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OBIJECTIVES: In this preliminary study we investigated cellular and humoral immune responses to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) antigens in blood samples from 14 recovered coronavirus
disease 2019 (COVID-19) patients and compared them to those in samples from 12 uninfected/unvaccinated
volunteers.

METHODS: Cellular immunity was assessed by intracellular detection of IFN-y in CD3+ T lymphocytes after
stimulation with SARS-CoV-2 spike (S1), nucleocapsid (NC), or receptor-binding domain (RBD) recombinant
proteins or overlapping peptide pools covering the sequence of SARS-CoV-2 spike, membrane and nucleocapsid
regions. The humoral response was examined by ELISAs and/or chemiluminescence assays for the presence of
serum IgG antibodies directed to SARS-CoV-2 proteins.

RESULTS: We observed differences between humoral and cellular immune profiles in response to stimulation
with the same proteins. Assays of IgG antibodies directed to SARS-CoV-2 NC, RBD and S$1/S2 recombinant
proteins were able to differentiate convalescent from uninfected/unvaccinated groups. Cellular immune
responses to SARS-CoV-2 protein stimuli did not exhibit a specific response, as T cells from both individuals with
no history of contact with SARS-CoV-2 and from recovered donors were able to produce IFN-y.

CONCLUSIONS: Determination of the cellular immune response to stimulation with a pool of SARS-CoV-2
peptides but not with SARS-CoV-2 proteins is able to distinguish convalescent individuals from unexposed
individuals. Regarding the humoral immune response, the screening for serum IgG antibodies directed to SARS-
CoV-2 proteins has been shown to be specific for the response of recovered individuals.
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B INTRODUCTION

Coronavirus disease 2019 (COVID-19) emerged as a
pandemic in March 2020 once severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) became widespread
worldwide. SARS-CoV-2 is a member of the Coronaviridae
family and betacoronavirus subfamily, as along with the
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already known highly pathogenic viruses severe acute
respiratory syndrome coronavirus (SARS-CoV) and Middle
East respiratory syndrome coronavirus (MERS-CoV). These
viruses are enveloped and composed of a positive-sense
single-stranded RNA (+ssRNA) genome (1) and phosphory-
lated nucleocapsid protein. The spike (S), membrane (M) and
envelope (E) proteins are located on the phospholipid bilayer
membrane surrounding the viral particle (2).

Knowledge of the immune status of a population is
essential in estimating the number of people who have had
contact with the virus and evaluating the effectiveness of
vaccines. Additionally, the emergence of new SARS-CoV-2
variants indicates the need to continuously monitor the
population’s immune status. Moreover, even after the begin-
ning of massive vaccination in some countries, aspects
related to the definition of correlates of protection against
SARS-CoV-2 infection remain unclear. In this context, it is
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crucial to understand how the immune system acts and
controls the infection and which immune mechanisms could
be explored to prevent reinfections.

In severe COVID-19, the immune system displays an
imbalance characterized by lymphopenia and an activated
lymphocyte profile or dysfunction. Changes in T cell pheno-
types are also observed and can include not only the expres-
sion of cell markers, such as CD38, HLA-DR and CD40L, but
also production of cytokines, such as IL-6, TNF-o and IFN-y
(3-6). A reduced number of CD4+ and CD8+ T cells is often
associated with exhausted T cells exhibiting low proliferative
ability and increased levels of proinflammatory cytokine
production (7). In the acute phase, SARS-CoV-2-specific T cells
exhibit an activated cytotoxic phenotype, while in convales-
cent patients, these cells show a memory phenotype (8).

T cells perform multiple functions associated with viral
control, including cytotoxic activity and the production of
immune mediators to enable control or virus clearance (9,10).
In this context, the Thl cytokine IFN-y can inhibit viral
replication by inducing cytotoxic function of CD8+ T cells
and promoting the production of other cytokines, such as
TNF-o. and IL-2 (10).

In addition, B cells also play an important role in pro-
ducing transient IgM and persistent IgG responses against
the virus (11). Antibody responses to acute viral infection are
induced in patients with COVID-19, and the seroconversion
rate rapidly increases during the first two weeks of disease
(12). Although anti-SARS-CoV-2 IgG levels decrease after
3 months of infection, this fact correlates with disease
severity (13).

Several studies have used SARS-CoV-2 antigens (3,14-19)
to stimulate a T cell response in in vitro assays. Although it
has been demonstrated that T cell responses are focused not
only on the S protein but also on the SARS-CoV-2 M and
N regions (15), no previous studies have compared T cell
response specificity between SARS-CoV-2 peptide pools
(M, N and S peptides together) and proteins.

Here, we investigated cellular and humoral specific
immune responses to SARS-CoV-2 antigens in COVID-19
convalescent subjects compared to those in uninfected/
unvaccinated controls. Concerning the T cell immune
response, differences were observed in the studied groups
regarding the specificity of IFN-y production after stimula-
tion with SARS-CoV-2 peptides or with proteins. Further-
more, distinct profiles were observed between the cellular
and humoral responses to SARS-CoV-2 proteins in conva-
lescent individuals.

B MATERIALS AND METHODS

Study subjects

We analyzed 14 convalescent COVID-19 patients (as
confirmed by a positive RT-PCR test) and 12 noninfected/
unvaccinated donors (confirmed by a negative serology via
anti-SARS-CoV-2 IgG test (LIAISON™ SARS-CoV-2 S1/S2
IgG, DiaSorin S.p.A., VC, IT) at the time of inclusion in the
study). The characteristics of recruited individuals are
described in Table 1. Written informed consent was obtained
according to protocols of the Clinics Hospital Ethical Com-
mittee (CAPPesq) (Sdo Paulo, Brazil) under the approval
protocol number 4.360.357. All participants gave informed
consent at the time of recruitment into the study.
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Antigens

SARS-CoV-2 proteins. Commercial SARS-CoV-2 spike
(S1) (Z03501) and nucleocapsid (NC) (Z03488) proteins (both
purchased from GenScript (NJ, USA)) and the recombinant
receptor-binding domain (RBD) of the SARS-CoV-2 spike
protein (Wuhan strain) (kindly provided by Instituto Aggeu
Magalhdes — Fiocruz) were used to study humoral and
cellular responses.

SARS-CoV-2 peptide pools. Overlapping peptide pools
(OPPs) (15-mers with 11 amino acid overlap) covering the
immunodominant sequence domain representing spike (S)
(PepTivator‘/‘“\"‘ SARS-CoV-2 Prot_S; #130-126-700) and the
complete sequence of the membrane (M) (PepTivator™
SARS-CoV-2 Prot_M; #130-126-702) and nucleocapsid (NC)
(PepTivator{“) SARS-CoV-2 Prot_N; #130-126-698) SARS-
CoV-2 proteins (Miltenyi Biotec, CA, USA) were used to
study cellular responses.

T cell responses to SARS-CoV-2 antigens

To study the T cell response against SARS-CoV-2 antigens,
1x10° freshly collected PBMCs/well were maintained at 37°C
in an atmosphere containing 5% CO, in RPMI-1640 with 10%
fetal bovine serum (Gibco; Thermo Fisher Scientific, OR,
USA). Cells were stimulated with the recombinant protein S1
(50 ng/mL) or NC (60 ng/mL) or a mixture of both SARS-
CoV-2 proteins (25 ng/mL each), as well as recombinant
RBD of the SARS-CoV-2 protein (500 ng/mL). In some
assays, cells were stimulated separately with OPPs at a con-
centration of 1 ug/mL or assayed using 0.3 pg/mL each OPP
(S, M and N), totaling a final concentration of 1 pg/mL.
These protein and peptide concentrations were defined in
previous assays (data not shown). The positive control was
composed of lymphocytes stimulated with phorbol myristate
acetate (30 ng/mL, PMA; Sigma-Aldrich) and ionomycin (0.3
pug/mL; Sigma-Aldrich) for the last 6h, while the negative
control comprised only PBMCs (without stimulus). The
percentage of cytokine-producing lymphocytes was sub-
tracted from the negative control group. A percentage of
IFN-y-producing T cell responses below 0.001% was con-
sidered negative (20).

The cells were stained with an amine-reactive fixable live/
dead stain (Gibco; Life Technologies), anti-CD3 PE-Cy5
antibody (clone 7D6, Invitrogen; Thermo Fisher Scientific)
and intracellular marker IFN-y V450 (clone B27, BD Bio-
sciences, CA, USA) using a Cytofix/Cytoperm kit (BD Bio-
science) as recommended by the manufacturer. An average
of 200.000 T lymphocytes was acquired on an LSR Fortessa
(BD Bioscience), and the analysis was performed using
FlowJo v. 10.6.1 software (Ashland, OR: Becton, Dickinson
and Company) (Figure S1).

Detection of anti-S$1/52 IgG antibodies through
chemiluminescence assay

An automated quantitative chemiluminescence assay was
performed for determination of IgG antibodies to the S1 and
S2 proteins of SARS-CoV-2 using LIAISON™ tests (DiaSorin
S.p.A., Saluggia, Italy). This assay was validated with
samples from 162 patients and had a sensitivity of 97.8%
and specificity of 99.1% after 14 days of symptoms.
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Detection of anti-RBD IgG antibodies through
ELISA

High binding, half area 96-well polystyrene plates (Costar;
Lowell, MA, USA) were coated overnight at 4°C with 1 pg/
mL recombinant SARS-CoV-2 RBD protein diluted in 0.2 M
carbonate/bicarbonate buffer (Pierce, IL, USA). The RBD
was produced in eukaryotic cells according to a protocol
described elsewhere (21) and purified through affinity chro-
matography. The plates were blocked with skim milk (Bio-
Rad) at 5% (w/v) in PBS-T buffer [1X PBS with 0.05% (v/v)
Tween 20] for 1h at room temperature. Serum samples were
diluted (1:50) in assay buffer [5% (w/v) skim milk in PBS-T]
and added to the plates. All samples were incubated for 2h at
room temperature. The plates were washed five times with
PBS-T, followed by incubation with horseradish peroxidase
(HRP)-linked antibody against total IgG (Jackson ImmunoR-
esearch, 1:30,000 dilution) diluted in assay buffer for 1h at
room temperature. After a second wash step, the reaction
was developed by the addition of tetramethylbenzidine
TMB-KPL substrate (Pierce, IL, USA) for 30 min at room
temperature, followed by 1 N HCI Optical densities at
a wavelength of 450 nm (ODys¢ nm) Were read using a micro-
plate spectrophotometer (BioTek; Winooski, VT, USA). A
subset of COVID-19 positive (as determined by RT-PCR and
serology) and SARS-CoV-2-naive sera were used as positive
and negative controls, respectively. Positive and negative
controls were run in each plate and used to determine the
reproducibility of the assay. Accuracy of the ELISA was
determined by testing a set of 100 COVID-19-negative and 53
COVID-19-positive serum samples. Serum samples were
considered positive for anti-RBD IgG antibodies when the
sample absorbance/negative control ratio >4.139, corre-
sponding to a sensitivity of 92.45% and specificity of 97%.
ELISA data were analyzed by GraphPad Prism v.7 software
(GraphPad Software, San Diego CA, USA).

Detection of anti-NC IgG antibodies through ELISA

Anti-SARS-CoV-2 NC antibodies were detected by an
ELISA protocol whose assay sensitivity was 90.3% and
specificity was 97.9%, as described by Tozetto-Mendoza et al.
(22). Briefly, 96-well microplates were coated with a 46-kDa
protein derived from recombinant SARS-CoV-2 NC protein
(GenScript Inc., NJ, USA) at a concentration of 100 ng/mL.
The serum samples were used at a dilution of 1:200 and
added for 1h at room temperature. After rinsing cycles, the
wells were incubated with horseradish peroxidase-conju-
gated anti-human IgG (Sigma Aldrich, San Louis, MO, USA)
diluted to an optimal titred of 1:20,000 in skim milk (Bio-
Rad) at 5% (w/v) in PBS-T buffer. After rinsing, the
chromogenic substrate TMB (Siemens Healthcare, Marburg,
Germany) was added, and the plates were incubated at room
temperature for 15 min. The reaction was stopped by the
addition of 2 N H,SO, and the optical density in individual
wells was measured at 450/650 nm in an automatic ELISA
reader (Biochrom Ltd., Asys Expert Plus Microplate Reader,
Cambridge, UK). The cut-off value was designated as the
mean optical density and three standard deviations of 94
control serum samples. Data were expressed as the reactivity
index (RI), which was calculated by dividing sample optical
density by the cut-off value. Samples were considered
positive when the RI value >1.
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Statistical analysis

To compare the two studied groups, Student’s t-test with a
nonparametric Mann-Whitney test was performed using
GraphPad Prism v.8 software (GraphPad Software). p<0.05
was considered statistically significant.

B RESULTS

Characteristics of volunteers

We included 14 convalescent COVID-19 individuals of
both sexes who had been diagnosed as positive for COVID-19
according to RT-qPCR assay of a nasal/oral swab sample at
least 30 days before the inclusion in the study and confirmed
by serological detection of anti-SARS-CoV-2 IgG antibody.
Two convalescent individuals (CONV_6 and CONV_11) were
not tested by RT-qPCR assay during COVID-19 symptoms,
and they were confirmed only by positive anti-SARS-CoV-2
IgG test; one of them (CONV_11) presented reduced antibody
levels at the time of inclusion in the study. Regarding the
composition of the negative control group, 12 individuals with
no history of COVID-19 or vaccination for COVID-19 were
included, which was confirmed by negative serology for
SARS-CoV-2 at the time of inclusion in the study. The data of
study volunteers are presented in Table 1.

The age of volunteers varied considerably (**p<0.01),
between 22 and 75 years old. We did not find any correlation
between the age of the recruited volunteers and the analy-
zed parameters, such as, disease severity, antibody titers
and IFN-y production (data not shown). The time elapsed
between infection and collection to assess the cellular
response ranged from 1 to 10 months, and the clinical form
also varied among asymptomatic, mild, and moderate
symptoms or more severe forms, requiring hospitalization.

IFN-y production by T lymphocytes stimulated with
SARS-CoV-2 recombinant proteins

The cellular response in COVID-19 convalescent indivi-
duals was determined through detection of intracellular IFN-
v in T lymphocytes stimulated with recombinant spike (S1)
and nucleocapsid (NC) proteins individually or pooled
(Figure 1). The control group comprised individuals with
no previous history of infection or vaccination against
COVID-19.

We observed that stimulation with S1 protein was able to
promote the production of IFN-y in both samples from
convalescent individuals and negative controls. Unexpect-
edly, negative controls showed a significantly higher
response than convalescents (*p <0.05). The response to NC
stimulus or the protein pool (S1 + NC) was similar between
the two groups tested. PBMCs from all donors were able to
respond to the positive control (PMA-ionomyecin) (Figure S2).

Together, the results suggest that the use of these recombi-
nant proteins to stimulate cells with the aim of evaluating
the lymphocyte response to SARS-CoV-2 does not allow
differentiation of the response between convalescent and
uninfected /unvaccinated individuals.

IFN-y production by T lymphocytes stimulated with
SARS-CoV-2 peptides

Next, we evaluated the production of IFN-y by T lympho-
cytes stimulated with OPPs from viral components, membrane
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Figure 1 - T cell responses to SARS-CoV-2 proteins. PBMCs from convalescent COVID-19 individuals (black squares) (n=9) and from
uninfected/unvaccinated donors (white circles) (n=6) were stimulated for five days with 50 ng/mL SARS-CoV-2 spike (S1); 60 ng/mL
nucleocapsid (NC); or a mixture of both SARS-CoV-2 proteins (25 ng/mL each). The logarithmic scale represents the percentage of Tcells
producing IFN-y. Scatterplots show lines at the median with interquartile ranges. The dashed line represents the assay cut-off value of
0.001%. IFN-y expression by CD3+ T cells was analyzed by intracellular flow cytometry. T-tests and nonparametric Mann-Whitney tests
were used to calculate p values. Asterisks denote statistically significant differences between the groups (*p <0.05).
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Figure 2 - T cell responses to SARS-CoV-2 peptide pools. PBMCs from convalescent COVID-19 individuals (black squares) (n=5) and from
uninfected/unvaccinated donors (white circles) (n=5) were incubated for 18h with membrane (M) (1 pg/mL), nucleocapsid (N) (1 pg/mL)
or spike (S) (1 ng/mL) peptides individually or a mixture of SARS-CoV-2 protein peptide pools grouped (Pool) at a final concentration of
1 ng/mL. The logarithmic scale represents the percentage of T cells producing IFN-y. Scatterplots show lines at the median with
interquartile ranges. The dashed line represents the assay cut-off value of 0.001%. IFN-y expression by CD3+ T cells was analyzed
by intracellular flow cytometry. T-tests and nonparametric Mann-Whitney tests were used to calculate p values. Asterisks denote
statistically significant differences between the groups (*p <0.05).

(M), nucleocapsid (NC) and viral spike (S), separately or = unvaccinated controls) stimulated with pooled peptides or

pooled. The result is shown in Figure 2.

We observed that both the S peptide alone and the pool of
3 peptides were able to discriminate the production of IFN-y
between convalescent individuals and uninfected /unvacci-
nated controls (*p <0.05). In addition, the use of equivalent
amounts of these combined peptides was able to intensify
the response in all convalescent individuals.

Comparison between IFN-y production by T
lymphocytes stimulated with recombinant RBD
protein or peptide pool

Considering the differences in the T cell response of cell
cultures in the presence of either SARS-CoV-2 proteins or
peptide pools, we compared the response profile of paired
cultures (from convalescent individuals or uninfected/

recombinant RBD protein (Figure 3).

Our data showed that cell cultures from COVID-19
convalescent individuals exhibited a very heterogeneous
response profile in the presence of RBD protein. Notably, the
majority of tested individuals were able to produce IFN-y in
response to RBD stimulation. However, an overall similar
profile was observed among samples from negative control
individuals, with some of them able to respond with the
same intensity as the convalescent group.

Convalescent samples stimulated with the peptide pool
were able to produce IFN-y at different levels. Interestingly,
the majority of uninfected/unvaccinated individuals had
baseline levels of IFN-y production, confirming that pooled
OPPs are more capable than the recombinant proteins tested
of stimulating a specific response to SARS-CoV-2 antigens
(**p < 0.001).
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Figure 3 - Comparison of IFN-y production by T cells stimulated with a SARS-CoV-2 recombinant protein or peptide pool. PBMCs from
COVID-19 convalescent individuals (black squares) (n=11) and from uninfected/unvaccinated donors (white circles) (n=10) were
stimulated for five days with 500 ng/mL RBD protein (A) or were incubated for 18h with a mixture of grouped SARS-CoV-2 peptide
pools (M+N+S) at a final concentration of 1 pg/mL (B). The logarithmic scale represents the percentage of T cells producing IFN-y.
Scatterplots show lines at the median with interquartile ranges. The dashed line represents the assay cut-off value of 0.001%. IFN-y
expression by CD3+ T cells was analyzed by intracellular flow cytometry. T-tests and nonparametric Mann-Whitney tests were used to
calculate p values. Statistically significant differences were observed between the groups when cells were stimulated with SARS-CoV-2
peptide pools (***p <0.001).
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uninfected/unvaccinated donors (n=12) were analyzed to determine the IgG antibody reactivity index (RI) to nucleocapsid (NC) (A), the
receptor-binding domain (RBD) (B), and spike (51 and S2) (C). Scatterplots show lines at the median with interquartile ranges. Dotted
lines represent the sample classification cut-off for each test. T-tests and nonparametric Mann-Whitney tests were used to compare the

studied groups (*p <0.05; **p<0.005; ***p <0.001).

Profile of the IgG antibody response directed to
SARS-CoV-2 recombinant proteins

Once we observed that the cellular response to SARS-CoV-
2 recombinant protein is not able to differentiate responses
from convalescent and uninfected /unvaccinated individuals,
we assessed the profile of IgG antibodies directed to the
SARS-CoV-2 nucleocapsid (NC), RBD and S1/S2 proteins in
serum samples from the same individuals previously tested
for cellular responses (Figure 4).

Our data show that all three assays (detection of anti-NC,
anti-RBD and anti-S1/S2 antibodies) were able to differen-
tiate between convalescent and uninfected/unvaccinated
groups. Notably, not all convalescent samples were positive
for the presence of anti-SARS-CoV-2 antibodies. The data
show that 50%, 82.35% and 76.47% of convalescent samples
exhibited IgG antibodies against the NC, RBD and S1/S2
proteins, respectively. Notably, all convalescent indivi-
duals had a positive diagnosis for COVID-19 confirmed by
RT-qPCR over the duration of symptoms or by anti-S1/S2
IgG serology detected one-to-six months after symptom
onset. Interestingly, one negative donor (Ul / UV_29)
showed humoral and cellular responses against the RBD
protein, despite having no previous history of infection or
vaccination against COVID-19 (Figure 4 and Table 2), which
could be due to cross-reaction with the RBD protein of
SARS-CoV.

Comparison between humoral and cellular
responses to SARS-CoV-2 antigens

Once we observed differences between humoral and
cellular immune profiles in response to stimulation with
the same proteins, we decided to compare the obtained
results individually, including the analysis of stimulation
with peptides, to integrate such aspects.

Regarding the humoral profile, assays using RBD protein
were almost in full agreement with reference values, ie., a
SARS-CoV-2 S1/S2 IgG commercial test, except for one
sample that tested positive with the RBD but negative by the
S1/S2 test. On the other hand, results for anti-NC IgG
antibodies were negative in 7 of 14 convalescent samples. Of
these samples, 3 were in disagreement with the reference
test. All samples of negative controls were in agreement with
the reference results (Table 2).

Regarding cell analysis, despite not having completed all
the tests for each antigen, which can hinder the interpretation
of results, we observed that stimulation with peptides indu-
ced a more specific response than stimulation with SARS-
CoV-2 proteins. At least in part, these findings were in
agreement with the humoral anti-S1/S2 response, with no
response in most uninfected /unvaccinated individuals. IFN-
v production was also present in some convalescent samples
that tested negative for the presence of antibodies, which
suggests distinct profiles between the humoral and cellular
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Table 2 - Humoral and cellular responses of COVID-19 convalescent individuals and uninfected/unvaccinated donors to SARS-CoV-2

antigens.
Cell-mediated immunity Humoral immunity

Individual Peptide pool S1 RBD NC S1/S2 RBD NC

Convalescent
1 + NA + NA + + +
3 + + + + + + +
5 NA + + + + -
6 NA NA + NA + + +
7 + - + + + + +
9 + NA + NA + + +
10 NA NA NA + + +
11 + + NA - - - -
12 + + NA - - + -
13 + NA + NA - -
14 + NA + NA + + -
15 NA + NA - + + +
16 NA + NA + + + -
17 + NA + NA - - -

Uninfected/unvaccinated
18 - NA + NA - - -
19 - + + + - - -
20 - + + NA - - -
21 + NA + NA - - -
22 + NA + NA - - -
23 - NA NA - - -
25 - + + + - - -
26 - NA + NA - - -
27 - + + NA - - -
28 - + NA - - -
29 - NA + NA - + -
30 + NA + NA - - -

The cellular immune response to a peptide pool or individual S1, RBD or NC proteins of SARS-CoV-2 was defined by the presence (+) or absence (-) of IFN-y
production by T cells. The humoral immune response was defined by the presence (+) or absence (-) of anti-SARS-CoV-2 S1/52, RBD or NC IgG antibody

titers. NA, not analyzed.

responses. Among uninfected/unvaccinated controls, we
observed that at least two of them were able to produce IFN-
vy in response to stimulation with peptides. However, as
expected, other samples tested did not respond to stimulation.
In relation to stimulation with the recombinant proteins
S1, RBD or NC, we observed that almost all samples tested,
both those from the convalescent and negative control
groups, presented IFN-y production at different levels in
response to stimulation with at least one protein tested.

B DISCUSSION

Investigating the anti-SARS-CoV-2 immune response is an
important approach to understanding the immune status in
a population, estimating the number of people who have
already been infected by the virus and evaluating the
effectiveness of vaccines.

In this study, blood samples collected from individuals
recovered from COVID-19 and uninfected/unvaccinated
donors were analyzed for cellular and humoral immune
responses against recombinant proteins and/or peptides of
SARS-CoV-2. We observed differences in IFN-y production
by T cells after stimulation with peptides and proteins of
SARS-CoV-2. Additionally, a distinct profile between cellular
and humoral responses to SARS-CoV-2 proteins was noticed.

In a preliminary assay, to analyze the specific cellular
response of recovered COVID-19 individuals, we tested the
ability of a panel of SARS-CoV-2 recombinant proteins,
individually or pooled, to stimulate T cells and evaluated
IFN-y production. We observed that the control group,

composed of individuals without a history of infection or
vaccination for COVID-19, presented similar and sometimes
higher IFN-y production after stimulation with recombinant
proteins than recovered individuals, suggesting that these
antigens provide a low specificity profile for the IFN-y
response. The number of individuals tested in this prelimin-
ary assay is small, so these results should be evaluated with
caution. Next, we tested T cell stimulation using SARS-CoV-2
peptide pools that cover immunodominant epitopes from the
structural proteins: spike, membrane and nucleocapsid. For
this assay, we observed a more specific response, with a
distinct profile between convalescent individuals and the
controls. Testing a larger number of individuals with paired
samples, we compared the production of IFN-y between
convalescents and controls using recombinant RBD protein
and peptides, confirming that the response to peptides was
significantly more specific.

Notably, the type of antigen used to assess the cellular or
humoral immune response is of utmost importance to
determine assay specificity. In vivo activation of a T cell
population relies on the presentation of the antigen after its
processing into small peptides and subsequent loading
onto major histocompatibility complex (MHC) class I and
IT molecules on the surface of antigen-presenting cells (23).
Similarly, in vitro activation of this population requires T cell
receptor engagement by short peptides in solution to mimic
natural activation (24). Locking the peptide onto MHC mole-
cules is crucial for receptor recognition since this interaction
ensures that the peptide is presented in a stable conformation
to allow binding. Accordingly, our data have shown that T
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cell stimulation with SARS-CoV-2 peptides triggers a more
specific response than stimulation with full-length viral
proteins, which might indicate that large proteins compro-
mise antigen recognition by T cells and therefore lead to
suboptimal responses.

Although we observed a nonspecific response after T cell
stimulation with the full-length SARS-CoV-2 NC, RBD and
S1 proteins, our data showed that the IgG antibody profiles
against these proteins were able to differentiate the con-
valescent and uninfected groups. This finding indicates that
a specific humoral response is induced after COVID-19
infection and is supported by previous studies showing that
antibody responses are often directed to conformational
epitopes, which are presented only when the target protein is
in its native conformation and properly folded (25).

Interestingly, not all recovered patients presented SARS-CoV-
2-specific antibodies despite having positive RT-qPCR or posi-
tive IgG serology results after symptom onset. Regarding the
four convalescent individuals who did not present anti-S1/S2
IgG antibodies at study inclusion, all of them had mild symp-
toms, two had just reached one month after symptom onset
when they were included in the study, and the last two had a
positive RT-qPCR or serology result for at least six months after
symptoms. Furthermore, concerning the anti-NC IgG response,
we found that in addition to those four individuals, three others
also did not produce anti-NC IgG antibodies. All of them had a
confirmed diagnosis of COVID-19 at least 6 months before
inclusion in the study. We were not able to find a pattern for
these diverse results. However, it is known that the magnitude
of the humoral response seems to depend on the duration and
magnitude of viral antigen exposure (26,27).

Additionally, although all tests for the detection of anti-
SARS-CoV-2 antibodies were highly specific, we observed
differences in test sensitivity concerning the detection of
spike and nucleocapsid proteins. We emphasize that all
serological tests used have sensitivity levels above 90%, as
previously determined in tests with a significant number of
samples. The differences observed may be due to the clinical
profile of convalescent individuals, as well as the time
elapsed after infection and the small sample number.

The cellular and humoral immunity components are both
important to mediate immune protection. Additionally, it has
been shown that recovered COVID-19 patients, even those
with undetectable serum anti-SARS-CoV-2 IgG, are capable
of presenting specific T cell immunity (28). In fact, we
observed that all samples positive for the presence of specific
antibodies were also positive for specific T cells, while sam-
ples negative for the presence of antibodies showed reacti-
vity to at least one SARS-CoV-2 protein used as a stimulus.
When interpreting this result, it should be considered that
antibody investigation is performed by measuring peripheral
blood without previous in vitro stimulation, while the
measurement of cellular response requires in vitro stimula-
tion, with reactivation of a previously sensitized system by
contact with the antigen. This fact makes cellular response
assessment a more sensitive method for measuring response
specificity. Thus, these data suggest that even when antibody
levels are reduced after a time, recovered individuals have
the potential to produce an IFN-y response after adequate
antigenic stimulation.

Comparing sera from patients with severe COVID-19 and
convalescent patients for anti-NC IgG and anti-S-RBD IgG by
recombinant ELISA, Ni et al. (18) observed no significant
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differences in anti-NC and S-RBD IgG detection. The same
group stimulated peripheral blood mononuclear cells
(PBMCs) with recombinant nucleocapsid and S-RBD pro-
teins by ELISpot, and there were no SARS-CoV-2-specific T
cell IFN-y responses in all severe patients tested, whereas one
out of ten T cells on average could secrete IFN-y after
exposure to NC protein in convalescent individuals (18).

We also observed that most individuals in the control
group did not present antibodies against SARS-CoV-2
antigens, while the production of IFN-y could be detected
by stimulation with at least one of the tested antigens, mainly
by stimulating with recombinant proteins but not peptides.
Pre-existing cross-reactive immunity has been reported in the
literature and may be related to previous infection of
individuals with seasonal coronaviruses, known to cause
the common cold in humans, which could share partial
sequence homology with SARS-CoV-2. It has been reported
that between 20 and 50% of tested people, with no report of
prior contact with SARS-CoV-2, present T cell reactivity to
SARS-CoV-2 sequences (15,17,29,30). Since recombinant
proteins contain portions exceedingly larger than specific
previously selected regions of peptides, it is reasonable to
assume a higher probability of finding portions common to
other coronaviruses in protein samples, which could explain
a greater number of negative controls capable of recognizing
portions of these proteins. In addition, cut-off values of
serological assays have been standardized according to the
local population immune background.

Another possibility is the presence of co-purified con-
taminant proteins and/or endotoxins in antigen samples that
could interfere with assay results. In view of this possibility,
we evaluated the presence of endotoxin in antigen samples.
A qualitative test was positive for the presence of endotoxin
in NC and RBD protein samples and negative for S1 protein
and peptide samples (Table S1), although there are no con-
taminating proteins co-purified in the RBD protein (Figure
S3). Considering that we did not observe differences in the
response profile among the proteins tested, we can speculate
that the presence of endotoxin does not appear to interfere
with the IFN-y response to protein stimuli.

In this context, even if we considered only the results of
cellular response to stimulus with peptides and S1 protein
(free of endotoxin), we observed that it is possible to detect a
response to the pool of peptides and/or to S1 in almost all
samples tested, including samples from uninfected controls,
whose serology results were negative. In addition, we also
detected the cellular response from convalescent samples
whose serum collected at the time of inclusion in the study
had a negative result for the tested antibodies.

We are aware that our sample size is a substantial
limitation of this study, as well as the variability in
volunteers’ age, elapsed time between infection and blood
collection, and clinical form of convalescents, which varied
among asymptomatic, mild symptoms, moderate and severe
forms. While these are notable drawbacks, they were not a
barrier to our findings.

Finally, the purpose of this study was to preliminarily
understand the differences between cellular and humoral
responses in COVID-19 within convalescent and unexposed
individuals. We should note the possible genetic influence on
SARS-CoV-2 susceptibility or protection, whereas the degree
of exposure and immunity individuality may play a different
role against infection.
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B CONCLUSION

Taken together, the data obtained suggest that SARS-CoV-
2 recombinant proteins seem to be specific for screening the
humoral response of recovered individuals. On the other
hand, these proteins appear to stimulate IFN-y production by
cells from convalescent individuals and from individuals
with no history of contact with SARS-CoV-2. In contrast,
stimulation with a pool of SARS-CoV-2 peptides is able to
distinguish the cellular immune response of convalescents
from that of unexposed individuals.
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Figure S1 - Representative flow cytometry plots of IFN-y expression by CD3™ T cells from one convalescent COVID-19 individual. (A) The
PE-Cy5 x time analysis strategy was employed to exclude possible unstable cell flow, after which size and granularity patterns of cells
were analyzed by FSC and SSC (B) and therefore within the live cell population (C). CD3* T cells were analyzed (D) for IFN-y production
in the negative control (without stimulation) (E) or following stimulation with phorbol myristate acetate and ionomycin (positive
control) (F) or SARS-CoV-2 peptide pools (G). Samples were acquired on an LSR Fortessa (BD). Flow cytometry data were analyzed using
FlowJo v.10 software.

102-

. [ [ %

D 10'- ';;E;L' CQ;g;¢>

= e o

+ 100 ©

o

< 104

o~
g

Convalescent Uninfected/unvaccinated

Figure S2 - T cell responses to PMA/ionomycin. PBMCs from convalescent COVID-19 individuals (black squares) (n=14) and uninfected/
unvaccinated donors (white circles) (n=12) were incubated for the last 6h with PMA (30 ng/mL) and ionomycin (0.3 pg/mL) (positive
control). The logarithmic scale represents the percentage of T cells producing IFN-y. Scatterplots show lines at the median with
interquartile ranges. The dashed line represents the assay cut-off value of 0.001%. IFN-y expression by CD3+ T cells was analyzed by
intracellular flow cytometry. T-tests and nonparametric Mann-Whitney tests were used to calculate p values. No significant differences
in IFN-y production were observed between groups (p=0.27).
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Figure S3 - Chromatographic purification and SDS-PAGE of the SARS-CoV-2 RBD protein (Wuhan strain). The full-length SARS-CoV-2
RBD protein was purified through affinity chromatography (A). UV absorbance at 280 nm (mAU) was monitored over time, and
fractions corresponding to the RBD protein (blue area in the graph) were collected. Protein purity was assessed through electrophoresis
of the final collected fractions (B), showing that the RBD protein exhibits a molecular weight of 30.6 kDa. The molecular weight marker
(MWM) used was the ColorPlus Prestained Protein Marker, Broad Range (7-175 kDa) (Thermo Fisher Scientific).

Table S1 - Detection of endotoxin in SARS-CoV-2 antigens.

Sample Result

Spike protein (S1)
Nucleocapsid protein (NC)
RBD protein

Membran peptide (M)
Nucleocapsid peptide (N)
Spike peptide (S)
Negative control

Positive control

o4 4

Limulus Amebocyte Lysate (LAL) Gel Clot Reagent (LGC Biotecnologia
Ltd.) was used to obtain the results regarding bacterial endotoxins.
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