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Abstract: We studied T-cell responses to SARS-CoV-2 in 19 pregnant subjects at different gestational
weeks who received three doses of mRNA-based vaccination to prevent COVID-19. SARS-CoV-2
peptide pools were used for T-cell recognition studies: peptides were 15 amino acids long and had
previously been defined in COVID-19-convalescent subjects. T-cell activation was evaluated with
the AIM assay. Most subjects showed coordinated, spike-specific CD4+ and CD8+ T-cell responses
and the development of T cell memory. Non-spike-specific T cells in subjects who were not aware
of previous COVID-19 infection suggested a prior undetected, asymptomatic infection. CD4- CD8-
double negative (DN) T cells were numerous, of which a percentage was specific for SARS-CoV-2
spike peptides. Regulatory T cells (Treg), both spike- and non-spike-specific, were also greatly
expanded. Two Treg populations were defined: a population differentiated from naive T cells, and
pTreg, reverting from pro-inflammatory T cells. The Treg cells expressed CCR6, suggesting homing
to the endometrium and vaginal epithelial cells. The pregnant women responded to SARS-CoV-2
vaccination. Asymptomatic COVID-19 was revealed by the T cell response to the non-spike peptides.
The numerous DN T cells and Treg pointed our attention to new aspects of the adaptive immune
response in vaccine recipients.

Keywords: SARS-CoV-2 vaccination in pregnancy; natural COVID-19 infection; CD4- CD8- double
negative (DN) T cells; regulatory T cells; immune regulation

1. Introduction

Early data at the beginning of the SARS-CoV-2 pandemic suggested that pregnant
women were more susceptible to severe COVID-19 and were at greater risk of adverse
outcomes such as pre-term delivery [1,2].

The immunity present at the maternal—fetal interface is unique during pregnancy
to allow T-cell tolerance of the fetal allograft. T-cell tolerance allows for successful im-
plantation as well as maintenance of a pregnancy to term. The effector immune cells that
reside at the interface between the placenta and the uterus are enriched or excluded from
the decidua, depending upon their regulatory or inflammatory function [3-6]. Dendritic
cells (DC), the antigen-presenting cells (APC) that activate T cells via the presentation of
peptides through the human leucocyte antigen (HLA), are not numerous in the decidua.
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The maternal adaptive cellular immunity that responds to pathogens is restrained from
bi-directional trafficking across the placenta. The decidua is rich in unique lineages of
suppressive myeloid DC that can be found in circulation: tolerogenic dendritic cells (tmDC),
first discovered in young children and found to be numerous in COVID-19-convalescent
pregnant women, are defined by the expression of CD4, CD14, the immunoglobulin-like
transcript (ILT)-4 with the canonical markers CD11¢ and CD1 1P [7,8] and ILT-4+, and
HLA-G+ DC, named DC-10, which is very important in orchestrating the early interaction
between maternal immunity and the trophoblast [9,10]. Suppressive DC prime Treg, which
are the ultimate key for immune homeostasis at the maternal-fetal interface.

Functionally, Treg restore immune tolerance to self and the allo-antigens controlling
the milieu where antigen presentation to the T cell occurs, regulating not only inflammation
at large but also the differentiation of naive T cells [11].

During the COVID-19 pandemig, it has been reported that the SARS-CoV-2 spike-
specific regulatory T cells (Treg) determined the severity of the disease [12], which was
correlated with vaccine potency in healthy donors [13]. Treg expansion has been considered
as a possible tool to mitigate the severity of the symptoms [14]. During SARS-CoV-2
infection in pregnancy, the balance between Th17 and pTreg plays a role in the pregnancy
outcome [15]. Our laboratory reported the expansion of SARS-CoV-2 spike-specific Treg in
pregnant women convalescing from COVID-19 who did not experience adverse reactions
or pregnancy complications after the infection, irrespective of pre-existing conditions [8].

In vaccine recipients, the humoral and cellular immune response and its memory de-
velopment with Moderna mRNA 1273, Pfizer /BioNTechBNT162b2, Jansen Ad26.COV2.S,
and Novavax NVX-CoV2373 have been widely described [16,17], suggesting the develop-
ment of B cell and T cell memory. Work in progress is addressing the functional protective
role of antibodies, depending upon fine specificities and affinities, along with the fine
specificity of the T cell repertoire, by characterizing immunodominant epitopes.

COVID-19 infection in pregnancy has been associated with an increased risk of
poor outcomes, including pre-term births and stillbirth: SARS-CoV-2 affects the pla-
centa in many ways, with a physiopathology that seems to vary between different vi-
ral variants reviewed in, although vaccination did not prevent the occurrence of further
SARS-CoV-2 infections [18].

Here, we have sought to characterize T cell lineages and their memory phenotype in
response to mRNA vaccination in pregnant women who had or had not had a previous
COVID-19 infection.

2. Results
2.1. Characterization of SARS-CoV-2 Spike-Specific CD4+ and CD8+ T Cells and Their Memory
Phenotype in Vaccinated Pregnant Women

PBMC were isolated with Ficoll-Hypaque from heparin-treated blood taken from
19 pregnant subjects, studied at different times in pregnancy, who received 3 doses of
mRNA-based vaccination within 2 months from sample collection. The race, age, timing
in pregnancy, vaccine-related history, and number of deliveries can be found in Table 1.
Subjects 2, 5, 10, 16, 17, 18, and 19 reported a COVID-19 infection before pregnancy.

This approach has been extensively validated in acute and convalescent samples [19-22].

CD4+ T cell responses were evaluated by measuring the expression of two co-stimulatory
molecules, OX-40 and 4-1BB; CD8+ T cell responses were evaluated by measuring the
expression of 4-1BB and CD69. T cell memory populations were defined as terminally
differentiated effector memory (Tgpra, CD45RA+ CCR7-), effector memory (Tgpg, CD45RA-
CCR?7-), and central memory (Tcy, CD45RA- CCR7+). Data are presented as stimulation
index (SI) values, defined as the percentage of T cells responding to peptides, divided by
the un-stimulated control signal.
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Table 1. Subjects enrolled in the study.

Subject Weeds Gestation at A Ethnicit Natural Latest COVID-I9

Number Sample Collection ge aty Infection Vaccine
1 10 35 Hispanic/White N 12/2022, Moderna Bivalent
2 24 34 Non-hispanic/White Y 1/2023, Moderna Bivalent
3 25 35 Non-hispanic/White N 12/2022, Pfizer Bivalent
4 27 28 Non-hispanic/White N 12/2022, Moderna Bivalent
5 19 39 Non-hispanic/White Y 1/2023, Pfizer Bivalent
6 17 40 Non-hispanic/White N 12/2022, Moderna Bivalent
7 26 36 Non-hispanic/White N 12/2022, Pfizer Bivalent
8 17 31 Non-hispanic/White N 1/2023, Pfizer Bivalent
9 20 31 Non-hispanic/White N 2/2023, Pfizer Bivalent
10 23 28 Non-hispanic/White Y 2/2023, Pfizer Bivalent
11 16 28 Non-hispanic/Cancasian and Asian N 1/2023, Moderna Bivalent
12 26 34 Non-hispanic/White N 2/2023, Moderna Bivalent
13 26 42 Non-hispanic/White N 4/2023, Pfizer Bivalent
14 23 30 Non-hispanicWhite N 5/2023, Moderna Bivalent
15 34 32 Non-hispanic/White N 8/2023, Pfizer Bivalent
16 24 32 Non-Hispanic/Asian Y 9/2023, Pfizer Bivalent
17 23 37 Non-hispanic/White Y 9/2023, Pfizer Bivalent
18 21 34 Non-hispanic/White Y 10/2023, Moderna
19 8 40 Non-hispanic/White Y 9/2023, Moderna

Seventeen of the 19 subjects showed a good CD4+ Th1 response to the spike peptide
pool, except for subjects 5 and 11, who did not show a significant response (Figure 1A,
upper panel). Interestingly, a low CD4+ Th response was seen in subject 5, who had had
COVID-19 before pregnancy, in addition to 3 vaccine doses. Seventeen of the 19 subjects
showed a CD8+ CTL response to the spike peptide pool. Subjects 4, 5, 10, and 15 had
a low but detectable CD8+ CTL response. Only 2 subjects, 2 and 18, did not show a
CTL response, regardless of any previous COVID-19 infection (Figure 1A, lower panel).
These differences did not correlate with the timing in pregnancy, nor with exposure to
SARS-CoV-2 in addition to vaccination. The percentage of spike-specific activated CD4+
and CD8+ T cells versus the un-stimulated control in vaccinated subjects who did not
report a previous COVID-19 infection, and in vaccinated subjects who reported a previous
COVID-19 infection, is shown in Supplementary Figure S1.

The expression of the chemokine receptor CCR6, which determines homing to the
endovascular endothelial cells, lungs, gut, neurons, myometrium, and vaginal epithelial
cells was also evaluated on AIM+ T cells, and it was identified in a large percentage of both
CD4+ and CD8+ T cells (Median = 16.3 and 9.6, respectively; Figure 1B, left panel).

Memory effector T cells that were terminally differentiated (Tgmra), effector memory
T cells (Tgm), and central memory T cells (Tcy) were analyzed in CD4+ and CD8+ AIM+
spike-specific T cell lineages (Figure 1B, right panel).

The CD4+ Th Ty were very numerous and represented the largest spike-specific T
cell memory population in circulation (Median 60.2). CD4+ Th also appeared as Tcy in a
significant percentage (Median 20.8), but not Tgmra (Median 1.1). In contrast, the memory
phenotype of CD8+ spike-specific CTL showed a large percentage of Tpyvra (Median 56.1).
Tpv CD8+ were numerous in some subjects (Median 25.9), while the Tcyy were undetectable
(Median 0) (Figure 1B, right panel). Interestingly, previous COVID-19 infection (color-coded
in red in Figure 1, panel B) in the vaccine recipients did not show a significant impact on
the development of T-cell memory.
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Figure 1. Characterization of SARS-CoV-2 spike-specific CD4+ and CD8+ T cells and the development of
T cell memory. (A) PBMC were separated from 19 vaccinated pregnant women who received 3 injections
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of mRNA-based vaccination for COVID-19 protection. PBMC were stimulated in vitro with the spike
peptides pool, which includes 253 peptides that are 15 amino acids long, overlapping by 10 amino
acids, and spanning the entire spike protein. Then, 24 h after stimulation, the cells were collected
and stained with specific monoclonal antibodies to determine the T cell activation state in response
to peptide antigens (AIM assay). The percentage of AIM+ CD4+ Th cells from the un-stimulated
control and SARS-CoV-2 CD4 spike-stimulated cells, presented as stimulation index (SI) values, were
compared using the Wilcoxon matched-pairs signed rank test. The percentage AIM+ T cell increase
for the unstimulated samples was a positive T cell response: a stimulation index of 2 (dotted lines)
was considered a good T cell response. The percentage of AIM+ CD8+ CTL cells from un-stimulated
control and SARS-CoV-2 CD4 S-all-stimulated cells is also presented here, using the stimulation
index (SI). Results were compared by the Wilcoxon matched-pairs signed rank test. CCR6 expression
was found in a large percentage of SARS-CoV-2 spike-specific CD4+ Th cells in most subjects, and
CD8+ CTL cells were also expressing CCR6. (B) T cell memory phenotypes. Memory populations
were defined by specific markers on gated AIM+ CD4+ Th and CD8+ CTL cells. Each dot shows
the percentage of memory populations: terminally differentiated effector T cells (CD45RA+ CCR?7-
Temra), effector memory T cells (CD45RA- CCR7- Tgyp), and central memory T cells (CD45RA-
CCR7+ Tcm).

2.2. Numerous CD4- CD8- Double Negative T Cells with a Mature T Cell Receptor (IcR)
Recognized Spike Peptides

In this study population, when we gated CD3+ T cells to analyze SARS-CoV-2-specific
CD4+ Th and CD8+ CTL, we found many CD4- CD8- double negative (DN) T cells. DN T
cells had a functional T cell receptor (TcR) that responded to anti-CD3/CD28 stimulation
(Figure 2).
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Figure 2. Numerous CD4- CD8- double negative (DN) T cells with a mature T cell receptor (TcR)
developed after vaccination. Several CD3+ T cells were CD4- CD8- DN T cells in the 19 pregnant
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subjects. Upper panel: percentage of DN T cells in un-stimulated PBMC compared to the percentage of
DN T cells that responded to mitogenic stimulation with anti-CD3/anti-CD28, proving the maturity of
the TcR. Lower panel: CD4- CD8- DN response to spike peptide epitopes, measured as the expression
of 4-1BB and CD#69, the markers that we used to enumerate CD8+ CTL, suggesting that the function
of these DN T cells is related to cytotoxicity. Data are presented as stimulation index (SI) values.
Seventeen of 19 subjects had a significant DN spike-specific T-cell response (SI > 2).

In 17 of the 19 subjects, a percentage of CD4- CD8- DN T cells were specific for the
spike SARS-CoV-2 peptide pool; in some subjects, they were very numerous, being positive
for the AIM markers tailored for CD8+ T cell responses, namely, 4-1BB and CD69 (Figure 2).
The expansion of DN T cells, with a functional TcR and a percentage responding to the
spike peptides, is not unique in vaccinated pregnant women: DN T were significantly
expanded in both female and male healthy vaccinated controls (Supplementary Figure S2).

2.3. SARS-CoV-2 Non-Spike-Specific T Cells Were Found in Some Vaccinated Pregnant Subjects
Who Were Not Aware of Previous COVID-19 Infection

Most recently, it has been determined that the detection of a T cell response to
SARS-CoV-2 non-spike regions in healthy vaccinated donors indicates exposure to
COVID-19 infection [23].

We addressed possible asymptomatic exposure to COVID-19 in our cohort by testing
the T cell responses to 2 peptide pools spanning the non-spike regions of SARS-CoV-2 [23],
one containing 69 peptides (pool 1), the one recognized by the general adult population,
and a second pool containing 215 peptides (pool 2). T cell reactivity was evaluated by
AIM assay;, in parallel, and as previously described for the evaluation of spike-specific T
cell responses.

Among the subjects who reported COVID-19, namely, 2, 5, 10, 16, 17, 18, and 19
(Table 1), we found different patterns of T cell recognition of the non-spike peptides.
Subjects 16, 17, and 18 showed CD4+ Th expansion in response to non-spike peptide
epitopes, but not to CD8+ T cells; subject 5 had only a detectable CD8+ T cell response, and
subject 2 did not have non-spike-specific T cells in circulation (Figure 3A).

Interestingly, the study showed that subjects 1, 3, 4, 8, 9, 12, and 14 did not know
about their COVID-19 infection before or during pregnancy, but had a T cell response to
the non-spike peptide epitopes. Subjects 1, 12, and 14 showed a coordinated CD4+ Th and
CD8+ CTL response to the non-spike peptide pools, and subjects 3, 4, 8, and 9 only showed
a CD4+ T helper response (Figure 3A). Pool 1 (69 amino acids) and pool 2 (215 amino acids)
were found to be immunogenic without significant differences.

CCR6 was expressed in a significant fraction of CD4+ Th cells: pool 1 Median 18.8; pool
2 Median 20 and CD8+ T cells, pool 1 Median 10, and pool 2 Median 29.1, as previously
observed for the spike-specific T cell population (Figure 3A, right panels). The results
indicated a similar tissue distribution as the spike-specific T cells. The expression of CCR6
on CD8+ T cells was a unique feature in vaccinated pregnant women compared to adult
vaccinated controls, where CCR6 was found only on CD4+ T cells [13].

The non-spike-specific T cell memory phenotype suggested that CD4+ Th Tgy were
numerous and represented the largest non-spike-specific T cell memory population in
circulation: pool 1 Median 53.5; pool 2 Median 49.4; CD4+ Th were Ty in a significant
percentage also pool 1 Median 21.9, pool 2 Median 27.1 (Figure 3B). CD8+ memory T cells
were less numerous than spike-specific T cells: Tppmra Were enumerated in 4 subjects, pool
1 Median 37.6 and pool 2 Median 35.9; Ty CD8+ non-spike-specific cells were detectable
in 3 subjects: pool 1 Median 0, pool 2 Median 17.1 and Tcy only in 1 subject (Figure 3C).
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Figure 3. Non-spike-specific T cells were found in some vaccinated pregnant subjects who were not
aware of previous asymptomatic COVID-19 infection. The T cell response to non-spike proteins has
been evaluated with two peptide pools: pool 1 = 69 amino acids, recognized by most convalescing
from COVID-19, and pool 2 = 215 amino acids. PBMC were primed for 24 h prior to studying
T cell activation with the AIM assay. (A) CD4+ and CD8+ T cell response to non-spike peptides;
the percentage of CCR6+ T cells is shown. The two peptide pools have been found to be equally
immunogenic in this cohort: all the subjects who had previously been infected, except for subject 5,
had a CD4+ Th response. Subject 5 was the only subject who developed an appreciable CD8+ CTL
response within the cohort who was aware of previous COVID-19 infection. T cells from several
subjects were responding to non-spike peptide epitopes, suggesting that they were unaware of
previous asymptomatic COVID-19. CCR6 was found in a considerable percentage of CD4+ and CD8+
non-spike-specific T cells. (B) T cell memory phenotypes. Each dot shows the percentage of memory
populations: CD4+ Th were mostly Ty and Teyy, but not Tgpra; (C) CD8+ CTL were mostly Temra
and a few Tgyg and Teyy, as previously shown for the spike-specific T cell memory repertoire.

Taken together, the results suggested that several vaccinated pregnant women had
had COVID-19 previously, but they were not aware of it, and that the natural infection, in
addition to vaccination, did not boost the development of T cell memory in this cohort.

2.4. SARS-CoV-2 Spike and Non-Spike-Specific Treg Were Numerous in Vaccinated
Pregnant Women

When we enumerated spike-specific and non-spike-specific CD4+ CD25M8" Treg, we
found specific T cell populations in 18 of the 19 subjects and in 11 of the 19 subjects, respec-
tively (Figure 4, upper and lower panel A). An enumeration of Treg in the unstimulated
control can be found in Supplementary Figure S1.
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A percentage of the Treg expressed the chemokine receptor CCR6: spike-specific
Median 8.4, non-spike-specific Medians 15.2 and 11.6 for pool 1 and pool 2 respectively
(Figure 4, panel B), suggesting homing to the vascular endothelium, lung, gut, neurons,
and most importantly in pregnancy, the endometrium and vaginal epithelial cells. Treg
developed memory in vaccinated pregnant women, as we recently reported in healthy
vaccinated subjects [13]. Treg Tgy were numerous, spike-specific Median 60.1, and non-
spike-specific Median 55.3 (pool 1) and 61.1 (pool 2); a great percentage were also Tcy,
spike-specific Median 21, non-spike-specific Median 22.9 (pool 1), and 20.6 (pool 2) (Figure 4,
panel C).

An assay of IL-10 in culture supernatants of PBMC, stimulated for 24 h with spike and
non-spike peptides, further supported the Treg response (Figure 4, panel D).
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Figure 4. Regulatory T cells (Treg) spike and non-spike-specific were a large percentage of the SARS-
CoV-2-specific T cells. (A) Regulatory T cells (Treg) were defined as CD4+ CD25high The percentage
of CD4+ CD25"8" Treg from un-stimulated controls and SARS-CoV-2 spike and non-spike-stimulated
PBMC were compared by the Wilcoxon matched-pairs signed rank test. Spike-specific Treg were
numerous in most subjects (Median 7.49), unless they were non-spike-specific Treg, which were less
numerous regardless of previous COVID-19 infection. CCR6 was expressed in a large percentage of
spike-specific and non-spike-specific Treg. (B) The characterization of memory Treg suggested very
numerous Ty spike-specific and non-spike-specific cells and Tcy spike and non-spike-specific cells,
but not Tgmra. (C) The dosage of IL-10 in PBMC culture supernatant 24 h after stimulation with
peptides and tested by an ELISA confirmed that Treg were numerous in most subjects. (D) IL-10 has
been measured by ELISA in culture supernatants, 24 h after stimulation with peptides.
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Next, we considered the ontogeny of those Treg that so efficiently expand after mRNA-
based vaccination. Peripherally-induced Treg (pTreg), which revert from antigen-specific
pro-inflammatory T cells, are defined by the expression of the IL-7 receptor (IL-7R) [24,25]
and return to a CD45RA+ phenotype (reviewed in [11,26]). Our previous work in healthy
adult vaccine recipients suggested that SARS-CoV-2-specific Treg have a unique phenotype,
comparable to natural regulatory T cells (nTreg) [13].

We further characterized Treg by studying specific markers via flow cytometry. The
markers included FOXP3 intracellular, CTLA-4, and PD-1, a hallmark of Treg, together
with CD45RA and IL-7R, which define pTreg.

To better understand the possible conversion of pro-inflammatory T cells to pTreg
over time, we explored Treg phenotypes at different time points when in culture.

PBMC cultures from subjects 13, 14, and 16 were stimulated with SARS-CoV-2 spike
and non-spike peptide pools for 48 h. The role of IL-2 concentration in influencing the
Treg phenotype was explored in PBMC cultures from donor 14. The expression of PD-1 is
plastic on Treg and is modulated by IL-2, determining the extent of suppression by Treg of
pro-inflammatory T cells during infections [27].

The choice of the subjects was unbiased, depending solely upon cell numbers after PBMC
separation. The cells in culture were collected, washed, and studied for the expression of
specific Treg markers at 48 h after and 4 days after stimulation with peptides, respectively.

The results were unexpected: when we enumerated the percentage of spike-specific
and non-spike-specific Treg versus the un-stimulated control, we found numerous FOXP3+
CD4+ CD25high Treg expressing CTLA-4 in a small percentage, but not PD-1. Spike- and
non-spike-specific Treg were IL7R- CD45RA- in terms of natural Treg (nTreg) (Figure 5,
panel A).
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Figure 5. Treg phenotypical characterization and differentiation. (A) SARS-CoV-2 spike-specific Treg
were phenotypically characterized 48 h after culture with peptides in PBMC of samples from subjects
13 and 16 and of non-spike Treg (specific for pool 1 and pool 2) in samples from subject 16. The
markers were chosen to determine Treg ontogeny, possibly reverting from pro-inflammatory T cells
(pTreg) or arising from naive T cells primed in tissues that synthesize spike proteins. Surprisingly,
FOXP3+ Treg expressed CTLA-4 in a very small percentage of cells, but not PD-1, and the results were
negative for IL-7R and CD45RA, suggesting that they arise from naive T cells, rather than reverting
from pro-inflammatory T cells. (B) Treg from subject 14 were also studied to address the role of IL-2 in
the expression of PD-1 and were studied under IL-2 feeding (12.5 and 50 U/mL) during T cell priming.
Surprisingly, IL-2 does not influence the expression of PD-1 on Treg, which may be a unique feature
in pregnancy. (C) The PBMC from subject 19 were kept for four days in culture in the absence of IL-2
after T cell priming to determine the possible conversion of pTreg from pro-inflammatory T cells over
time. IL-7R + Treg expanded rapidly, with many reverting to double positive IL-7R+CD45RA+ as
classical pTreg. In pTreg, CTLA-4 and PD-1 expression was also very low.

To address the possible dependency on IL-2 in the environment in determining the
expression of PD-1, as previously observed in spike-specific Treg from healthy donors [13],
we expanded Treg from subject 14 with two different concentrations of IL-2. Surprisingly, IL-
2 did not have any effect on PD-1 expression, unveiling a unique phenotype of SARS-CoV-2
spike-specific Treg in pregnancy (Figure 5, panel B).
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However, after 4 days in cultures with peptide antigens in the absence of IL-2, we
enumerated a high percentage of Treg IL-7R+ and anti-CD45RA+, showing the development
of pTreg over time (Figure 5, panel C).

The percentage of Treg after 48 h of stimulation with SARS-CoV-2 peptides in the
presence or absence of IL-2 (Figure 5 panel B) did not change; furthermore, the percentage
did not change after a longer period of stimulation (Figure 5, panel C), waving concerns
about by-standard Treg expansion due to IL-2 being secreted by pro-inflammatory antigen-
specific T cells, stimulated by antigens.

3. Discussion

Herein, we studied the T cells’ responses to SARS-CoV-2 peptides, derived from the
spike and non-spike proteins found in vaccinated pregnant women who received up to
3 doses of Moderna mRNA 1273 and/or Pfizer/BioNTechBNT162b2. We addressed the
extent of the spike-specific T cell expansion and T cell memory development, the possible
unknown natural COVID-19 infection (detected by non-spike-specific T-cell responses),
and the development of virus-specific Treg, which are important for protecting the fetus in
pregnancy. There are many open questions on the elucidation of the mechanisms involved
in protecting the fetus from undesirable maternal pro-inflammatory T-cell responses that
are capable of crossing the placental barrier. Low numbers and/or functional defects within
the innate and adaptive immune regulation in the maternal-fetal interface may lead to
premature delivery, stillbirths, and other clinical complications in premature infants. In
physiological conditions, during a viral infection, the maternal immune response clears
the pathogens, avoiding fetal damage due to pro-inflammatory T cells in the placental
interface. One mechanism that prevents T cell activation is the very low number of DC
in the decidua, which limits the ability to initiate adaptive immune responses in the
draining lymph nodes not only to fetal antigens but also to antigens derived from viruses
or pathogens [6]. The delicate balance between a necessary pro-inflammatory systemic
maternal immune response and strong immune regulation within the placenta occurs
through complex cross-talk between the maternal immune cells and the trophoblast.

In our study, the primary CD4+ Th and CD8+ T cell responses to SARS-CoV-2 mRNA-
based vaccines in pregnancy were comparable to the T cell responses that we reported in
healthy vaccinated donors [13]. However, we did find differences within the phenotype and
memory development of spike-specific CD8+ T cells. The expression of the chemokine’s
receptor CCR6+ on CD8+ T cells was unique in vaccinated pregnant women: our previous
work in vaccinated healthy donors suggested CCR6 expression occurs only in CD4+ Th
and Treg but not in CD8+ T cells [13], indicating different CTL homing in pregnancy. CCR6
engages CCL20 and is expressed not only on vascular endothelial cells, lung epithelial
cells, and the gut and neurons but also myometrium and vaginal epithelial cells. The
expression of CCR6 on CD8+ T cells allows T cell trafficking to the uterus and vagina,
possibly representing an additional protection for viral placental infections. The CD8+ T
cell memory repertoire was also different in vaccinated pregnant women, showing the
development of Tgyg, which are numerous in vaccinated pregnant women but not in healthy
vaccinated adults or COVID-19-convalescent subjects; CD8+ T cells were Trmra [13,28],
further insuring potent, rapid, and long-lasting protection from possible new SARS-CoV-2
placental infections.

When we tested T cell responses to non-spike peptides, we found that a few of the
subjects who had had COVID-19 did not show a significant anti-spike T cell response and T
cell memory development, suggesting that the non-spike region of the SARS-CoV-2 virus is
less immunogenic for T cell recognition. However, several subjects were responding to the
two non-spike peptide pools, although they were not aware of any previous SARS-CoV-2
infection, as previously reported [23]. Non-spike-specific memory T cells expanded as
spike-specific memory T cells with a similar phenotype, confirming Tgy; within the CD8+
memory populations.
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There is much data, and speculation, on the consequences of COVID-19 infection in
pregnancy and its relevance to the delivery outcome and the development of the fetus. In
this study, 6 subjects had a significant T cell response to the non-spike peptide epitopes,
unveiling a not previously diagnosed exposure to SARS-CoV-2. It was not possible to
determine if the infection occurred before or during pregnancy.

A puzzling result was the large expansion of CD4- CD8- DN T cells, which were fully
functional and comprised a good percentage of SARS-CoV-2 spike-specific cells. DN have
been historically described as immature T cells in the thymus, which then develop into CD4+
CD8+ double positive (DP) cells, prior to full maturation to CD4+ or CD8+, depending
upon an encounter with molecules of the major histocompatibility complex (MHC) [29].

Our work in multisystem inflammatory syndrome in children (MIS-C), an acute
inflammation that occurs 5-6 weeks after COVID-19 infection, reported numerous DN
T cells that responded to SARS-CoV-2 peptide antigens, expressing after the activation
of both CD4+ and CD8+ T cell markers [30]. Numerous DN T cells were SARS-CoV-2-
specific in MIS-C, but not all: we discussed, then, the young age of the study population
and that possible DN recognition of specificities for co-infecting infectious agent(s) may
be the cause(s) of MIS-C, besides SARS-CoV-2. In vaccine recipients, DN T cells were
also numerous in healthy controls and are not a hallmark of vaccination in pregnancy.
An open question is the fine specificity of the spike- and non-spike-specific DN T cells,
which may recognize different peptides from the mature CD8+ T cells. We could not
address this question by testing large numbers of peptide epitopes in pools. The TcR
affinity and avidity for the HLA /peptide complex could be also different from those
seen in mature CD8+ T cells. The expansion of DN T cells may occur within the epitope,
spreading due to the pro-inflammatory environment, or because of cross-reactivity or
mimicry in the context of strong antigenic stimuli. We propose a role for DN T cells in
responding to T cell overstimulation, due to multiple boosts within the SARS-CoV-2 spike
mRNA with too-short intervals. On the same line, other vaccine formulations such as
influenza, tetanus/diphtheria/pertussis (TDaP), and respiratory syncytial virus (RSV),
when administered at the same time or close to SARS-CoV-2 vaccination could lead to DN
expansion. In our pregnant cohort, the receipt of multiple vaccinations is consistent with
the current standard recommendations for vaccine administration in pregnancy, raising the
question of the immune efficacy (and safety) of multiple vaccines being administered at the
same time, especially in the third trimester.

The study also revealed the significant expansion of spike- and non-spike-specific Treg,
which may protect the fetal compartment, not only by secreting IL-10 and suppressing
adaptive and innate pro-inflammatory cell populations but also by expressing CCR6. In
this study, Treg were equally expanded in vaccinated subjects and in subjects who had had
COVID-19 in addition to vaccination. The importance of Treg in the control of COVID-19
was previously suggested by the evidence that Treg that have been isolated from SARS-CoV-
2-infected adults with severe symptomatology have a peculiar phenotype that jeopardizes
immune regulatory functions [12]. Several papers further emphasized the importance of
Treg in controlling exuberant inflammation in COVID-19 (reviewed in [14]).

After priming with peptide antigens, SARS-CoV-2 spike-specific regulatory T cells do
not express IL-7R and CD45RA after two days in culture, suggesting that they do not arise
from pro-inflammatory T cells that are repeatedly stimulated, as with classical pTreg, but
are rather from naive T cells in tissues where spike synthesis and antigen presentation to T
cells occur. We found spike-specific Treg in vaccinated, non-pregnant healthy donors [13]
but, in this pregnant cohort, the expression of CTLA-4 and PD-1 was significantly different.
Phenotypically FOXP3+, as classical Treg, the expression of CTLA-4 was very low on spike-
and non-spike-specific Treg and PD-1 was not expressed. Moreover, unlike in healthy
vaccinated non-pregnant controls, different regimens of IL-2 during Treg priming did not
raise the expression of these markers.

The dynamic transcriptional activity and chromatin remodeling of Treg, depending
upon the duration of IL-2 signaling, showed that PD-1 expression appears to control Treg
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effector functions [31]. In the Toxoplasma gondii murine model, PD-1/PD-1L interactions
modulate the effector function of Treg during infection [27]. A possible explanation is the
double role of PD-1, which, depending upon the gradients of expression on immune cells,
could serve as a stimulatory molecule. The PD-1 blockade counteracts post-COVID-19 im-
mune abnormalities and stimulates anti-SARS-CoV-2 immune responses [32]. Interestingly,
in the absence of IL-2, and with a longer exposure to peptide antigens, the spike-specific
pTreg, IL7R+ CD45RA, expand over time, always with a low expression of CTLA-4 and the
absence of PD-1. Possibly, virus-specific Treg function predominantly via IL-10 secretion in
the placental environment, broadly keeping at bay both innate and adaptive inflammatory
responses, involving non-cognate interactions with pro-inflammatory T cells. The expres-
sion of CCR6 on Treg suggested crosstalk with tissues, with cognate interactions playing a
role in maintaining the physiology of tissues homeostasis.

This paper has some strengths and limitations. The merit of the study is the report of
previously undescribed T-cell lineages after vaccination for COVID-19 protection in preg-
nancy. Several subjects were convalescing after contracting COVID-19 before pregnancy,
giving us the opportunity to evaluate several aspects of the SARS-CoV-2-specific T-cell
response, either after vaccination, or after vaccination and prior to COVID-19 infection.
This is relevant to the community since, often, datasets on vaccine efficacy that have been
derived from healthy donors do not clearly separate those subjects who have had one or
multiple COVID-19 infection episodes.

The study of T cell specificities to the non-spike protein also unveiled a large percentage
of previously undetected or asymptomatic COVID-19 infections.

Our cohort was diverse in terms of age, gestational timing of vaccination, and the
receipt of other vaccinations during pregnancy. Besides SARS-CoV-2 protection, some
conclusions of this study could be broadly relevant to our understanding of immunity
in the maternal—fetal interface. These included the enumeration and characterization of
virus-specific Treg, which may play an important role in regulating the impact of maternal
pro-inflammatory immune responses in the placenta. These may be stimulated by multiple
vaccinations or natural infections that may also lead to the expansion of DN T cells, which
are fully functional and respond to SARS-CoV2 spike with CD8+ activation markers, which
may be a sign of undesired over-stimulation.

A substantial limitation of our study was the lack of access to placental tissues to
determine T cell distribution and crosstalk between SARS-CoV-2-specific T cells in the
villi and the innate immune cells that determine maternal blood communications with
the developing embryo. Also, we previously tested the suppressive activity of SARS-CoV-
2-specific Treg in healthy vaccinated donors [13]. Here, we showed IL-10 secretion in
response to Treg stimulation, but the T cell numbers were limited, rendering unfeasible any
co-culture experiments with FACS-sorted pro-inflammatory, virus-specific T cells.

We were not able to report the extent of SARS-CoV-2-specific T cells in the cord blood.
In addition, although the participants consented to tests for both maternal and infant
postnatal antibodies to SARS-CoV-2, as well as evidence of infection, at the time of this
analysis we did not have this information available, nor did we have information on the
extent of antibodies and T cell transfer through lactation.

4. Materials and Methods
4.1. Study Population

Study population: through the MotherToBaby Pregnancy Studies cohort study at
the University of California San Diego, pregnant women residing anywhere in the U.S.
or Canada who had been vaccinated for COVID-19 protection consented to providing
blood samples following their most recent third vaccination dose during pregnancy with
an mRNA-based vaccine. Women with pre-existing conditions have been excluded from
the study. The study included the receipt of bivalent formulations of BNT162b2 (Pfizer-
BioNTech) and mRNA-1273 (Moderna). The vaccines were based on mRNA encoding the
spike protein from the original (ancestral) strain of SARS-CoV-2 and from the B.1.1.529
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(Omicron) variants, BA.4 and BA.5 (BA.4/BA.5). Blood was drawn by arrangement with
each participant’s closest Quest Laboratory within 2 months of the third vaccine dose
in pregnancy. Samples were shipped overnight to the laboratory at the University of
California, San Diego. A total of 19 pregnant women were enrolled in the study and
provided blood samples. The women ranged in age from 28 to 42 and provided blood
samples at gestational weeks ranging from 10 to 34 (Table 1). Blood was drawn from
these subjects when the consent form had been signed. Table 1 reflects the gestational
time of the study. Of the 19 subjects, 7 reported being aware that they had had a previous
COVID-19 infection (Table 1). Ethics approval for the study was provided by the University
of California San Diego Institutional Review Board (UCSD IRB #141162).

Female and male healthy vaccinated controls were studied for spike-specific Treg
characterization [13] and were used as controls for the enumeration of CD4- CD8- double
negative (DN) T cells, which have previously not been reported.

4.2. SARS-CoV-2 Peptides Mega Pool

A SARS-CoV-2 spike peptide pool was used to study the CD4+ and CD8+ T cell
responses to SARS-CoV-2 in vaccinated pregnant women. The peptide pools were designed
based on the reference genomic sequence of the Wuhan-Hu-1 SARS-CoV-2 isolate (GenBank
ID: MN908947), which was described and validated in acute and convalescent SARS-CoV-
2-infected patients, as well as in unexposed healthy subjects [19,20]. The SARS-CoV-2 spike
peptide pool contains 253 peptides of 15 amino acids long, overlapping by 10 amino acids
and spanning the entire spike protein. Non-spike (R) regions were defined from 25 different
studies [33]. The selected epitopes were pooled into 2 pools, encompassing those epitopes
that have been found to elicit positive responses in three or more donors, n = 69 (pool 1),
along with a second pool, n = 215 (pool 2). T-cell responses to these peptides have been
used in combination with the spike peptide pool to classify unexposed, naturally infected,
vaccinated, and vaccinated convalescing cohorts [23].

The peptides were synthesized as crude material (T.C. laboratories, San Diego, CA,
USA), resuspended in DMSO, pooled according to a mega pool design, and re-lyophilized.

4.3. AIM Assay

Peripheral blood mononuclear cells (PBMC) were separated by Ficoll-Hypaque den-
sity centrifugation. After counting, 1 x 10° cells were stimulated in 96-well U bottom
plates with 1 ug/mL of spike peptide pool and with the non-spike peptide pools. PBMC
cultured with 0.1% DMSO, with the same concentration of DMSO (solvent) in the peptide(s)
pool-stimulated cultures, served as un-stimulated controls. After 24 h, the cell cultures were
harvested, stained with monoclonal antibodies, and analyzed by flow cytometry to study T
cell activation, CCR6 expression, and T cell memory phenotypes. To ensure the comprehen-
sive assessment of CD4-spike- and CD8-spike-specific reactivity, the main target of vaccine
candidates, with overlapping 15-mers by 10 spanning the entire protein, have been synthe-
sized (253 peptides) based on Wuhan-Hu-1 isolates as a reference (GenBank ID:MN908947).
Antigen-specific responses were determined by measuring the expression of T cell markers
by flow cytometry by using the activation-induced cell markers (AIM) assay. We measured
the co-expression of 4-1BB and OX40, two TNF family member co-stimulatory molecules,
up-regulated following T cell receptor signaling on CD4+ T cells, and by measuring the
co-expression of 4-1BB and CD69 (adhesion molecule involved in lymphocyte homing and
trafficking) on CD8+ T cells [20]. The antibodies included: anti-CD3-AF700 (clone OKTS3,
mouse IgG2ak, Biolegend, San Diego, CA, USA), anti-CD4-BV605 (clone RPA-T4, mouse
IgG1k, BD Bioscience, San Diego, CA, USA), anti-CD8-PE/CF594 (clone RPA-T8, mouse
IgG1k, BD Bioscience, San Diego, CA, USA), anti-4-1BB-allophycocyanin (clone 4B4-1,
mouse IgGlk, Biolegend, San Diego, CA, USA), anti-OX40-PE/Cy7 (clone Ber-ACT35,
mouse IgG1k, Biolegend, San Diego, CA, USA), anti-CD69-PE (clone FN50, mouse IgG1k,
BD Bioscience, San Diego, CA, USA), anti-CCR6-PerCp/Cy5.5 (clone 11A9, mouse IgG1k,
BD Bioscience, San Diego, CA, USA), anti-CD45RA-APC-H?7 (clone HI100, mouse IgG2bk,
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BD Bioscience, San Diego, CA, USA), and anti-CCR7-FITC (clone G043H7, mouse IgG2ak,
Biolegend, San Diego, CA, USA). Data were recorded on a BD Canto II, San Diego, CA,
USA and were analyzed with the FlowJo software version 10 (Tree Star, Ashland, OR,
USA). Isotype controls for each antibody were tested and showed no staining. Treg were
defined by the co-expression of CD4 (anti-CD4-BV605, clone RPA-T4, mouse IgGlk, BD
Bioscience, San Diego, CA, USA) and CD25"8", with a mean fluorescence of approximately
104 (anti-CD25-BV421 (clone M-A251, mouse IgG1k, BD Biosciences, San Diego, CA, USA).
The expression of the chemokine receptor CCR6 on AIM+ CD4+ and CD8+ T cells was
also analyzed. Tgmra, CD45RA+ CCR7-, Tgy, CD45RA- CCR7-, and Ty CD45RA- CCR7+
were enumerated on AIM+ CD4+ and CD8+ T cells.

4.4. Phenotype of SARS-CoV-2 Spike and Non-Spike-Specific Treg

The phenotypical characterization of spike-specific Treg was determined by: surface
anti-CD4-PerCp/Cy5.5 (clone RPA-T4, mouse IgG1k, eBioscience, San Diego, CA, USA),
anti-CD25-BV421 (clone M-A251, mouse IgGlk, BD Biosciences, San Diego, CA, USA),
anti-IL-7Ra-FITC (clone eBioRDR5, mouse IgGlk, eBioscience, San Diego, CA, USA),
anti-PD-1-BV605 (clone EH12.2H7, mouse IgG1k, BioLegend), anti-CTLA-4-PE/Dazzle594
(clone BNI3, mouse IgG2ak, Biolegend, San Diego, CA, USA), and intracellular anti-FOXP3-
PE (clone 259D, mouse IgG1k, Biolegend, San Diego, CA, USA). Data were recorded on
a BD Canto II (BD Bioscience, San Diego, CA, USA) and analyzed with Flow]o software,
version 10 (Tree Star, Ashland, OR, USA).

4.5. Statistical Analysis

The data were analyzed using Prism software, version 9.0 (GraphPad Software). To
compare the percentage of AIM+ T cells in the un-stimulated control and with peptide
stimulation, data obtained from the spike peptide megapool-stimulated culture and from
un-stimulated controls in the individual cohort were tested using non-parametric paired
tests. A p-value of <0.05 was considered significant.
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Author Contributions: C.D.C. enrolled vaccinated pregnant women nationwide, provided funds for
the project, and edited the paper; J.S. executed the experiment under A.E’s supervision; R.d.S.A. and
AS. provided the SARS-CoV-2 peptide epitopes; A.F. designed the experiments, provided funds for
the projects, supervised the execution of the experiments, and wrote the paper. All authors have read
and agreed to the published version of the manuscript.

Funding: This study has been funded by the Academic Senate of the University of California San
Diego, by the NIH supplement, R34DA050341, by the NIH NIAID, 75N9301900065, and by the
NIH-NICHD P50HD106463-015S1 supplement.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and was approved by the Institutional Review Board (or Ethics Committee)
of the University of California San Diego.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Written informed consent was obtained from the subjects to obtain the blood samples.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Acknowledgments: The authors thank Rosa Manzo and Jason Nunag and also MotherToBaby
Pregnancy Studies for recruiting the participants, arranging for the collection of the samples, and
collecting the pregnancy data.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ijms25042031/s1
https://www.mdpi.com/article/10.3390/ijms25042031/s1

Int. J. Mol. Sci. 2024, 25,2031 17 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ellington, S.; Strid, P.; Tong, V.T.; Woodworth, K.; Galang, R.R.; Zambrano, L.D.; Nahabedian, J.; Anderson, K.; Gilboa, S.M.
Characteristics of Women of Reproductive Age with Laboratory-Confirmed SARS-CoV-2 Infection by Pregnancy Status—United
States, January 22-June 7, 2020. MMWR Morb. Mortal. Wkly. Rep. 2020, 69, 769-775. [CrossRef]

Delahoy, M.].; Whitaker, M.; O'Halloran, A.; Chai, S.J.; Kirley, P.D.; Alden, N.; Kawasaki, B.; Meek, J.; Yousey-Hindes, K;
Anderson, EJ.; et al. Characteristics and Maternal and Birth Outcomes of Hospitalized Pregnant Women with Laboratory-
Confirmed COVID-19—COVID-NET, 13 States, March 1-August 22, 2020. MMWR Morb. Mortal. Wkly. Rep. 2020, 69, 1347-1354.
[CrossRef] [PubMed]

Red-Horse, K.; Zhou, Y.; Genbacev, O.; Prakobphol, A.; Foulk, R.; McMaster, M.; Fisher, S.J. Trophoblast differentiation during
embryo implantation and formation of the maternal fetal interface. J. Clin. Investig. 2004, 114, 744-754. [CrossRef] [PubMed]
Moffett, A.; Loke, C. Immunology of placentation in ehtherian mammals. Nat. Rev. Immunol. 2006, 6, 584-594. [CrossRef]
Mold, J.E.; McCune, G.M. Immunological tolerance during fetal development: From mouse to man. Adv. Immunol. 2012, 115,
73-111.

Erlebacher, A. Inmunology of the maternal-fetal interface. Annu. Rev. Immunol. 2013, 31, 387-411. [CrossRef] [PubMed]
Franco, A.; Kumar, J.; Lin, G.; Behnamfar, N.; Hisieh, L.; Shimizu, C.; Tremoulet, A.H.; Burns, ].C.; Linden, J. Pediatric tolerogenic
DCs expressing CD4 and immunoglobulin-like transcript receptor (ILT)-4 secrete IL-10 in response to Fc and adenosine. Eur. J.
Immunol. 2018, 48, 482-491. [CrossRef]

Hsieh, L.E.; Grifoni, A.; Dave, H.; Wang, ].; Johnson, D.; Zellner, ].; Sidney, J.; Chambers, C.; Franco, A. SARS-CoV-2-specific T cell
responses and immune regulation in infected pregnant women. J. Reprod. Immunol. 2022, 149, 103464-103471. [CrossRef]
Amodio, G.; Mugione, A.; Sanchez, A.M.; Vigano’, P.; Candiani, M.; Somigliana, E.; Roncarolo, M.G.; Panina-Bordignon, P;
Gregori, S. HLA-G expressing DC-10 and CD4+ T cells accumulate in human decidua during pregnancy. Hum. Immunol. 2013, 74,
406-411. [CrossRef]

Amodio, G.; Comi, M.; Tomasoni, D.; Gianolini, M.E.; Rizzo, R.; LeMaoult, J.L.; Roncarolo, M.G.; Gregori, S. HLA-G expression
levels influence the tolerogenic activity of human DC-10. Cell Ther. Immunother. 2015, 100, 548. [CrossRef]

Sakaguchi, S.; Vignali, D.A.; Rudensky, A.Y.; Niec, R.E.; Waldmann, H. The plasticity and stability of regulatory T cells. Nat. Rev.
Immunol. 2013, 13, 461-467. [CrossRef]

Harb, H.; Benamar, M; Lai, PS.; Contini, P; Griffith, J.W.; Crestani, E.; Schmitz-Abe, K.; Chen, Q.; Fong, J.; Marri, L.; et al. Notch4
signaling limits regulatory T-cell-mediated tissue repair and promotes severe lung inflammtion in viral infections. Immunity 2021,
54,1186-1199. [CrossRef] [PubMed]

Franco, A.; Song, J.; Chambers, C.; Sette, A.; Grifoni, A. SARS-CoV-2 spike-specific regulatory T cells (Treg) expand and
develop memory in vaccine recipients suggesting a role for immune regulation in preventing severe symptoms in COVID-19.
Autoimmunity 2023, 56, 2259133. [CrossRef] [PubMed]

Xu, Z.; Jiang, X.; Day, X.; Li, B. The dymamic role of FOXP3+ Tregs and their potential therapeutic applications during SARS-CoV-2
infection. Front. Immunol. 2022, 13, 916411-916433. [CrossRef] [PubMed]

Muyayalo, K.; Huang, D.-H.; Zhao, S.-].; Xie, T.; Mor, G.; Liao, A.-H. COVID-19 and Treg/Th17 imbalance: Potential relationship
to pregnancy outcomes. Am. J. Reprod. Immunol. 2020, 85, e13304. [CrossRef] [PubMed]

Jarjour, N.N.; Masopust, D.; Jameson, S.C. T cell memory: Understanding COVID-19. Immunity 2021, 54, 14-18. [CrossRef]
[PubMed]

Zhang, Z.; Mateus, J.; Coelho, C.H.; Dan, ].M.; Moderbacher, C.R.; Galvez, R.I; Cortes, FH.; Grifoni, A.; Tarke, A.; Chang, J.; et al.
Humoral and cellular immune memory to four COVID-19 vaccines. Cell 2022, 185, 2434-2451. [CrossRef] [PubMed]

Prasad, S.; Kalafat, E.; Blakeway, H.; Townsend, R.; O’brien, P.; Morris, E.; Draycott, T.; Thangaratinam, S.; Le Doare, K.; Ladhani,
S.; et al. Systematic review and meta-analysis of the effectiveness and perinatal outcomes of COVID-19 vaccination in pregnancy.
Nat. Commun. 2022, 13, 2414. [CrossRef]

Grifoni, A.; Sidney, J.; Zhang, Y.; Scheuermann, R.H.; Peters, B.; Sette, A. A Sequence Homology and Bioinformatic Approach Can
Predict Candidate Targets for Immune Responses to SARS-CoV-2. Cell Host Microbe 2020, 27, 671-680.e2. [CrossRef]

Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, ]J.; Dan, ].M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.;
Jadi, R.S.; et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed
Individuals. Cell 2020, 181, 1489-1501.e15. [CrossRef]

Mateus, J.; Grifoni, A.; Tarke, A.; Sidney, J.; Ramirez, S.I.; Dan, ].M.; Burger, Z.C.; Rawlings, S.A.; Smith, D.M.; Phillips, E.; et al.
Selective and cross-reactive SARS-CoV-2 T cell epitopes in unexposed humans. Science 2020, 370, 89-94. [CrossRef] [PubMed]
Weiskopf, D.; Schmitz, K.S.; Raadsen, M.P.,; Grifoni, A.; Okba, N.M.; Endeman, H.; Van Den Akker, ].P.C.; Molenkamp, R.;
Koopmans, M.P.G.; Van Gorp, E.C.M; et al. Phenotype and kinetics of SARS-CoV-2-specific T cells in COVID-19 patients with
acute respiratory distress syndrome. Sci. Immunol. 2020, 5, eabd2071. [CrossRef] [PubMed]

Yu, E.D.; Wang, E.; Garrigan, E.; Goodwin, B.; Sutherland, A.; Tarke, A.; Chang, J.; Galvez, R.I.; Mateus, J.; Ramirez, S.I;
et al. Development of a T cell-based immunodiagnostic system to effectively distinguish SARS-CoV-2 infection and COVID-19
vaccination status. Cell Host Microbe 2022, 30, 388-399. [CrossRef]

Zielinski, C.; Mele, F; Aschenner, D.; Jarrossay, D.; Ronchi, F; Gattorno, M.; Monticelli, S.; Lanzavecchia, A.; Sallusto, F.
Pathogen-induced human Th17 cells produce IFN-gamma or IL-10 and are regulated by IL-1beta. Nature 2012, 484, 514-518.
[CrossRef]


https://doi.org/10.15585/mmwr.mm6925a1
https://doi.org/10.15585/mmwr.mm6938e1
https://www.ncbi.nlm.nih.gov/pubmed/32970655
https://doi.org/10.1172/JCI200422991
https://www.ncbi.nlm.nih.gov/pubmed/15372095
https://doi.org/10.1038/nri1897
https://doi.org/10.1146/annurev-immunol-032712-100003
https://www.ncbi.nlm.nih.gov/pubmed/23298207
https://doi.org/10.1002/eji.201747139
https://doi.org/10.1016/j.jri.2021.103464
https://doi.org/10.1016/j.humimm.2012.11.031
https://doi.org/10.3324/haematol.2014.113803
https://doi.org/10.1038/nri3464
https://doi.org/10.1016/j.immuni.2021.04.002
https://www.ncbi.nlm.nih.gov/pubmed/33915108
https://doi.org/10.1080/08916934.2023.2259133
https://www.ncbi.nlm.nih.gov/pubmed/37724524
https://doi.org/10.3389/fimmu.2022.916411
https://www.ncbi.nlm.nih.gov/pubmed/35874688
https://doi.org/10.1111/aji.13304
https://www.ncbi.nlm.nih.gov/pubmed/32662111
https://doi.org/10.1016/j.immuni.2020.12.009
https://www.ncbi.nlm.nih.gov/pubmed/33406391
https://doi.org/10.1016/j.cell.2022.05.022
https://www.ncbi.nlm.nih.gov/pubmed/35764089
https://doi.org/10.1038/s41467-022-30052-w
https://doi.org/10.1016/j.chom.2020.03.002
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1126/science.abd3871
https://www.ncbi.nlm.nih.gov/pubmed/32753554
https://doi.org/10.1126/sciimmunol.abd2071
https://www.ncbi.nlm.nih.gov/pubmed/32591408
https://doi.org/10.1016/j.chom.2022.02.003
https://doi.org/10.1038/nature10957

Int. J. Mol. Sci. 2024, 25,2031 18 of 18

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dubhen, T.; Duhen, R.; Lanzavecchia, A.; Sallusto, F.; Campbell, D.J. Functionally distinct subsets of human FOXP3+ Treg cells that
phenotypically mirror effector Th cells. Blood 2012, 119, 4430-4440. [CrossRef] [PubMed]

Sakaguchi, S.; Mikami, N.; Wing, ].B.; Tanaka, A.; Ichiyama, K.; Ohkura, N. Regulatory T cells and human diseases. Annu. Rev.
Immunol. 2020, 38, 541-566. [CrossRef]

Perry, J.A.; Shallberg, L.; Clark, J.T.; Gullicksrud, J.A.; DeLong, J.H.; Douglas, B.B.; Hart, A.P,; Lanzar, Z.; O’dea, K.; Konradt, C.;
et al. PD-L1-PD-1 interactions limit effector regulatory T cell populations at homeostasis and during infection. Nat. Immunol.
2022, 23, 743-756. [CrossRef]

Sette, A.; Crotty, S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell 2021, 184, 861-880. [CrossRef]

Robey, E.A.; Fowlkes, B.J.; Gordon, ].W.; Kioussis, D.; von Boemer, H.; Ramsdell, F.; Axel, R. Thymic selection in CD8 transgenic
mice supports an instructive model for commitment to a CD4 or CDS8 lineage. Cell 1991, 64, 99-107. [CrossRef]

Hsieh, L.E.; Grifoni, A.; Shimizu, C.; Tremoulet, A.H.; Dummer, K.B.; Burns, ].C.; Sette, A.; Franco, A. T cells in Multisystem
Inflammatory Syndrome in children have a predominant CD4+ T helper response to SARS-CoV-2 and numerous virus-specific
CD4- CD8- double negative T cells. Int. . Mol. Sci. 2022, 23, 7219-7233. [CrossRef]

Moro, A.; Gao, Z.; Wang, L.; Yu, A; Hsiung, S.; Ban, Y.; Yan, A.; Sologon, C.M.; Chen, X.S.; Malek, T.R. Dynamic transcriptional
activity and chromatin remodeling of regulatory T cells after varied duration of interleukin-2 receptor signaling. Nat. Immunol.
2022, 23, 802-813. [CrossRef] [PubMed]

Loretelli, C.; Abdelsalam, A.; D’Addio, F.; Nasr, M.B.; Assi, E.; Usuelli, V.; Maestroni, A.; Seelam, A.].; Ippolito, E.; Maggio, S.D.;
et al. PD-1 blockade counteracts post-COVID-19 immune abnormalities and stimulates the anti-SARS-CoV-2 immune response.
JCI Insight 2021, 6, i1146701. [CrossRef] [PubMed]

Grifoni, A.; Sidney, J.; Vita, R.; Peters, B.; Crotty, S.; Weiskopf, D.; Sette, A. SARS-CoV-2 human T cell epitopes: Adaptive immune
response against COVID-19. Cell Host Microbe 2021, 29, 1076-1092. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1182/blood-2011-11-392324
https://www.ncbi.nlm.nih.gov/pubmed/22438251
https://doi.org/10.1146/annurev-immunol-042718-041717
https://doi.org/10.1038/s41590-022-01170-w
https://doi.org/10.1016/j.cell.2021.01.007
https://doi.org/10.1016/0092-8674(91)90212-H
https://doi.org/10.3390/ijms23137219
https://doi.org/10.1038/s41590-022-01179-1
https://www.ncbi.nlm.nih.gov/pubmed/35449416
https://doi.org/10.1172/jci.insight.146701
https://www.ncbi.nlm.nih.gov/pubmed/34784300
https://doi.org/10.1016/j.chom.2021.05.010
https://www.ncbi.nlm.nih.gov/pubmed/34237248

	Introduction 
	Results 
	Characterization of SARS-CoV-2 Spike-Specific CD4+ and CD8+ T Cells and Their Memory Phenotype in Vaccinated Pregnant Women 
	Numerous CD4- CD8- Double Negative T Cells with a Mature T Cell Receptor (TcR) Recognized Spike Peptides 
	SARS-CoV-2 Non-Spike-Specific T Cells Were Found in Some Vaccinated Pregnant Subjects Who Were Not Aware of Previous COVID-19 Infection 
	SARS-CoV-2 Spike and Non-Spike-Specific Treg Were Numerous in Vaccinated Pregnant Women 

	Discussion 
	Materials and Methods 
	Study Population 
	SARS-CoV-2 Peptides Mega Pool 
	AIM Assay 
	Phenotype of SARS-CoV-2 Spike and Non-Spike-Specific Treg 
	Statistical Analysis 

	References

