Cellular & Molecular Immunology (2018) 15, 710-723
© 2018 CSI and USTC Al rights reserved 2042-0226/18 $32.00

www.nature.com/cmi

RESEARCH ARTICLE

The altered PD-1/PD-L1 pathway delivers the ‘one-two
punch’ effects to promote the Treg/Th1l7 imbalance
in pre-eclampsia

Yonghong Zhangl, Zhaozhao Liu!, Mei Tian!, Xiaohui Hu, Liling Wang, Jinlu Ji and Aihua Liao

The programmed cell death-1 (PD-1)/PD-ligand 1 (PD-L1) pathway is critical for normal pregnancy by promoting
regulatory T (Treg) cell development and inhibiting the Th17 response. However, the relationship between the
PD-1/PD-L1 pathway and the Treg/Th17 imbalance in pre-eclampsia (PE) is an enigma. In this study, decreased
PD-1 and PD-L1 expression and a Treg/Th17 imbalance were observed at the maternal-fetal interface in PE. The
regulatory effects of the PD-1/PD-L1 pathway on the Treg and Th17 cell quantities were determined in vitro by
targeting T-cell proliferation, differentiation and transdifferentiation. First, decreased PD-1 expression might
contribute to a higher Th17 cell frequency by promoting proliferation in PE. Second, the percentages of Treg but
not Th17 cells differentiated from peripheral naive CD4* T cells were increased by PD-L1 Fc administration. This

effect was accompanied by decreased PI3K/AKT/m-TOR and increased PTEN mRNA expression and was completely
reversed by PD-1 blockade. Finally, the percentage of IL-17-producing Treg cells increased and was positively
associated with the Th17 cell frequency in PE. Increased RORyt and IL-17 but not Foxp3 and IL-10 mRNA
expression by Treg cells was observed with PD-1 blockade. Similar findings occurred when Treg cells were exposed
to IL-6/IL-23/IL-1p and were reversed by PD-L1 Fc. Taken together, our findings indicate that the PD-1/PD-L1
pathway contributes to the Treg/Th17 imbalance via ‘one-two punch’ approaches: (i) promoting Th17 cell
proliferation, (ii) inhibiting Treg cell differentiation and (iii) enhancing Treg cell plasticity into Th17 cells in PE.
The therapeutic value of PD-L1 Fc for PE treatment will be explored in the future.
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INTRODUCTION

Pre-eclampsia (PE) affects 5-8% of all pregnancies worldwide
and is traditionally diagnosed by the combined presentation of
high blood pressure and proteinuria.'~> The diagnostic criteria
for PE were changed by the International Society for the Study
of Hypertension in Pregnancy (ISSHP) in 2014.# As proteinuria
is no longer required in the new definition, the new definition
of PE determined by the ISSHP requires the presence of
hypertension together with evidence of systemic disease (such
as thrombocytopenia, elevated levels of liver transaminases,
renal insufficiency, pulmonary edema and visual or cerebral
disturbances).*> When left untreated, PE can be lethal, and in
low-resource settings, this disorder is one of the main causes of

maternal and child mortality."> Simple preventive measures,
such as low-dose aspirin, calcium and diet and lifestyle
interventions, show potential but marginal benefits.* Severe
complications can occur in both the mother and the fetus, and
there is no effective method of treatment.> Moreover, mothers
and children who have undergone a PE pregnancy will suffer
from an increased long-term cardiovascular risk.> Therefore,
understanding the enigmatic etiology of PE is critical.
Pregnancy constitutes a major challenge for the maternal
immune system. During pregnancy, the maternal immune
system is challenged by the allogeneic fetus, and maternal
immune adaptation occurs systemically and locally. However,
maternal immune tolerance toward the allogeneic fetus during
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normal pregnancy (NP) is compromised in pregnancy com-
plications such as pre-term birth’ and PE.® An important
feature of immune intolerance in PE is the absence of the
regulatory T (Treg) skewness characteristic of NP, leading to a
pre-dominance of Th17 immunity.>!" Treg cells promote
maternal-fetal tolerance; for instance, the rate of fetal resorp-
tion was increased during allogeneic gestation in Treg cell-
deficient mice.!! Furthermore, Treg cell transplantation not
only rescued pregnancy in abortion-prone mice, but also
reduced the increased abortion rate associated with IL-17 in
the CBA/J X BALB/c model.!? Therefore, the Treg/Th17 bal-
ance promotes NP, whereas a lower than normal Treg cell
frequency and/or excessive Th17 immunity may contribute to
the exaggerated systemic inflammation in PE.>!®!3 Thus,
factors that subtly alter the balance between Treg and Th17
cellular functions serve as important regulators of susceptibility
to PE.

Peripheral immune tolerance is maintained by multiple
mechanisms. The programmed cell death-1 (PD-1)/PD-ligand
1 (PD-L1) pathway has emerged as an important mediator in
terminating the immune response and inducing immune
tolerance by promoting Treg cell development and inhibiting
effector T (for example, Th17) cell responses.'* PD-1 is a cell
surface receptor belonging to the CD28 family. PD-1 inhibits
signaling through the T-cell receptor (TCR), resulting in
reduced proliferation, cytokine production and cytotoxic
activation of T cells.!>!¢ PD-1 contributes to the maintenance
of immune tolerance, whereas PD-1 deficiency causes auto-
immunity in mice. Apart from autoimmune disorders, the
PD-1/PD-L1 pathway also participates in the establishment of
maternal-fetal tolerance by promoting the Treg/Thl7
balance.!” Our previous findings showed that PD-L1 Fc exerted
a protective effect in the L-NAME-induced pre-eclamptic
murine model by reversing the Treg/Th17 imbalance in the
periphery and at the maternal-fetal interface.” However, the
precise role of the PD-1/PD-L1 pathway in PE is unclear.

In this study, we investigated the relationship between the
PD-1/PD-L1 pathway and the Treg/Thl7 imbalance in PE.
Then, the regulatory effect of the PD-1/PD-L1 pathway on the
Treg/Th17 paradigm in PE was explored by targeting T-cell
proliferation, differentiation and transdifferentiation.

MATERIALS AND METHODS

Subjects

This study was reviewed and approved by Huazhong University
of Science and Technology Clinical Trial Ethics Committee. All
methods were carried out in accordance with the approved
guidelines and regulations. Written informed consent was
obtained from each participant prior to entering the study.
All the study subjects, namely, healthy pregnant women and
pre-eclamptic women, were recruited from the Department of
Obstetrics and Gynecology at the Maternal and Child Health
Hospital of Hubei Province, Wuhan, China. The presence of
PE was assessed according to ACOG guidelines (ACOG Task
Force on Hypertension in Pregnancy, 2013). All pregnancies in
this study were singleton gestations, and none of the
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participants had active labor at the time of enrollment and
blood sampling. None of the participants was affected by pre-
existing clinical disorders, such as renal diseases or chronic
hypertension before pregnancy, or complicated by pre-term
labor, chorioamnionitis or diabetes. Normal pregnant women
in the third trimester were matched with the pre-eclamptic
women for age, gestational age and parity (Table 1).

Placenta sampling

Placentas were collected after cesarean section. Two pieces of
tissue were obtained immediately after delivery from the center
of the maternal placental surface rather than the infarction and
calcification area. The sample size was 1.0 cm X 1.0 cm X
1.0 cm. One sample was fixed in 4% paraformaldehyde for
hematoxylin and eosin (H&E) staining and immunohisto-
chemistry. The other sample was stored at —80°C for
quantitative real-time polymerase chain reaction (qQRT-PCR)
and western blot analysis.

Blood sampling

Peripheral blood samples were collected into heparinized tubes,
and peripheral blood mononuclear cells (PBMCs) were isolated
using the density centrifugation technique and immediately used.

H&E staining and immunohistochemistry

The 4-pm-thick paraffin sections of placentas were stained with
H&E according to the standard H&E protocol. After antigen
retrieval, the paraffin-embedded placental tissue sections were
processed using standard immunohistochemical techniques
according to the manufacturer’s instructions. The antibodies
used in this part included an anti-PD-1 Ab (Bioss, Beijing,
China), an anti-PD-L1 Ab (Santa Cruz, Dallas, TX, USA), an
anti-Foxp3 Ab (Abcam, Cambridge, UK) and an anti-RORyt
AD (Bioss).

qRT-PCR
Total RNA was extracted and purified using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), and an equal amount of total

Table 1 Clinical characteristics of women with PE (n=41)
and women with NP (n=67)

PE NP P-value

Age (years) 29.70+4.27 27.60+3.76 NS

Gestational age at diagnosis 37.13+1.26 36.92+1.24 NS
of PE (weeks)

Gravidity 1.50+0.85 1.46+0.78 NS
Parity 0.30+0.18 0.17+0.38 NS
Systolic blood pressure 144,40+ 10.18 119.50+9.93 <0.01
(mmHg)

Diastolic blood pressure 94.00+8.59 74.67+7.87 <0.01
(mmHg)

Proteinuria (g/24 h) 0.81+0.20 — —
Creatinine (pmol/I) 67.92+7.38 41.20+3.88 <0.01

Abbreviations: NP, normal pregnancy; PE, pre-eclampsia.
Data are presented as the mean +s.e.m.
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RNA (1 pg) was used for cDNA synthesis (Takara Bio, Shiga,
Japan). The primer sets used in this study were designed using
Primer-BLAST software. The primers were as follows: PD-1 F:
5'-ACCCTGGTGGTTGGTGTCGT-3', R: 5'-CCTGGCTCCTA
TTGTCCCTC-3'; PD-L1 F: 5-TTTGCTGAACGCCCCATA-3',
R: 5-TGCTTGTCCAGATGACTTCG-3'; Foxp3 F: 5'-CACTG
ACCAAGGCTTCATCTG-3', R: 5'-GGAGGAACTCTGGGAAT
GTG-3"; RORyt F: 5-ATGGAAGTGGTGCTGGTT-3, R: 5'-G
GGAGAAGTCAAAGATGGAG-3; PI3K F: 5-TGCTGTCTC
CTCTAAACCCTG-3', R: 5-TCTTGCCGTAAATCATCCC-3';
AKT F: 5-TTCTTTGCCGGTATCGTGT-3, R: 5-TGTCATC
TTGGTCAGGTGGT-3; m-TOR F: 5'CGCTGTCATCCCTT
TATCG-3, R: 5'-AGAGTCAAGTGGTCATAGTCCG-3"; PTEN
F: 5-AAGACCATAACCCACCACAGC-3', R: 5'-CCAGTTCG
TCCCTTCCAG-3'; IL-10 F: 5- GGAGAACCTGAAGACCCT-
3', R 5-TGATGAAGATGTCAAACTCACT-3'; IL-17 F: 5'-TG
TCACTGCTACTGCTGCT-3', R: 5-GGTTATGGATGTTC
AGGTTG-3'; GAPDH F: 5-GGACCTGACCTGCCGTCTA
G-3', R: 5-GTAGCCCAGGATGCCCTTGA-3". The cDNA
(2 pl) was subjected to qRT-PCR amplification analysis using
SYBR Green PCR mix (Applied Biosystems, Carlsbad, CA,
USA). The qRT-PCR parameters were as follows: step one, one
cycle at 95 °C for 30 s; step two, 40 cycles at 95 °C for 55, 58 °C
for 30 s and 72 °C for 30s; step three, 95 °C for 15s, 60 °C for
60s and 95°C for 15s (LightCycler 96 System, Roche, Basel,
Switzerland). The amount of target relative to a calibrator was
computed by 2744CT and GAPDH was used for normalization.

Western blot analysis

Following SDS/PAGE, transfer and blocking, the PVDF blots
were incubated with primary antibodies. The membranes were
washed and incubated with a secondary antibody, followed by
electrochemical luminescence detection. Relative protein levels
were quantified by scanning densitometry and analyzed using
ImageJ software (National Institutes of Health). Protein detec-
tion was carried out using anti-GAPDH (Abcam), anti-PD-1
(Bioss), anti-PD-L1 (Santa Cruz), anti-Foxp3 (Abcam) and
anti-RORyt (Millipore, Darmstadt , Germany) Abs.

Flow cytometry

A total of 2x10° PBMCs were resuspended and stained with
anti-CD4-FITC monoclonal antibodies (mAbs), anti-CD25-PE
mADs, anti-CD127-Percp-Cy5.5 mAbs and anti-PD-1-APC
mADbs for surface antigens (eBioscience, San Diego, CA, USA),
in accordance with the manufacturer’s instructions. For intracel-
lular cytokine detection, 2 X 10° PBMCs were stimulated with
2 pl of Cell Stimulation Cocktail and 2 pl of Protein Transport
Inhibitor Cocktail (eBioscience) for 4 h. All the cells were stained
with fluorescein-labeled mAbs for surface antigens before culture.
The cultured cells were then permeabilized with permeabiliza-
tion/fixation buffer (eBioscience) and then stained with anti-
Ki67-PE-Cy7 mAbs (Ki67 was used as a marker of cell
proliferation), anti-Foxp3-APC mAbs, anti-IL-17A-PE mAbs or
anti-IL-17A-PE-Cy7 mAbs (eBioscience). Finally, the cells were
resuspended in 300 pl of PBS for subsequent flow cytometric
analysis. All data were acquired using a FACScalibur (BD
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Biosciences, San Jose, CA, USA), and processed using the
CellQuest program (Becton Dickinson, Franklin Lakes, NJ, USA).

Cell isolation, activation and culture

Naive CD4* T and Treg cells were isolated from PBMCs of
women with NP and of women with PE by multi-step
magnetic sorting using a human Naive CD4" T Cell Isolation
Kit IT and a human CD4*CD25" Regulatory T Cell Isolation
Kit (Miltenyi Biotec, Auburn, CA, USA), respectively, with a
Midi&Mini MACS instrument (Miltenyi Biotec) in accordance
with the manufacturer’s instructions. Sorted naive CD4" T cells
(1 x 10%/well in 24-well plates) were then cultured at 37 °C in a
moist atmosphere containing 5% CO, in complete RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf
serum, penicillin (100 U/ml), streptomycin (100 pg/ml), 2 mM
L-glutamine, 10 mM HEPES, 0.1 mM non-essential amino
acids and 1 mM sodium pyruvate (all from Sigma, Oakville,
ON, Canada). The purity of the sorted cells was generally
>95%. All the cells were cultured under ThO- (anti-CD3
mAbs (5 pg/ml)/anti-CD28 mAbs (5 pg/ml)) (eBioscience),
Th17- (anti-CD3 mAbs (5 pg/ml)/anti-CD28 mAbs (5 pg/
ml)/TGE-f (5 ng/ml)/IL-1p (5 ng/ml)/IL-6 (20 ng/ml)/anti-
IFN-y mADbs (2 pg/ml)/anti-IL-4 mAbs (2 pg/ml)) (PeproTech,
Rocky Hill, NJ, USA) and Treg-prone (anti-CD3 mAbs (5 pg/
ml)/anti-CD28 mAbs (5 pg/ml)/TGF-p (5ng/ml) /anti-IFN-y
mAbs (2 pg/ml)/anti-IL-4 mAbs (2 pg/ml)) conditions with or
without PD-L1 Fc (10 pg/ml) (R&D, Minneapolis, MN, USA)
or anti-PD-L1 mAbs (10 ng/ml) (eBioscience) for 3 days. For
each study case, nine groups were established as shown in the
following scheme (Table 2). Sorted Treg cells (1 X 10°/well in
96-well plates) from women with NP were then cultured at 37 °
C in a moist atmosphere containing 5% CO, in complete
RPMI 1640 medium under rh IL-2 (0.5 U/ml) (PeproTech)/
anti-CD3 mAbs (5 pg/ml)/anti-CD28 mAbs (5 pg/ml) condi-
tion with or without anti-PD-L1 mAbs (10 ng/ml), or under
pro-inflammatory conditions (rh IL-2 (0.5 U/ml)/anti-CD3
mAbs (5 pg/ml)/anti-CD28 mAbs (5 pg/ml)/IL-1p (10 ng/ml)/

Table 2 Nine culture conditions for Treg and Th17 cell
differentiation from naive CD4* T cells in NP and in PE

=
©

Culture conditions for naive
CD4*T cells from NP

Culture conditions for naive
CD4*T cells from PE

W oo NOO B WN

ThO-prone condition+PBS
ThO-prone+PD-L1 Fc
ThO-prone+anti-PD-L1 mAbs
Th17-prone+PBS
Th17-prone+PD-L1 Fc
Th17-prone+anti-PD-L1 mAbs
Treg-prone+PBS
Treg-prone+PD-L1 Fc
Treg-prone+anti-PD-L1 mAbs

ThO-prone+PBS
ThO-prone+PD-L1 Fc
ThO-prone+anti-PD-L1 mAbs
Th17-prone+PBS
Th17-prone+PD-L1 Fc
Th17-prone+anti-PD-L1 mAbs
Treg-prone+PBS
Treg-prone+PD-L1 Fc
Treg-prone+anti-PD-L1 mAbs

Abbreviations: NP, normal pregnancy; PE, pre-eclampsia.



IL-6 (20 ng/ml)/IL-23 (20 ng/ml)) (PeproTech) with or with-
out PD-L1 Fc for 5 days.

Statistical analysis

Statistical analyses were performed using the Statistical Package
for Social Science (SPSS) for Windows (Version 18.0 software,
SPSS Inc., Chicago, IL, USA) and GraphPad Prism software,
version 5 (GraphPad, San Diego, CA, USA). Differences
between two groups were analyzed using Student’s t-test or
Mann-Whitney U-test as applicable. Spearman’s correlation
test was used to assess the correlation between PD-1 expression
and T-cell proliferation capacity, and the correlation between

Relative protein expression
o
4

Relative protein expression

NP PE

NP

PD-1 pathway promotes Treg/Th17 imbalance in pre-eclampsia
Y Zhang et al

Treg and Treg cells, as well as that between the percentages of
IL-17* Treg and Th17 cells. The differences between multiple
groups were analyzed by one-way ANOVA and y?-test. In all
experiments, the n number of independent experiments is
provided in the figure legend. P-values less than 0.05 were
considered significant.

RESULTS

Decreased PD-1, PD-L1 and Foxp3 expression and increased
RORyt expression in placentas from pre-eclamptic women
The nuclear transcription factors Foxp3 and RORyt play crucial
roles in the quantities and functions of Treg and Th17 cells,

AL

of® - A
BV o¢

PD-1

PD-L1

=, NP (n=16)
E3 PE (n=10)

Relative mRNA expression Q_
RNA

Relative

15 Foxp3 528

RORyt

RORyt

Relative mRNA expression

Relative mRNA

PE

NP

PE

NP

Figure 1 PD-1, PD-L1, Foxp3 and RORyt expression in placentas from women with NP and women with PE. The placentas were collected
from women with NP (n=16) and women with PE (n=10). (a) Structural changes in the placentas were observed by H&E staining
(x200). (b) PD-1 and PD-L1, Foxp3 and RORyt expression in placentas was analyzed by immunohistochemistry (x200). (c) The PD-1
(32 kDa), PD-L1 (47 kDa), Foxp3 (48 kDa) and RORyt (54 kDa) protein levels in the placenta were analyzed by western blotting. (d) The
PD-1, PD-L1, Foxp3 and RORyt mRNA levels in the placenta were analyzed by qRT-PCR. The data are presented as the mean+s.e.m.
*P< 005, **P<001 versus NP. NP, normal pregnancy; PE, pre-eclampsia.
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the Figure 2 PD-1 and Ki67 expression in peripheral Treg and Th17 cells and their potential associations. Peripheral blood mononuclear cells
Pe- were obtained from women with NP (n=15) and women with PE (n=11), and PD-1 and Ki67 expression in Treg and Th17 cells was
rc- detected by flow cytometry. (a) The percentages of Treg (CD4*CD25"8"CD127'%%/~) cells, (b) the percentages of Th17 (CD4*IL-17A%) cells
en- and (c) the Treg/Th17 cell ratios were analyzed. (d) Dot plot of PD-1 and Ki67 detected on Treg and Th17 cells. (e and f) The percentages

tag-

of PD-1*Ki67~, PD-1*Ki67* and PD-1"Ki67* Treg cell subsets. (g and h) The percentages of PD-1*Ki67~, PD-1*Ki67* and PD-1"Ki67+

Th17 cell subsets. (i) The percentages of PD-1* Treg and PD-1*Ki67~ Treg cells between NP and PE. (j) The percentages of PD-1* Th17

of

and PD-1*Ki67~ Th17 cells between NP and PE. (k and 1) Correlation analysis between the percentages of Treg and PD-1* Treg cells. (o and
p) Correlation analysis between the percentages of PD-1* Treg cells and PD-1*Ki67~ Treg cells. (s and t) Correlation analysis between the

IL- percentages of Treg and PD-1-Ki67*Treg cells. (m and n) Correlation analysis between the percentages of Th17 cells and PD-1* Th17 cells.
-17 (q and r) Correlation analysis between the percentages of PD-1* Th17 and PD-1*Ki67~ Th17 cells. (u and v) Correlation analysis between
*  the percentages of Th17 and PD-1-Ki67*Th17 cells. The data are presented as the mean +s.e.m. * versus NP, # versus PD-17Ki67+ subset,

$ versus PD-1*Ki67- subset, *#P<005, **##$$p001, ***/##P-0001 versus NP. NP, normal pregnancy; PE, pre-eclampsia.
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respectively, and their expression levels match the percentages
of the corresponding subsets. To investigate the relationship
between the PD-1/PD-L1 pathway and the Treg/Thl7

imbalance during pregnancy, we first evaluated PD-1, PD-LI,
Foxp3 and RORyt expression in placentas from women with
PE and from women with NP. As expected, PD-1, PD-LI,
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Foxp3 and RORyt were detected in placentas in NP and in PE
(Figures la and b). The protein and mRNA levels of PD-1, PD-
L1 and Foxp3 were decreased in PE compared with NP,
whereas the RORyt expression levels were increased (Figures 1c
and d). These results suggested a potential correlation between
the PD-1/PD-L1 axis and the Treg/Th17 imbalance at the
maternal-fetal interface in PE.

PD-1 deficiency enhances Th17 proliferation and may
directly contribute to expansion of the Th17-cell pool in the
peripheral blood of pre-eclamptic women

Engagement of PD-1 by PD-LI can block T-cell proliferation,
cytokine production and cytolytic functions and impair T-cell
survival.'* Therefore, we hypothesized that the decreased
percentage of Treg cells and the increased Th17 numbers in
PE might be associated with their differential proliferation
capacities, which might be influenced by the PD-1/PD-L1
pathway. To test this hypothesis, we first evaluated PD-1 and
Ki67 expression in Treg and Thl7 cells in NP and in PE
(Table 2). Herein, Treg and Th17 cells were defined as the
CD4*CD25"8"CD127'9~ and CD4*IL-17* cell populations,
respectively. We found an inverse correlation between the
proportions of Treg and Th17 cells in PE versus NP. In PE, the
percentage of Treg cells was decreased (Figure 2a) and the
percentage of Th17 cells was increased (Figure 2b). In addition,
the Treg/Th17 cell ratios were decreased in PE (Figure 2c). The
PD-1 and Ki67 expression levels in Treg and Th17 cells were
then determined (Figure 2d). The percentage of the PD-1*Ki67~
subset was higher than the percentages of the PD-17Ki67*
and PD-17Ki67" subsets in the Treg cells in the two groups
(Figures 2e and f), but no differences were found between the
single-positive subsets. Similar results were found in Th17 cells
in NP, whereas the percentage of the PD-1"Ki67* subset was
higher than the other Th17 cell subsets in PE (Figures 2g and h).
Furthermore, we found similar variation tendencies in the
PD-1* and PD-1*Ki67" Treg and Th17 cell subsets in NP and
in PE. Thus, the percentages of PD-1" Treg and PD-1*Ki67~
Treg cells (Figure 2i) were increased in PE, and the percentages
of PD-1* Th17 and PD-1*Ki67~ Th17 cells (Figure 2j) were
decreased in PE. Nearly all the PD-1-positive cells were Ki67-
negative (Table 3). Therefore, PD-1 might determine the
numbers of Treg and Th17 cells by inhibiting cell proliferation.
Next, a correlation analysis was performed. No significant
correlation was found between the percentages of Treg and
PD-1" Treg cells in either NP or PE (Figures 2k and 1), whereas
a positive correlation was found between the percentages of
PD-1* Treg and PD-1'Ki67~ Treg cells in the two groups
(Figures 20 and p). No correlation was found between the
percentages of PD-17Ki67" Treg and Treg cells in NP or PE
(Figures 2s and t). These results indicated that PD-1 inhibited
the proliferation capacity of the Treg cells, although this effect
did not significantly influence the cell numbers in NP and in PE.
Compared with NP, the percentage of Th17 cells was negatively
correlated with the percentage of PD-17 Thl7 cells in PE
(Figures 2m and n), and the percentage of PD-1* Th17 cells
was positively associated with the percentage of PD-1"Ki67~
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Th17 cells in the two groups (Figures 2q and r).
Furthermore, no correlation was found between the percentages
of PD-17Ki67* Th17 and Thl17 cells in NP or PE (Figures 2u
and v). Therefore, the inhibition of proliferation by PD-1
was more evident in Th17 cells than in Treg cells, particularly
in PE.

PD-L1 Fc inhibits Th17 differentiation but promotes Treg
development and anti-PD-L1 mAb administration interrupts
the immune balance by facilitating Th17 development in the
peripheral blood of women with NP and women with PE
Treg and Th17 cells are derived from the same precursor cells,
namely, naive CD4" T cells. This process is closely and
distinctively regulated by the PD-1/PD-L1 pathway, which is
favorable for Treg development from naive CD4" T cells and
inhibits Th17 differentiation.'* We hypothesized that the
differentiation of Treg and Th17 cells might also be regulated
by the PD-1 pathway in NP and in PE. To test this hypothesis,
we isolated the peripheral naive CD4" T cells from women
with NP and women with PE and stimulated them under ThO-,
Th17- and Treg-prone conditions in the presence or absence of
PD-L1 Fc or an anti-PD-L1 mAbs for 3 days. Then, the
percentages of Treg and Th17 cells were determined by flow
cytometry (Figures 3a and b). The Treg-prone condition
contributes to Treg development, whereas the Thl7-prone
condition facilitates Th17 differentiation.!® As expected, the
percentages of Treg cells that developed from naive CD4"
T cells increased following PD-L1 Fc treatment, even under
the Th17-prone condition in NP (Figure 3c), whereas the anti-
PD-L1 mAbs treatment decreased the percentages of Treg cells,
even under the Treg-prone condition in PE (Figure 3f). No
significant differences were found in the percentages of Th17
cells among the nine groups in NP (Figure 3d). The percen-
tages of Th17 cells differentiated from naive CD4* T cells
decreased with anti-PD-L1 mAbs administration, even under
the Treg-prone condition in PE (Figure 3g). PD-L1 Fc
had no effect on Treg/Thl7 cell ratios in NP and in PE,
whereas the anti-PD-L1 mAbs decreased the Treg/Th17 cell
ratios in the two groups (Figures 3e and h). Thus, PD-L1 Fc
selectively promotes Treg development during T-cell differ-
entiation and suppresses Th17 differentiation in human
pregnancy ex vivo.

PD-L1 Fc promotes peripheral Treg cell differentiation by
inhibiting PI3K/AKT/m-TOR signaling and enhancing PTEN
expression

To more clearly illustrate the regulatory effect of the PD-1/PD-
L1 pathway on Treg and Th17 cell differentiation, the potential
molecular mechanisms were investigated. Isolated peripheral
naive CD4%" T cells from NP and from PE samples were
stimulated with or without PD-L1 Fc or an anti-PD-L1 mAb
under ThO-, Th17- and Treg-prone conditions for 3 days. Next,
the mRNA levels of potential genes were determined by qRT-
PCR. The PD-1/PD-L1 pathway has been reported to promote
the development of Foxp3* Treg cells by blocking AKT/m-
TOR signaling and augmenting PTEN expression (Figure 4a).
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P-value
<0.001
<0.001
<0.001

<0.01

NP
6.56+0.59
1.05+0.11

15)

11) and women with NP (n
PE
1.69+0.28
2.73+0.32

CD4+CD25MeCcD127'9% - /cD4*

CD4+IL-17A*/CD4*

Marker

Table 3 Prevalence of PD-1 and Ki67 expression on Treg and Th17 cells in women with PE (n

Subset
Treg %2
Th17%?2

6.44+2.22
9.12 (3.17-13.11)

0.57+0.22
15.80 (6.00-28.32)
11.51 (4.00-28.32)
0.89 (0.48-1.00)
4.90 (1.32-27.20)
3.50 (1.19-18.40)
0.77 (0.21-1.00)

CD4*CD25MehCcD127'9% -/ CDA*IL-17A*

Treg/Th17 cell ratio?

PD-1*CD4+CD25Me"CD127'°%~/CD4+*CD25MeCD127'oW -

PD-1*Treg %P

<0.05
>0.05
<0.05

<0.01

7.88 (1.42-10.18)

PD-1*Ki67-CD4+CD25MehCcD127'W - /CD4+CD25MehcD 1270w/~

PD-1*Ki67 Treg %P

0.75 (0.29-0.91)
10.20 (3.00-39.70)
8.30 (2.40-25.40)

PD-1*Ki67-Treg/PD-1*Treg cell/ratioP

PD-1*Th17%"

PD-1*CD4*IL-17A*/CD4+IL-17A*

PD-1*Ki67-CD4+IL-17A*/ CD4*IL-17A*

PD-1*Ki67-Th17%P

>0.05

0.77 (0.42-1.00)

PD-1*Ki67-Th17/PD-1*Th17 cell/ratio®

Abbreviations: NP, normal pregnancy; PE, pre-eclampsia.

@Data are presented as the mean+s.e.m.

bData are presented as the median (range).
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In line with published reports, our data showed that Foxp3
mRNA expression increased with PD-L1 Fc administration and
decreased with anti-PD-L1 mAD treatment in both NP and PE
(Figures 4b and c). PD-L1 Fc decreased RORyt expression in
NP and in PE, even under the Thl17-prone condition, and
increased it in the presence of the anti-PD-L1 mAbs in the two
groups (Figures 4d and e). This phenomenon was accompanied
by decreased PI3K/AKT/m-TOR mRNA  expression
(Figures 4f-k) and increased PTEN expression (Figures 4l
and m) in the presence of PD-L1 Fc. Higher PI3K/AKT/m-
TOR expression (Figures 4f-k) and lower PTEN expression
(Figures 41 and m) were observed with the anti-PD-L1 mAbs in
both NP and PE. Thus, increased PTEN expression and
decreased PI3K/AKT/m-TOR expression underlie the promo-
tion of Treg cell differentiation by the PD-1 pathway.

PD-L1 prevents the induction of Treg cell
transdifferentiation into Th17 cells by pro-inflammatory
cytokines in peripheral blood from NP

The plasticity of the production of the pro-inflammatory
cytokine IL-17 by Treg cells has been demonstrated under
normal and pathogenic conditions, such as autoimmune
disorders (for example, rheumatoid arthritis, inflammatory
bowel disease and systemic sclerosis).!*?* The observed plas-
ticity of Treg cells has raised the possibility that Foxp3™ Treg
cell transdifferentiation into Th17 cells might play a potential
pathogenic role at inflammatory sites. Additionally, the induc-
tion of IL-17 expression in Treg cells under inflammatory
conditions is usually accompanied by an impaired or lost
immune suppressive capacity.!>?’ To date, whether Treg cell
plasticity is significant in human pregnancy is unclear. Thus,
the percentage of IL-17* Treg cells was measured by flow
cytometry in NP and in PE (Figure 5a and Table 4). According
to previous reports,!®?? Treg and Th17 cells were, respectively,
defined as CD4*Foxp3™ and CD4*IL-17* when analyzing
T-cell plasticity. We found that the percentage of IL-17" Treg
cells was higher in PE compared with NP (Figure 5b).
Additionally, the IL-17* Treg/Treg cell ratios and IL-17F
Treg/Th17 cell ratios were higher in PE than in NP
(Figure 5b). Therefore, increased numbers of IL-17-
producing Treg cells might diminish the Treg cell pool and
promote Th17 cell expansion. As expected, no correlation
was found between the percentages of Treg and IL-17F
Treg cells in the two groups (Figure 5c). The percentage
of IL-17* Treg cells and the IL-17* Treg/Treg cell ratio
was positively associated with the Th17 cell frequency in the
two groups (Figure 5¢). PD-L1 Fc administration promotes
the maintenance and suppressor functions of Treg cells by
enhancing Foxp3 expression.!* To explore whether Treg cell
stability was regulated by the PD-1 pathway, Treg cells
isolated from women with NP were cultured in the presence
or absence of pro-inflammatory cytokines (IL-6/IL-1p/IL-23)
with or without PD-L1 Fc or an anti-PD-L1 mAbs for 5 days,
and the mRNA expression levels of potential genes were
determined by qRT-PCR (Figure 5d). Our results showed
that the Foxp3 mRNA levels were significantly decreased
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Figure 3 The percentages of Treg and Th17 cells differentiated from naive CD4* T cells under different conditions with or without PD-L1
Fc or the anti-PD-L1 mAb. Peripheral naive CD4* T cells freshly isolated from women with NP (n=15) and women with PE (n=15) were
seeded at a density of 1x106 cells/ml per well in 24-well plates. After 3 days, the cells were washed twice with PBS. (a) Gating
strategy for determination of CD4*CD25"8"CD127'°%~ Treg and CD4*IL-17A* Th17 cells by flow cytometry. (b) Flow cytometry was used
to determine the percentages of Treg and Thl7 cells differentiated from naive CD4* T cells under ThO-, Thl7- and Treg-prone
conditions with or without PD-L1 Fc or an anti-PD-L1 mAb. (c and f) The percentages of Treg cells. (d and g) The percentages of Th17
cells. (e and h) The Treg/Th17 cell ratios. The data are presented as the median (range). * versus ThO-prone condition, $ versus Treg-
prone condition, @ versus Thl7-prone condition, # versus ThO-prone+anti-PD-L1 mAb condition, & versus Th17-prone+anti-PD-L1 mAb
condition, % versus Treg-prone+anti-PD-L1 mAb condition. */¥@&%p0.05, **/$$/##p-0.01. NP, normal pregnancy; PE, pre-eclampsia.

Cellular & Molecular Immunology



PD-1 pathway promotes Treg/Th17 imbalance in pre-eclampsia
Y Zhang et al

718

Decreased IL-2, decreased proliferation,
decreased survival, anergy deletion
-

APC

Naive CD4'T cell

+TGF-B

Treg development, function
J

~

Tolerance> immunity

PI3K

Foxp3

1

NP

Reativo mRNA oxpression T
Relative mRNA expression £

Relative mRNA expression  mmfy

(1]

PE

Relative mRNA expression ()

Relative mRNA expression (©)

Relative mRNA expression

Tho-prone
Th17-prone

Treg-prone
PD-L1Fc
a-PD-L1

AKT

m-TOR PTEN

&

8

H

s

s

Relative MRNA expression s
Relative MRNA expression ===

8

Relative mRNA expression
Relative TRNA expression P
Relative mRNA expression 3

Figure 4 Expression of nuclear transcriptional factors (Foxp3 and RORyt) and potential signaling molecules involved in Treg and Th17 cell
differentiation. Naive CD4* T cells from women with NP (n=15) and women with PE (n=15) were isolated and cultured under ThO-,
Treg- and Th17-prone conditions with or without PD-L1 Fc fusion protein or an anti-PD-L1 mAb for 3 days. The Foxp3, RORyt, PI3K/AKT/
m-TOR and PTEN mRNA expression levels were determined by quantitative RT-PCR. (a) Molecular mechanism of the PD-1/PD-L1 pathway
on T-cell differentiation. The PD-1 pathway inhibits downstream signaling of the PI3K/AKT signaling in naive CD4* T cells, resulting in

functional inactivation of naive CD4*T cells and inhibition of effector
PD-1 pathway attenuates the AKT-m-TOR signaling, preferentially bias
and suppressive capacity. (b and c¢) The mRNA expression of Foxp

T-cell differentiation and function. In the presence of TGF-p, the
ing naive T-cell programming toward the development of Treg cells
3. (d and e) The mRNA expression of RORyt. (f-k) The mRNA

expression levels of PI3K/AKT/m-TOR. (I and m) The mRNA expression of PTEN. The data are presented as the mean+s.e.m. * versus
ThO-prone condition, # versus ThO-prone+PD-L1 Fc condition, & versus Th17-prone condition, % versus Th17-prone+ PD-L1 Fc condition,
@ versus Treg-prone condition, $ versus Treg-prone+PD-L1 Fc condition. *#&/%/@$p.( 05, **/##&&%%@@I$$p (0 0], ***/##HpP<0.001.

NP, normal pregnancy; PE, pre-eclampsia.

by the anti-PD-L1 mAbs in the absence of pro-inflammatory
cytokines. Similarly, IL-10 expression was decreased by
the PD-1 pathway blockade. IL-10 expression decreased
following exposure to the pro-inflammatory cytokines; how-
ever, PD-L1 Fc increased IL-10 expression in the presence of
the pro-inflammatory cytokines. The anti-PD-L1 mAbs sig-
nificantly promoted RORyt and IL-17 expression. Although the
pro-inflammatory cytokines enhanced RORyt and IL-17
expression, this effect could be inhibited by PD-L1 Fc.

Cellular & Molecular Immunology

Therefore, PD-L1 Fc enhances the stability of Treg cells, which
are more prone to revert into pro-inflammatory IL-17-
producing Treg cells in PE.

DISCUSSION

In this study, we verified the regulatory effects of the PD-1/PD-
L1 pathway on the Treg/Th17 paradigm in PE. We showed for
the first time altered PD-1 and PD-L1 expression on Treg and
Th17 cells at the maternal-fetal interface in PE. Furthermore,
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Figure 5 PD-L1 Fc promoted Treg cell stability by preventing Treg cell transdifferentiation into Th17 cells. PBMCs were isolated from
women with NP (n=40) and women with PE (n=23) and stained with antibodies against CD4, IL-17A and Foxp3 to assess IL-17
expression on CD4*Foxp3* Treg cells by flow cytometry. (@) The percentage of IL-17-producing Treg cells was determined by flow
cytometry. (b) The percentage of IL-17+ Treg, IL17* Treg/Treg cell ratios and IL-17* Treg/Th17 cell ratios. (c) Correlation analysis between
the percentage of Treg cells and the IL-17-producing Treg cell frequency, between the percentage of Th17 cells and the IL-17* Treg cell
frequency, and between the percentage of Th17 cells and the IL-17* Treg/Treg cell ratio. Further investigations were performed to explore
the relationship between the PD-1 pathway and Treg cell stability in PE. The regulatory effect of the PD-1/PD-L1 pathway on Treg cell
plasticity was studied in vitro. Peripheral CD4*CD25* Treg cells freshly isolated from women with NP (n=20) were seeded at a density of
1x10° cells/well in 96-well plates in the presence or absence of IL-6/IL-23/IL-1p with or without PD-L1 Fc or an anti-PD-L1 mAb. After
5 days, the cells were collected, and the Foxp3, RORyt, IL-10 and IL-17 mRNA levels were determined by RT-PCR. (d) The Foxp3,
RORyt, IL-10 and IL-17 mRNA levels were determined. The data are presented as the mean+s.e.m. * versus anti-CD3 mAb/anti-CD28
mAb/IL-2 condition, # versus IL-6/IL-23/IL-1p condition. *#P<0.05, **##pP<0.01, ***/###pP-0.001. NP, normal pregnancy; PE, pre-
eclampsia.
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Table 4 Prevalence of IL-17-producing Treg cells in PE (N=23) and in NP (N=40)

Subset Marker PE NP P-value
IL-17*Treg % CD4*Foxp3*IL-17+/CD4* 0.50+0.22 0.18+0.10 <0.01
IL-17*Treg/Treg cell ratio % CD4*Foxp3*IL-17*/CD4*Foxp3™* 24.11+6.32 18.54+8.75 <0.01
IL-17*Treg/Th17 cell ratio % CD4*Foxp3*IL-17+/CD4AIL-17+ 13.20+8.39 4.20+2.89 <0.01

Abbreviations: NP, normal pregnancy; PE, pre-eclampsia.
Data are presented as the mean +s.e.m.

we demonstrated that the PD-1/PD-L1 pathway promoted the
Treg/Th17 balance by preferentially inhibiting Th17 prolifera-
tion, promoting Treg cell development and sustaining Treg cell
stability during pregnancy. However, a dysfunctional PD-1/PD-
L1 axis might disrupt these regulatory pathways, thereby
contributing to the Treg/Th17 imbalance systemically and
locally, leading to the development of PE.

The PD-1/PD-L1 pathway has emerged as a critical regulator
in immune homeostasis by promoting Treg immunity and
inhibiting effector T (for example, Th17) cell responses.'*
Previous evidence confirmed that PD-1/PD-L1 pathway block-
ade resulted in failure of maternal-fetal tolerance with Treg cell
deficiency and Th17 cell hyperactivity.!'” Our previous findings
suggested that altered PD-1 and PD-L1 expression might lead
to a peripheral Treg/Th17 imbalance in women with PE.° PD-
L1 Fc also had protective effects in PE-like models by reversing
the Treg/Th17 imbalance.’ Consistent with earlier reports,”!22
we confirmed the occurrence of a Treg/Th17 imbalance and
altered PD-1 and PD-L1 expression in the placentas of women
with PE. However, the potential mechanism underlying the
regulation of the Treg/Th17 imbalance by the PD-1/PD-L1
pathway has not been illustrated in PE. Because T-cell
proliferation, differentiation and survival were associated with
the PD-1/PD-L1 axis, we speculated that the Treg and/or Th17
cell pools were associated with cell proliferation, differentiation
and transdifferentiation, which might be influenced by the
PD-1/PD-L1 pathway in PE.

PD-1 has been proposed as a marker of T-cell exhaustion.??
PD-1 cross-linked with PD-L1 inhibited effector T-cell pro-
liferation and cytokine production. The Ki67 protein is a
cellular marker for proliferation, which is present during all
active phases of the cell cycle but is absent from resting cells.
Therefore, higher PD-1 expression would be accompanied by
lower Ki67 expression. Interestingly, we observed significant
changes in PD-1 and Ki67 expression levels in Treg and Th17
cells from women with PE. These differences were cell-specific
(that is, PD-1 expression was increased in Treg cells and
decreased in Th17 cells). These findings were in agreement
with our former results’ and the results published by Toldi
et al,'% who suggested that higher PD-1 expression might
account for the lower Treg cell proportion in PE. Similarly, the
percentage of PD-1'Ki67~ Treg cells was higher and the
percentage of PD-1*Ki67~ Th17 cells was lower in PE. More-
over, nearly all the Treg and Th17 cells with PD-1 expression
lost Ki67 protein expression. Therefore, PD-1 expression might
also block T-cell proliferation during pregnancy. Next, a
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correlation analysis was performed to clarify the relationship
between PD-1 expression and the T-cell proliferation capacity.
Although no correlation was found between PD-1 expression
and the Treg cell numbers, the frequencies of PD-1* Treg cells
were positively associated with PD-1*Ki67~ Treg cells in NP
and in PE. This finding indicated that higher PD-1 expression
most likely inhibited Treg cell proliferation but might have a
relatively weak impact on the total Treg cell numbers in both
NP and PE. Compared with NP, lower PD-1 expression was
negatively associated with higher Th17 cell numbers in PE.
However, the percentage of PD-1" Th17 cells was negatively
associated with the Th17 cell proliferation capacity in both NP
and PE. Lower PD-1 expression had a weak inhibitory effect on
Th17 cell proliferation in PE, contributing to a higher Th17 cell
abundance. Therefore, in contrast to hepatitis C virus
infection,”* PD-1 showed a more profound inhibitory effect
on Th17 cell proliferation than Treg cells in human term-
pregnancy, particularly in PE.

Treg and Thl17 cells may derive from the same precursors
under distinct cytokine conditions.”> TGF- is a critical
differentiation factor for the generation of Treg cells. The
differentiation of pathogenic Th17 cells from naive T cells was
induced in the presence of IL-6 and completely inhibited the
generation of Treg cells induced by TGF-p. However, the
differential fates of naive T cells were regulated by the PD-1/
PD-L1 pathway. In the presence of TGF-f, PD-L1 Fc can
induce a profound increase in the de novo generation of Treg
cells from naive CD4" T cells.?® Moreover, PD-L1 deficiency
resulted in minimal Treg cell differentiation, highlighting the
essential role of PD-L1 during Treg cell induction. As expected,
PD-L1 Fc induced a significantly higher percentage of Treg cells
from naive CD4" T cells even in the presence of IL-6, IL-23
and IL-1pB, and this effect was more significant in NP. The
PD-1 blockade promoted Th17 but not Treg cell development
even under Treg-prone conditions and was more profound in
PE. Therefore, PD-L1 Fc selectively promoted Treg cell
development during T-cell differentiation and suppressed
Th17 cell differentiation in NP, but this process might be
disrupted in PE.

The reasons for the differential effects of PD-L1 on Treg and
Th17 cells remain unclear. However, the differences in these
effects might be due to intrinsic differences that govern the
metabolic activity of Treg and Th17 cells.”” The PI3K/AKT/m-
TOR axis controls Th17 cell differentiation by regulating the
nuclear translocation of RORyt.?® Blockade of the PI3K/AKT/
m-TOR pathway and truncation of TCR signaling increased



Foxp3 expression.”’ PD-1 suppressed the activation of the
PI3K/AKT axis, eventually leading to the attenuation of Th17
cell differentiation.’® Moreover, the PD-1/PD-LI pathway
promoted Treg cell differentiation by blocking the AKT/m-
TOR pathway and augmenting PTEN expression.?® We found
that PD-L1 Fc decreased PI3K/AKT/m-TOR expression and
enhanced PTEN expression, with higher Foxp3 expression and
lower RORyt expression levels. A completely opposite
situation occurred with anti-PD-L1 mADb intervention
(that is, PI3K/AKT/m-TOR expression increased and PTEN
expression decreased, with lower Foxp3 expression and higher
RORyt expression). These findings were consistent with our
former in vivo results.” Therefore, our results demonstrated
that PD-1/PD-L1 regulated the Treg/Th17 balance by facilitat-
ing Treg instead of Thl7 cell differentiation in human
pregnancy. PD-1/PD-L1 pathway dysfunction might disrupt
the Treg/Th17 balance and ultimately lead to PE development.

The plasticity of Treg cells means that they are not static and
can transform into Th17 cells.’! This phenomenon was first
found in mice, wherein IL-6 was shown to convert Treg cells
into Th17 cells in the absence of TGF-B,> and was later
confirmed in humans.?® Therefore, Foxp3" Treg cells with
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immune suppression can be converted into inflammatory
cytokine-producing cells in a specific inflammatory microen-
vironment, gradually lose Foxp3 expression, and finally trans-
differentiate into Th17 cells, which potentially contribute to
disease pathogenesis.’>** We were the first group to find IL-17-
producing Treg cells in human pregnancy. Moreover, the
percentage of IL-17" Treg cells was higher in PE. The
percentage of IL-17" Treg cells was positively associated with
the Th17 rather than the Treg cell frequency in the two groups.
These results indicated that Treg cells under inflammatory
conditions might convert to IL-17-producing cells, particularly
in PE, and thus potentially contribute to the pathogenesis of
the disorder by enriching the Th17 cell pool. Among the
various pro-inflammatory cytokines, IL-6, [L-23 and IL-1p had
a profound capacity to endow Treg cells with the ability to
produce IL-17." Interestingly, increased serum IL-6, IL-1f and
IL-23 levels were detected in women with PE.3>737 Therefore,
the suppression capacity of Treg cells might be impaired
because they are transformed into Th17 cells in response to
the increased pro-inflammatory cytokine production in PE.
PD-L1 engagement enhanced Foxp3 expression and the
suppressive function of established Treg cells.?® Therefore,

Maternal-fetal interface

Hypertension

Intrauterine
growth
restriction

Proteinuria

Edema

Figure 6 The PD-1/PD-L1 pathway regulated the dynamics of Treg and Th17 cells in PE. This figure illustrates the consequences of these
interactions in the peripheral blood or lymphoid organs and the maternal-fetal interface in women with PE. (a) Decreased PD-1 expression
in Th17 cells enhanced Ki67 expression, resulting in a higher proliferation capacity, whereas the opposite findings were observed in Treg
cells. (b) With PD-1/PD-L1 pathway dysfunction, more Th17 cells were induced from naive CD4*T cells, with increased PI3K/AKT/m-TOR
expression. Correspondingly, Treg cells derived from naive CD4*T cells were decreased, with lower PTEN expression. (c) In the presence of
IL-6/1L-23/IL-1pB, Treg cells were more prone to transdifferentiation into IL-17-producing Treg cells and eventually transformed into Th17
cells. Furthermore, PD-1/PD-L1 crosstalk blockade promoted the conversion of Treg cells into Th17 cells. PD-L1 Fc administration
reversed this conversion. (d) Thus, more peripheral Th17 than Treg cells migrated to the maternal-fetal interface. The conversion of Treg
into Th17 cells might also occur locally. These changes might contribute to a local and systemic Treg/Th17 imbalance in PE and promote
the appearance of clinical symptoms such as hypertension, proteinuria, edema and intrauterine growth restriction.
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PD-1/PD-L1 pathway dysfunction might contribute to Treg cell
instability in PE. Some reports have shown that immunosup-
pressive factors, such as IL-10, have a profound effect on Treg-
mediated suppression,®® although the absence of IL-10 does not
affect the suppression capacity of Treg cells.>® Therefore, the
IL-10 mRNA level could reflect the suppression capacity of
Treg cells. As expected, IL-6/IL-23/IL-1p preferentially pro-
moted Thl7-related gene expression and impaired Treg
suppression but did not inhibit Foxp3 expression. A similar
phenomenon occurred with anti-PD-L1 mAb administration
in the absence of IL-6/IL-23/IL-1p, which decreased Foxp3
expression, indicating that the survival of Treg cells was
inhibited. However, PD-L1 Fc treatment significantly reversed
the effect induced by the IL-6/IL-23/IL-1B cytokines. These
findings indicated that PD-L1 Fc facilitated Treg cell stability,
which would be lost with PD-1 signaling blockade, especially in
a pro-inflammatory microenvironment such as PE. A conflict
might exist between higher PD-1 expression and lower stability
in Treg cells in PE, but this possibility is beyond the scope of
this study. Because PD-1 is indisputably an attenuator of
antigen receptor signaling, PD-1-abundant Treg cells may
receive weaker TCR stimulation in vivo and thus never undergo
conversion into Foxp3-negative cells due to the strong immune
response in PE. This discrepancy was explained in a report by
Ellestad et al.,*> who proposed that PD-L1 modulated Treg cell
conversion not by interacting with PD-1 but instead with B7-1.
Therefore, further investigations are needed to clarify this issue.

However, Treg cell markers were not consistent in our study.
Treg cells were defined as CD4+CD25bishCD127'ow/ = CD4*
Foxp3* and CD4*CD25" in different parts of our study. In
fact, the definition of Treg cell markers has long been a
consistent issue. First, Treg cells have been identified as a CD4
T-cell subset exhibiting in vitro suppressive properties and
expressing high levels of CD25.41~*> However, the inducible
nature of CD25 expression during T-cell activation on con-
ventional T cells renders this molecule unsuitable for Treg cell
identification during immune activation. Shortly thereafter, the
Foxp3 transcription factor was identified as an essential and
specific factor for Treg cell development and function.*%
However, the expression of Foxp3 is also observed in some
conventional CD4"CD25™ T cells upon activation.® Finally, it
has been shown that human CD4*Foxp3*CD25Me" cells
express lower levels of CD127, the alpha-chain of the IL-7
receptor, compared with their Foxp3 counterpart.*”*® The
combination of the CD25 and CD127 surface markers with or
without intra-nuclear staining for Foxp3 expression has there-
after been widely employed to identify CD4™Treg cells.*
Furthermore, sorting of Treg cells has greatly benefited from
the high CD25 and/or low CD127 expression. However, such
an approach also presents drawbacks: conventional non-Treg
CD4 T cells downregulate CD127 expression during activation
while they upregulate CD25. It is therefore likely that CD127
and CD25 expression cannot accurately discriminate ex vivo
Treg cells from activated T cells in situations of immune
activation.®® In conclusion, Treg cell identification in the
context of chronic activation still suffers from the lack of
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indisputable markers that can unequivocally distinguish Treg
from effector cells.** Thus, various identification strategies for
Treg cells have been used by researchers for different objectives.
CD4"CD25"8"CD127°/~ was used to determine the fre-
quency of Treg cells in our study. The sorted Treg cells were
defined as CD4*CD25" with the CD4"CD25" regulatory T-cell
isolation kit. When we analyzed Treg cell plasticity in the last
subsection, Treg cells were defined as CD4*Foxp3™ according
to previous publications.??-34

In conclusion, our data demonstrated that altered PD-1 and
PD-L1 expression might be associated with a Treg/Th17
imbalance at the maternal-fetal interface in women with PE.
We investigated the potential mechanism underlying the
regulation of the Treg/Th17 imbalance by the PD-1/PD-L1
pathway in human pregnancy and found that the PD-1/PD-L1
pathway might regulate the Treg/Th17 imbalance via ‘one-two
punch’ approaches (Figure 6): (i) promoting Thl7 cell
proliferation, (ii) inhibiting Treg cell differentiation and
(iii) enhancing Treg cell transformation into Thl7 cells in
PE. Furthermore, our findings provided information support-
ing the hypothesis that PD-L1 Fc might be an ideal therapeutic
target in PE. The therapeutic value of PD-L1 Fc in the
treatment of PE will be explored in the future.
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