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STUDY QUESTION: What is the mechanism of Tim-3þ regulatory T (Treg)-cell accumulation in the decidua during early pregnancy and
is its disruption associated with recurrent pregnancy loss (RPL)?

SUMMARY ANSWER: IL-27 and Gal-9 secreted by trophoblasts activate the Tim-3 signaling pathway in CD4þ T cells and Treg cells
and so promote accumulation of Tim-3þ Treg cells, the abnormal expression of IL-27 and Gal-9 is associated with impaired immunologic
tolerance in RPL patients.

WHAT IS KNOWN ALREADY: Tim-3þ Treg cells are better suppressors of Teff cell proliferation, and display higher proliferative activ-
ity than Tim-3� Treg cells. Tim-3þ Treg cells are tissue-specific promoters of T-cell dysfunction in many tumors. These cells express a
unique factor that influences and shapes the tumor microenvironment.

STUDY DESIGN, SIZE, DURATION: The animal study included 80 normal pregnant mice. In human study, decidua tissues in the first
trimester for flow cytometry analysis were collected from 32 normal pregnant women and 23 RPL patients. Placenta tissues for immuno-
histochemistry analysis were collected from 15 normal pregnant women. Placenta tissues for western blot analysis were collected from
5 normal pregnant women, 5 RPL patients and 5 women who have experienced one miscarriage. Blood samples for in vitro experiments
were collected from 30 normal pregnant women. This study was performed between January 2017 and March 2019.

PARTICIPANTS/MATERIALS, SETTING, METHODS: In this study, we investigated the kinetics of Tim-3þ CD4þ T-cell accumula-
tion, and the proportions of Tim-3þ Treg cells throughout murine pregnancies using flow cytometry. We compared Tim-3 expression on
decidual CD4þ T cells and Treg cells during normal pregnancies with expression on the same cell populations in women suffering from
RPL. IL-27 and Gal-9 transcription and protein expression in the placenta were determined by RT-PCR and western blot, respectively.
An in vitro co-culture model consisting of peripheral CD4þ T cells and primary trophoblasts from early pregnancy was used to mimic the
maternal–fetal environment.

MAIN RESULTS AND THE ROLE OF CHANCE: The percentage of Tim-3þ Treg cells present in mouse uteri fluctuates as gestation
proceeds but does not change in the spleen. Levels of Tim3þ Treg cells in uteri peaked at pregnancy Day 6.5 (E 6.5), then progressively di-
minished, and fell to non-pregnant levels by E18.5. In pregnant mice, Tim-3þ Treg cells constituted 40–70% of Treg cells in uteri but were
present at much lower abundance in spleens. About 60% of decidual Treg cells were Tim-3 positive at E6.5. Of these decidual Tim3þ

Treg cells, nearly 90% were PD-1 positive. However, only about 16% of Tim3� Treg cells expressed PD-1. Blocking the Tim-3 signaling
pathway decreased the proportion of Treg cells and led to embryo resorption. Moreover, much lower Tim-3 expression was observed on
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CD4þ T cells and Treg cells in women who had suffered from RPL at 6–9 gestational weeks compared with those who had normal
pregnancies at matched gestations. In a normal pregnancy, Tim-3 expression on decidual CD4þ T cells is induced initially by IL-27. Then
Gal-9-Tim-3 interaction promotes differentiation of decidual Tim-3þ CD4þ T cells into Treg cells. IL-27 and Gal-9 cooperatively induced
Tim-3þ Treg cells in vitro.

LARGE SCALE DATA: N/A

LIMITATIONS, REASONS FOR CAUTION: We did not investigate the kinetics of human decidual Tim-3þ CD4þ T and Tim-3þ Treg
cell populations throughout pregnancy due to limited availability of second and third trimester decidua. In addition, functional suppressive
data on the decidual Tim-3þ Treg cells are lacking due to limited and low quantities of these cells in decidua.

WIDER IMPLICATIONS OF THE FINDINGS: These findings might have therapeutic clinical implications in RPL.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by research grants from the National Natural Science
Foundation of China (No. 81871186) and National Key Research & Developmental Program of China (2018YFC1003900,
2018YFC1003904). The authors declare no conflict of interest.
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Introduction
Establishment of successful pregnancy in both mice and humans
requires adequate maternal–fetal immune tolerance. Complex immune
regulatory mechanisms at the maternal–fetal interface are activated to
keep the mother’s immune system from attacking the fetus. If these
mechanisms fail, immune responses are activated, and adverse preg-
nancy outcomes ensue (PrabhuDas et al., 2015). Regulatory T (Treg)
cells are identified as CD4þ T cells expressing the transcription factor
forkhead box P3 (FOXP3) (Shevach, 2009). Considerable evidences
indicated that Treg cells play a key role to induce immune tolerance
and ensure fetal survival within the maternal uterus (Schumacher and
Zenclussen, 2014). Depletion of Treg cells in mouse models results in
pregnancy loss. In humans, pregnancy complications like recurrent
pregnancy loss (RPL) and preeclampsia (PE) are associated with a re-
duced Treg number and activity (Saito et al., 2010).

T-cell immunoglobulin domain and mucin domain (Tim)-3 was origi-
nally defined as a T helper (Th) 1-specific membrane protein that
could downregulate Th1 responses by transducing apoptotic signaling
via Galectin-9 (Gal-9) activation (Zhu et al., 2005). In an autoimmune
disease mouse model of multiple sclerosis, blocking the Tim-3 signaling
pathway with specific monoclonal antibodies can lead to an aggravated
autoimmune response due to loss of tolerance, which indicates that
Tim-3 plays an inhibiting regulatory role (Sánchez-Fueyo et al., 2003).
Nowadays, several studies have reported that Tim-3 could be also
expressed on Treg cells, natural killer cells (NK cells), monocyte-
macrophages and dendritic cells, and regulate their activities
(Gupta et al., 2012; Ndhlovu et al., 2012; Han et al., 2013). If Tim-3
expression is dysregulated, it could aggravate or inhibit the inflamma-
tory response and eventually lead to autoimmune diseases, escape of
viruses or tumors and pregnancy complications (Das et al., 2017; Hu
et al., 2016).

Tim-3 expressed on Treg cells has been shown to enhance the
regulatory function of Foxp3þ Treg cells. Indeed, in an in vitro assay,
Tim-3þ Treg cells have been demonstrated to have higher proliferative
activity and better suppression effects on Teff cell proliferation than
Tim-3� Treg cells (Gautron et al., 2014). Tim-3þ Treg cells represent
40% of all graft-infiltrating Treg cells and play a critical role in the main-
tenance of tolerance to allografts. These graft-infiltrating Tim-3þ Treg

cells highly express functional molecules of Treg cells (e.g. CD25,
CD39, CD73, CTLA-4, IL-10 and transforming growth factor-b (TGF-
b)) and display powerful effector function (Gupta et al., 2012). In
tumors, Tim-3þ Treg cells represent the majority of intratumoral Treg
cells and are associated with poor cancer progression (Gao et al.,
2012; Sakuishi et al., 2013; Yan et al., 2013). The establishment of ma-
ternal–fetal immune tolerance is related to the regulatory role of Treg
cells during pregnancy. Indeed, a prior study reported that altered
number and function of Treg cells are associated with adverse preg-
nancy outcomes, notably PE and RPL (Saito et al., 2010). More effi-
cient in suppressing Teff cells than Tim-3� Treg cells, Tim-3þ Treg
cells might play an important role in promoting fetal tolerance during
pregnancy. However, up to now, there are no reports to characterize
Tim-3þ Treg cells at the maternal–fetal interface.

In this study, we focus on the characterization of Tim-3þ Treg cells
at the maternal–fetal interface and investigate the factors that promote
the accumulation of Tim-3þ Treg cells at the maternal–fetal interface
and the underlying mechanism.

Materials and methods

Mice
Female C57 mice (12W) and male Balb/c mice (12W) were pur-
chased from the Animal Centre of Tongji Medical College and
Center for Disease Control in Hubei province (Wuhan, China).
Experimental procedures and animal care protocols were reviewed
and approved by the Institutional Animal Care and Use Committee
of Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China. Virgin C57BL/6 female mice were used
as non-pregnant controls, and allogeneically mated (C57BL/6 female
� Balb/c male) female mice were used as models of normal preg-
nancies in our studies (Thuere et al., 2007). All animals were kept in
a barrier facility with a 12-h light/12-h dark cycle and were raised in
a humidity-controlled room with free access to food and water.
Mice were inspected for vaginal plugs every morning. The day of
visualization of a plug was designated as Day 0.5 of a pregnancy
(Shima et al., 2010).
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.Blockade of IL-27 in vivo.
Pregnant mice were intraperitoneally injected with 200 mg doses of
the anti-IL-27 antibody (clone MM27-7B1, Invitrogen, USA) or PBS on
Days 2.5 and 4.5, respectively (Mas et al., 2008). All pregnant mice
were monitored at Day 6.5 of pregnancy. The embryo resorption
rate, architecture of uterine, phenotype change of decidual immune
cells and the size of spleen were evaluated.

Blockade of Tim-3 in vivo.
Pregnant mice were intraperitoneally injected with anti-Tim-3 antibody
(clone RMT3-23, Biolegend, USA) or PBS at doses of 250 or 500 mg
twice/day on Days 3.5, 5.5, 6.5 and 8.5, respectively (Chabtini et al.,
2013). All pregnant mice were monitored at Day 10.5 of pregnancy.
The embryo resorption rate, architecture of uterine and placenta, the
size of fetus, phenotype change of decidual immune cells and the size
of spleen were evaluated.

Preparation of cells from mouse lymphoid
organs and decidua
Mice were killed by cervical dislocation and spleens and lymph nodes
(LNs) were harvested with sterile instruments into ice-cold PBS. The
spleens and LNs were ground up and passed through a 40-lm cell
strainer to prepare single-cell suspensions, cells were pelleted by cen-
trifugation (300�g, 10 min, 4�C), and splenic erythrocytes were lysed
in red blood cell lysis buffer for 10 min at 4�C. For isolation of decidua
leukocytes, the fetal and placental tissues were carefully removed from
the uteri of mice on particular gestational days and washed in ice-cold
PBS. The uteri were minced with a scalpel, and incubated in RPMI me-
dium 1640 containing 1 mg/ml collagenase IV (Gibco, USA) and 0.1
mg/ml DNaseI (Sigma, USA) for 15 min at 37�C with gentle agitation.
The total suspension was filtered through 40 lm cell strainers before
staining for flow cytometry analysis.

Human sample collection
Our collection and use of samples were approved by the Huazhong
University of Science and Technology Clinical Trial Ethics Committee.
Every participant signed a written informed consent form. Peripheral
blood samples were obtained from clinically normal pregnant mothers
during the first trimester. First-trimester placentae were obtained from
voluntary pregnancy terminations (terminated for non-medical reasons
at 6–9 gestational weeks), first time spontaneous abortion (diagnosed
as the loss of just one pregnancy at 6–9 gestational weeks) and RPL
(diagnosed as more than two spontaneous abortions at 6–9 gestational
weeks, excluding those resulting from endocrine, anatomic or genetic
abnormalities, infection, etc.) (Lee et al., 2012; Wu et al., 2014). The
first time spontaneous abortion and RPL we collected are missed
abortion. In our practice, both patients with the elective abortion in
normal pregnant group and patients with RPL and first time abortion
are routinely offered dilatation and curettage. Third-trimester placen-
tae (37–41 weeks of gestation) were obtained from natural deliveries.
Second-trimester placentae (between 16 and 27 weeks of gestation)
were obtained from pregnant women who underwent early labor due
to cervical incompetence (Zhang et al., 2018). After collection from
the hospital, all the tissues used for polymerase chain reaction (PCR)
and western blotting (WB) analysis were washed by cold PBS and

then cryopreserved in �80�C refrigerator. All sample information and
applications are presented in Supplementary Tables SI, SII and SIII.

CD41 T-cell isolation and culture
Peripheral blood was obtained from clinically normal pregnant women
with gestational age of 6–9 weeks. Peripheral blood mononuclear cells
(PBMCs) were separated by Ficoll-Paque PLUS gradient centrifugation.
Total CD4þ T cells were purified from PBMCs by positive selection
using CD4þ T-cell isolation reagent from Miltenyi Biotec (Miltenyi
Biotec, USA). Enriched CD4þ T cells were stimulated with 2 lg/ml
plate-bound anti-CD3 (eBioscience, USA), 1 lg/ml soluble anti-CD28
(eBioscience, USA) and 25 U/ml IL-2 (Peprotech, USA). CD4þ T cells
were seeded at 5� 106 ml/well, and cultured for 1, 3 or 5 days in
24-well round bottom plates in RPMI medium (Gibco, USA).

Co-culture of primary trophoblast cells and
CD41 T cells
Purified CD4þ T cells from human early pregnancy peripheral blood
were stimulated with 2 lg/ml plate-bound anti-CD3 antibody
(eBioscience, USA) and 1 lg/ml soluble anti-CD28 antibody
(eBioscience, USA) for 48 h. The stimulated CD4þ T cells were
washed twice using PBS and then added into the culture plates of pri-
mary trophoblast cells, which were isolated and cultured as previously
described (Hu et al., 2019). In some wells, soluble IL-27 receptor
(R&D system, USA), anti-human Tim-3 antibody (Biolegend, USA) and
recommend human Gal-9 (Biolegend, USA) were added. After
co-culture, the cells were harvested for flow cytometry analysis.

In vitro induction assay
CD4þ T cells sorted from early pregnancy peripheral blood were
activated with 2 lg/ml plate-bound anti-CD3 (eBioscience, USA) and
1 lg/ml soluble anti-CD28 (eBioscience, USA) for 2 days and were
rested afterwards in the presence of recombination human IL-27
(R&D system, USA) and/or recombination human Gal-9 (Biolegend,
USA) or TGF-b (Peprotech, USA) for 7 days.

Flow cytometry analysis
The cell surface of isolated trophoblasts or immune cells was stained
with an appropriate fluorescently labeled conjugated mAb (shown in
Supplementary Table SIV) for 20 min, away from light. Cells were
washed three times with cold phosphate-buffered saline (PBS). Then,
cells were fixed and labeled according to the manufacturer’s protocol
for intracellular staining. Flow cytometry was performed using a
FACScalibur (BD Biosciences, USA). Data were analyzed with FlowJo
software (TreeStar, USA).

Quantification of mRNA expression levels
by RT-PCR
Total RNA of frozen tissues from normal pregnancies and RPL was
isolated by TRIzol extraction (Invitrogen, USA). One microgram of
RNA was reverse transcribed using Prime Script RT master mix
(Takara Bio, Japan). Relative mRNA levels of IL-27p28, Gal-9 and b-ac-
tin were determined by quantitative RT-PCR (qRT-PCR) using SYBR
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Premix Ex TaqII (Takara Bio, Japan). The primers used for PCR analy-
sis are shown in Supplementary Table SV.

Enzyme-linked immunosorbent assay
Levels of IL-27 and Gal-9 in culture supernatants of primary tropho-
blasts were quantified using IL-27 and Gal-9 ELISA Kits (USCN Life
Science, China), according to the manufacturer’s protocols.

Western blot analysis
Following SDS/PAGE, transfer and blocking, the polyvinylidene difluor-
ide blots were incubated with primary antibodies (shown in
Supplementary Table SVI) at 4�C overnight. The membranes were
washed and incubated with a secondary antibody (shown in
Supplementary Table SVI), followed by enhanced chemiluminescence
detection.

Immunohistochemistry
Tissues and cell samples were treated as follows: (i) placental tissue
was fixed in 4% paraformaldehyde (w/v), embedded in paraffin and
sectioned at a thickness of 5 lm. Sections were deparaffinized in
xylene, and rehydrated in graded alcohol solutions. After antigen
retrieval, slides were treated with 3% hydrogen peroxide (v/v) for
15 min to suppress endogenous peroxidase activity and blocked with
5% bovine serum albumin (w/v) (Thermo Fisher Scientific, MA, USA)
for 30 min, as previously described. (ii) Cultured trophoblasts that had
climbed to the carry sheet glass were fixed in methanol at �80�C for
7 min. Treated samples were then incubated with primary antibodies,
followed by incubation with a secondary antibody (shown in
Supplementary Table SVII).

Statistics
Data are presented as means § SEM or median (quartiles).
Differences were analyzed using Student’s t-test or Mann–Whitney
U-test between two groups as applicable, and by one-way ANOVA in
multiple groups. All analyses were conducted in Statistical Package for
Social Sciences (SPSS) software (Version 18) and GraphPad Prism soft-
ware (Version 6). Differences were considered significant at P < 0.05.

Results

Tim31 Treg cells accumulated in the
decidua of mice during early pregnancy
Tim-3þ Treg cells accumulated abundantly in mouse decidua during
early stage pregnancy. Tim-3þ Treg cells constituted about 60% of the
total Treg cell population in the mouse decidua at E6.5. However, at
this time point, only about 16% of spleen Treg cells expressed Tim-3.
These results indicate that accumulation of abundant Tim3þ Treg cells
in decidua, but not in the periphery, might play a crucial role in estab-
lishing early pregnancies in mice. Moreover, the frequency of Tim-3þ

Treg cells present in the decidua was subject to fluctuations as gesta-
tion proceeded. Tim-3þ Treg cells in the decidua peaked at E6.5, then
progressively diminished, and fell to non-pregnant levels by E18.5.

In the spleen, Tim-3þ Treg cells were present at very low levels and
did not change regardless of stage of pregnancy (Fig. 1A and B).

Treg cells play a key role in the establishment and maintenance of
maternal-fetal tolerance. The immunosuppressive function of Treg cells
seems to be executed mostly in a contact-dependent fashion, and me-
diated by expression of PD-1, CTLA-4, IL-10 and TGF-b. Here, we
surprisingly found that nearly 90% of Tim-3þ Treg cells were PD-1
positive. However, only 18% of Tim-3� Treg cells expressed PD-1.
Moreover, the expression of CTLA-4 on Tim-3þ Treg cells was 2-fold
higher than that on the Tim-3� Treg cells (Fig. 1C). The observation
that a large amount of Treg cell functional molecules were expressed
on Tim-3þ Treg cells may indicate that Tim-3þ Treg cells are excellent
immune suppressors.

We also compared the proportion of Tim3þ Treg cells in the
spleen, uterus-draining LNs and decidua during early pregnancy.
Although Tim-3þ Treg cells were present at high proportions only in
the decidua, the proportion of Tim-3þ Treg cells in uterine draining
LNs was significantly higher than that in the spleen (Supplementary
Fig. S1A and B). Moreover, in uterine-draining LNs, compared to
Tim-3�CD4þ T and Tim-3� Treg cells, more CCR4 and CCR5 were
expressed on Tim-3þ CD4þ T and Tim-3þ Treg cells (Supplementary
Fig. S1C and D).

Tim31 Treg cells constituted the
predominant Treg cell population in
human decidua during early pregnancy and
were decreased in RPL patients
Our results showed that Tim-3 was not expressed at all on the surface
of CD4þ T cells from human peripheral blood during early pregnancy
(Supplementary Fig. S2A) unless the CD4þ T cells are activated by
TCR stimulation in vitro (Supplementary Fig. S2B–F). However, Tim-3
was most expressed on Foxp3� CD4þ T cells after TCR activation. In
stark contrast, Tim-3þ Treg cells clearly constitute the predominant
Treg cell population in the decidua in a normal early pregnancy. We
also assessed whether the proportion of Tim-3þ Treg cells was abnor-
mal in women suffering from RPL. Here, we found that the percentage
of decidual Treg cells was decreased in RPL. Moreover, we observed
significantly lower Tim-3 expression on CD4þ T cells and Treg cells in
RPL compared with those from normal pregnancies (Fig. 2A and B).
These data indicated that decreased Tim-3þ CD4þ T cells and Tim-
3þ Treg cells might be associated with impaired immunologic toler-
ance in RPL patients.

Accumulation of Tim-31 Treg cells was
associated with IL-27 and Gal-9 secreted by
trophoblasts
Next, we wanted to know how Tim-3þ Treg cells were accumulating
in the decidua. Previous studies have indicated that Tim-3-Gal-9 en-
gagement promotes augmentation of Treg cell populations (Ji et al.,
2013). In this study, we found that Gal-9 mRNA and protein expres-
sion in RPL patients at 6–9 gestational weeks was significantly higher
than that in normal pregnant women (Fig. 3A and B), while the pro-
portion of Treg cells was much lower in PRL patients. Despite obvious
Gal-9 upregulation in RPL patients, immune tolerance is still impaired.
Insufficient Tim-3 expression and Tim-3-Gal-9 engagement might
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.contribute to this impaired immune tolerance. As IL-27 has been ob-
served to be a potent inducer of Tim-3 in naı̈ve CD4þ T cells in vitro
(Zhu et al., 2015), we assessed IL-27 expression in first trimester pla-
centae (between 6 and 9 gestational weeks) from normal pregnancies
and RPL patients. As shown in Fig. 3C and D, levels of IL-27 mRNA
and protein were much lower in RPL patients than in normal pregnant
women. We also investigated the kinetics of IL-27 and Gal-9 protein
expression in the placenta at different stages of pregnancy and found
that Gal-9 protein expression increased gradually from early pregnancy
to late pregnancy, whereas IL-27 protein levels remained stable
throughout (Supplementary Fig. S3).

Then, we used an in vitro model containing peripheral blood CD4þ

T cells and primary trophoblasts to mimic the maternal–fetal microen-
vironment to further explore the mechanisms mediating upregulation
of Tim-3 expression on decidual CD4þ T cells and Treg cells
during early pregnancy. Flow cytometry analyses revealed that primary
trophoblasts could significantly promote Tim-3 expression on both
CD4þ Foxp3� T cells and CD4þ Foxp3þ Treg cells (Supplementary
Fig. S4F–H). Moreover, the proportion of Tim-3þ Treg cells increased
gradually with increasing co-cultivation times, with �25% of Treg cells
expressing Tim-3 on Day 5 (Supplementary Fig. S4I and J).

To determine whether primary trophoblast-mediated induction of
Tim-3þ CD4þ T cells and Treg cells in the co-culture system was
linked to IL-27 and Gal-9, we first examined their expression in isolated
primary trophoblasts by immunohistochemistry. As Fig. 4A shows, IL-
27 and Gal-9 were mainly expressed in the primary trophoblasts’ cyto-
plasm. To confirm that primary trophoblasts produce IL-27 and Gal-9,
we measured by ELISA the amount of IL-27 and Gal-9 present in the
culture supernatants of primary trophoblasts harvested at various cul-
ture times (Fig. 4B). The schema depicting our co-culture system is
shown in Fig. 4C. Soluble IL-27 receptor (sIL-27R) or anti-Tim-3 mAb
was added into the co-culture system to block IL-27 or Tim-3 signaling
pathways. Here, we observed that co-culturing with primary tropho-
blasts could promote Tim-3 expression, while blockade of IL-27 by
sIL27R in the co-culture system significantly inhibited trophoblast-
induced Tim-3 upregulation on CD4þ T cells and Treg cells. Moreover,
a slight decrease in the Treg cell fraction, albeit not statistically signifi-
cant, was observed in the presence of sIL-27R in the co-culture system.
The proportion of Tim-3þ Treg cells was decreased by blockade of the
Tim-3 signaling pathway. However, blockade of Tim-3 signaling by anti-
Tim-3mAb did not affect the proportion of Tim-3þ CD4þ T cells and
Foxp3þ CD4þ Treg cells. In the co-culture þ sIL-27R þ Gal-9 group,

Figure 1. Tim31 Treg cells accumulated in the decidua of mice during early pregnancy. Tim-3 expression on CD4þ T cells and Treg
cells in spleen and decidua at time points throughout pregnancy was determined by flow cytometry (n� 6 mice/group). (A) Representative Tim-3
expression on spleen and decidual Treg cells gated on CD4þ T cells. (B) Statistical analysis of Treg cell, Tim-3-expressing CD4þ T cell and Tim-3-
expressing Treg cell proportions in the spleen and decidua throughout pregnancy. (C) The frequency and mean fluorescence intensity (MFI) of PD-1
and CTLA-4 expression were assessed and compared between Tim-3þ Treg cells and Tim-3– Treg cells from the decidua on E 6.5. Data are repre-
sented as means § SEM. *P< 0.05, **P< 0.01, ***P< 0.001. E, embryonic day; detection of vaginal plug ¼ E 0.5.
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..Tim-3þ Treg cell proportions were not affected and remained at a low
level despite sufficient Gal-9 for signaling (Fig. 4D and E). These data in-
dicated that IL-27 was essential to Tim-3 expression induced by co-
culture with primary trophoblasts, and that Tim-3 pathway activation
might promote Tim-3þ Treg cells accumulation in the decidua.

Tim-31 Treg cells can be cooperatively
induced by IL-27 and Gal-9 in vitro
The observation that blockade of either IL-27 or Tim-3 signaling path-
ways in the co-culture system could decrease the proportion of Tim-
3þ Treg cells brought to light an obvious problem: How do Tim-3þ

Treg cells accumulate in the decidua? To further confirm the effects of
the IL-27 and Tim-3 pathways on Tim-3 expression and Tim-3þ Treg
cell accumulation, we cultured isolated human early pregnancy periph-
eral CD4þ T cells in the presence of recombinant human IL-27 or re-
combinant human Gal-9. The rhGal-9 was used to activate Tim-3
signaling in this study. The schema depicting this cell culture strategy is
shown in Fig. 5A. As Fig. 5B and C show, IL-27-treated CD4þ T cells
exhibited high Tim-3 expression. However, most of the Tim-3 protein

induced by IL-27 was on Foxp3� T cells. Among these cells, the
proportion of Tim-3þ Treg cells was very low. TGF-b was used as a
positive control to induce Treg cells differentiation (Chang et al.,
2017). Compared to the control group, a slight upregulation of Tim-3
expression was observed in both the TGF-b and Gal-9 groups, albeit
neither was statistically significant. Compared to other groups, the per-
centage of Treg cells and Tim-3þ Treg cells was increased remarkably
in the IL-27þGal-9 group. Tim-3 could be induced by IL-27 within
the first 4 days. Within the following 3 days, Gal-9 activation of the
Tim-3 pathway promoted differentiation of Tim-3þ CD4þ T cells into
Treg cells. It should be noted that total Tim-3 expression on CD4þ T
cells was decreased in the IL-27þGal-9 group compared to the IL-27
group, and most Tim-3þ CD4þ T cells also expressed Foxp3.

Blocking IL-27 and Tim-3 signaling path-
ways disrupts immune tolerance and indu-
ces pregnancy loss in mice
To verify the role of the IL-27 and Tim-3 signal pathways in vivo, we
examined pregnant C57/B6 female mice challenged with an anti-IL-27

Figure 2. Percentages of Treg cells, Tim-31 CD41 T cells and Tim-31 Treg cells are reduced in decidua from RPL patients. (A)
Representative Tim-3 expression on decidual CD4þ T cells and decidual Treg cells from normal pregnant (NP) subjects (n¼ 32) and patients who
have undergone RPL (n¼ 23). (B) Statistical analysis of proportions of Treg cells, Tim-3-expressing CD4þ T cells and Tim-3-expressing Treg cells.
Data are represented as means § SEM. *P< 0.05, **P< 0.01.
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mAb or an anti-Tim-3 mAb. In the IL-27 blockade experiment, Tim-3
expression on CD4þ T cells and Treg cells in the decidua was de-
creased in the IL-27 blockade group. The percentage of Treg cells was
not affected by IL-27 blockade (Fig. 6B and C). In addition, there
seemed to be no change in the rate of embryo absorption. However,
the pregnant mice’ uteri were abnormally stretched, and compared to
the control group, the distance between embryos was too large
(Fig. 6A). At this time, it is not clear why IL-27 blockade downregu-
lated Tim-3 expression but did not affect the rate of embryo absorp-
tion. However, direct blockade of the Tim-3 signaling pathway induced
obvious embryo absorption. We found that compared to the control
group, the sizes and weights of spleens in the Tim-3 blockade group
were much bigger. Moreover, significant embryo absorption was ob-
served in the Tim-3 blockade group, and, the size of the unabsorbed
embryos in Tim-3 blockade mice was much smaller than in the control
group (Fig. 6D). In addition, obvious bleeding spots could be found in
placentae in the Tim-3 blockade group. The percentage of Treg cells
and Tim-3þ Treg cells was decreased when the Tim-3 signaling path-
way was blocked (Fig. 6E and F).

Discussion
Tim3þ Treg cells constitute the predominant Treg population (over
60%) in the mouse decidua during early pregnancy. In stark contrast,
the percentage of Tim-3þ Treg cells in the peripheral lymphoid organ
and draining LN is much lower. However, the percentage of Tim-3þ

CD4þ T cells and Tim-3þ Treg cells in the draining LN is higher than
that in the spleen. Previous studies have identified factors in male sem-
inal plasma that are associated with increased paternal antigen-reactive
Treg cells in draining LNs (Guerin et al., 2011; Shima et al., 2015).

At E3.5, the absolute numbers of Treg cells in the draining LN are
about 10-fold greater than those in the uterus. Therefore, draining LN
seems to be a primary site of Treg cell production. The higher propor-
tion of Tim-3þ CD4þ T cells and Tim-3þ Treg cells in draining LN
suggests that Tim-3 expression might be induced by the paternal HLA
or paternal antigens in seminal plasma.

Moreover, much more CCR4 and CCR5 are expressed on Tim-
3þCD4þ T cells and Tim-3þ Treg cells in the draining LN.
Radiolabeled cells from draining LN have reportedly been recruited
into the uterus from the blood during early pregnancy (Johansson
et al., 2004). The local expression of chemokines and the chemokines
receptors on Treg cells surface is involved in the trafficking and migra-
tion of Treg cells into tissues (Curiel et al., 2004; Bono et al., 2007). In
the post-mating period, the increased chemokines synthesis in the
uterus is associated with the infiltration of a large number of leuko-
cytes, including macrophages, DCs as well as T cells (Robertson et al.,
1998). CCL4 (the CCR5 ligand) and CCL17 (the CCR4 ligand) are
among these chemokines. They are largely expressed in mice and hu-
man placental decidua (Shima et al., 2015). Furthermore, it has been
reported that CCR4 and CCR5 are selectively expressed on paternal
antigen-specific Treg cells, and CCR4þ Treg cells and CCR5þ Treg
cells preferentially accumulate in the gravid uterus (Kallikourdis et al.,
2007). CCR4 and CCR5 expressed on Tim3þ CD4þ T cells and Tim-
3þ Treg cells might help these cells home to and/or stay within the
maternal–fetal interface.

Interestingly, nearly 90% of decidual Tim-3þ Treg cells were PD-1
positive. And the mean fluorescence intensity of PD-1 expression on
Tim-3þ Treg cells is 10 times higher than that on Tim-3� Treg cells.
Salvany-Celades et al. (Salvany-Celades et al., 2019) reported that the
decidual PD-1hi Treg cells which suppress Teff responses by IL-10 is
one important subtype of the decidual Treg cells in human pregnancy

Figure 3. Abnormal IL-27 and Gal-9 expression in recurrent pregnancy loss (RPL) patients. (A, C) Expression levels of Gal-9
and IL-27 mRNA in placental villi from early pregnancy in patients who have suffered RPL (n¼ 16) and patients carrying normal pregnancies
(NP) (n¼ 28). (B, D) Protein levels of Gal-9 (40kDa) and IL-27 (27kDa) in early pregnancy villi from RPL (>2 unexplained spontaneous abortions),
miscarriage (a single unexplained spontaneous abortion) and normal pregnancy were determined by western blotting normalized to levels of b-actin
(42 kDa). Relative band intensities were quantified using ImageJ. Results are shown as means § SEM. *P< 0.05, **P< 0.01, ***P< 0.001.
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Figure 4. Accumulation of Tim-31 Treg cells is associated with IL-27 and Gal-9 secretion by trophoblasts. (A) IL-27 and Gal-9
expression in primary trophoblast cells from early pregnancy villi were determined by immunohistochemistry. Original magnification: �200.
(B) Levels of IL-27 and Gal-9 secretion by primary trophoblasts were analyzed by ELISA. (C–F) Primary trophoblast cells were co-cultured
with CD4þ T cells from early pregnancy peripheral blood for 72 h, while soluble IL-27 receptor (neutralizing IL-27) (100 ng/ml) or anti-Tim-3 mAb
(blocking the Tim-3 signaling pathway) (10 mg/ml) or Gal-9 (activating the Tim-3 signal pathway) (1 mg/ml) were added to the co-culture system.
Then, Treg cell differentiation and Tim-3 expression on CD4þ T cells and Treg cells were detected by flow cytometry. Before co-culture, CD4þ T
cells were activated with 2 lg/ml plate-bound anti-CD3, 1 lg/ml soluble anti-CD28, and 25 U/ml IL-2 for 2 days. A cell culture treatment schematic
is shown in C. Representative and statistical results are shown in D and E. CD4þ T cells group: CD4þ T cells alone; Co-culture group: CD4þ T cells
co-cultured with primary trophoblast cells; Co-culture þ sIL-27R group: CD4þ T cells co-cultured with primary trophoblasts with sIL-27R;
Co-culture þ anti-Tim-3 group: CD4þ T cells co-cultured with primary trophoblasts with anti-Tim-3mAb; Co-culture þ anti-Tim-3mAb þ Gal-9
group: CD4þ T cells co-cultured with primary trophoblast cells with anti-Tim-3mAb and Gal-9. Data are expressed as means § SEM. *P< 0.05,
**P< 0.01, ***P< 0.001.
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and the decidual PD-1hi Treg cells could be induced by trophoblast
cells. Our observation that PD-1 expression goes hand in hand with
Tim-3 on decidual Treg cells suggested that decidual Tim-3þ Treg cells
might somewhat resemble PD-1hi Treg cells. The resemblance could
be found in two aspects: (i) the proportion of PD-1hi Treg cells in de-
cidua is also much more than that in blood. (ii) Moreover, both Tim-
3þ Treg cells and PD-1hi Treg cells is largely expressed CCR5.

We also found that Tim-3þ Treg cells constitute the major decidual
Treg population, and that they were specifically present in human

decidua in early pregnancy, whereas Tim-3 is not expressed at all in
peripheral CD4þ T cells and Treg cells. Tim-3 expression on Treg cells
could be detectably induced by co-culturing CD4þ T cells with troph-
oblasts. During the placentation in humans, the trophoblasts as the
most important fetal portion at the maternal–fetal interface have inti-
mate contact to the maternal immune cells. These trophoblasts ex-
press lots of soluble and cell surface proteins to educate the maternal
immune cells, thus ensure their own survival and that of the fetus
(Riley, 2008; Arck and Hecher, 2013).

Figure 5. IL-27 and Gal-9 cooperatively promoted Tim-31 Treg cell accumulation in vitro. CD4þ T cells sorted from early pregnancy
peripheral blood were activated with plate-bound anti-CD3 (2 lg/ml) and soluble anti-CD28 (1 lg/ml) for 2 days and were rested afterwards in the
presence of IL-27 (100 ng/ml) and/or Gal-9 (1 mg/ml) for 7 days. The cell culture treatment schematic is shown in A. CD4þ T cells group: CD4þ T
cells alone; IL-27 group: CD4þ T cells treated with rhIL-27 in the first 4 days; Gal-9 group: CD4þ T cells treated with Gal-9 in the last 3 days; IL-
27þGal-9 group: CD4þ T cells treated with rhIL-27 in the first 4 days, then treated with Gal-9 for 3 days. Representative and statistical results are
shown in B and C. Data are expressed as means § SEM. *P< 0.05, **P< 0.01, ***P< 0.001.
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Figure 6. Effects of blocking IL-27 or Tim-3 signaling on pregnancy outcome in a mouse model. (A) Representative images of em-
bryos from mice treated with PBS or anti-IL-27 antibody. (B, C) Representative and statistical analysis of Treg cell proportions, Tim-3 expression on
CD4þ T cells, and Treg cells following treatment with the anti-IL-27 antibody by flow cytometry. Data are represented as means § SEM, with seven
mice per group. *P< 0.05 and **P< 0.01. (D) Representative images of embryos, placentas and spleens from mice treated with PBS or anti-Tim-3 an-
tibody. Compared with the control group, increased embryo resorption (indicated with the green arrow), placental bleeding (indicated with yellow
arrow) and smaller fetus (indicated with red arrow) were observed in the Tim-3 blocking group. (E, F) Representative and statistical analysis of Treg
cell proportions, and Tim-3 expression on Treg cells following treatment with the anti-Tim-3 antibody by flow cytometry. Data are represented as
means § SEM of six mice per group. *P< 0.05.
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..IL-27 is known to be expressed and secreted by placental cells
(Coulomb-L’Hermine et al., 2007). Here, we have demonstrated
that IL-27 secreted by trophoblasts could induce Tim-3 expression
on CD4þ T cells from peripheral blood during early pregnancy.
Subsequently, Gal-9, the Tim-3 ligand, promotes differentiation of
Tim-3þCD4þ T cells into Tim-3þ Treg cells. Thus, proportions of
Treg cells and Tim-3þ Treg cells are upregulated at the maternal–
fetal interface. We also note that in the Tim-3þ Treg cell induction
experiment, compared to other groups, in the IL-27þGal-9 group,
Tim-3þ Treg cells could be detectably induced while total Tim-3
expression on CD4þ T cells was decreased. As Gal-9 could down-
regulate CD4þ T-helper1 (Th1) and Th17 responses by triggering
apoptotic death of Tim-3þ Teffs (Zhu et al., 2005), we speculate
that Gal-9 induces apoptosis in mature differentiated T-cells via
Tim-3 in Th1/Th17 cells, and might not, or might to a lesser extent
induce apoptosis in Tim-3þ Treg cells. Thus, the proportion of Tim-
3þ Treg cells, and total Treg cells could accumulate at the mater-
nal–fetal interface.

Tim-3 expression could be induced during early stage pregnancy in
the presence of IL-27. Then, gradually increasing Gal-9 levels activated
the Tim-3 signaling pathway. Another study has previously reported
the kinetics of IL-27 expression during murine pregnancies. They
reported that in pregnant female mice, IL-27 mRNA is highly
expressed at E0.5, and gradually decreases to undetectable levels by
E6.5 (Mas et al., 2008). This published data is in good accordance with

our model. A premature or delayed rise in IL-27 may thus be associ-
ated with pathological gestation.

Immune tolerance plays a very important role in maintenance of
immune homeostasis. Once immune tolerance is broken, various auto-
immune diseases ensue. Gal-9 has been reported to regulate T-cell
responses through Tim-3-Gal-9 engagement. Moreover, the promising
therapeutic activity of recombinant Gal-9 has been shown in preclinical
models of several diseases, including transplant rejection and autoim-
munity (Wiersma et al., 2013). The pathogenesis of RPL is somewhat
similar to these mentioned diseases. The ultimate goal for treatment
of broken immune tolerance diseases is to restore immunological tol-
erance. Treatment for RPL is no exception. Given that Gal-9 has ther-
apeutic potential for treating autoimmunity by skewing T-cell immunity
in preclinical models, using recombinant Gal-9 in RPL patients might
be an effective therapeutic strategy for regulating maternal–fetal im-
mune tolerance imbalance. However, here we reported that Gal-9 ex-
pression is not insufficient in RPL patients. A mechanism like that of
insulin-resistance in type 2 diabetes might explain this phenomenon.
Sensitivity to insulin is decreased in type 2 diabetes patients. Under
normal conditions, pancreatic islet b-cells increase insulin release suffi-
ciently to overcome the reduced insulin sensitivity, thereby maintaining
normal glucose tolerance (Kahn, 1998). Due to ineffective or insuffi-
cient Tim-3-Gal-9 engagement, increased Gal-9 expression in RPL
patients might be compensatory upregulation. However, even though
there is sufficient Gal-9 ligand, Tim-3 receptor expression is decreased.

Figure 7. Schematic diagram of IL-27 and Gal-9 promoting Tim-31 Treg cell accumulation in the decidua. (A and B) IL-27 secreted
by trophoblast cells induces Tim-3 expression on decidual CD4þ T cells, then Gal-9 activates the Tim-3 signal pathway promoting Treg cell differenti-
ation. In the presence of Gal-9, effector T cells might be more fragile than Treg cells. In a normal pregnancy, Gal-9 expression gradually increases,
while IL-27 expression remains stable from early pregnancy to late pregnancy. (C) In RPL, insufficient Tim-3-Gal-9 engagement due to decreased
Tim-3 expression leads to reduced Treg cell proportions.
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Thus, the contribution of Tim-3/Gal-9 signaling to maternal–fetal
immune tolerance is still impaired. Therefore, normal expression of
receptor Tim-3 is prerequisite to activation of Tim-3/Gal-9 signaling
using recombinant Gal-9.

In this study, there are some limitations. Although many previous
studies have reported that Tim-3 expression identifies a subset of
Treg cells with increased in vitro suppressor function and we found
that decidual Tim-3þ Treg cells displayed some cell surface mole-
cules potentially associated with suppressor function, our study
lacks in vitro functional suppressive experiments of decidual Tim-3þ

Treg cells. Since Tim-3 is an immune checkpoint receptor and
overexpressed Tim-3 on the Teffs lead to the dysfunction or ex-
haustion of Teffs, it cannot be ruled out that Tim-3þ Treg cells
here are just exhausted. Beyond that our study did not investigate
the kinetics of human decidual Tim-3þ CD4þ T and Tim-3þ Treg
cell populations throughout pregnancy due to limited availability of
second and third trimester decidua. These need to be further
investigated.

In summary, our study highlights that IL-27 and Gal-9 produced by
trophoblasts cooperatively promote expression of Tim-3 and activa-
tion of the Tim-3 signaling pathway in CD4þ T cells, contributing to
accumulation of Tim-3þ Treg cells and the Treg/Teff balance (Fig. 7).
It is conceivable that the strategy of IL-27 and Gal-9 treatment of
T cells to induce immunosuppressive Tim-3þ Treg cells might be used
therapeutically to attenuate dysregulation of maternal–fetal immune
tolerance in RPL, and more generally, in diseases in which the immune
balance is perturbed, such as PE, tumors, autoimmunity and
transplantation.
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Supplementary data are available at Human Reproduction online.
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