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CD8™ T cells, the most abundant T cell subset in the decidua, play a critical role in
the maintenance of pregnancy. The majority of decidual CD8™ T cells have an effector
memory phenotype, while those in the peripheral blood display a naive phenotype. An
increased amount of highly differentiated CD8™ T cells in the decidua indicates local
antigen stimulation and expansion, albeit these CD8™ T cells are suppressed. In decidual
CD8T T cells, co-inhibitory molecules such as PD-1, TIM-3, LAG-3, and CTLA-4 are
upregulated, reflecting the suppression of cytotoxicity. Previous studies established the
importance of the PD-1/PD-L1 interaction for feto-maternal tolerance. CD8* T cells could
directly recognize fetal-specific antigens, such as HLA-C, expressed by trophoblasts.
However, although fetal-specific CD8™ T cells have been reported, their TCR repertoires
have not been identified. In this study, we analyzed the TCR repertoires of effector
memory CD8T T cells (CD8T EM cells) and naive CD8T T cells (CD8T N cells) in the
decidua and peripheral blood of women with normal or complicated pregnancy and
examined PD-1 expression at a single-cell level to verify whether antigen-specific CD8+
T cells accumulate in the decidua and to identify immunological differences related to the
suppression of antigen-specific CD8' T cells between normal pregnancy, miscarriage,
and preeclampsia. We observed that some TCR@ repertoires, which might recognize fetal
or placental antigens, were clonally expanded. The population size of clonally expanded
CD8™ EM cells was higher in the decidua than in the peripheral blood. CD8T EM
cells began to express PD-1 during the course of normal pregnancy. We found that
the total proportion of decidual CD8T EM cells not expressing PD-1 was increased
both in miscarriage and in preeclampsia cases, although a different mechanism was
responsible for this increase. The amount of cytotoxic CD8" EM cells increased in cases
of miscarriage, whereas the expression of PD-1 in clonally expanded CD8% EM cells was
downregulated in preeclampsia cases. These results demonstrated that decidual CD8"
EM cells were able to recognize fetal-specific antigens at the feto-maternal interface and
could easily induce fetal rejection.
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INTRODUCTION

Immune tolerance to the “semi-allogeneic” fetus is particularly
important for successful pregnancy. Decidual CD4" T cells,
CD8™ T cells, and NK cells are activated during pregnancy (1);
in particular, decidual CD4™ T cells are activated when an HLA-
C mismatch is present between the mother and the fetus (2).
Maternal regulatory T cells (Treg cells) play an important role
in the maintenance of pregnancy by preventing rejection (3, 4).
During pregnancy, CD8" T cells become predominant among
decidual immune cells and play a major role in feto-maternal
tolerance. The main population among decidual CD8" T cells
(dCD8™ T cells) is represented by effector memory CD8" T
cells (CD8" EM cells) that are thought to potentially induce fetal
rejection, while the predominant population among peripheral
CD8™ T cells (pCD8™ T cells) are naive CD8' T cells (CD8™
N cells) (5). Previous studies revealed functional differences
between decidual and peripheral CD8% T cells. Decidual CD8*
EM cells (dCD8" EM cells) exhibit higher production of
interferon-y (IFN-y) and interleukin-4 (IL-4), as well as reduced
perforin and granzyme B expression, compared to peripheral
CD8" EM cells (pCD8" EM cells) (5, 6). dCD8" EM cells
express higher levels of inhibitory checkpoint molecules such as
programmed cell death-1 (PD-1), T cell immunoglobulin mucin-
3 (TIM-3), lymphocyte-activation gene-3 (LAG-3), and cytotoxic
T lymphocyte associated protein-4 (CTLA-4) compared to
pCD8T EM cells (6-8). A high PD-1 expression was reported
in decidual immune cells such as CD8' T cells, regulatory T
cells (Treg cells), and NKT-like cells (7, 9, 10), and programmed
cell death ligand-1 (PD-L1) was found to be highly expressed in
extravillous trophoblasts (EVT), syncytiotrophoblasts (ST), and
other immune cells at the feto-maternal interface (11-15). The
blockade of the PD-1/PD-L1 pathway results in increased fetal
resorption in mice (16), suggesting that this axis is necessary
for immune tolerance in the decidua. Therefore, the cytotoxicity
of CD8T T cells in the decidua is regulated so as to promote
immune tolerance against fetal antigens during pregnancy, albeit
these cells maintain a cytotoxic potential against virus-infected
cells (17).

Immunological differences have been reported between
normal pregnancy, miscarriage, and preeclampsia. Ramhorst
et al. demonstrated that in non-pregnant women undergoing
recurrent pregnancy loss, the proportion of effector memory
T cells in the peripheral blood is higher than in fertile non-
pregnant women (18). Several studies reported that miscarriage
and preeclampsia are associated with a decreased number of Treg
cells (4, 19-23). Interestingly, clonally expanded decidual Treg
cells are decreased in preeclampsia but not in miscarriage (24).
In light of this increasing evidence, successful pregnancy seems
to require an appropriate functional change in cytotoxic CD8" T
cells as well as a correct balance between cytotoxic CD8™ T cells
and Treg cells.

Paternal antigen-specific tolerance is necessary for the
maintenance of allogeneic pregnancy (4). Previous studies have
identified fetal antigen-specific CD8™ T cells and Treg cells in
mice (25, 26). However, the detection of fetal antigen-specific
CD8™ T cells and Treg cells is technically difficult in humans,

because of the high diversity of CDR3 amino acid sequences
in TCRB, with a lower boundary of 2 x 107 in young humans
(27). We have previously reported the existence of clonally
expanded Treg cells by performing single-cell DNA sequencing
of T cell receptor B (TCRB) (24). The population size of
clonally expanded Treg cells that are able to recognize fetal
antigens at the feto-maternal interface is increased in the decidua,
but not in the peripheral blood (24). In serial pregnancies,
Treg cells expressing the same TCR clonotypes across different
pregnancies were observed in the decidua, suggesting that these
cells might recognize fetal antigens (24). The clonal population
of decidual effector Treg cells is less abundant in preeclampsia
than in normal late pregnancy, suggesting that paternal antigen-
specific tolerance mediated by Treg cells might be disturbed
in this condition (24). As CD8" T cells can recognize fetal
antigens at the feto-maternal interface, we hypothesized that
antigens recognizing CD8" T cells would be clonally expanded
in the decidua, but that their function would be suppressed
during human pregnancy. In addition, we postulated that the
maldistribution or functional alteration of antigen-specific CD8"
T cells could underlie pregnancy complications.

In this study, we analyzed the TCRp repertoire of decidual
and peripheral CD8" EM cells and CD8" N cells in women
undergoing normal pregnancy and in cases of miscarriage or
preeclampsia. We further examined the expression of PD-1
in these cells, to clarify whether antigen-specific CD8" T cells
accumulated in the decidua, and to identify the mechanisms
underlying their suppression during normal pregnancy,
miscarriage, and preeclampsia. If decidual CD8" T cells
recognize fetal antigens, CD8% T cells with the same TCRB
repertoire should be clonally expanded, and express elevated
levels of PD-1 during normal pregnancy. Therefore, a difference
in the proportion of antigen-recognizing CD8 cells or in
the expression of PD-1 should be observable between normal
pregnancy, miscarriage, and preeclampsia.

MATERIALS AND METHODS

Blood and Tissue Samples

Paired samples of peripheral blood mononuclear cells (PBMC)
and decidual tissues were collected from 10 cases of artificial
abortion in the Ist trimester (Ist trimester normal pregnancy),
6 cases of miscarriage with normal fetal chromosomes in the 1st
trimester (1st trimester miscarriage), 9 cases of uncomplicated
pregnancy with delivery in the 3rd trimester (3rd trimester
normal pregnancy), and 9 preeclampsia cases with delivery in the
3rd trimester (3rd trimester preeclampsia). As a control group,
6 samples of peripheral blood from age-matched healthy donors
who had never been pregnant were collected. Written informed
consent was obtained from all women in accordance with a
protocol approved by the Ethical Review Board of the University
of Toyama (Rin-28- 144). In the artificial abortion cases, the
fetal heartbeat was confirmed before dilation and evacuation.
For miscarriage cases, the diagnosis was formulated when the
fetal heartbeat was lost or when the fetal heartbeat had not
been detected inside the gestational sac for at least 2 weeks.
In miscarriage cases, isolated chorionic villi were examined for
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TABLE 1 | Demographic and clinical characteristics.

Control 1st trimester 3rd trimester
No Normal Miscarriage with Normal Preeclampsia
pregnancy pregnancy normal fetal pregnancy

history chromosomes

(n=6) (n=10) (n=6) (n=29) (n=29)
Maternal age (years)? 30 (25-35) 26 (22-39) 34 (26-41) 32 (22-36) 36.5 (28-41)
Body Mass Index (kg/m?)2 NA 18.6 (16.7-21.2) 21.4 (16.4-27.6) 18.4 (17.7-24.9) 23.7 (17.6-26.0)
Gravidity? 0 (0-0) 4 (1-7) 4 (3-7) 2 (1-3) 2 (1-5)
Parity? 2 (0-4) 0.5 (0-2) 1(0-2) 0(0-3)
Live birth? 2 (0-4) 0.5 (0-3) 1(0-2) 0(0-3)
Miscarriage® 0(0-3) 2 (0-4) 0 (0-1) 0 (0-4)
Still Birth n (%) 0(0.0) 0(0.0) 2(22.2) 0(0.0
Nullipara n (%) 3(30.0) 3(50.0) 4 (44.4) 6 (66.7)
Gestational week (weeks)? 8 (6-9) 8 (6-8) 38 (37-40) 35.5 (32-39)
Cesarean section (patient number) n (%) 5 (55.6) 5 (565.6)

4Data are presented as median (range). NA: not available. Steel-Dwass test and Fisher’s exact test were used for continuous and categorical variables, respectively. No statistically

significant differences were observed between the groups.

fetal chromosomal karyotype by G-band staining, and only cases
with normal fetal chromosomes were enrolled. The diagnosis of
preeclampsia was based on the guidelines of the International
Society for the Study of Hypertension in Pregnancy (28). Both
the peripheral blood (10mL) and the decidual tissues were
obtained at dilation and evacuation, or after vaginal delivery or
elective cesarean section. First-trimester decidual samples were
derived from uterine content. Third-trimester decidual tissues
were macroscopically dissected from the maternal surface of the
placenta. The clinical and demographic characteristics of the
enrolled patients are summarized in Table 1.

Mononuclear Cell Isolation

Peripheral blood samples were layered on Ficoll Hypaque
gradients (LymphoprepTM; Alere Technologies, Norway)
for density gradient centrifugation (453 x g for 30min).
Mononuclear cells were isolated and washed twice with
phosphate-buffered saline (PBS). Decidual tissues were rinsed
thoroughly with PBS and minced into 1-2 mm pieces by a pair
of scalpel blades in Dulbecco’s Modified Eagle Medium. Then,
the suspensions were filtered through a 32 um nylon mesh as
reported elsewhere (24). All samples were cryopreserved until
single-cell analysis.

Single-Cell Sorting

The following monoclonal antibodies were used for cell staining:
anti-CD3 (FITC; BD Biosciences, San Jose, CA, USA), anti-CD8
(APC; eBioscience, San Diego, CA, USA), anti-CD45RA (PE; BD
Biosciences), anti-CCR7 (PerCP/Cy 5.5; BioLegend, San Diego,
CA, USA), anti-PD-1 (PE/Cy7; BioLegend), and Fixable Viability
Dye (APC-Cy7; eBioscience). Both PBMC and decidual cells were
stained with anti-CD3, anti-CD8, anti-CD45RA, anti-CCR?7, and
anti-PD-1 for 20 min on ice and then incubated for 5 min with
Fixable Viability Dye to exclude dead cells. After staining, the cells
were washed with PBS. Flow cytometric analysis and single cell

sorting were performed using a FACSAria II flow cytometer (BD
Biosciences). CD3TCD8TCD45RATCCR7™ cells (naive CD8T
T cells; CD8' N cells) and CD3TCD8TCD45RA~CCR7~ cells
(effector memory CD8™ T cells; CD8™ EM cells) were single cell
sorted into 96-well PCR plates (Supplementary Figures 1A,B).
PD-1 expression in each cell was analyzed by the index sort
method (Supplementary Figure 1C) (29).

TCR Repertoire Analysis

TCR cDNAs were amplified from single cells using one-step
RT-PCR, as previously described (30). All primers are listed
in Supplementary Table 1. The contents of the PCR reaction
mixture are listed in Supplementary Table 2. For the one-step
RT-PCR, 5 pL of the RT-PCR mixture were added to each well
containing a single CD8™ T cell. The program for the one-step
RT-PCR was as follows: 40 min at 45°C for the RT reaction,
98°C for 1 min and 30 cycles of 98°C for 10s, 52°C for 5s,
72°C for 1min. The amplification products were diluted 10-
fold and 2 WL of each were added to 18 L of the second PCR
mixture. The PCR program for the second PCR cycle for TCRp
was as follows: 98°C for 1 min and 35 cycles of 98°C for 105,
52°C for 55, 72°C for 30s. PCR products were electrophoresed
to confirm their amplification (Supplementary Figure 2A) and
then analyzed by direct sequencing. The TCR repertoire was
analyzed with the IMGT/V-QUEST tool (http://www.imgt.org/).
We defined CD8" T cells in which the same TCRf clonotype
was detected two or more times as clonally expanded populations
(clonal populations), and CD8' T cells with a unique TCRB
clonotype as unique populations (Supplementary Figure 2B).
The frequency of clonal populations and their PD-1 expression
were compared in all groups.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism version
8 (GraphPad Software, San Diego, CA, USA). The differences
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FIGURE 1 | Proportion of CD8* EM and CD8* N cells among total CD8* T cells. The proportion of CD8* EM cells among CD8* T cells (A) and that of CD8* N cells
among CD8™ T cells (B) are shown. Statistical analysis was performed using Wilcoxon matched-pairs single rank test (PBMC vs. decidua in each group); *o < 0.05;
**p < 0.01. Mann-Whitney U-test (control vs. 1st or 3rd trimester normal pregnancy, 1st vs. 3rd trimester normal pregnancy, 1st trimester normal pregnancy vs.
miscarriage, 3rd trimester normal pregnancy vs. preeclampsia); f,o<0.05; tp<0.01.

between PBMC and decidua in each group were assessed using
the Wilcoxon matched-pairs single rank test. A Mann-Whitney
U test was performed to determine the differences between
PBMC or decidual samples of different groups via two-group
comparisons (control vs. Ist trimester or 3rd trimester normal
pregnancy, Ist trimester vs. 3rd trimester normal pregnancy, 1st
trimester normal pregnancy vs. miscarriage, and 3rd trimester
normal pregnancy vs. preeclampsia). p < 0.05 were considered
indicative of statistical significance (*p < 0.05; **p < 0.01 in
Wilcoxon matched-pairs single rank test; 'p < 0.05; Tp < 0.01
in Mann-Whitney U test; NS, not significant).

RESULTS

CD8* T Cell Phenotype in PBMC and
Decidua

To examine functional differences between peripheral

CD8" T cells (pCD8" T cells) and decidual CD8"
T cells (dCD8" T cells), we compared the proportion of
effector memory CD8* T cells (CD8' EM cells) and naive CD8"
T cells (CD8™ N cells) in the PBMC and decidua. A significantly
higher number of CD8% EM cells was observed in the decidua
compared to the PBMC throughout the pregnancy period in
normal pregnancy subjects, miscarriage cases, and preeclampsia
cases (Figure 1A). In contrast, CD8" N cells were significantly
more abundant in the PBMC than in the decidua (Figure 1B).
Therefore, dCD8™" T cells showed a distinct phenotype compared
to pCD8™ T cells.

Clonal Populations of CD8* T Cells

To verify our hypothesis that clonally expanded CD8" T
cells accumulate in the decidua, we analyzed the TCRp
clonotype of CD8" T cells and their clonality ratio. As
shown in Figure 2A and Supplementary Figure 3A, clonally
expanded CD8" T cell populations were observed both

in the peripheral and decidual CD8"T EM cells. However,
they were rarely detected in CD8" N cells (Figure 2B,
Supplementary Figure 3B). The clonality ratios of pCD8"
EM and dCD8*" EM cells among CD8" EM cells were similar
in early pregnant subjects, miscarriage cases, late pregnancy
subjects, and preeclampsia cases (Supplementary Figure 3A).
However, as shown in Figure2A, the total amount
of clonally expanded CD8' EM cells among CD8" T
cells in the decidua was significantly higher than in the
peripheral blood.

The total proportion of clonally expanded dCD8" EM cells
was significantly higher in miscarriage cases than in subjects
with normal early pregnancy (p < 0.05). On the other hand, this
population did not significantly differ between preeclampsia and
normal late pregnancy (Figure 2A). These results demonstrated
that dCD8' EM cells are likely to recognize fetal or placental
antigens in the decidua and are clonally expanded. An increased
proportion of clonally expanded CD8' EM cells was found to be
associated with miscarriage.

Common TCRp Clonotype Between PBMC

and Decidua

In each subject the TCRB clonotype of CD8" T cells was
compared in paired PBMC and decidua to identify differential
immunological functions (Figure 3). One representative sample
of normal late pregnancy is shown in Figures 3A-C (case
number #2). The proportion of clonally expanded CD8* EM cells
was comparable in PBMC and the decidua (Figure 3A). TCRS
clonotypes of clonally expanded CD8' T cells and/or TCRB
clonotypes that are common to both pCD8™ T cellsand dCD8" T
cells are shown in a row (A to Q) in Figure 3B (the different color
density indicates the number of clones). Eight TCRp clonotypes
were shared between pCD8" EM cells and dCD8' EM cells
(clonotypes A, B, C, D, I, N, O, and P in Figures 3B,C). Common
TCRB clonotypes between pCD8" EM cells and dCD8" EM cells
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were detected in all groups (Figure 3D). We calculated the ratios
of pCD8' EM cells and dCD8" EM cells expressing common
TCRB clonotypes among the total CD8" EM cells analyzed in
each group. The ratios were comparable in all groups: 17.3%
in Ist trimester normal pregnancy, 14.2% in miscarriage, 14.5%
in 3rd trimester normal pregnancy, and 16.3% in preeclampsia
(see the numbers above the bars in Figure 3D). These findings
indicated that the immunological differences between normal
pregnancy, miscarriage, and preeclampsia did not depend on
the proportion of CD8' EM cells expressing common TCRB
clonotypes in PBMC and the decidua.

TCRp Clonotype Comparison of the Serial

Pregnancies

If decidual CD8" T cells recognize fetal antigens of paternal
origin, CD8™ T cells with the same TCRB clonotypes should be
detected in different pregnancies of the same couple. To verify
this hypothesis, we examined the TCRf clonotypes of peripheral
and decidual CD8' EM cells in two pregnancies of the same
subject with normal early pregnancy (Figure4A). As shown
in Figure 4B, the same TCRp clonotypes were detected. Three
TCRP clonotypes (clone E, I, and ] in Figure 4B) were shared
by pCD8' EM cell populations during the two pregnancies.
Twelve TCRB clonotypes (clone E L, M, N, O, R, S, T, U, V,
W, and X in Figure 4B) were found in dCD8" EM cells from
both pregnancies. Three TCRB clonotypes (clone B, F, and K
in Figure 4B) were shared between pCD8" EM cells from the
former pregnancy and dCD8" EM cells from the subsequent
pregnancy. Two TCRP clonotypes (clone E and L in Figure 4B)
were shared by dCD8" EM cells from the former pregnancy and
pCD8™ EM cells from the subsequent pregnancy; some clones
were expanded in both pregnancies. CD8' EM cells exhibiting

the same TCRP clonotypes in different pregnancies might be able
to recognize fetal antigens.

PD-1 Expression in CD8* T Cells

Finally, the expression of PD-1 was analyzed in CD8" T
cells to identify immunological differences between normal
pregnancy, miscarriage, and preeclampsia. Most CD8t N
cells were PD-1°%/~ cells, both in the PBMC and the
decidua (Supplementary Figure 4C). Among CD8" EM cells,
the size of the PD-1"/~ population was significantly lower
in the decidua than in PBMC (Supplementary Figure 4A). In
normal pregnancies, decidual PD-1°%/~ CD8* EM cells were
significantly less abundant in late than in early pregnancy
(p < 0.05) (Supplementary Figure 4A). When we focused
on clonally expanded CD8' EM cell populations, significant
differences in decidual PD-1 expression were observed between
normal pregnancy and preeclampsia cases during late pregnancy
(Figures 5A,B). The population size of PD-1M8" dCD8* EM
cells was significantly lower in preeclampsia than in normal late
pregnancy (p < 0.05) (Figure 5A), indicating that the proportion
of PD-1°"/~ dCD8" EM cells with high cytotoxic potential
was increased in the clonal population of preeclampsia cases
(Figure 5B). These findings indicated that dCD8* EM cells had
a higher level of PD-1 expression compared to pCD8" EM
cells, and that they begin to express PD-1 during pregnancy.
An increased number of PD-1°/= CD8* EM cells would result
in miscarriage, whereas, on the contrary, the downregulation of
PD-1 in clonally expanded CD8" EM cells would be associated
with preeclampsia.

DISCUSSION

This study is the first to analyze the TCRp repertoire
and the expression of PD-1 in CD8" T cells during
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FIGURE 3 | pCD8* N dCD8" EM, and dCD8* N cells. TCRB clonotypes of clonally expanded CD8 T cells in PBMC or decidua and/or TCRB clonotypes in common
between pCD8* T and dCD8™ T cells are shown in a row (A to Q) (the color density reflects the number of clones). (C) Clones of clonally expanded CD8* EM cells
and/or clones that were shared between pCD8* EM and dCD8" EM cells are shown. The number above or under each bar is the percentage of the CD8" EM cells
with a particular TCR clone among total CD8* EM cells with an identified TCRB repertoire. (D) Comparison of the TCRB clonotype between pCD8* EM and dCD8*
EM cells in all cases. The blue bar indicates the CD8" EM cell population with common TCRB clonotype among total CD8* EM cells with an identified TCRB repertoire
in PBMC; the orange bar indicates the corresponding population in the decidua. The total number of pCD8% EM and dCD8* EM cells expressing common TCRB
repertoires in all CD8* EM cells of each group was calculated (the numbers above the bars in each group).

pregnancy. The most abundant population of clonally
expanded CD8" EM cells was observed in the decidua.
The proportion of clonally expanded CD8T EM cells
increased in cases of miscarriage, whereas PD-1 expression
was downregulated in clonally expanded CD8" EM cells in
preeclampsia cases.

CD8™' T cells have a crucial role in immune tolerance at
the feto-maternal interface. Previous studies have examined
the distribution, phenotypes, gene, and cell surface protein
expression, as well as functional properties of CD8" T cells in
both normal and complicated pregnancies (5, 7, 16, 17, 31, 32).
Local expansion of highly differentiated decidual CD8*' T cells
implies direct response to fetal-specific antigens. However, due to
CD8™ T cell heterogeneity, it is unclear whether these decidual
CDS8™ T cells recognize fetal antigens. In recent studies, Zeng
et al. performed a transcriptional analysis of paired pCD8' T
and dCD8™ T cell populations in the 1st trimester and revealed
differences in gene regulation (33). Powell et al. identified fetal
antigen-specific CD8" T cells, both in the peripheral blood and
the decidua, using HY-specific dextramers in humans (6, 34).
The proportion of HY-specific CD8' T cells was significantly
increased in the decidua and most of them were CD8T EM
cells expressing the co-inhibitory molecule, PD-1 (6). These
findings support the notion that CD8" T cells recognizing
fetal antigens exist but are functionally suppressed due to PD-
1 expression at the feto-maternal interface. However, although
minor populations of CD8™ T cells can be detected by the MHC-
multimer approach, the extent of diversity of antigen-specific
CD8™ T cells is still unclear. To our knowledge, this study is the
first to examine the TCRP repertoire of CD8' EM cells and CD8™
N cells during pregnancy at the single-cell level. We also analyzed
the clonotypes and PD-1 expression in these cells to identify
tolerogenic differences between normal pregnancy, miscarriage,
and preeclampsia.

Previous studies demonstrated that effector memory cells
are the major subset of decidual CD8" T cells, whereas
naive cells predominate in the peripheral blood (5). Our
results were consistent with previous studies (Figure1) (5);
we found that the proportion of CD8" EM cells among
decidual CD8" T cells neither differed between normal early
pregnancy and miscarriage, nor between normal late pregnancy
and preeclampsia (Figure 1A). These findings indicated that
pregnancy failure was not due to alterations in the proportion of
CD8™ EM cells in early or late pregnancy.

Clonally expanded CD8™ T cells were observed in the effector
memory subset but not in the naive subset (Figure 2), reflecting
previous TCR stimulation and CD8' T cell differentiation.
A larger volume of clonally expanded CD8" EM cells was

observed in the decidua than in PBMC, and in late pregnancy
compared to early pregnancy (Figure 2A). This suggested that
CD8' EM cells were expanded by antigen stimulation at the
feto-maternal interface.

We observed common clonotypes between peripheral and
decidual CD8" EM cells (Figures 3B-D), reflecting the presence
of effector memory T cell signatures in the systemic circulation.
The ratio of CD8" EM cells with common TCRp clonotype
was comparable in each group (Figure3D), suggesting that
the immunological differences between normal pregnancy,
miscarriage, and preeclampsia did not depend on the proportion
of CD8" EM cells expressing the same TCRP clonotype in PBMC
and the decidua. CD8" EM cells with common clonotypes in
PBMC and the decidua might react with microchimeric fetal cells
in the periphery (35-38).

If clonally expanded CD8' EM cells recognize fetal antigens,
the same TCRP clonotype should be detected in different
pregnancies of the same couple. Indeed, we found that some
clonotypes were maintained across different pregnancies of the
same patient (Figures 4B-D). Because of the high diversity of
the CDR3 amino acid sequence in TCRB, with a lower boundary
of 2 x 107 in young humans (27), these clonotype matches are
unlikely to occur by chance. CD8% EM cells with these TCR
clonotypes might recognize the same fetal or placental antigens.
In case of HLA-C mismatch between mother and fetus, and in the
presence, in consecutive pregnancies, of the same paternal HLA-
C, this could be recognized by CD8" EM cells with the same
TCRP clonotype. Similarly, if the fetal sex of both pregnancies
is male, the CD8" EM cells might be HY-specific. Further studies
are necessary to determine the antigens recognized by clonally
expanded CD8' EM cells. Another question to be addressed is
whether clonally expanded CD8" EM cells increase in parous
women. As shown in Supplementary Figure 5, no differences in
the size of clonally expanded CD8' EM cell populations seemed
to occur between nullipara and parous women. These findings
suggested that the proportion of clonally expanded CD8' EM
cells did not increase in subsequent pregnancies.

The proportion of decidual PD-1°"/~ CD8t EM cells
was larger in normal early pregnancy than in normal late
pregnancy (Figure 5B); therefore, dCD8" EM cells acquired
PD-1 expression during late pregnancy. Wang et al. reported
increased PD-1 expression in CD8" T cells after co-culture with
trophoblasts (7), suggesting that cell-cell interactions may induce
PD-1 expression in CD8" T cells at the feto-maternal interface.
Other studies proposed the existence of CD8* regulatory T
cells with high PD-1 expression (39, 40). Therefore, the clonally
expanded PD-1"8h CD8* EM cells detected in our study might
be regulatory cells.
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FIGURE 4 | Comparison of the TCRB clonotype during normal early pregnancy in consecutive pregnancies of the same subject (case numbers #2 and #10, obtained
from the same patient). (A) Analysis of the TCRB repertoire in pCD8" EM and dCD8* EM cells in different pregnancies of the same series. (B) TCRB clonotype
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a particular TCR clone among total CD8" EM cells with an identified TCRB repertoire.
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Clonally expanded CD8" EM cells exhibited informative
differences between normal pregnancy, miscarriage, and
preeclampsia in terms of clonality and PD-1 expression. In
the Ist trimester, a significant increase in the proportion of
clonally expanded dCD8" EM cells was observed in cases of
miscarriage compared to normal pregnancy. In early pregnancy,
most clonally expanded CD8" EM cells were PD-19%/~,
This suggested that an increase in antigen specific PD-1°"/~
cytotoxic CD8" EM cells at the feto-maternal interface might
lead to miscarriage.

In contrast, in the 3rd trimester, the proportion of PD-
1%/~ CD8* EM cells among clonally expanded CD8* EM
cells was significantly increased in preeclampsia cases compared
to normal pregnancy, despite a similar proportion of clonally
expanded CD8' EM cells (Figures 2A, 5B). Remarkably, the
amount of PD-1"/— CD8%T EM cells with unique TCRs
did not differ between preeclampsia and normal pregnancy
(Supplementary Figure 4B). These data suggest that antigen-
specific CD8" EM cells are less exhausted in preeclampsia.

We have previously reported that the total amount of decidual
effector Treg cells is decreased in cases of miscarriage, whereas
the size of clonal populations of decidual effector Treg cells is
comparable in normal early pregnancy and miscarriage cases
(24). On the other hand, the proportion of clonally expanded
effector Treg cells in the decidua is lower in preeclampsia
cases than in normal late pregnancy (24). Altogether, these
observations indicate that the reduced proportion of non-specific
decidual effector Treg cells and the increased proportion of
clonally expanded PD-1"/~ cytotoxic dCD8% T cells might
lead to miscarriage in early pregnancy. In contrast, the decreased
proportion of antigen-specific decidual effector Treg cells and
the decreased expression of PD-1 in clonally expanded dCD8" T
cells might induce fetal rejection in preeclampsia. These results
suggested that, in preeclampsia, antigen-specific tolerance was

disrupted both in Treg cells and CD8" T cells. This is in
good accord with the epidemiology of human preeclampsia. The
risk of preeclampsia increases in women at the first pregnancy
following a partner change and after pregnancy intervals of
more than 10 years (41-43). Increased risk of preeclampsia
has also been reported in association with long-term condom
usage and artificial insemination by donor, indicating that
insufficient paternal antigen-specific tolerance mediated by
seminal plasma priming may underlie preeclampsia (44-46).
Pregnancy following oocyte donation, in which the fetus is
completely allogeneic, associates with a significantly high risk of
preeclampsia (45, 47). These epidemiological data demonstrate
that the failure or lack of paternal antigen-specific tolerance
may be responsible for preeclampsia. In addition, Barton et al.
demonstrated that after the reencounter of fetal antigens by
fetal antigen-specific CD8" T cells, PD-1 expression was more
effectively promoted in parous mice than virgin mice (48). The
exposure to fetal antigens could promote PD-1 expression in
CD8™ T cells, explaining the relatively high expression of PD-1 in
late normal pregnancy. These epidemiological and experimental
data suggest that the disruption of paternal antigen-specific
tolerance in preeclampsia possibly affects PD-1 expression
in CD8" T cells, consistent with the PD-1 downregulation
that we observed in clonally expanded CD8" EM cells of
preeclampsia cases.

Nevertheless, there are several limitations in this study.
First, we assumed that clonally expanded CD8*" T cells might
recognize fetal-specific antigens, but the target specificity of
TCRs from CD8' T cells has not been assessed. Second,
although we assumed that clonally expanded dCD8't EM
cells were cytotoxic, this assumption was not verified. Third,
we focused on PD-1 expression, while alterations of other
co-inhibitory molecules and cytokine expression have been
reported in miscarriage and preeclampsia. Extensive analysis of
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these factors as well as the TCR repertoire may help understand
the immunological differences between normal pregnancy,
miscarriage, and preeclampsia. An additional limitation is that
the detrimental immune reactivity of CD8" T cells observed
in miscarriage and preeclampsia may be partly due to different
timing of sample collection (at 6-8 gestational weeks in
miscarriage, and at 32-39 gestational weeks in preeclampsia),
albeit this problem cannot be overcome.

In conclusion, CD8" EM cells might recognize some antigens
at the feto-maternal interface, which are clonally expanded in
the decidua. Clonally expanded dCD8" EM cells expressed
PD-1 on their surface during late pregnancy, although most
of them did not express PD-1 during early pregnancy. The
total proportion of PD-1°/~ clonally expanded CD8* EM
cells increased in both miscarriage and preeclampsia cases, but
the mechanisms behind this phenomenon were distinct. In
miscarriage cases, the proportion of clonally expanded CD8"
EM cells increased. On the other hand, in preeclampsia, clonally
expanded dCD8" EM cells exhibited low PD-1 expression.
Based on the results of this and our former study, we can
conclude that, in miscarriage, the total proportion of decidual
effector Treg cells decreased, while that of clonally expanded
dCD8" EM cells increased. Moreover, in preeclampsia, the
proportion of clonally expanded decidual effector Treg cells
decreased and PD-1 expression was downregulated in the
clonally expanded dCD8" EM cells. Thus, the recognition of
fetal antigens by clonally expanded Treg cells and CD8" EM
cells would easily induce fetal rejection. In future studies, we
will attempt to clarify which antigens are recognized by clonally
expanded TCRp.
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