273 [8] and Pfizer/BioNTech
BNT162b2 [9,10], and two viral vector-based vaccines, Janssen/J&J] Ad26.COV2.S[11] and
Oxford/AstraZeneca ChAdOx1-S [12], have been widely administered. These vaccines
proved relevant efficacy against COVID-19 cases. Antibody levels are clearly related to
the protection against virus infection during the first months post-vaccination [13,14].
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Several studies, however, as expected, also underlined the relevance of T- and B-cell mem-
ory in protective immunity [15], with neutralizing antibodies playing a dominant role
in infection prevention, cellular immunity modulating disease severity, and resolving
SARS-CoV-2 infection [16]. Overall, available data suggest that the coordinated presence of
all the components of the adaptive immunity is linked with protective immunity against
COVID-19 [17]. It has also been demonstrated that a correct lifestyle (healthy diet and the
correct balance of the gut microbiota) enhances the immune system performance [18]. On
the other hand, uncoordinated activation of humoral and cellular immunity was observed
in elderly individuals, who more often develop severe pathological consequences [17].
There are many publications regarding anti-spike IgG titers and T cells in SARS-CoV-2
infection, but comparisons in terms of phenotypes and functions of antigen-specific T cells
induced by different COVID-19 vaccines are scarcely available. The relative contribution of
humoral and cellular immunity in the protection process is still difficult to decipher. While
a prediction of antibody levels required to induce protection has been proposed [19,20],
the role of T cells is still difficult to analyze since the evaluation of virus-specific T cells
is technically more complex than serological analyses. The massive COVID-19 vaccina-
tion campaign, therefore, represents a unique opportunity to study immune responses.
Therefore, taking into account that antibodies and memory T cells, both CD4* and CD8*,
are, in some ways, all involved in protective immunity against COVID-19, we assessed
the amplitude and the characteristics of vaccine-induced antibodies and immune T-cell
memory with four different vaccine platforms, as well as the level of protection induced by
the different vaccines.

2. Results
2.1. Spike Antibody Magnitude

For all donors, SARS-CoV-2 spike antibodies were measured when T-cell memory
analyses were carried out (Figure 1). For ChAdOx1 vaccination, 80% of donors had
detectable levels of spike IgG (>1.2). For Ad26.COV2.S, 71% of vaccinated donors displayed
levels of spike IgG higher than the threshold, while, for mRNA-1273 and BNT162b2, 100%
and 86% of individuals showed detectable levels of spike IgG, respectively (Figure 1).
Interestingly, antibody titers of resolved natural infection subjects were similar to those
produced in subjects vaccinated with adenoviral vector vaccines, and subjects vaccinated
with mRNA vaccines displayed significantly higher levels of IgG (Figure 1).

2.2. Induction of Spike Specific CD4* T Cells

The SARS-CoV-2 spike-specific CD4* T-cell response was evaluated in all recruited
subjects, using the previously described flow cytometry TCR-dependent activation-induced
marker (AIM) assay (CD134 and CD137) combined with intracellular staining (ICS) for cy-
tokines (IFN-y, TNF-«, and IL-2) (Figure 2) [21,22]. The frequency of AIM* (CD134*/CD137%)
CD4" T cells was evaluated. AIM™ memory CD4" T cells were detectable in 89% of mRNA-
vaccinated donors, in 72% of volunteers vaccinated with viral vector-based vaccines, and
in 63% of NI subjects. Furthermore, as shown in Figure 2a, subjects vaccinated with the
mRNA-1273 vaccine displayed higher frequencies of AIM* CD4" memory T cells than NI
donors (p = 0.031).
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Figure 1. Antibodies elicited by resolved natural infections and COVID-19 vaccines. Comparison of
longitudinal SARS-CoV-2 spike IgG levels among resolved natural infections (NI) and ChAdOx1,
Ad26.COV2.S, mRNA-1273, and BNT162b2 COVID-19 vaccines were carried out. Individual data
points are represented as scatter dot plots with lines showing the median value (cutoff value = 1.2).
Statistical significance was calculated using nonparametric Mann-Whitney U-tests (two-tailed). A
p-value <0.05 was considered statistically significant [ns (p > 0.05), * (p < 0.05), *** (p < 0.0005)].

When ICS data were analyzed, total frequencies of cells producing at least one of the
tested cytokines (IFN-y, TNF-«, and IL-2) were calculated for CD4* spike-specific T cells.
As shown in Figure 2b, CD4" T cells producing at least one of the analyzed cytokines were
detectable in 80% of mRNA-vaccinated donors, in 62% of volunteers vaccinated with viral
vector-based vaccines, and in 75% of NI subjects. No differences in terms of total cytokine
frequencies were detected between vaccinated individuals and donors with a resolved
SARS-CoV-2 infection (Figure 2b).

We also aimed to analyze the polyfunctionality of SARS-CoV-2 spike-specific CD4* T
cells (Figure 2c). We defined polyfunctional populations as cells exhibiting positivity for
>2 effector functions. We observed an overlap between the frequency of polyfunctional
cells produced by SARS-CoV-2-specific CD4" T cells in NI and ChAdOx1-vaccinated donors.
Higher frequencies of polyfunctional SARS-CoV-2-specific CD4" T cells were observed in
donors vaccinated with mRNA-based vaccines.
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Figure 2. AIM, ICS, and polyfunctionality of spike-specific CD4" T cells. Frequencies of CD4* T cells
expressing T-cell activation markers (a) and producing antigen-specific cytokines (b) are shown in
SARS-CoV-2-unexposed healthy donors who never received any anti-SARS-CoV-2 vaccine (CTRL),
in resolved natural infections (NI), and in donors vaccinated with two doses of ChAdOxl1, a single
dose of Ad26.COV2.S, and two doses of BNT162b2 and mRNA-1273 vaccines. Frequencies were
obtained by subtracting to the values of the stimulated samples the background produced by the
related unstimulated tube. Individual data points are represented as scatter dot plots with lines
showing the median value. (c) Pie charts show the expression of cytokine combinations from CD4* T
cells following spike stimulation. Significance was calculated using nonparametric Mann-Whitney
U-tests (two-tailed). A p-value <0.05 was considered statistically significant. [ns (p > 0.05), * (p < 0.05),
** (p < 0.005), *** (p < 0.0005), *** (p < 0.0001)].

2.3. Evaluation of Spike-Specific CD8* T Cells

The SARS-CoV-2 spike-specific CD8" T-cell response was evaluated using the AIM assay
(CD69, CD137) combined with ICS for cytokines (IFN-y, TNF-«, and IL-2) (Figure 3) [21,22].
AIM* (CD69* /CD137%) CD8™ T cells were detectable in 74% of mRNA-vaccinated donors,
in 86% of volunteers vaccinated with viral vector-based vaccines, and in 81% of resolved
NI subjects. Apart from Ad26.COV2.S-vaccinated individuals that displayed lower fre-
quencies of memory CD8* T cells (Figure 3a right panel), comparable percentages of
CD69* /CD137* /CD8" T cells were observed in NI and vaccinated donors (Figure 3a, left
panel). SARS-CoV-2 spike-specific CD8* T cells were analyzed by ICS and stimulation-
induced levels of IFN-y, TNF-«, and IL-2 evaluated (CD69" /cytokine™ cells were identified
as ICS* cells) in NI donors, as well as in vaccinated subjects. CD8" T cells producing at
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least one of the analyzed cytokines were detectable in 92% of mRNA-vaccinated donors, in
97% of volunteers vaccinated with viral vector-based vaccines, and in 100% of resolved NI
subjects (Figure 3b). When the compartment of CD8* spike-specific T cells was compared
between NI and vaccinated subjects, it emerged that CD8" spike-specific T cells in NI
patients produced higher levels of TNF-« with respect to all vaccinated donors (except
for mRNA-1273 vaccinated subjects), as shown in Figure 3b. Furthermore, spike-specific
CD8* T cells in subjects vaccinated with BNT162b2 and Ad26.COV2.S produced lower
levels of IL-2 as compared to donors who had resolved the NI. Overall, combining AIM
and ICS data for CD4* and CD8" T cells, 100% of NI and vaccinated subjects demonstrated
a detectable response to the S protein pool (not shown).
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Figure 3. AIM and ICS of spike-specific CD8" T cells. Frequencies of CD8" T cells expressing T-
cell activation markers (a) and producing antigen-specific cytokines (b) are shown in SARS-CoV-2
unexposed healthy donors who never received any anti-SARS-CoV-2 vaccine (CTRL), in resolved
natural infections (NI), and in donors vaccinated with two doses of ChAdOxl1, a single dose of
Ad26.COV2.S, and two doses of BNT162b2 and mRNA-1273 vaccines. Frequencies were obtained
by subtracting from the values of the stimulated samples the background produced by the related
unstimulated tube. Individual data points are represented as scatter dot plots with lines showing
the median value. (c) Pie charts show the expression of cytokine combinations from CD8* T cells
following spike stimulation. Significance was calculated using nonparametric Mann-Whitney U-tests
(two-tailed). A p-value <0.05 was considered statistically significant. [ns (p > 0.05), * (p < 0.05),
** (p < 0.005), *** (p < 0.0005), **** (p < 0.0001)].



Int. . Mol. Sci. 2022, 23, 8982

60f 11

When the polyfunctionality of SARS-CoV-2-specific CD8* T cells was analyzed, we
observed an evident similarity in the frequency of polyfunctional cells producing three
cytokines in NI and ChAdOx1-vaccinated donors (Figure 3c). This fraction of multifunc-
tional cells was higher in NI and ChAdOx1-vaccinated donors than in other cohorts. Lower
frequencies of polyfunctional SARS-CoV-2-specific CD8* T cells were observed in donors
vaccinated with mRNA-1273.

2.4. The Frequency of Naive, Effector Memory, and Central Memory T Cells Impacts the
SARS-CoV-2-Specific Responses

We carried out a phenotypic analysis of T cells, to study the naive (TN), the cen-
tral memory (TCM), the effector memory (TEM), and the effector memory RA (TEMRA)
compartments, as reported in Section 4, using an already published gating strategy [23].

A correlation analysis (Figure 4) demonstrated that, in vaccinated donors and in
resolved NI volunteers, the naive CD8" T-cell compartment inversely correlated with
effector memory T (TEM) cell frequencies. Furthermore, the naive CD8* T-cell compartment
inversely correlated with TEMRA (TEMRA). The CD8" TEMRA compartment also inversely
correlated with T CD8* central memory (CM) cells in BNT162b2 and ChAdOx1.
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Figure 4. Correlation analysis between CD8" T-cell subpopulations and produced cytokines. Corre-
lation analysis was performed for NI and each vaccine platform. Each comparison shows a value
representing the correlation strength between different sets of variables. Spearman’s rank correlation
test was carried out to assess the correlation and calculate cutoff values. Values below or above the
cutoff were considered statistically significant (p-value < 0.05) and reported as follows: NI: cutoff
>+0.51; ChAdOx1: cutoff >+0.47; BNT162b2: cutoff >+0.33; mRNA-1273: cutoff >+0.73; Ad26.COV2.S:
cutoff >+0.75.
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3. Discussion

Vaccines against COVID-19 have achieved relevant success in protecting individuals
from severe symptoms. It is also clear that some limitations still exist, including differences
in efficacy among viral-based and mRNA-based vaccines and natural infections. In such
a context, it is largely known that the adaptive immune response, which is implicated
in the control of most viral infections, and immune memory are central to the success of
all vaccines [15]. It is, therefore, critical to study adaptive responses to SARS-CoV-2 and
COVID-19 vaccines. Here, we compared different aspects of the adaptive responses to
resolved NI, to two different mRNA vaccines (Moderna mRNA-1273, and Pfizer/BioNTech
BNT162b2), and to two viral vector-based vaccines (Janssen/J&J] Ad26.COV2.S and Ox-
ford / AstraZeneca ChAdOx1-S).

Our serological data are consistent with previous reports [21,22,24] and show that
antibody titers are comparable between NI and viral-based vaccines and higher in mRNA-
based vaccines, suggesting that the vaccination produces similar or even better (INRNA-
based vaccines) humoral protection than the NI.

In this study, we also demonstrated that CD4* and/or CD8" T-cell responses were
detected in 100% of individuals with resolved NI, as well as in donors vaccinated with
all four vaccines. Even if these findings are consistent with previously published data
on COVID-19 vaccine T-cell responses [24], the data here reported expand these observa-
tions, also including NI and ChAdOx1-S evaluations, providing additional information on
CD4* and CD8" T-cell subpopulations. Interestingly we observed that subjects vaccinated
with mRNA-1273 display higher frequencies of CD4" memory T cells than NI and other
vaccinated individuals, suggesting a higher potential of such a vaccine to quickly initiate
the adaptive immune response, thus reducing disease severity in a short time. We also
show that all immunized groups of donors (NI and vaccinated subjects) display spike
protein-reactive CD8* T cells (CD69* /CD137%); furthermore, comparable frequencies of
AIM* CD8" T cells were observed in NI and in donors vaccinated with mRNA vaccines or
ChAdOx1. These data suggest that vaccination and NI are both successful in inducing the
clearance of the virus, also guaranteeing better COVID-19 outcomes [17,25]. In line with
previously reported data [15], we also observed that the percentages of cells producing
effector function molecules, following a specific spike stimulation, were similar in NI and
vaccinated donors, suggesting that the protection linked to the CDS8 effector cells is similar
if induced by NI or vaccination.

Of note, we analyzed the polyfunctionality of spike-specific T cells, observing that
multifunctional CD4* T cells were more frequent in mRNA-1273 immunization, while NI
and ChAdOx1 induced comparable frequencies of polyfunctional CD4" T cells. Whereas
frequencies of polyfunctional CD8* T cells were similar in NI subjects and ChAdOx1
immunized donors. It is known that generally, and specifically in SARS-CoV-2 infections,
polyfunctional memory T cells are able to control viral infection more efficiently than
monofunctional T cells [26]. Therefore, these data demonstrate that both NI and vaccine
produce polyfunctional CD4* and CD8* T cells, able to be highly effective against the virus.

We also carried out a phenotypic analysis of T cells [23]. It has already been demon-
strated that CD4" T cells from COVID-19 patients do not show alterations in the frequency
of naive and effector/central memory populations [27], and our data confirmed these re-
sults (not shown). Instead, we demonstrated both for NI and, for the first time, for all types
of vaccines that CD8" T cells display a marked reduction in the frequency of CD8" naive
T cells, with a parallel expansion of terminally differentiated CD197~CD45RA~ (TEM)
and CD197~CD45RA* TEMRA cells, possibly associated with an amplified cytotoxic func-
tion [23], which may, therefore, be associated with an effective immunosurveillance. Overall,
our study demonstrates that all vaccines induce a spike-specific and polyfunctional T-cell
response. The produced immune adaptive response is similar in both natural infection
and vaccination, even if a slight advantage, in terms of frequencies of spike specific and
polyfunctionality of CD4" T cells, was observed after the administration of mRNA-1273.
Those cells have been demonstrated to have features associated with protective immunity
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and give an advantage in terms of a rapid and effective antiviral response against recurrent
infection by SARS-CoV-2 virus.

In this scenario, although neutralizing antibody responses are less efficient toward the
new variants emerged since November 2021, T-cell responses are still effective and cross-
reactive to some of the most frequent variants [28-30]. Even if a plethora of technologically
different new vaccine platforms (i.e., plant-based COVID-19 vaccines) have been recently
developed [31,32] and could induce different T-cell phenotypes and functions, these data
are particularly relevant for further comparisons and demonstration of the success of those
novel strategies, compared to natural immunization.

4. Materials and Methods
4.1. Patients

Peripheral blood samples from 125 volunteers were collected at the Center for Ad-
vanced Studies and Technology (CAST), University “G. d’Annunzio” of Chieti-Pescara,
Italy. Informed consent was obtained for all recruited subjects (following point 32 of the
Declaration of Helsinki 2013). For everyone, a peripheral blood sample was harvested
following the Ethical Committee approval N.19 of 9 September 2021. The demographic
characteristics of the enrolled cohort of volunteers are reported in Table S1. Among these
donors, 90 received a complete cycle of vaccination (two doses of BNT162b2, n = 52, mRNA-
1273, n =9, and ChAdOx1-S, n = 22, and one dose of Ad26.COV2.S, n = 7, according to
the accepted protocols), 16 subjects declared a resolved natural SARS-CoV-2 infection,
and 19 donors were not vaccinated and did not report any previous infection (control
group). No concomitant pathologies were declared by the enrolled donors. Given that it
has been demonstrated that spike-specific T cells were already detectable at day 10 in good
quantities [33], we recruited all donors 18 days £ 10 days after vaccination completion or
infection resolution.

4.2. Anti-S1 Spike I1gG Measurement

A fully automated solid-phase DELFIA (time-resolved fluorescence) immunoassay
was used to measure the presence of IgG antibodies to SARS-CoV-2 in a few drops of
blood, collected by finger-prick and dried on filter paper, using the GSP® /DELFIA® Anti-
SARS-CoV-2 IgG kit time-resolved fluoroimmunoassay on a GSP instrument (PerkinElmer,
Mustionkatu, Turku, Finland). IgG levels were calculated as described, as a ratio of
fluorescence of the sample over the calibrator [21,22,34,35]. The test was screened as
positive subjects having IgG levels above the laboratory 1.2 cutoff [21].

4.3. PBMC Isolation, Stimulation, and Staining for Flow Cytometry Analysis

Peripheral blood mononuclear cells (PBMC) were stimulated as previously pub-
lished [21,22], using a pool of spike peptides (PepTivator S, cat. 130-126-701, PepTivator
51, cat. 130-127-048, Peptivator S+, cat. 130-127-312, MiltenyiBiotec, Bergisch Gladbach,
Germany) at the recommended concentrations for 16 h (37 °C, 5% of CO;), while negative
control tubes were treated with the same amount of vehicle (DMSO) [21,22]. After 2 h of
stimulation, samples were treated with 6.5 puL of GolgiStop (cat. 554724, BD Biosciences, La
Jolla, CA, USA). The TCR-dependent activation-induced marker (AIM) and flow cytome-
try with intracellular cytokine staining (ICS) assays were carried out as reported [21,22].
Table S2 shows the reagent list for flow cytometry analyses. Data were analyzed using
FlowJo v10.8.1 (BD Biosciences, La Jolla, CA, USA) and SPICE v 6.1 (provided by M. Roed-
erer, National Institutes of Health) software. Background subtraction for polyfunctional
analysis was performed using PESTLE v 2.0 software (provided by M. Roederer, National
Institutes of Health). Functional subsets were obtained by “Boolean” gating [36]. Frequen-
cies of T-cell responses were displayed as percentages of CD4" or CD8" T cells. T cells
producing at least one of the tested cytokines in the CD4" and CD8" T-cell compartments
were considered specific for S protein stimulation. Polyfunctional T cells were analyzed
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for NI and vaccinated individuals, but not for control subjects that did not show effector
functions for polyfunctional purposes.

4.4. Gating Strategy

The gating strategy to detect SARS-CoV-2 S-reactive CD8* and CD4* T cells after their
in vitro stimulation with SARS-CoV-2 S peptide pools is shown in Figure S1. As we already
reported, after gating lymphocytes, singlets, live cells, CD3* T and CD8~ (further identified
as CD4™ cells) and CD8* subsets, AIMs were identified for both CD4* and CD8* T cells
using the corresponding dimethyl sulfoxide (DMSO) control to assess and subtract the
background. Interferon (IFN)-y, tumor necrosis factor (TNF)-«, and interleukin (IL)-2 were
then individually analyzed for each subset (CD4" and CD8"), using the corresponding
DMSO control to assess and subtract the background [21,22]. A phenotypic analysis of
the CD8" T-cell compartment was also carried out (Figure S2). To this end, within the
CD8* T-cell population, T effector memory (TEM, CD197~ /CD45RA ™), T effector memory
RA (TEMRA, CD197~ /CD45RA™), T naive (TN, CD197* /CD45RA™), and central memory
(CM, CD197* /CD45RA ™) compartments were identified, as already reported [23].

4.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, San
Diego, CA USA). Pairwise comparisons between controls/natural infection and vaccines
were analyzed using Mann-Whitney U-test (two-tailed). Statistical significance was de-
noted as follows: ns (p > 0.05), * (p < 0.05), ** (p < 0.005), *** (p < 0.0005), **** (p < 0.0001).
Correlation analysis was carried out using Spearman’s rank correlation test.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms23168982 /s1.
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