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Decidual macrophages derived
NO downregulates PD-L1 in
trophoblasts leading to
decreased Treg cells in
recurrent miscarriage

Yonghong Zhang, Huiyan Wang, Panpan Qiu, Jingwen Jiang,
Xuhong Wu, Jie Mei* and Haixiang Sun*

Center for Reproductive Medicine and Obstetrics and Gynecology, Nanjing Drum Tower Hospital,
The Affiliated Hospital of Nanjing University Medical School, Nanjing, China
Introduction: Placental trophoblasts contribute to regulatory T (Treg) function via

the programmed cell death-1 (PD-1)/PD-1 ligand 1 (PD-L1) pathway during normal

pregnancy. Decreased expression of PD-L1 in trophoblasts was closely associated

with Treg deficiency in the development of pregnancy failure. Thus, targeting PD-

L1 might be a novel therapy to prevent pregnancy loss. However, the mechanisms

for modulating the expression of PD-L1 in trophoblasts are an enigma.

Methods: The proportion of decidual Treg cells, and the profile of decidual

macrophages (DMs) sampled from women with normal pregnancy (NP) and

recurrent miscarriage (RM) were evaluated by flow cytometry. The expression of

Yin and Yang 1 protein (YY1) and PD-L1 in human villous were measured by

Immunohistochemistry (IHC), qRT-PCR and western blot. The determination of

soluble PD-L1 (sPD-L1) in serum from NP and RM, and trophoblast conditioned

media (TCM) was performed by the PD-L1 SimpleStep ELISA kit. Knockdown of

YY1 was processed in the human trophoblast derived cell lines, HTR-8 and Bewo,

with siYY1 transfection. Peripheral naïve CD4+ T cells were isolated from women

with NP for the in vitro culture. The percentages of Treg cells differentiated from

peripheral naïve CD4+ T cells were measured by flow cytometry. The interaction

between YY1 and CD274 was proved by CHIP. The expression of inducible nitric

oxide synthase (iNOS) in decidua was evaluated by IHC. The level of NO in serum

from women with NP and RM was determined by the Griess reagent system. The

effects of NO on YY1 were determined by the in vitro culture of HTR-8 cells with

the NO donor, SNAP. The in vivo model comprising twelve pregnant mice and

underwent different treatment. The percentages of Treg cells in murine uterus

were measured by flow cytometry. Similarly, Western blot and IHC were

performed to determine the expression of YY1 and PD-L1 in murine placenta.

Results: Decreased expression of YY1 and PD-L1 in trophoblasts and lower

proportion of decidual Treg cells were observed in patients with RM. Knockdown

of YY1 contributes to a lower expression of YY1 and PD-L1. Soluble PD-L1 in the

supernatant from HTR-8 cells was also decreased with siYY1 administration.

Lower Treg differentiation was observed in the presence of supernatant from

HTR-8 cells treated with siYY1. CHIP analysis revealed that endogenous YY1
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directly occupied the promoter region of theCD274 (PD-L1) gene. Accompanied

with increased M1 DMs, higher NOwas observed in serum sampled from patients

with RM. In the presence of Reduced expression of YY1 and PD-L1 was observed

in HTR-8 cells with the treatment of SNAP. Furthermore, less Treg differentiation

was observed with SNAP treated TCM. Moreover, our in vivo data found that YY1

deficiency was associated with decreased PD-L1, which further resulting in less

Treg differentiation and Treg deficiency at the maternal-fetal interface and

increased embryo loss.

Discussion: Our work found the modulatory capacity of YY1 on PD-L1 in

trophoblasts during early pregnancy. Furthermore, reduced YY1 was supposed

resulting from higher levels of NO produced from the M1 DMs in RM.
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Introduction

Human pregnancy is generally considered a unique

immunologic condition requiring proper modifications of the

maternal immune system. This complex process is associated with

protecting both the mother and fetus against pathogen invasion,

and the maternal tolerance to the semi-allogenic fetus with paternal

antigens to promote fetal growth and development (1). Failure to

maintain maternal tolerance to the fetus may lead to pregnancy loss,

such as recurrent miscarriages (RM), as well as later-onset

pregnancy complications resulting from disturbed implantation

and placental morphogenesis, such as pre-eclampsia (2–7).

Several mechanisms of maternal tolerance emerge in early

pregnancy to control allo-reactive immune responses that may

threaten fetal survival. Among the various mechanisms

underlying maternal tolerance, regulatory T (Treg) cells are

essential for embryo implantation and early placental

development (8–10). The lower proportion of Treg cells are

closely associated with implantation failure, pregnancy loss, or

intrauterine fetal growth restriction (2, 3, 11). Several studies have

observed Treg cells in the decidua from early pregnant women, and

lower percentages of decidual Treg cells were found in women with

RM, indicating the role of Treg cells in the development of RM (12).

Therefore, targeting Treg cells by enhancing the Treg cell pool and

their suppressive capacity was supposed as an effective method to

prevent pregnancy loss. However, our current knowledge on the

modulators for Treg cell population at the maternal–fetal interface

is still limited.

Placenta-derived trophoblasts mediate the contact between the

maternal decidua and blastocyst and play an active role in

remodeling the immunologic microenvironment at the

implantation site (1). Trophoblast-originated factors are able to

recruit and modulate the differentiation and function of immune

cells at the maternal–fetal interface throughout pregnancy (13). The

former findings showed that Treg differentiation might be

modulated by trophoblast via the engagement of programmed
02
cell death 1 (PD-1) and its ligand 1 (PD-L1) during pregnancy,

whereas PD-L1 supplementation significantly enlarged the Treg cell

pool in preeclamptic rats (14). Therefore, targeting PD-L1 is an idle

method to promoting Treg immunity. However, the mechanisms

modulating the expression of PD-L1 in trophoblasts has not

been elucidated.

Decidual macrophages (DMs) are one of the most abundant

clusters of immune cells; both M1 and M2 DMs were observed in

early pregnancy (15). M1 macrophages are more effective at antigen

clearance and promoting T helper-1 (Th1) immune response,

whereas M2 macrophages have the immunosuppressive

capacities, contributing to Th2 immune response (16, 17).

Pregnancy has been proposed as a dynamic and highly regulated

immunologic process. Early pregnancy is generally considered a

Th1- or Th1/Th2-dominated immune status, thus DMs showing an

M1 or M1/M2 mixed profile (18). M1 DMs produce diverse soluble

factors, including nitric oxide (NO), and proinflammatory

cytokines, such as IL-1b, IL-6, and TNF-a. NO is a water soluble,

free-radical gas involved in many biological processes (19, 20). NO

is produced by activated M1 macrophages via inducible nitric oxide

synthase (iNOS). The inhibition of NO on Yin and Yang 1 protein

(YY1), which further inhibits PD-L1 expression, has been reported

previously (21, 22).

YY1 is a widely distributed transcription factor from the

polycomb-group protein family. YY1 participates in the

modulation of various biological processes, such as cell survival,

embryogenesis, differentiation, proliferation, and metastasis via

DNA– and protein–protein interactions with numerous partners

(23, 24). Tian et al. revealed the modulation of YY1 on matrix

metalloproteinase 2 in the invasion of trophoblasts during early

pregnancy, and YY1 deficiency may be involved in the development

of RM (25). YY1 regulates cancer cell immune resistance by

modulating PD-L1 expression (22). However, the role of YY1 on

PD-L1 modulation on trophoblasts has not yet been illustrated.

In this study, we found that patients with RM have reduced

levels of YY1 and PD-L1 in their villi compared with the women
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with normal pregnancy (NP), which was in accordance with the

findings that knockdown of YY1 decreases the expression of PD-L1

(both membrane and soluble forms), eventually decreasing Treg

differentiation. Our in vitro data found that YY1 directly binds to

the transcription start site of CD274 and promotes its transcription.

Apart from the reduced Treg cell pool, the polarization of decidual

macrophages (DMs) to the M1 phenotype was also observed in

patients with RM (15). Furthermore, we also found increased serum

nitric oxide (NO) from women with RM. Interestingly, S-nitroso-

N-acetyl-DL-penicillamine (SNAP), the NO donor, decreased the

expression of YY1 and PD-L1 in trophoblasts, indicating that

increased DMs with the M1 phenotype inhibit YY1/PD-L1

expression via producing NO. These results were further

confirmed in the SNAP and M1 mouse macrophage-treated

healthy pregnant mice. Therefore, our study suggested that

increased NO derived from M1 macrophages inhibited YY1/PD-

L1 expression in trophoblasts, subsequently resulting in decreased

Treg differentiation and the development of RM.
Materials and methods

Ethics statement

Our study was approved by the Clinical Trial Ethics Committee

and the Animal Research Ethics Committee of Nanjing Drum Tower

Hospital, The Affiliated Hospital of Nanjing University Medical School

(No. 2022-472-03). Each study subject has signed the informed consent

prior to her entrance in the study. All the participants were recruited

from the Center for Reproductive Medicine and Obstetrics and

Gynecology, Nanjing Drum Tower Hospital, The Affiliated Hospital

of Nanjing University Medical School.
Samples for human villus, decidual tissues,
and peripheral blood

There were 17 women with NP and 11 women with RM enrolled

in this study. All the volunteers with an early NP had an elective

termination at 6–10 weeks of gestation. The gestational age was

determined based on the last menstrual cycle or the results of

ultrasound examination. The inclusion criteria used for RM patients

were as follows: gestation ages were between 6 and 10 weeks, and the

women had experienced two or more recurrent pregnancy losses

before 20 weeks (15). The basic characteristics of the participants are

summarized in the Supplementary Table 1. Villous, decidual tissues

and peripheral blood were immediately collected, and cell isolation

was processed within 2 h. Part of decidual tissues and placental villous

were kept at −80°C for cryopreservation until use. Part of these tissues

were kept in 10% formalin for fixation.
Human immune cell isolation

The isolation of decidual immune cells (DICs) was performed

as previously described (19). Peripheral naïve CD4+ T cells were
Frontiers in Immunology 03
isolated by magnetic affinity cell sorting using a human naïve CD4+

T-cell isolation kit (STEMCELL, Vancouver, BC, Canada).
Flow cytometry

Human DICs (1×106 cells) and differentiated Treg cells (5×105

cells) after culture were incubated with anti-human CD4-

fluorescein isothiocyanate (FITC) antibody (BioLegend, San

Diego, CA, USA) and anti-human CD25-Phycoerythrin (PE)

(BioLegend) for 30 min in 4°C avoiding from light. After

incubation, all the cells were washed using phosphate-buffered

saline (PBS). The cells were then fixed and permeabilized with the

True-Nuclear Transcription Factor Buffer Set (BioLegend) and then

stained with anti-human Forkhead box protein P3 (Foxp3)-Alexa

Fluor 647 antibody (BioLegend). Human DMs were incubated with

anti-human CD14-FITC antibody (BioLegend), anti-human

CD206-PE (BioLegend), and anti-human CD86-Allophycocyanin

(APC) (BioLegend) for 30 min in 4°C out of light. For mouse cells,

1×106 cells from uterine were incubated with anti-mouse CD4-

FITC antibody (BioLegend), anti-mouse CD25-PE antibody

(BioLegend), and anti-mouse Foxp3-APC antibody (BioLegend)

for 30 min in 4°C avoiding light. Then, all the cells were washed

using PBS. Finally, the cells were resuspended in staining buffer for

flow cytometric analysis. All the antibodies were used at 1:20

dilution. Flow cytometry staining buffer, a buffered saline solution

containing fetal bovine serum and sodium azide (0.09%), was used

to minimize non-specific binding of antibodies. Isotype controls

were also used in our study to eliminate background staining caused

by non-specific binding of antibodies to cell surfaces. These isotype

antibodies include FITC mouse IgG1, k isotype control antibody,

PE mouse IgG1, k isotype control antibody, Alexa Fluor 647 mouse

IgG1, k isotype control antibody, FITC rat IgG2b, k isotype control

antibody, and PE rat IgG2b, k isotype control antibody (all from

BioLegend). All the data were acquired using a C6+ Flow Cytometer

(BD Biosciences, San Jose, CA, USA) and Aria II Flow Cytometer,

and analyzed using FlowJo (Tree Star, Ashland, OR, USA).
Quantitative real-time PCR

The extraction of total ribonucleic acid (RNA) was performed

using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA).

Complementary deoxyribonucleic acid (cDNA) synthesis was

processed with the same amount of RNA (1 mg). The primers used

in this study are presented in Supplemental Table II. cDNA (2 mg)
was then subjected to qRT-PCR analysis with SYBR Green PCR mix

(Vazyme, Nanjing, China). Relative expression was computed by 2-

DDCT against glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Western blot

Protein extraction from human villous, mouse placenta, HTR-8/

SVneo cells, and Bewo cells was performed using Cell Lysis Buffer

(Cell Signaling, MA, USA), and the total protein concentration was
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determined by the Pierce BCA Assay Kit (Thermo Fisher, Rockford,

IL, USA). An equivalent amount of total protein was boiled for 5 min.

After SDS/PAGE, proteins were transferred to the PVDF membrane

(Millipore, MA, USA). Membranes were blocked with 5% non-fat

milk for 1 h at room temperature. Then, the membrane was incubated

with the appropriate primary rabbit anti-YY1 antibodies (Abcam,

Cambridge, UK) (1:500) and rabbit anti-PD-L1 antibodies (1:500)

(Abcam) at 4°C overnight following blocking. After washing, the

membranes were incubated with HRP-conjugated secondary antibody

for 2 h at room temperature. With ECL reagents, relative protein blots

were visualized. GAPDH (Bioworld, MN, USA) and b-actin
(Bioworld) were detected as the loading control.
Immunohistochemistry

The IHC staining was performed as previously described (26).

Human villous and mouse placenta tissue were labeled with rabbit

anti-YY1 antibodies (Abcam) (1:500) and rabbit anti-PD-L1

antibodies (Abcam) (1:500), and human decidual tissues were

labeled with rabbit anti-inducible nitric oxide synthase (iNOS)

antibodies (Bioss, Beijing, China) (1:250). Images were acquired

and analyzed with a microscope (Leica, Germany).
Chromatin immunoprecipitation

A CHIP assay for YY1 was performed using the CHIP kit

(Millipore, MA, USA) with a YY1 primary antibody (Abcam). qRT-

PCR for the eluted DNA fragments was analyzed as previously

described (27).
Analysis of sPD-L1 in serum by enzyme-
linked immunosorbent assay

Peripheral blood samples (2 ml) were collected from each

woman into the tube with inert separating gel and coagulant, and

serum enrichment was performed by centrifugation for 10 min at

2,000g. The sPD-L1 in human serum was measured using the

Human PD-L1 SimpleStep ELISA Kit (Abcam, Cambridge, UK),

according to the manufacturer’s protocol.
NO serum level measurement

NO levels were determined by spectrophotometry using the

Griess reagent system (Griess method, WI, USA), according to the

manufacturer’s protocol.
Knockdown of YY1 in HTR-8 cells
and Bewo cells

HTR-8/Svneo, a human immortalized extravillous trophoblast

(EVT) cell line, was maintained in Roswell Park Memorial Institute
Frontiers in Immunology 04
(RPMI) 1640 media supplemented with 10% heat-inactivated fetal

bovine serum (FBS) and antibiotic–antimycotic cocktail penicillin

(100 u/ml) and streptomycin (100 mg/ml) at 37°C in a humidified

chamber under normoxic conditions containing 20% O2 and 5%

CO2. Knockdown of YY1 was performed using a specific small

interfering RNA (siYY1). The target sequence of siYY1 was

CCTGAAATCTCACATCTTA. The oligonucleotides were

purchased from RiboBio (Guangzhou, China). The HTR-8 cells

were transfected with siYY1 (20 nmol/l) using Lipofectamine 3000

Transfection Reagent (Thermo Fisher, MA, USA). siYY1

trans f ec t ions were a l so processed in Bewo ce l l s , a

choriocarcinoma cell line, which were cultured in Ham’s F-12K

media supplemented with 10% heat-inactivated FBS and antibiotic–

antimycotic cocktail penicillin (100 u/ml) and streptomycin (100

mg/ml).
Preparation of trophoblast
conditioned media

To obtain trophoblast conditioned media (TCM), HTR-8/

SVneo cells were plated at 5×105 cells/100-mm dish with RPMI

1640 media containing 10% FBS and allowed to attach overnight.

Media were then changed to RPMI 1640 media without FBS and

incubated with siYY1 or siCtrl. After 5 h, media were changed to

RPMI 1640 media containing 10% FBS and incubated up to 48 h. To

detect the modulation of NO on trophoblasts, HTR-8/SVneo cells

were incubated in RPMI 1640 media with 5% FBS in the presence of

S-nitroso-N-acetyl-DL-penicillamine (SNAP) (NO donor) (1 mM)

for 48 h. The cell supernatant was collected, clarified, aliquoted, and

stored at −80°C until use.
Treg differentiation

Freshly isolated naïve CD4+ T cells were seeded at a density of

5×104 cells per well in 96-well plates and then cultured in

complete RPMI 1640 medium (Gibco, Brazil). The purity of

sorted cells was generally 90%, as shown in Supplemental

Figure S1. All the cells were activated by a human CD3/CD28

activator (5 mg/ml) for 3 days with recombinant human

interleukin 2 (IL-2) (0.5 U/ml) (STEMCELL, BC, Canada).

After 3 days of activation, the cells were incubated with fresh

complete RPMI 1640 medium for 2 days. For Treg differentiation,

the cells were incubated with TCM in the presence or absence of

anti-PD-L1 mAb (eBioscience, CA, USA) (10 ng/ml) for 2 days.

At day 7 of the study, cells were collected and assessed for Treg by

flow cytometry (BD Biosciences).
Mice

Eight-week old CBA/J female (n=12), BALB/c male (n=9),

and DBA/2 male (n=3) mice were purchased from Huafukang

(Beijing, China). Animal use was approved by the Institutional

Animal Care and Use Committee of the Nanjing Drum Tower
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Hospital, The Affiliated Hospital of Nanjing University Medical

School, Nanjing, China. All the mice were raised in a specific

pathogen-free room with free access to food and water, and

mating was carried out. The day when a plug became visible was

designated as day 0.5 of pregnancy. Normal pregnant mice

(CBA/J×BALB/c) (n=9) were establ ished with CBA/J

females mating with BALB/c males. These normal pregnant

mice were treated with SNAP (n=3) and mouse M1

macrophages (n=3) at doses of 1 mg/kg or 2 × 106 cells on

day 4.5, day 6.5, and day 8.5, respectively. CBA/J females were

mated to DBA/2 males to establish the abortion-prone pregnant

mice (CBA/J×DBA/2) (n=3). Therefore, all the CBA/J pregnant

mice were subdivided into four groups: normal pregnant

control group CBA/J×BALB/c (n=3), abortion-prone pregnant

group CBA/J×DBA/2 (n=3), SNAP-treated CBA/J×BALB/c

pregnant group (n=3), and M1 macrophage-treated CBA/

J×BALB/c group (n=3). All pregnant mice were sacrificed on

day 10.5 of pregnancy.
Preparation of mouse M1 macrophages

On day 10.5 of gestation, the femurs and tibias of healthy

pregnant mice were aseptically removed to extract bone marrow

cells that were cultured overnight (>16 h). Erythrocyte lysate was

used to remove red blood cells during the extraction process.

Suspension cells were cultured with macrophage colony-

stimulating factor (50 ng/ml) for 2 days. The medium was

changed to purify and amplify the mouse macrophages. The

purified cells were further polarized to M1 macrophages in the

presence of lipopolysaccharide (10 ng/ml). After 5 days, the cell

surface antigen of mouse macrophages (anti-mouse CD45-FITC

antibody, anti-mouse F4/80-PE antibody, anti-mouse CD86-APC,

and anti-mouse CD206-Percp-Cy5.5) was detected by flow

cytometry (BD Biosciences).
Preparation of mouse uterine immune cells

The placental and fetal tissues were removed from the executed

mice and washed in PBS. Uterine immune cells ware isolated and

purified according the previous publication (15).
Mouse fetal absorption rate analysis

The numbers of absorbed embryos and surviving embryos were

calculated as previously described (15, 28).
Statistical analysis

Data statistical analysis was performed using the Statistical

Package for Social Science (SPSS) for windows (Version 18.0
Frontiers in Immunology 05
software, SPSS Inc., Chicago, IL, USA) and GraphPad Prism

software, version 5 (GraphPad, San Diego, CA, USA). Data were

analyzed using the Mann–Whitney test between two groups. The

differences among multiple groups were analyzed by one-way

ANOVA. Each experiment was repeated at least three times. P <

0.05 were considered significant.
Results

Lower proportion of Treg cells and
decreased expression of PD-L1 and YY1 in
patients with RM

Our first objective was to evaluate the Treg population in

early-trimester decidual samples from women with NP and RM.

In this study, Treg cells were defined as CD4+CD25brightFoxp3+ as

many publications had reported (29–35). The flow cytometry

strategy is represented in Supplementary Figure S2. Compared

with women with NP, decreased percentages of Treg cells were

observed in patients with RM (Figure 1A). To assess the

expression of PD-L1 and YY1 in villous tissues obtained from

women with NP and RM, we performed IHC staining analysis. It

was found that PD-L1 and YY1 were present in trophoblast cells

(Figure 1B). The intensity values of PD-L1 and YY1 in the villous

from RM patients were lower than those from NP. Weak positive

signals for YY1 and PD-L1 was also detected in trophoblasts from

women with third-trimester placental tissue (Figure 1B). The data

fromWestern blot and qRT-PCR also showed that the expressions

of PD-L1 and YY1 in villous tissues of RM patients were

significantly lower than those of women with NP (Figures 1C,

D). Next, we evaluated the soluble PD-L1 (sPD-L1) in serum

sampled from women with NP and RM using the PD-L1

SimpleStep ELISA kit. As shown in Figure 1E, sPD-L1 was

detected in serum from pregnant women. However, the serum

sPD-L1 was decreased in women with RM. These results indicated

that YY1 might be involved in the pathogenesis of RM via

inhibiting PD-L1 expression.
YY1 promotes PD-L1 expression in
trophoblasts favoring Treg differentiation

A recent publication has shown that PD-L1 is generally

regulated by YY1 (22). As YY1 was expressed in first-trimester

trophoblasts, we next investigated whether YY1 is involved in

the modulation of PD-L1. We used HTR-8 cells, a first-trimester

human trophoblast-derived cell line, which were transfected

with siYY1. The transcription and translation levels of YY1

were decreased after siYY1 transfection in trophoblasts

(Figures 2A, B). PD-L1 expression also downregulated with

YY1 knockdown (Figures 2A, B). Next, we determined whether

PD-L1 was secreted by collecting culture supernatants form the

trophoblast cells after 24 h, and sPD-L1 was measured with the
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PD-L1 SimpleStep ELISA kit. As shown in Figure 2C, sPD-L1

was detected in the supernatants of HTR-8 cells, suggesting

constitutive secretion of sPD-L1 by trophoblast cells. However,

the production of sPD-L1 was decreased in the presence of siYY1

(Figure 2C), further indicating that YY1 modulates both

membrane and soluble PD-L1 in trophoblasts. The modulatory

effects of YY1 on PD-L1 were further confirmed with Bewo
Frontiers in Immunology 06
cells. Compared with the control group, siYY1 transfection

inhibited the expression of YY1 and PD-L1 in Bewo

cells (Figure 2D).

PD-L1 was constitutively expressed by trophoblast cells and has

the capacity to modulate decidual immune cells, such as Treg cells

(36). To further confirm the role of YY1 on PD-L1 modulation,

naïve CD4+ T cells were incubated with TCM after siYY1
B

C

D

E

A

FIGURE 1

Decreased decidual Treg cell pool and the decreased expression of YY 1 and PD-L1 in trophoblasts from women with normal pregnancy and
recurrent miscarriage. (A) The proportions of decidual Treg cells (CD4+CD25+Foxp3+) from women with NP (n=17) and RM (n=11) were determined
by flow cytometry. (B) Staining of YY1 and PD-L1 in maternal villous from women with NP and RM in early pregnancy and third trimester by IHC.
(C, D) The mRNA levels and protein levels of YY1 and PD-L1 in villous from women with NP (n=6) and RM (n=6). (E) The expression of soluble PD-L1
(sPD-L1) in serum from women with NP (n=16) and RM (n=11). Data are presented as the mean± SEM. *P<0.05, **P< 0.01, ***P< 0.001.
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transfection in the presence or absence of a specific PD-L1-blocking

antibody (anti-PD-L1 mAb), which consequently blocks the

activation of the PD-1/PD-L1 pathway. The flow cytometry

strategy for Treg differentiation is represented in Supplementary
Frontiers in Immunology 07
Figure S3. We found that TCM promoted Treg differentiation

(Figure 2E). In contrast, blocking the engagement of PD-1 and

PD-L1 decreased Treg differentiation. The conditioned media from

siYY1-transfected trophoblasts also downregulated Treg
B

C D

E

F G

A

FIGURE 2

The modulatory effects and mechanism of YY1 on PD-L1 in trophoblasts. (A, B) qRT-PCR and Western blot analysis of YY1 and PD-L1 expression in
HTR-8/SVneo cells transfected with siCtrl and siYY1 (n=3, for each group) after 48 h. (C) HTR-8 cells were transfected with one of the
abovementioned two siRNA and incubated for 48 h. The TCM was collected, and the secretion of sPD-L1 from trophoblasts was evaluated by the
PD-L1 SimpleStep ELISA kit (n=5, for each group). (D) Bewo cells were transfected with siCtrl and siYY1 and incubated for 48 h. The expressions of
YY1 and PD-L1 were measured by Western blot. (E) Peripheral naïve CD4+ T cells were isolated from women with NP and cultured with TCM from
above for 7 days (n=3, for each group). The percentages of Treg cells (CD4+CD25+Foxp3+) were analyzed by flow cytometry. (F) Schematic diagram
of YY1 binding location and sequence on the human CD274 (PD-L1) gene. Identified YY1 binding sequence was compared with consensus sequence
(the CCAT sequence is essential for YY1 binding). (G) The CHIP assay was carried out in villous from women with NP. Input served as a positive
control for CHIP. IgG was used as a negative control for CHIP. Data are presented as the mean± SEM. *P<0.05.
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differentiation indicating the regulation of YY1 on PD-L1

expression (Figure 2E).

To clarify the possible mechanism of YY1 regulating PD-L1, we

predicated the binding site of YY1 on the CD274 (PD-L1) gene

through Jaspar Software (Figure 2F). In addition, CHIP analysis of

human early villous showed that endogenous YY1 occupied the

promoter region of the CD274 gene (Figure 2G). These results

indicate that YY1 is a transcriptional activator of PD-L1.
SNAP mimic NO inhibits YY1/PD-L1
expression and Treg differentiation

During pregnancy , p lacenta l t rophoblasts c lose ly

communicated with decidual immune cells. Placental trophoblasts

modulate Treg differentiation via PD-L1. Conversely, trophoblasts

were also regulated by decidual immune cells. Therefore, we

hypothesized that the decreased expression of PD-L1 observed in

the villous from patients with RM might be associated with

increased NO produced from DMs. To test the hypothesis, we

first evaluated the profile of DMs in decidual samples from women

with NP and RM. As previously, M1 macrophages were defined as

CD14+CD86+ andM2 macrophages were defined as CD14+CD206+

(15). The flow cytometry strategy for DMs is represented in

Supplementary Figure S4. Both M1 and M2 DMs were identified

in women with NP, and M2 was the dominant phenotype, as

demonstrated by the presence of higher percentages of

CD14+CD206+ (Figure 3A). We also observed the two

populations of DMs in women with RM, although the dominant

phenotype of DMs in these patients was M1, namely, higher

percentage of M1 and lower percentage of M2 (Figure 3B). We

then measured the expression of iNOS in the decidua sampled from

women with NP and RM and observed that the expression of iNOS

was higher in decidua from RM (Figure 3C). These findings

indicated higher production of NO from M1 macrophages in

patients with RM. To validate whether the increased M1

macrophages and iNOS expression in RM contributed to more

NO production, we determined NO levels in serum using the Griess

reaction. Our data showed that in patients with RM, serum NO

levels were higher compared with the women with NP (Figure 3D).

To further investigate the role of NO in regulating PD-L1

expression in villous, we exposed HTR-8 cells to S-nitroso-N-

acetyl-DL-penicillamine (SNAP) (1 mM) for 24 h. SNAP is the

NO donor and acts as a regulatory molecule in the reversal of

immune resistance, by repressing SNAIL, YY1, the pro-survival NF-

kB pathway, and the anti-apoptotic AKT pathway (21). We found

that the expression of YY1 and PD-L1 was inhibited in the HTR-8

cells in the presence of SNAP (Figure 3E). Interestingly, the

production of sPD-L1 by HTR-8 cells was also downregulated

with SNAP (Figure 3F). To further determine the modulatory

effects of SNAP-treated trophoblasts on Treg differentiation, naïve

CD4+ T cells were exposed to the TCM treated with SNAP, siCtrl,

and siYY1. Our data showed that Treg differentiation was inhibited

in the presence of supernatant from SNAP-treated HTR-8 cells

(Figure 3G). However, there was no significance on Treg

differentiation with the supernatant from SNAP and siYY1-
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treated HTR-8 cells (Figure 3G, H). These data suggest that NO

from macrophages inhibits YY1/PD-L1 expression on trophoblasts,

further resulting in less Treg differentiation.
SNAP increased the embryo resorption rate
and scaled down the Treg cell pool via
inhibiting YY1 and PD-L1 in mice

To further explore the modulatory role of NO on the expression

of YY1 and PD-L1 in early pregnancy, we established an allogenic

normal pregnant model by mating CBA/J females with BALB/c

males (CBA/J×BALB/c). Then, the normal pregnant mice were

challenged with SNAP and mouse M1 macrophages. We also used

the CBA/J females mating with DBA/2 males to establish the

abortion-prone pregnant model (CBA/J×DBA/2). The increased

embryo resorption rate was induced by administration of SNAP

and mouse M1 macrophages to CBA/J×BALB/c pregnant mice. A

similar rate of fetal loss was also observed in the abortion-prone

mice CBA/J×DBA/2 (Figure 4A, B).

Next, we further investigated whether fetal loss observed in the

CBA/J×BALB/c pregnant mice receiving SNAP and mouse M1

macrophages was due to Treg dysfunction. Thus, the proportion of

uterine Treg cells (CD4+CD25+Foxp3+) was evaluated by flow

cytometry on day 10.5 sampled from four groups (Figure 4C).

The flow cytometry strategy for Treg differentiation is represented

in Supplementary Figure S5. We observed a significant decrease in

the proportion of Treg cells in the uterus from the abortion-prone

mice (Figure 4D). Interestingly, the CBA/J×BALB/c mice treated

with SNAP and mouse M1 macrophages also showed lower

percentages of Treg cells (Figure 4D).

To validate whether the diminished Treg cell pool in the CBA/

J×DBA/2 mice was associated with changes on the expression of

YY1 and PD-L1, we determined YY1 and PD-L1 levels in placenta

by Western blot and IHC. We found that in the CBA/J×DBA/2

mice, the protein levels of YY1 and PD-L1 were significantly lower

in placenta compared with the healthy control group (Figure 4E).

This was the same case for CBA/J×BALB/c mice administrated with

SNAP or M1 macrophages, where we found lower YY1 and PD-L1

expressions in placenta (Figure 4E). These results were further

confirmed by the IHC data, showing lower expressions of YY1 and

PD-L1 in the placenta from the abortion-prone CBA/J×DBA/2

mice, SNAP-treated CBA/J×BALB/c mice, and mouse M1

macrophage-treated CBA/J×BALB/c mice (Figure 4F). These data

further demonstrated that Treg differentiation was associated with

YY1/PD-L1 signaling, which was modulated by M1 macrophages

derived NO. A higher percentage of M1 macrophages or higher

production of NO inhibited the expression of YY1 and PD-L1 on

placenta, which may be potentially responsible for the lower

proportion of Treg cells and fetal loss in RM.
Discussion

In this study, we firstly examined the effects of YY1 on the

modulation of PD-L1 expression in trophoblasts and Treg
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differentiation during human early pregnancy. These findings

indicated that YY1 has a positive role in promoting PD-L1

expression and Treg immunity found in the human decidua.

Knockdown of YY1 diminished PD-L1 expression in trophoblasts
Frontiers in Immunology 09
and subsequently less Treg differentiation. This might be through

YY1 binding directly to the promoter region of CD274.

Furthermore, we explored the modulatory role of M1

macrophages on the expression of YY1 via secreting NO. We
B
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FIGURE 3

SNAP downregulated the expression of YY1 and PD-L1 in trophoblasts leading to decreased Treg differentiation. (A, B) The percentages of M1
(CD14+CD86+) and M2 (CD14+CD206+) from women with NP (n=15) and RM (n=11) were determined by flow cytometry. (C) Single staining of iNOS
in maternal decidua from women with NP and RM were analyzed by IHC (n=3, for each group). (D) The production of NO in serum from women
with NP (n=13) and RM (n=11) were analyzed by the Griess reagent system. (E) HTR-8 cells were exposed to SNAP (NO donor) (1 mM) for 48 h, and
the expressions of YY1 and PD-L1 were determined by Western blot (n=3, for each group). (F) The production of sPD-L1 from HTR-8 cells with or
without SNAP (n=4, for each group) was evaluated by the PD-L1 SimpleStep ELISA kit. (G, H) Peripheral naïve CD4+ T cells were isolated from
women with NP and treated with TCM from siCtrl-, siYY1-, and SNAP-treated HTR-8 cells in the presence or absence of a-PD-L1 mAbs (n=3, for
each group). The percentages of Treg cells (CD4+CD25+Foxp3+) were analyzed by flow cytometry. Data are the mean± SEM. *P<0.05.
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observed the presence of the decreased Treg cell pool and a higher

percentage of DM with an M1 phenotype in decidua from patients

with RM. Compared with NP, higher levels of serum NO were

observed in women with RM. Interestingly, our in vitro data further

confirmed the modulatory capability of NO on the expression of

YY1 and PD-L1 in trophoblasts and subsequent Treg

differentiation. Either alteration in the profile of DMs or higher
Frontiers in Immunology 10
amount of NO may result in an increased fetal loss due to the

decreased expression of YY1 and PD-L1 in placenta and the

diminished Treg cell pool.

Treg cells are essential mediators of pregnancy tolerance. In line

with previous studies, we confirmed the presence of decidual Treg

cells in women with NP (19). However, a lower percentage of Treg

cells was observed in decidua from RM, suggesting that a lower
B C
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A

FIGURE 4

SNAP inhibited YY1/PD-L1 expression on placenta accompanied by decreased decidual Treg population and increased embryo resorption in mice.
(A, B) The embryo resorption rates of normal pregnant control mice (CBA/J×BALB/c) (n=3), abortion-prone mice (CBA/J×DBA/2) (n=3), SNAP-treated
normal pregnant mice (n=3) and mouse M1 macrophage-treated normal pregnant mice (n=3) were analyzed. (C, D) The percentages of Treg cells in
uterine among the four groups were analyzed by flow cytometry. (E) The expressions of YY1 and PD-L1 in placenta among the four groups were
measured by Western blot. (F) Staining of YY1 and PD-L1 on placenta among the four groups were analyzed by IHC. Data are the mean± SEM. *P<0.05.
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proportion of Treg cells may be an underlying cause for RM (12,

18). Human placenta is emerging as an immune organ. Placenta-

derived trophoblasts carrying paternal antigens are in close contact

with the maternal immune cells at the maternal–fetal interface.

Instead of being passively accepted, trophoblast cells function

positively to educated decidual immune cells into tolerant

phenotype (37). The former findings indicated that placenta

promotes Treg differentiation and normal pregnancy via the PD-

L1/PD-1 axis (14, 38). However, decreased PD-L1 (especially sPD-

L1) in trophoblasts was supposed associated with pregnancy loss

(14, 39–41). Our data also showed decreased expression of PD-L1 in

both membrane and soluble forms in women with RM. However,

the mechanisms underlying PD-L1 regulation are still unknown.

Being a transcriptional modulator, YY1 has been confirmed to

participate in various processes, such as cell survival and

metabolism. Previous publications demonstrated that YY1

regulates the expression of PD-L1 via several indirect

mechanisms, including cytokines, P53, and the PTEN/PI3K/AKT/

mTOR pathway (29). However, the major mechanism of YY1

regulating PD-L1 is supposed very likely by governing PD-L1

expression (26). In this study, the immortalized primary

trophoblast cells, HTR-8/Svneo cell line, were introduced.

Although primary cells derived from human tissue are considered

a “gold standard” for in vitro investigation of cellular physiology,

they are logistically challenging to harvest, obtain, and maintain.

Primary placental cells have been utilized to investigate placental

physiology, but these cells are heterogenous and cannot be used in a

high-throughput manner (42). The choriocarcinoma cell line,

Bewo, JAR, and JEG-3, are highly malignant, contain abnormal

numbers of chromosomes, have been passaged through the hamster

cheek pouch for several years, and have a substantially different

transcriptomic profile from EVT (43–46). The placental cell line

and tissue proteomes are vastly different, but Bewo and JEG-3 cells

showed greater resemblance to the tissue in the expression of

xenobiotic and steroid disposition proteins (42). The first evCTB

cell line was developed by Graham et al. (47) and named HTR-8/

SVneo. It was generated using freshly isolated evCTB from first-

trimester placenta and transfected with a plasmid containing the

simian virus 40 large T antigen (SV40). In comparison with BeWo,

JEG-3, and JAR, the HTR-8/SVneo cell line contains a

heterogeneous population of trophoblast mesenchymal cells (48).

HTR-8 monolayer cells grown on plastic did not stain for human

leukocyte antigen G (HLA-G). On the other hand, spheroid-derived

cells cultured overnight on plastic show HLA-G protein expression

(49). Therefore, whether these are truly representative of normal

trophoblast is controversial. A major advancement in the

trophoblast field has been the establishment of trophoblast

organoids that can differentiate from villous into the two main

trophoblast cell lineages: syncytiotrophoblast and EVT (50, 51).

These will clearly be an important tool for studying trophoblast

invasion as they vigorously invade in 3D into Matrigel. In addition

to organoids, human trophoblast stem cells have also been derived

from blastocysts and first-trimester placentas. These cultures are in

2D but can also be differentiated to produce EVT (52). The

development of both 2D and 3D human trophoblast stem cells is
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a paradigm shift in the tools used to study trophoblast invasion.

Above all, the HTR-8/SVneo cell line meets the requirement of

experiments and has strong feasibility for two reasons: (i) We aimed

to explore the modulation of trophoblast on T-cell differentiation

rather than trophoblast invasion, and (ii) trophoblast-derived PD-

L1 might induce Treg differentiation instead of HLA-G and steroid

hormone (such as progesterone) (53–55), which had been shown

effective on promoting Treg differentiation. We observed that

knockdown of YY1 on trophoblast is accompanied by decreased

expression of membranes PD-L1 and sPD-L1, which subsequently

results in less Treg differentiation. Furthermore, we also proved that

YY1 could modulate CD274 transcription via directly binding to its

promoter region. However, the potential mechanism underlying

YY1 modulation is unclear.

As we have mentioned above, trophoblasts were closely

associated with immune cells. Spatially, DMs were located in

proximity to invasive trophoblasts (56). Therefore, the

expression of YY1 in trophoblasts might be regulated by DMs.

In line with former findings, RM is featured with a higher

percentage of DMs with the M1 phenotype (22). Accordingly, a

higher level of iNOS was observed in decidua from women with

RM, which was in line with former findings (57). Therefore,

higher production of NO from M1 macrophages might inhibit

YY1 expression (21). As expected, higher serum NO was observed

in women with RM. Interestingly, our in vitro data confirmed that

SNAP, NO donor, administration diminished YY1 expression,

which further results in lower production of both membrane and

soluble forms of PD-L1. Subsequently, decreased sPD-L1 was

associated with less differentiation of Treg cells from naïve

CD4+T cells.

To further test whether DM-derived NO has influences on the

YY1/PD-L1 axis and pregnancy, we used an animal model where we

found that a higher level of NO inhibited the expression of YY1 and

PD-L1 in placenta, which was associated with increased fetal

resorption and decreased Treg cell pool. Similarly, Aisemberg

et al. showed that administration of NO to pregnant mice

promoted fetal rejection (58). Interestingly, YY1 and PD-L1

expression in mouse placenta and Treg cell pool were diminished

in the abortion-prone mice and administration of SNAP and mouse

M1 macrophages to healthy pregnant mice increased fetal loss.

Although still controversial, we also observed a similar pregnant

outcome and the expression of YY1 and PD-L1 between the SNAP

and M1 mouse macrophage-treated pregnant mice. Thus, higher

M1 macrophage-derived NO might result in higher fetal loss by

diminishing YY1 and PD-L1 expression in trophoblasts, which

results in less differentiation of Treg cells.

Although we still could not conclude whether fetal loss was the

cause or consequence of the decreased expression of YY1 and PD-

L1 in trophoblasts in women with RM, we demonstrated that NO

originated from M1 macrophages is critical for YY1/PD-L1

expression, which is necessary for the success of pregnancy

(Figure 5). The predominance of the M1 phenotype for DMs

might be responsible for the decreased expression of YY1 and

PD-L1 and subsequent lower proportion of Treg cells observed at

the maternal–fetal interface in RM via producing NO. These results
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provide a new perspective for understanding the mechanisms that

promote maternal–fetal tolerance. Our research also indicates that

targeting macrophage polarization may be another new therapeutic

strategy to prevent pregnancy failure.
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FIGURE 5
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normal pregnancy. (A) During early pregnancy, DMs show the predominant M2 phenotype after implantation. A relative lower production of NO
from M1 macrophages promotes YY1 expression in trophoblasts. Increased expression of YY1 enhances both membrane and soluble PD-L1 via
binding to the transcription site of CD274. Higher secretion of PD-L1 further promotes Treg differentiation via engagement with PD-1 on T cells,
contributing to Treg differentiation and normal pregnancy. (B) However, the predominance of M1 macrophages in decidua is accompanied by higher
production of NO, which further inhibits the expression of YY1 and PD-L1. Accordingly, the Treg cell pool was reprogrammed, with less Treg
differentiation. Decreased Treg population results in the development of RM with compromised maternal tolerance.
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SUPPLEMENTARY FIGURE 1

Gating strategy for determination of naïve CD4+T cells in peripheral by flow

cytometry. (A) Lymphocytes were measured against forward and side scatter
parameters. (B) Cells were further displayed on a plot of CD4 expression. The

purification of CD4+T cells is generally 90% (96.3%*93.7%=90.2%).

SUPPLEMENTARY FIGURE 2

Gating strategy for determination of decidual Treg cells from women with NP
and RM. (A) Lymphocytes were measured against forward and side scatter

parameters. (B) Cells were further displayed on a plot of CD4 expression
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(CD4+ gate). (C)Cells contained within CD4+ gate were further displayed on a
plot of CD25 versus Foxp3 expression.

SUPPLEMENTARY FIGURE 3

Gating strategy for determination of differentiated Treg cells from naïve

CD4+T cells. (A) Lymphocytes were measured against forward and side
scatter parameters. (B) Cells were further measured with LIVE/DEAD Fixable

Blue stain fluorescence. (C) Live cells were further displayed on a plot of CD4
expression (CD4+ gate). (D) Cells contained within CD4+ gate were further

displayed on a plot of CD25 versus Foxp3 expression.

SUPPLEMENTARY FIGURE 4

Gating strategy for determination of DMs from women with NP and RM.
(A) Macrophages were measured against forward and side scatter

parameters. (B) Cells were further displayed on a plot of CD14
expression (CD14+ gate). (C) Cells contained within CD14+ gate were

further displayed on a plot of CD86 versus CD14 expression or a plot of

CD206 versus CD14xpression.

SUPPLEMENTARY FIGURE 5

Gating strategy for determination of uterine Treg cells in mice. (A)
Lymphocytes were measured against forward and side scatter parameters.
(B) Cells were further displayed on a plot of CD4 expression (CD4+ gate). (C)
Cells contained within CD4+ gate were further displayed on a plot of CD25

versus Foxp3 expression.
References
1. Mor G, Aldo P, Alvero AB. The unique immunological and microbial aspects of
pregnancy. Nat Rev Immunol (2017) 17:469–82. doi: 10.1038/nri.2017.64

2. JasperMJ, Tremellen KP, Robertson SA. Primary unexplained infertility is associated
with reduced expression of the T-regulatory cell transcription factor Foxp3 in endometrial
tissue. Mol Hum Reprod (2006) 12:301–8. doi: 10.1093/molehr/gal032

3. Lee SK, Kim JY, Hur SE, Kim CJ, Na BJ, Lee M, et al. An imbalance in interleukin-
17-producing T and Foxp3(+) regulatory T cells in women with idiopathic recurrent
pregnancy loss. Hum Reprod (2011) 26:2964–71. doi: 10.1093/humrep/der301

4. Roberts JM, Redman CWG, Global Pregnancy C. Global pregnancy collaboration
symposium: prepregnancy and very early pregnancy antecedents of adverse pregnancy
outcomes: overview and recommendations. Placenta (2017) 60:103–9. doi: 10.1016/
j.placenta.2017.07.012

5. Sasaki Y, Darmochwal-Kolarz D, Suzuki D, Sakai M, Ito M, Shima T, et al.
Proportion of peripheral blood and decidual CD4(+) CD25(bright) regulatory T cells in
pre-eclampsia. Clin Exp Immunol (2007) 149:139–45. doi: 10.1111/j.1365-
2249.2007.03397.x

6. Santner-Nanan B, Peek MJ, Khanam R, Richarts L, Zhu E, Fazekas de St Groth B,
et al. Systemic increase in the ratio between Foxp3+ and IL-17-producing CD4+ T cells
in healthy pregnancy but not in preeclampsia. J Immunol (2009) 183:7023–30.
doi: 10.4049/jimmunol.0901154

7. Deshmukh H, Way SS. Immunological basis for recurrent fetal loss and
pregnancy complications. Annu Rev Pathol (2019) 14:185–210. doi: 10.1146/
annurev-pathmechdis-012418-012743

8. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune
tolerance. Cell (2008) 133:775–87. doi: 10.1016/j.cell.2008.05.009

9. Dimova T, Nagaeva O, Stenqvist AC, Hedlund M, Kjellberg L, Strand M, et al.
Maternal Foxp3 expressing CD4+ CD25+ and CD4+ CD25- regulatory T-cell
populations are enriched in human early normal pregnancy decidua: a phenotypic
study of paired decidual and peripheral blood samples. Am J Repod Immunol (2011)
66:44–56. doi: 10.1111/j.1600-0897.2011.01046.x

10. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and regulatory
T cells. Nature (2006) 441:235–8. doi: 10.1038/nature04753

11. Bezemer RE, Schoots MH, Timmer A, Scherjon SA, Erwich J, van Goor H, et al.
Altered levels of decidual immune cell subsets in fetal growth restriction, stillbirth, and
placental pathology. Front Immunol (2020) 11:1898. doi: 10.3389/fimmu.2020.01898

12. Keller CC, Eikmans M, van der Hoorn MP, Lashley L. Recurrent miscarriages
and the association with regulatory T cells; a systematic review. J Reprod Immunol
(2020) 139:103105. doi: 10.1016/j.jri.2020.103105

13. Mor G, Cardenas I. The immune system in pregnancy: a unique complexity. Am
J Reprod Immunol (2010) 63:425–33. doi: 10.1111/j.1600-0897.2010.00836.x

14. Tian M, Zhang Y, Liu Z, Sun G, Mor G, Liao A. The PD-1/PD-L1 inhibitory
pathway is altered in pre-eclampsia and regulates T cell responses in pre-eclamptic rats.
Sci Rep (2016) 6:27683. doi: 10.1038/srep27683
15. Zhang Y, Ma L, Hu X, Ji J, Mor G, Liao A. The role of the PD-1/PD-L1 axis in
macrophage differentiation and function during pregnancy.Hum Reprod (2019) 34:25–
36. doi: 10.1093/humrep/dey347

16. Mills CD, Kincaid K, Alt JM, Heilman MJ. Hill AM. m-1/M-2 macrophages and
the Th1/Th2 paradigm. J Immunol (2000) 164:6166–73. doi: 10.4049/
jimmunol.164.12.6166

17. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine
system in diverse forms of macrophage activation and polarization. Trends Immunol
(2004) 25:677–86. doi: 10.1016/j.it.2004.09.015

18. Jaiswal MK, Mallers TM, Larsen B, Kwak-Kim J, Chaouat G, Gilman-Sachs A,
et al. V-ATPase upregulation during early pregnancy: a possible link to establishment
of an inflammatory response during preimplantation period of pregnancy. Reprod
(2012) 143:713–25. doi: 10.1530/REP-12-0036

19. Xu WM, Liu LZ, Loizidou M, Ahmed M, Charles IG. The role of nitric oxide in
cancer. Cell Res (2002) 12:311–20. doi: 10.1038/sj.cr.7290133

20. Hu Y, Xiang J, Su L, Tang X. The regulation of nitric oxide in tumor progression
and therapy. J Int Med Res (2020) 48:300060520905985. doi: 10.1177/
0300060520905985

21. Bonavida B, Garban H. Nitric oxide-mediated sensitization of resistant tumor
cells to apoptosis by chemo-immunotherapeutics. Redox Biol (2015) 6:486–94.
doi: 10.1016/j.redox.2015.08.013

22. Hays E, Bonavida B. YY1 regulates cancer cell immune resistance by modulating
PD-L1 expression. Drug Resist Update (2019) 43:10–28. doi: 10.1016/
j.drup.2019.04.001

23. Calame K, Atchison M. YY1 helps to bring loose ends together. Genes Dev
(2007) 21:1145–52. doi: 10.1101/gad.1559007

24. Gordon S, Akopyan G, Garban H, Bonavida B. Transcription factor YY1:
structure, function, and therapeutic implications in cancer biology. Oncogene (2006)
25:1125–42. doi: 10.1038/sj.onc.1209080

25. Tian FJ, Cheng YX, Li XC, Wang F, Qin CM, Ma XL, et al. The YY1/MMP2 axis
promotes trophoblast invasion at the maternal-fetal interface. J Pathol (2016) 239:36–
47. doi: 10.1002/path.4694

26. Zhang Y, Liu Z, Tian M, Hu X, Wang L, Ji J, et al. The altered PD-1/PD-L1
pathway delivers the 'one-two punch' effects to promote the Treg/Th17 imbalance in
pre-eclampsia. Cell Mol Immunol (2017) 15:710–23. doi: 10.1093/humrep/dey347

27. Zhou X, Zou L, Liao H, Luo J, Yang T, Wu J, et al. Abrogation of HnRNP l
enhances anti-PD-1 therapy efficacy via diminishing PD-L1 and promoting CD8(+) T
cell-mediated ferroptosis in castration-resistant prostate cancer. Acta Pharm Sin B
(2022) 12:692–707. doi: 10.1016/j.apsb.2021.07.016

28. Chaouat G, Assal Meliani A, Martal J, Raghupathy R, Elliott JF, Mosmann T,
et al. IL-10 prevents naturally occurring fetal loss in the CBA x DBA/2 mating
combination, and local defect in IL-10 production in this abortion-prone
combination is corrected by in vivo injection of IFN-tau. J Immunol (1995)
154:4261–8. doi: 10.4049/jimmunol.154.9.4261
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1180154/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1180154/full#supplementary-material
https://doi.org/10.1038/nri.2017.64
https://doi.org/10.1093/molehr/gal032
https://doi.org/10.1093/humrep/der301
https://doi.org/10.1016/j.placenta.2017.07.012
https://doi.org/10.1016/j.placenta.2017.07.012
https://doi.org/10.1111/j.1365-2249.2007.03397.x
https://doi.org/10.1111/j.1365-2249.2007.03397.x
https://doi.org/10.4049/jimmunol.0901154
https://doi.org/10.1146/annurev-pathmechdis-012418-012743
https://doi.org/10.1146/annurev-pathmechdis-012418-012743
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1111/j.1600-0897.2011.01046.x
https://doi.org/10.1038/nature04753
https://doi.org/10.3389/fimmu.2020.01898
https://doi.org/10.1016/j.jri.2020.103105
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1038/srep27683
https://doi.org/10.1093/humrep/dey347
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1530/REP-12-0036
https://doi.org/10.1038/sj.cr.7290133
https://doi.org/10.1177/0300060520905985
https://doi.org/10.1177/0300060520905985
https://doi.org/10.1016/j.redox.2015.08.013
https://doi.org/10.1016/j.drup.2019.04.001
https://doi.org/10.1016/j.drup.2019.04.001
https://doi.org/10.1101/gad.1559007
https://doi.org/10.1038/sj.onc.1209080
https://doi.org/10.1002/path.4694
https://doi.org/10.1093/humrep/dey347
https://doi.org/10.1016/j.apsb.2021.07.016
https://doi.org/10.4049/jimmunol.154.9.4261
https://doi.org/10.3389/fimmu.2023.1180154
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1180154
29. Paolino M, Koglgruber R, Cronin Shane JF, Uribesalgo I, Rauscher E, Harreiter
J, et al. RANK links thymic regulatory T cells to fetal loss and gestational diabetes in
pregnancy. Nature (2021) 589:442–7. doi: 10.1038/s41586-020-03071-0

30. Silalahi ER, Wibowo N, Prasmusinto D, Djuwita R, Rengganis I, Mose JC, et al.
Decidual dendritic cells 10 and CD4+CD25+Foxp3 regulatory T cell in preeclampsia
and their colleration with nutritional factors in pathomechanism of immune rejection
in pregnancy. J Reprod Immunol (2022) 154:103746. doi: 10.1016/j.jri.2022.103746

31. Wang J, Yang J, Yan YQ, Zhu ZY, Mu YQ, Wang XY, et al. Effect of adoptive
transfer of CD4+CD25+Foxp3+Treg induced by trichostatin a on the prevention of
spontaneous abortion. J Reprod Immunol (2019) 131:30–5. doi: 10.1016/
j.jri.2018.12.002

32. Zare M, Doroudchi M, Gharesi-Fard B. Altered frequencies of CD4+CD25
+Foxp3+ and CD8+CD25+Foxp3+ regulatory T cells in pre-clampsia. Iran J Allergy
Asthma Immunol (2018) 17:540–7. doi: 10.18502/ijaai.v17i6.618

33. Qin S, Li L, Liu J, Zhang J, Xiao Q, Fan Y, et al. CD4+CD25+Foxp3+ regulatory
T cells regulate immune balance in unexplained recurrent spontaneous abortion via the
toll-like receptor 4/nuclear factor-kB pathway. J Int Med Res (2020)
48:300060520980940. doi: 10.1177/0300060520980940

34. Yang Q, Li M, Zhao M, Lu F, Yu X, Li L, et al. Progesterone modulates CD4
+CD25+Foxp3+ regulatory T cells and TGF-b1 in the maternal-fetal interface of the
late pregnant mouse. Am J Reprod Immunol (2022) 88:e13541. doi: 10.1111/aji.13541

35. Kwiatek M, Geca T, Krzyzanowski A, Malec A, Kwaniewska A. Peripheral
dendritic cells and CD4+CD25+Foxp3+ regulatory T cells in the first trimester of
normal pregnancy and in women with recurrent miscarriage. PloS One (2015) 10:
e0124747. doi: 10.1371/journal.pone.0124747

36. Xu YY, Wang SC, Li DJ, Du MR. Co-Signaling molecules in maternal-fetal
immunity. Trends Mol Med (2017) 23:46–58. doi: 10.1016/j.molmed.2016.11.001

37. Du MR, Guo PF, Piao HL, Wang SC, Sun C, Jin LP, et al. Embryonic
trophoblasts induce decidual regulatory T cell differentiation and maternal-fetal
tolerance through thymic stromal lymphopoietin instructing dendritic cells. J
Immunol (2014) 192:1502–11. doi: 10.4049/jimmunol.1203425

38. Jiang L, Tang C, Gong Y, Liu Y, Rao J, Chen S, et al. PD-1/PD-L1 regulates treg
differentiation in pregnancy-induced hypertension. Braz J Med Biol Res (2018) 51:
e7334. doi: 10.1590/1414-431x20187334

39. Mach P, Koninger A, Reisch B, Kimmig R, Gellhaus A. Soluble PD-L1 and B7-
H4 serum levels during the course of physiological pregnancy. Am J Reprod Immunol
(2022) 87:e13519. doi: 10.1111/aji.13519

40. Okuyama M, Mezawa H, Kawai T, Urashima M. Elevated soluble PD-L1 in
pregnant women's serum suppresses the immune reaction. Front Immunol (2019)
10:86. doi: 10.3389/fimmu.2019.00086

41. Enninga EAL, Harrington SM, Creedon DJ, Ruano R, Markovic SN, Dong H,
et al. Immune checkpoint molecules soluble program death ligand 1 and galectin-9 are
increased in pregnancy. Am J Reprod Immunol (2018) 79:e12795. doi: 10.1111/aji.12795

42. Kruger L, Lapehn S, Paquette A, Singh DK, MacDonald J, Bammler TK, et al.
Characterization of xenobiotic and steroid disposition potential of human placental
tissue and cell lines (BeWo, JEG-3, JAR, and HTR-8/SVneo) by quantitative
proteomics. Drug Metab Dispos (2023) 10:DMD–AR-2023-001345. doi: 10.1124/
dmd.123.001345
Frontiers in Immunology 14
43. Hertz R. Choriocarcinoma of women maintained in serial passage in hamster
and rat. Proc Soc Exp Biol Med (1959) 102:77–81. doi: 10.3181/00379727-102-25149

44. Kohler PO, Bridson WE. Isolation of hormone-producing clonal lines of human
choriocarcinoma. J Clin Endocrinol Metab (1971) 32:683–7. doi: 10.1210/jcem-32-5-
683

45. Apps R, Sharkey A, Gardner L, Male V, Trotter M, Miller N, et al. Genome-wide
expression profile of first trimester villous and extravillous human trophoblast cells.
Placenta (2011) 32(1):33–43. doi: 10.1016/j.placenta.2010.10.010

46. King A, Thomas L, Bischof P. Cell culture models of trophoblast II: trophoblast
cell lines–a workshop report. Placenta (2000) 21 Suppl:A:S113–9. doi: 10.1053/
plac.1999.0526

47. Graham CH, Hawley TS, Hawley RG, MacDougall JR, Kerbel RS, Khoo N, et al.
Establishment and characterization of first trimester human trophoblast cells with
extended lifespan. Exp Cell Res (1993) 206:204–11. doi: 10.1006/excr.1993.1139

48. Abou-Kheir W, Barrak J, Hadadeh O, Daoud G. HTR-8/SVneo cell line contains
a mixed population of cells. Placenta (2017) 50:1–7. doi: 10.1016/j.placenta.2016.12.007

49. Nandi P, Lim H, Torres-Garcia EJ, Lala PK. Human trophoblast stem cell self-
renewal and differentiation: role of decorin. Sci Rep (2018) 8:8977. doi: 10.1038/s41598-
018-27119-4

50. Haider S, Meinhardt G, Saleh L, Kunihs V, Gamperl M, Kaindl U, et al. Self-
renewing trophoblast organoids recapitulate the developmental program of the early
human placenta. Stem Cell Rep (2018) 11:537–51. doi: 10.1016/j.stemcr.2018.07.004

51. Turco MY, Gardner L, Kay RG, Hamilton RS, Prater M, Hollinshead MS, et al.
Trophoblast organoids as a model for maternal-fetal interactions during human
placentation. Nature (2018) 564:263–7. doi: 10.1038/s41586-018-0753-3

52. Kong X, Chen X, Ou S, WangW, Li R. Derivation of human triploid trophoblast
stem cells. J Assist Reprod Genet (2022) 39:1183–93. doi: 10.1007/s10815-022-02436-w

53. Xu L, Dong B, Wang H, Zeng Z, Liu W, Chen N, et al. Progesterone suppresses
Th17 cell responses, and enhances the development of regulatory T cells, through thymic
stromal lymphopoietin-dependent mechanisms in experimental gonococcal genital tract
infection. Microbes Infect (2013) 15:796–805. doi: 10.1016/j.micinf.2013.06.012

54. Mao G, Wang J, Kang Y, Tai P, Wen J, Zou Q, et al. Progesterone increases
systemic and local uterine proportions of CD4+CD25+ treg cells during midterm
pregnancy in mice. Endocrinology (2010) 151:5477–88. doi: 10.1210/en.2010-0426

55. Al-Khunaizi NR, Tabbara KS, Farid EM. Is there a role for HLA-G in the
induction of regulatory T cells during the maintenance of a healthy pregnancy? Am J
Reprod Immunol (2020) 84:e13259. doi: 10.1111/aji.13259

56. Aldo PB, Racicot K, Craviero V, Guller S, Romero R, Mor G. Trophoblast
induces monocyte differentiation into CD14+/CD16+ macrophages. Am J Reprod
Immunol (2014) 72:270–84. doi: 10.1111/aji.12288

57. Ye Y, Peng L, Chelariu-Raicu A, Kuhn C, Dong X, Jeschke U, et al. Prostaglandin
E2 receptor 3 promotes M1 macrophages polarization in unexplained recurrent
pregnancy loss. Biol Reprod (2022) 106:910–8. doi: 10.1093/biolre/ioac030

58. Aisemberg J, Vercelli C, Billi S, Ribeiro ML, Ogando D, Meiss R, et al. Nitric
oxide mediates prostaglandins’ deleterious:effect on lipopolysaccharide-triggered
mouse:fetal resorption. Proc Natl Acad Sci USA (2007) 104:7534–9. doi: 10.1073/
pnas.0702279104
frontiersin.org

https://doi.org/10.1038/s41586-020-03071-0
https://doi.org/10.1016/j.jri.2022.103746
https://doi.org/10.1016/j.jri.2018.12.002
https://doi.org/10.1016/j.jri.2018.12.002
https://doi.org/10.18502/ijaai.v17i6.618
https://doi.org/10.1177/0300060520980940
https://doi.org/10.1111/aji.13541
https://doi.org/10.1371/journal.pone.0124747
https://doi.org/10.1016/j.molmed.2016.11.001
https://doi.org/10.4049/jimmunol.1203425
https://doi.org/10.1590/1414-431x20187334
https://doi.org/10.1111/aji.13519
https://doi.org/10.3389/fimmu.2019.00086
https://doi.org/10.1111/aji.12795
https://doi.org/10.1124/dmd.123.001345
https://doi.org/10.1124/dmd.123.001345
https://doi.org/10.3181/00379727-102-25149
https://doi.org/10.1210/jcem-32-5-683
https://doi.org/10.1210/jcem-32-5-683
https://doi.org/10.1016/j.placenta.2010.10.010
https://doi.org/10.1053/plac.1999.0526
https://doi.org/10.1053/plac.1999.0526
https://doi.org/10.1006/excr.1993.1139
https://doi.org/10.1016/j.placenta.2016.12.007
https://doi.org/10.1038/s41598-018-27119-4
https://doi.org/10.1038/s41598-018-27119-4
https://doi.org/10.1016/j.stemcr.2018.07.004
https://doi.org/10.1038/s41586-018-0753-3
https://doi.org/10.1007/s10815-022-02436-w
https://doi.org/10.1016/j.micinf.2013.06.012
https://doi.org/10.1210/en.2010-0426
https://doi.org/10.1111/aji.13259
https://doi.org/10.1111/aji.12288
https://doi.org/10.1093/biolre/ioac030
https://doi.org/10.1073/pnas.0702279104
https://doi.org/10.1073/pnas.0702279104
https://doi.org/10.3389/fimmu.2023.1180154
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Decidual macrophages derived NO downregulates PD-L1 in trophoblasts leading to decreased Treg cells in recurrent miscarriage
	Introduction
	Materials and methods
	Ethics statement
	Samples for human villus, decidual tissues, and peripheral blood
	Human immune cell isolation
	Flow cytometry
	Quantitative real-time PCR
	Western blot
	Immunohistochemistry
	Chromatin immunoprecipitation
	Analysis of sPD-L1 in serum by enzyme-linked immunosorbent assay
	NO serum level measurement
	Knockdown of YY1 in HTR-8 cells and Bewo cells
	Preparation of trophoblast conditioned media
	Treg differentiation
	Mice
	Preparation of mouse M1 macrophages
	Preparation of mouse uterine immune cells
	Mouse fetal absorption rate analysis
	Statistical analysis

	Results
	Lower proportion of Treg cells and decreased expression of PD-L1 and YY1 in patients with RM
	YY1 promotes PD-L1 expression in trophoblasts favoring Treg differentiation
	SNAP mimic NO inhibits YY1/PD-L1 expression and Treg differentiation
	SNAP increased the embryo resorption rate and scaled down the Treg cell pool via inhibiting YY1 and PD-L1 in mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


