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Abstract

Natural killer (NK) cells preferentially accumulate at maternal-foetal interface
and are believed to play vital immune-modulatory roles during early pregnancy
and related immunological dysfunction may result in pregnant failure such as
recurrent miscarriage (RM). However, the mechanisms underlying the establish-
ment of maternal-foetal immunotolerance are complex but clarifying the roles of
decidual NK (dNK) cells offers the potential to design immunotherapeutic strate-
gies to assist RM patients. In this report, we analysed RNA sequencing on periph-
eral NK (pNK) and decidual NX cells during early pregnancy; we identified an
immunomodulatory dNK subset CXCR4™CD56P" "' dNK and investigated its ori-
gin and phenotypic and functional characteristics. CXCR4+CD56"" € {dNK dis-
played a less activated and cytotoxic phenotype but an enhanced immunomodu-
latory potential relative to the CXCR4 negative subset. CXCR4+CD56""8MdNK
promote Th2 shift in an IL-4-dependent manner and can be recruited from
peripheral blood and reprogramed by trophoblasts, as an active participant in
the establishment of immune-tolerance during early pregnancy. Diminished
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1 | INTRODUCTION

Allogeneic tissue grafts are often rapidly rejected, requir-
ing immunosuppressive medications after transplantation
surgery.! However, the semi-allogeneic foetus in normal
pregnancy or the total allogeneic foetus in surrogate
pregnancy is generally accepted by the maternal immune
system. The failure of maternal-foetal immune tolerance
could lead to abnormal pregnancies including recur-
rent miscarriage (RM).>* RM, defined as two or more
consecutive pregnancy losses before 20 weeks, approx-
imately affects 1-3% of women and has become one of
the most frustrating problems in reproductive medicine.*
The pathogenesis of RM is complex and dysregulated
maternal-foetal immunotolerance is believed to be
involved.>® Current clinical immunotherapies such as
lymphocyte active immunotherapy (LIT) and intravenous
immunoglobulin (IVIg) for RM are inconsistent and
controversial.””® Therefore, new immunomodulatory
therapies are urgently needed.

Multiple mechanisms were found to be potentially
involved in immunological tolerance at maternal-foetal
interface during early pregnancy.! Recent research
showed that trophoblasts produce thymic stromal lym-
phopoietin (TSLP), which induces dendritic cell-mediated
type-2 T helper cell (Th2) bias and regulatory T-cell (Treg)
expansion in the decidua.! Furthermore, immunoreg-
ulatory molecules, including interleukin (IL)-10 and
galectin-9, play important roles in maternal-foetal
immune tolerance.'>"® Natural killer (NK) cells, a major

CXCR4t dNK cells and their impaired ability to induce Th2 differentiation were
found in RM patients and mouse models of spontaneous abortion. Moreover,
adoptive transfer of CXCR4+ dNK cells to NK-deficient (Nfil3/~) mice showed
great therapeutic potential of CXCR4" dNK via recovering the Th2/Th1 bias and
reducing embryo resorption rates. The identification of this new dNK cell subset
may lay the foundation for understanding NK cell mechanisms in early preg-
nancy and provide potential prognostic factors for the diagnosis and therapy of

CXCR4TCD56"8MNK cells, maternal-foetal immunotolerance, NK cell-based immunother-
apy, recurrent miscarriage

contributor to innate immunity, have been shown to
possess heterogeneity and plasticity involved in multiple
progresses during pregnancy.*"' Intriguingly, one of the
most striking features of early pregnancy is the dramatic
infiltration of NK cells.” Our previous published data
showed that CD56P"'CD25" NK cells distribute at
the maternal-foetal interface preferentially and were
conducive to immunotolerance during early pregnancy.'®
Notably, in patients with RM, it has been shown that
NK cells display enhanced cytotoxicity and dampened
immunomodulatory capacity.*'°~??> Thus, a better under-
standing of NK cells will provide opportunities to design
novel immunotherapeutic strategies for RM.

CXC chemokine receptor 4 (CXCR4), the receptor of
chemokine CXCLI12, is involved in homing and chemo-
taxis in the hematopoietic and immune systems. CXCR4
signalling regulates multiple processes including immune
responses, vascular formation and morphogenesis,?%
and accordingly, the CXCR4/CXCLI2 axis constitutes a
therapeutic target in multiple diseases.’*?® Our previ-
ous study has elucidated that CXCR4/CXCL12 can recruit
peripheral NK (pNK) cells to the decidua and facilitates
Th2 bias and maternal-foetal immune tolerance.”” And
recently, single-cell sequencing identified a subgroup of
CD103*CD160"CD161TCD127" NK cells (ANK3). This sub-
group of NK cells was believed to play important roles in
regulating extravillous trophoblast (EVT) invasion. They
also found CXCR4 was highly expressed on dNK3 cells
but no further research was done.” Despite the abun-
dant expression of CXCR4/CXCL12 at maternal-foetal
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interface,®” the modulatory effect of CXCR4 on decid-
ual NK cells remains unclear. Similarly, whether aberrant
CXCR4 expression on dNK cells is relevant to RM has not
yet been reported. Answers to these questions are expected
to promote CXCR4 as a candidate target for NK cell manip-
ulations for clinical use during pregnancy.

In this study, we identified a subgroup of NK cells,
CXCR41CD56M80t dNK cells (abbreviated to CXCR4*
dNK), which originated from maternal peripheral blood
by the recruitment of trophoblasts. This subset represents
a relatively inactivated phenotype but potent production
of anti-inflammatory cytokines. CXCR4% dNK cells are
the main source of interleukin-4 (IL-4) and possess the
ability to keep immune tolerance by inducing Th2 bias
at maternal-foetal interface. The unique immunomodula-
tory actions of CXCR4" dNK cells were further confirmed
in both animal models and RM patients. Most importantly,
the therapeutic potential of CXCR4* dNK cells was estab-
lished by the adoptive transfer of this NK subset into preg-
nant NK-deficient (Nfil3~/~) mice, proposing a promis-
ing NK cell-based immune-therapeutic strategy for clinical
use.

2 | MATERIALS AND METHODS

2.1 | Human sample collection

First-trimester villi and decidua were collected from
healthy pregnant women together with peripheral blood
for peripheral blood mononuclear cell (PBMC) isolation.
Other decidua was collected from women with unex-
plained recurrent miscarriages (RM) at first trimester of
pregnancy (Supplemental Table S1). For the RM group,
all subjects have regular menstrual cycles and a history
of two or more miscarriages with the same partner before
20 weeks. In the control normal pregnancy (NP) (Supple-
mental Table S2) group, foetal heartbeat was confirmed
at 6-10 gestational weeks by ultrasound before the ter-
mination of pregnancy for non-medical reasons. All NP
women previously had at least one live birth and exhib-
ited no spontaneous miscarriage. Excluding factors were:
(a) genetic abnormalities and reproductive organ anomaly;
(b) reproductive tract infections; (c) endocrine dysfunction
and systemic diseases; (d) unhealthy lifestyle (e.g. drugs).
Endometrial samples were collected from 30 healthy fer-
tile women at the proliferative or secretory phase of their
normal menstrual cycle (Supplemental Table S3). All tis-
sues were immediately carried to the experiment bench
for analysis within 30 min after operation and kept in ice-
cold Dulbecco’s Modified Eagle Medium (DMEM) plus
DMEM/FI12 or high D-glucose (Gibco, Grand Island, NY,
USA). Magnesium and calcium-free Hank’s Balanced Salt
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Solution (HBSS) was used for tissue washes and cell iso-
lation. All study procedures involving human specimens
were approved by the Human Research Ethics Commit-
tee, Fudan University Obstetrics and Gynecology Hospital,
Shanghai, China.

2.2 | Isolation and primary culture
of trophoblasts

Human villous tissues were separated from the decidua
and cut into small pieces carefully to isolate trophoblasts
according to previously described methods.*' Briefly, pla-
cental tissues were digested by 0.25% trypsin and 0.02%
DNase type I at 37°C with subtle vibration for 5 min. Then
the upper layer of the suspension was discarded, and the
remaining part was collected. Totally, four cycles of diges-
tion were completed. Trypsin digestion was stopped by the
addition of 10% foetal bovine serum (FBS) and the diges-
tions pooled and centrifuged at 250 X g for 10 min, before
re-suspension in 4 ml DMEM-high glucose. The resulting
solution was loaded onto a discontinuous 5%-70% Percoll
gradient (vol/vol) in 5% steps of 2 ml each and centrifuged
at 600 x g for 20 min. Cells at densities between 1.048 and
1.062 g/ml were collected and incubated in 5% CO, at 37°C
for 15 min to exclude contaminating cells. Non-adherent
cells were collected and cultured in DMEM-high glucose
with 15% FBS medium at 37°C in 95% air and 5% CO,. Tro-
phoblast conditioned medium (TCM) was collected after
72 h culture and passed through a 0.22 um filter and kept
at —20°C for storage and use.

2.3 | Isolation and culture of immune
cells from deciduas

Decidual immune cells (DICs) were digested by trypsin-
DNase I and subjected to Percoll gradient centrifuga-
tion as previously described.'® Cells at density between
1.062 and 1.077 g/ml were harvested and cultivated in
Roswell Park Memorial Institute (RPMI) 1640 plus 10%
FBS medium in 5% CO, at 37°C overnight before col-
lection of the non-adherent DICs. NK cell enrichment
from the DICs was then performed using the Human
NK cell magnetic activated cell sorting (MACS) kit (Mil-
tenyi Biotec, Auburn, CA, USA). To separate CXCR4*
and CXCR4™ dNK cells, NK cells were first labelled with
CXCR4-Biotin antibody (Order no. 130098348, Miltenyi
Biotec, Auburn, CA, USA) before subsequent incubation
with Anti-Biotin MicroBeads (Order no. 130-090-485, Mil-
tenyi Biotec, Auburn, CA, USA) and positive selection
of CXCR4" NK cells to yield CXCR4" and CXCR4~ NK
cell subsets using magnetic separation. Purified CXCR4*
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or CXCR4~ dNK cells seeded in 24-well plates at a den-
sity of 2 X 10° cells/ml per well in the presence of IL-15
(10 ng/ml, PeproTech, USA) were treated with recombi-
nant human CXCL12 (rhCXCL12, 100 ng/ml, R&D Sys-
tems) alone or in combination with CXCR4 antago-
nist AMD3100 (50 umol/L, Tocris Bioscience) for 48 h.
Cells were stimulated with Brefeldin-A (10 mg/ml), phor-
bol myristate acetate (PMA) (50 ng/ml) and ionomycin
(1 ug/ml) for intracellular cytokine analysis by flow cytom-
etry (FCM) 4 h before harvested.

2.4 | Purification of immune cells from
human peripheral blood

Density centrifugation was performed to isolate PBMCs
from whole blood using Ficoll-Hypaque (Amersham Bio-
sciences, USA) as previously described.'® Briefly, periph-
eral blood (30 ml) supplemented with anticoagulant was
first diluted with same volume of phosphate buffered
saline (PBS). Second, the same volume of Ficoll density
gradient medium was used. The mixture was then cen-
trifuged for 20 min at 600 x g and PBMCs collected and
washed two or three times in PBS with 10 min at 250 X g
centrifugation steps. CXCR4" and CXCR4™ pNK cells were
separated from PBMC as described above (Section 2.3). A
MACS human naive CD4% T-cell isolation kit (Miltenyi
Biotec) was used to isolate naive CD4* T cells from PBMCs.

2.5 | Allogeneic co-culture of
trophoblasts and pNK cells

Freshly isolated trophoblasts were seeded in 24-well plates
(2 x 10° cells/ml per well) overnight and the adherent
trophoblasts thoroughly washed with cold PBS. MACS-
purified pNK cells (2 x 10° cells) were added to the
trophoblast culture system or cultured alone for 72 h
before recovering the pNK cells in the cell supernatants.
Brefeldin-A (10 mg/ml), PMA (50 ng/ml) and ionomycin
(1 ug/ml) were used for intracellular cytokine analysis. NK
cells were harvested and analysed for the expression of
membrane molecules and intracellular cytokines by FCM
after centrifugation at 250 x g for 10 min. CXCR4" and
CXCR4™ pNK cells were purified by MACS and labelled
with 5-(and 6)-carboxyfluorescein diacetate, succinimidyl
ester (CFSE, green fluorescent dye) or PKH26 (red fluores-
cent dye). CFSE-CXCR4* pNK cells (2 x 10° cells), PKH26-
CXCR4™ pNK cells (2 x 10° cells) and a mixture of these
two labelled pNK subsets (cell number of the mixture was
2% 10° and CXCR4": CXCR4™ pNK = 9:1) were co-cultured
with trophoblasts (2 X 10° cells), respectively. After 72 h, all

of the co-cultured cells were harvested and analysed using
FCM.

2.6 | Induction of human Th2 cells
Co-cultures of naive CD4" T cells with CXCR4" or
CXCR4™ dNK cells from first-trimester pregnant women
were performed. Naive CD4" T cells were first isolated
from PBMCs via a MACS CD4* T-cell isolation kit (Mil-
tenyi Biotec) before cultured in RPMI 1640 medium 96-well
round-bottom plates for 5 days (1 x 10° cells per well). T
cells were cultured in the absence or presence of CXCR4™*
or CXCR4™ dNK cells at 1:1 ratio with or without anti-IL-
4 antibody (10 ug/ml, eBioscience). Cells were activated
by plate-bound CD3 (5 ug/ml; BD Biosciences, USA) and
CD28 (1 ug/ml; BD Biosciences) antibodies. To sustain NK
cellsin culture, IL-15 (10 ng/ml; PeproTech, USA) was used
in the co-culture system. After 5-day culture, CD4% T cells
were pre-treated for 4 h with PMA (50 ng/ml), ionomycin
(1 ug/ml) and Brefeldin A (10 ug/mL) before collection and
analysis by FCM.

2.7 | Chemotaxis assay

Chemotaxis was assessed as previously described.’' Briefly,
the upper well of Transwell plates (24-well, 5.0 um pore
size; Corning, USA) were seeded with purified pNK sus-
pensions (10° cells/200 ul) while the bottom chamber
contained TCM (800 ul) with or without anti-CXCR4 (1
ug/ml; R&D Systems, USA), or control medium with or
without rhCXCLI12 (R&D Systems, USA). Cells migrating
into the lower chamber after 3 h at 37°C were isolated
and labelled with fluorescence-conjugated antibodies. The
absolute number of chemotactic cells was determined by
FCM as described.’!

2.8 | RNA-seq analysis

Total RNA was isolated from trophoblasts or purified NK
cells using TRIzol according to the manufacturer’s instruc-
tions. After purification, RNA samples were reverse tran-
scribed into cDNA and fragmented before 3’ adenyla-
tion and adaptor ligation to construct libraries using the
TruSeq® RNA LT Sample Prep Kit v2 (Illumina). Sequenc-
ing was conducted by Genergy Biotechnology Co. Ltd.
(Shanghai, China) on the Illumina HiSeq X Ten instru-
ment. Original data were generated in FASTQ format (read
length 2 X 150 bp). In each sample, number of tran-
scripts was calculated as fragments per kilobase per million
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(FPKM); Cuffnorm and DESeq software was used to anal-
yse FPKM and differential gene transcripts (DETS). p < .05
and absolute fold change >2 were set for thresholds for
determining DETs.

2.9 | Flow cytometry

Cell surface molecular expression and intracellular
cytokine production were analysed using FCM. A total
of 10 000 events (minimum) were acquired via a flow
cytometer (Beckman-Coulter CyAN ADP) with analysis
using FlowJo software (Tree Star, Ashland, OR, USA).
Cell surface staining was performed with flurochrome
conjugated monoclonal antibodies for 30 min incubation.
After fixation and permeabilisation, cells were stained
for intracellular cytokines and nuclear transcription
factors. Antibodies were purchased from Biolegend,
USA or eBioscience, USA (Supplemental Table S4).
Isotype-matched IgG reagents were used as negative con-
trols. Fluorescence-activated cell sorting was performed
according to the manufacturer’s instructions.

2.10 | Abortion-prone murine models
Male BALB/c mice (8-10 weeks) were obtained from Lab-
oratory Animal Science Department, Fudan University
(Shanghai, China). Female CBA/J (8-10 weeks) and male
DBA/2mice (8-10 weeks) were obtained from Beijing HFK
Bioscience Co., Ltd (Beijing, China). Animals were all
raised in specific pathogen-free environment. To establish
normal and the abortion-prone pregnancy models, female
CBA/J mice were mated with either male BALB/c or
DBA/2 mice, respectively.*>** E0.5 was defined as the day
of detection of a vaginal plug. For the NK depletion assay,
female CBA/J were mated with male BALB/c, and preg-
nant CBA/J were intraperitoneally injected with 30 ul anti-
asialo GM (ASGM)-1 (NK depletion agent, Wako Chemi-
cals, Japan) in 200 ul PBS or 200 ul PBS alone as a control
on E0.5, E3.5, E6.5and E8.5. Mice were euthanised on E10.5
to examine embryo resorption rate and cytokine expres-
sion. For rescue experiments, 5 ug recombinant murine IL-
4 in 100 ul PBS or 100 ul PBS alone was injected into NK
cell-depleted CBA/J pregnant mice via the tail vein on E4.5,
E6.5 and E8.5. Mice were euthanised on E10.5 to examine
embryo resorption rate and cytokine expression.

2.11 | Adoptive transfer of CXCR4" NK
cells to NK-deficient mouse

The origin and phenotype of Nfil3~/~ mice have been pre-
viously described; and this transcription factor defect lead-

3

ing to a failure of NK cell development and function.**
Nfil3~~ mice were provided by Professor H. Wei. Female
Nfil3”/~ mice or wide-type (WT, C57BL/6) were mated
with male C57BL/6 mice. Decidual CXCR4* NK cells and
CXCR4™ NK cells were isolated from pregnant WT mice
(E7.5) by fluorescence-activated cell sorting (FACS) and
were labelled with the fluorescent dyes Did and Dir, respec-
tively. Did-CXCR4+ dNK cells or Dir-CXCR4~ dNK cells
(3 x 10°) were resuspended in PBS (200 ul) and injected
into pregnant Nfil3”/~ mice via the tail vein at E7.5. PBS
was injected into pregnant Nfil3~/~ mice at E7.5 as con-
trols. In vivo optical imaging was performed after 3 days
to detect the labelled NK cells. At E10.5, the experimen-
tal mice were sacrificed and embryo resorption rate was
calculated.

All study procedures involving animals were approved
by the Human Research Ethics Committee of Obstetrics
and Gynecology Hospital of Fudan University.

2.12 | Quantification of embryo
resorption

Pregnant mice were euthanised and analysed for the
resorption of embryos on E10.5. The clinical manifestation
of resorbing embryos at this stage were smaller and darker
embryos due to haemorrhage, ischemia and necrosis com-
pared to normal viable, larger, pink, healthy embryos. The
definition of embryo resorption rate was the number of
embryos resorbed divided by the total number of healthy
embryos X 100%.

2.13 | Statistical analysis

Statistical software Prism 7.0 was employed for data anal-
ysis. The significance of differences between two groups
was determined by ¢ test. Multiple groups were analysed
via one-way or two-way ANOVA with Bonferroni’s post hoc
test. Statistically significance was set as p value < .05 for all
tests.

3 | RESULTS

3.1 | Decidual-specific CXCR4"CD56""ight
NK cells are preferentially enriched in
early pregnancy

To identify key regulators of dNK cells and their under-
lying mechanisms in maternal immune-tolerance, we
performed RNA-sequencing analysis to compare first
trimester peripheral and decidual NX cells from the same
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FIGURE 1

CXCR4*CD56" 8" NK accumulate in the decidua preferentially during early pregnancy. pNK cells and dNK cells purified

from normal first trimester pregnant women and RNA-seq analysis was performed. (A) Heatmap showing differentially expressed genes
(DEGs) between dNK (n = 3) and pNK cells (n = 3). (B) Analysis of the 10 most important hub genes using the cytoscape software plugin
cytoHubba. (C) pNK cells and trophoblasts derived from normal pregnant women (n = 3) and RM patients (n = 3) and RNA-seq analysis was
performed. Heatmaps showing log-transformed, normalised gene expression of selected chemokine receptors on pNK cells (left) and
corresponding chemokines in trophoblasts (right) between NP and RM. (D) Percentage of CD56*"¢" NK in gated CD56*CD3~ NK isolated
from PBMCs and DICs during first trimester. (E and F) Percentage of CXCR4* NK in gated CD56" CD3~ NK isolated from PBMCs (pNK) and
DICs (dNK) during first trimester. n = 50 for pNK and dNK cells, respectively. (G and H) dNK cells divided into two subpopulations according
to CXCR4 expression. n = 50. (I and J) More CXCR4*CD56"€" NK cells were distributed in the decidua of first-trimester women than uterine
endometrial NK (uNK) cells in non-pregnant women. n = 30 for uNK and dNK cells, respectively. (K) Percentage of CXCR4*+CD56"8" NK
cells in pNK and dNK. n = 30 for pNK and dNXK cells, respectively. In all figures, data are presented as mean + standard error of the mean

(SEM). (***p < .001; Student’s test)

pregnant women along with their trophoblasts. Consistent
with previous research,® the gene expression profile of
dNK cells was clearly distinct from pNK cells (Figure 1A).
The protein-protein interaction (PPI) network of dif-
ferentially expressed gene (DEGs) (Figure S1) and hub
genes analysis using Cytoscape suggested that CXCR4 and
CXCLI12 were potential regulatory factors of dNK cells (Fig-
ure 1B). Moreover, pNK cells were shown to express high
levels of CXCR4 and CX3C motif chemokine receptor 1
(CXC3CR1) in normal pregnancy (Figure 1C). Correspond-
ingly, CXCL12, the ligand of CXCR4, was the most enriched
chemokine gene in normal trophoblasts while only very
low levels of CX3C motif chemokine ligand 1 (CX3CL1),
the ligand of CXC3CRI1 were expressed. In addition, all

the chemokine receptors on pNK cells, except CXCR4 and
CXC3CR1, were higher in RM. Moreover, the expression of
all corresponding chemokines was higher in trophoblasts
from RM patients, while CXCL12 was the only lowered
chemokine gene (Figure 1C).

We then focused on the regulation of CXCR4 and
CXCLI12 on dNK cells. Comparisons between peripheral
and decidual NK cells showed more than 90% of dNK
cells were CD56""8t NK; however less than 5% of pNK
(~1% of total lymphocytes) were CD56°" 8" NK cells (Fig-
ure 1D). Further analysis showed that 90% of pNK cells
expressed CXCR4, whereas only around 40% of dNK
cells were CXCR4 positive. Although most pNK cells
expressed CXCR4, they were mainly CXCR4*CD564™ NK
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FIGURE 2 CXCR4" dNK cells represents a subset with less activated and cytotoxic characteristics but immunomodulatory potential.

(A) Expression of activating (NKp30, NKp44 and NKp46) and inhibitory receptors (KIR2DL1, KIR3DL1 and CD94) on CXCR4* and CXCR4~
dNK cells. n = 10. (B) Production of cytokines including IL-4, IL-10, TNF-a, IFN-y by CXCR4*" and CXCR4~ dNK cells. n = 10. (C) Cytotoxic
markers perforin and granzyme B expressed in CXCR4*" and CXCR4~ dNK cells. n = 10. (D) Expression of cytokines and perforin in sorted
CXCR4* and CXCR4~ dNK cells treated with CXCL12 alone or in combination with the inhibitor, AMD3100. (E) Heatmap showing
differentially expressed gene profiles of sorted CXCR4* and CXCR4~ dNK cells (n = 3, 3). (F) Heatmap showing log-transformed, normalised
expression level of selected genes in CXCR4" and CXCR4~ dNK cells (n = 3, 3). The data presented are mean + SEM. (*p < .05, **p < .01,

***p < .001; Student’s test)

cells (Figure 1E and F). FCM analysis showed that dNK
cells could be subgrouped into two discrete populations
based on CXCR4 expression (~40% CXCR4" and ~60%
CXCR4; Figure 1G and H). In addition, comparisons of
CXCR4+CD56M8MNK cells in early pregnancy and non-
pregnancy states showed that CXCR4TCD56"18NK cells
were mainly distributed in the decidua of first trimester
pregnancy compared to endometrial NK cells of normal
non-pregnancy and peripheral NX cell of first trimester
pregnancy (Figure 11 and K). Together, these data demon-
strate a subset of decidual-specific CXCR4*™CD56°" 8N NK
cells preferentially accumulate in the first trimester of
pregnancy.

3.2 | CXCR4' dNK cells display less
activation characteristics but more
immunomodulatory potency than
CXCR4 dNK cells

We next compared the phenotype and function of CXCR4*
dNK cells and CXCR4™ dNK cells. Notably, both the
activating (NKp30, NKp44 and NKp46) and inhibitory
(KIR2DL1, KIR3DLI and CD94) receptors were more lowly
expressed on CXCR4" dNK cells relative to CXCR4~ dNK
cells (Figure 2A). Profiling of the cytokine production
by the two NK subsets revealed anti-pro-inflammatory
cytokines such as IL-4, IL-10, IL-8, IL-22, TGF-8 were
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significantly higher in CXCR4% dNK cells while pro-
inflammatory cytokines TNF-a and IFN-y were relatively
higher in CXCR4~ dNK cells (Figure 2B and S2). However,
there were no differences in their production of IL-12, IL-
17A and IL-13 (Figure S2). Examination of cytotoxic marker
levels also showed that CXCR41 dNK cells expressed lower
levels of perforin and granzyme B than CXCR4~ dNK
cells (Figure 2C). Moreover, the preferential expression of
anti-inflammatory cytokines in CXCR4*" dNK cells could
be promoted by treatment with rhCXCL12 (Figure 2D).
Here rhCXCL12 treatment contributed to higher produc-
tion of IL-4 and IL-10 but lower production of INF-y in
CXCR4" dNK cells, which was abrogated by CXCR4 antag-
onist, AMD3100. This effect mediated by rhCXCL12 was
not achieved on CXCR4~ dNK cells (Figure 2D). Thus, the
distinguished phenotype and functions of the two decidual
NK cell subtypes are defined by CXCR4 expression during
early pregnancy.

Finally, RNA-sequencing analysis was used to confirm
the differences between CXCR4" and CXCR4~ dNK cells
(Figure 2E). Indeed, the gene expression profile of the
CXCR4™ subset greatly differed from that of CXCR4~ sub-
set. Specially, genes encoding activating and inhibitory
receptors, pro-inflammatory cytokines and cytotoxic fac-
tors were less enriched in the CXCR4" subset compared to
the CXCR4™ subset (Figure 2F). Taken together, CXCR4*
dNK cells represent a shift away from the activated, cyto-
toxic phenotype towards cells with higher immunomodu-
latory potential.

3.3 | Human trophoblasts recruit and
reprogram peripheral NK cells into
CXCR4+CD56""8" dNK cells during early
pregnancy

Transwell migration assay was used to explore the
likelihood of CXCR4*CD56"8"t dNK cells originating
from pNK cells. We found that rhCXCL12 significantly
increased the number of pNK cells and that CXCR4*
pNK cells migrated to the lower Transwell chambers in
a concentration-dependent manner. Notably, trophoblast
conditioned medium (TCM) also potently stimulated
chemotaxis of total pNK cells and CXCR4" pNK cells.
Moreover, pre-addition of CXCR4 antibodies in the upper
well efficiently blocked the chemotactic properties of TCM
(Figure 3A). Furthermore, TCM was capable of attracting
large numbers of pNK cells, especially CXCR4+ pNK cells
and its chemotactic activity was proportional to the dilu-
tion of TCM used (Figure 3B).

In order to further explore the origin of CXCR4t dNK
cells, pNK cells were co-cultured with trophoblasts. Total
pNK cells, CFSE-labelled CXCR4" pNK cells, PKH26-

labelled CXCR4™ pNK cells or the mix of labelled pNK
cells (CXCR41: CXCR4™ pNK = 9:1, mimicking the pro-
portion of CXCR4" and CXCR4™ pNK cells in total pNK
cells), respectively, were added to cultured trophoblasts
(Figure 3C and S3). Analysis by FCM showed that pNK
cells co-cultured with trophoblasts displayed significant
upregulation of CD56 expression (Figure 3D) while CXCR4
expression was downregulated (Figure 3E). Moreover, after
72 h cultured with trophoblasts, a proportion of the CFSE-
labelled CXCR41 pNK cells had lost CXCR4 expression
(Figure 3F). Unexpectedly, we also found a proportion
of the PKH26-labelled CXCR4™ pNK cells differentiated
into PKH26TCXCR4" pNK cells (Figure 3G). The recipro-
cal conversion between CXCR4*NK cells and CXCR4™NK
cells was also evident in the trophoblast co-culture exper-
iments using dual labelled mixtures of CXCR4" and
CXCR4™ pNK cells, ultimately leading to the diminished
proportion of CXCR41 pNK cells (Figure 3H). However,
we observed no change in the absolute number of labelled
CXCR4*, CXCR4™ or mixed pNK cells (Figure 3F and H). It
was notable that increased CD56 expression accompanied
the decreased expression of CXCR4 on CFSE-labelled pNK
cells (Figure 3F and H), which was also consistent with
the changes seen in Figure 3D. These results suggested a
possible association between the expression of CXCR4 and
CD56.

We further analysed the expression of marker genes and
transcriptional factors regulating NK cells maturation in
the subsets defined by CXCR4 expression. Neural cell adhe-
sion molecule 1 (NCAM1), Eomesodermin (EOMES) and
GATA binding protein 3 (GATA3), believed to promote NK
cells maturation, were more highly expressed in CXCR4~
dNK cells while ILIB, a negative regulator of NK cell mat-
uration, exhibited increased expressed in CXCR4+t dNK
cells (Figure 3I). The relationship of CD56 and CXCR4
expressed on pNK and dNK cells (Figure 3J) and the rela-
tionship of NCAMI (coding CD56) and CXCR4 gene expres-
sion in CXCR4* and CXCR4~ dNK cells (Figure 3K) clearly
showed a negative correlation. Together, these results sug-
gest that CXCR4" dNK cells may originate from both of
CXCR4* and CXCR4™ pNK cells and be influenced by tro-
phoblasts at the maternal-foetal interface.

Besides the expression of CD56 and CXCR4, we explored
other potential phenotypic and functional changes in pNK
cells elicited by trophoblasts. As showed in Figure 4A and
B, co-culture with trophoblasts increased higher levels of
the activating receptors, NKp30, NKp44 and NKp46 on
CXCR4™ pNK, together with higher levels of inhibitory
receptors KIR2DL1 and KIR3DLI1 and lower levels of CD9%4
(Figure 4A and B). Conversely, CXCR4" pNK cells exhib-
ited lowered levels of NKp30, KIR2DL1 and KIR3DL1
and higher levels of CD94 in the trophoblasts co-culture
system (Figure 4A and B). Moreover, the expression of
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FIGURE 4

Human trophoblasts induce CXCR4* pNK cells recruited from peripheral blood to adopt a dNK-like phenotype. Purified

PNK cells were cultured alone or with trophoblasts. FCM was performed to detect the expression of (A and B) excitatory (NKp30, NKp44 and
NKp46) and inhibitory receptors (KIR2DL1, KIR3DL1, CD94), (C and D) anti-inflammatory cytokines (IL-4 and IL-10) and pro-inflammatory
cytokines (IFN-y and TNF-«), (E and F) Perforin and GraB in CXCR4" pNK and CXCR4~ pNK cells. n = 10. The data presented are mean +

SEM. (*p < .05, **p < .01, ***p < .001; Student’s test)

anti-inflammatory cytokines IL-4 and IL-10 by CXCR4*
PNK cells were substantially increased by trophoblasts. Co-
culture with trophoblasts also increased the expression of
IL-4 and IL-10 in CXCR4~ pNK cells, although to a lesser
degree (Figure 4C and D). Furthermore, the production
of pro-inflammatory cytokine TNF-a was reduced by tro-
phoblasts in both CXCR4+ pNK cells and CXCR4~ pNK
cells. Notably, trophoblasts reduced the production of IFN-
y in CXCR41 pNK cells but augmented IFN-y expression
in CXCR4™ pNK cells (Figure 4C and D). We also anal-
ysed the effect of trophoblasts on the NK cell cytotoxic-
ity. Co-culture with trophoblasts upregulated perforin and
granzyme B expression in CXCR4~ pNK cells but downreg-
ulated their expression in CXCR4+ pNK cells (Figure 4E
and F). Together, these results suggest that trophoblasts

reprogram peripheral NK cells towards CXCR4" dNK cell-
like phenotype and function.

3.4 | CXCR4*' dNK cells are conducive to
maternal immune tolerance by promoting
IL-4-mediated Th2 differentiation

We have identified that CXCR4" dNK cells preferentially
express immunomodulatory molecules including IL-4, IL-
10 and TGF-B. Our analysis of cytokines produced by dif-
ferent decidual immune subgroups showed that more than
80% of IL-4 production derives from NXK cells (Figure S4).
Further analysis showed that more than 50% of CXCR4*
dNK cells produce IL-4, whereas less than 5% of CXCR4~
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dNK cells produce IL-4 (Figure 5A). Analysis of source
of IL-4 at maternal-foetal interface and in the peripheral
blood showed that >80% of IL-4 was produced by NK cells
at maternal-foetal interface while ~60% of IL-4* cells in
the peripheral blood are CD3tCD56™ T cells (Figure 5B).
These findings suggest that CXCR4" dNK cells represent
the main source of IL-4 at maternal-foetal interface.
Given IL-4 is essential for Th2 differentiation, we
hypothesised that CXCR4t dNK cells may influence the

polarisation of CD4* T cells. We therefore co-cultured
CD4tCD45RA* naive T cells isolated from peripheral
blood with CXCR4% dNK or CXCR4~ dNK cells, respec-
tively. We found that the production of IL-4 but not IFN-y
was significantly upregulated when naive T cells were co-
cultured with CXCR4" dNK cells and this effect could be
abrogated by the presence of IL-4 neutralising antibodies
(Figure 5C and D). In contrast, co-culture with CXCR4~
dNK cells significantly upregulated production of IFN-y
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in CD4* T cells but had little effect on IL-4 production
(Figure 5C and D). Furthermore, we found that co-culture
with CXCR4* dNK cells significantly upregulated the Th2-
specific transcription factor GATA-3 but had little effect
on the Thl-specific transcription factor T-box transcription
factor 21 (T-bet) in CD4™ T cells, and these effects could
be inhibited by IL-4 neutralising antibodies (Figure 4E and
F). In contrast, co-culture with CXCR4~ dNK cells signif-
icantly upregulated T-bet but had little effect on GATA-3
in CD4™" T cells. We also examined the Treg-specific tran-
scription factor forkhead box P3 (Foxp3) in naive T cells
and found no obvious promotion of Treg differentiation
by CXCR4* or CXCR4~ dNK cells (Figure S5). Collectively,
these results show that the IL-4 production predominantly
by CXCR4" dNK cells endows these cells with the capac-
ity to promote the differentiation of naive T cells into a Th2
subtype.

3.5 | CXCR4'" dNK cells with
compromised Th2 inducing potential
evokes abnormal CD4T cells activation in
patients with RM

We next assessed whether there were differences between
CXCR4*t dNK cells derived from RM and NP women.
Interestingly, there were significantly lower percentages
of CXCR4+ dNK cells detected in RM women compared
with NP women (Figure 6A and B). Moreover, both RM-
derived CXCR4" and CXCR4~ dNK subsets expressed
less IL-4 than those from NP women, and this was par-
ticularly evident in the CXCR4% dNK cell subset (Fig-
ure 6C). In addition, we found that CXCR4% dNK cells
from healthy NP potently promoted GATA-3 expression in
CD4*"CD45RA™ naive T cells after 5-day induction (Fig-
ure 6D). However, this phenomenon was not observed in
RM-derived CXCR4* dNK cells, suggesting that CXCR4*
dNK cells from RM patients become incapable to induce
T-cell GATA-3 expression (Figure 6D).

A similar phenomenon was observed comparing normal
pregnancy (BALB/c male mated with CBA/J female) with
abortion-prone (DBA/2 male mated with CBA/J female)
mouse models (Figure 6E-G). FCM analysis of decidual
cells showed that CD4" T cells from the abortion-prone
mice produced a Thl shift with much lowered IL-4 but
higher IFN-y than CD4% T cells from normal pregnant
mice (Figure 6F). This difference in CD4* T differentiation
was limited to the decidua and not found in peripheral
CD4* T cells (Figure S6). Moreover, CXCR4 expression on
dNK cells was decreased in abortion-prone mice compared
to normal pregnant mice (Figure 6G).

To confirm the direct regulation of dNK cells in CD4™*
T-cell differentiation in vivo, we deleted NK cells in nor-

mal pregnant CBA/J mice with anti-asialo GM-1 anti-
body (ASGM-1) (Figure 6H-J). As expected, anti-ASGM-1
injected mice showed a sharp decrease in the percentage of
dNK cells (from more than 30% to less than 5%) and pNK
cells (from around 10% to less than 1%) compared to nor-
mal pregnant mice (Figure S7). We also observed that the
embryo absorption rate of NK cell-depleted mice was sig-
nificantly higher than that of NP mice (Figure 61). Decidual
CD4* T cells in NK cell-depleted pregnant mice showed
higher expression of Thil-type cytokine IFN-y but lower
expression of Th2-type cytokine IL-4 compared to decidual
CD4* T cells in normal pregnant mice (Figure 6J). How-
ever, these effects could not be observed in spleen CD4*
T cells (Figure S8). Furthermore, we supplemented exoge-
nous cytokine IL-4 into NK cell-depleted pregnant mice
to observe pregnancy outcomes and cytokine production
from decidual CD4* T cells (Figure 6K-M). Interestingly,
along with decreased rates of embryo absorption, treat-
ment with IL-4 notably recovered Th2 bias in NK-deleted
pregnant mice at maternal-foetal interface (Figure 6L and
M). These data suggest the NK cells contribute to Th2 bias
in decidua via IL-4; without NK cells, CD4*" T cells may
differentiate towards a Th1 bias, potentially enhancing the
inflammatory responses at the maternal-foetal interface
and causing foetal loss.

3.6 | CXCR4" dNK cells exhibit
therapeutic potential in relieving
pregnancy loss via promoting Th2 shifts

To further explore whether the immunomodulatory
CXCR4" dNK subset could be used to overcome preg-
nancy loss, NK cell genetically deleted mice, Nfil3~/
mice were used. We isolated CXCR4" dNK cells and
CXCR4~ dNK cells from Nfil3*/* pregnant mice and
differentially stained these subsets with DilC18(5) (Did)
or DilC18(7) (Dir), respectively, before adoptively transfer
into pregnant Nfil3~/~ mice at E7.5 (Figure 7A). In vivo
imaging after 3 days showed Did-stained CXCR4" dNK
cells were predominantly enriched in uterine region
while few Dir-stained CXCR4~ dNK cells were found in
the uterus or surrounding areas (Figure 7B). Moreover,
adoptive transfer of CXCR4" dNK, but not CXCR4~ dNK,
substantially decreased the embryo resorption rate in
recipient Nfil3~/~ mice (Figure 7C). Further FCM analysis
of the decidua of Nfil3~~ mice confirmed that transferred
dNK cells successfully homed to the pregnant uterus
with lesser numbers of the CXCR4~ dNK cells relative to
CXCR4* NK cells (Figure 7D). Moreover, we also found
after administration of Nfil3”/~ mice with CXCR4+ dNK
cells, CD4" T cells displayed significantly higher expres-
sion of IL-4 but lower expression of IFN-y than those
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FIGURE 6

Dysfunctional CXCR4* dNK cells are involved in Thl response in miscarriages. (A and B) Percentage of CXCR4t dNK cells

in recurrent miscarriages (RM) and normal early pregnancy (NP). n = 6. (C) Percentage of IL-4-expressing CXCR4* and CXCR4~ dNK cells in
RM and NP (n = 6). (D) CXCR4" dNK cells isolated from RM patients and NP were added to the Naive T cell-induced differentiation system.
GATA-3 was detected by FCM (n = 6). (E) Representative images of the foetus and embryo resorption rates of (normal pregnancy) NP and
abortion-prone (AP) mice (n = 6). (F) FCM analysis of IL-4 and IFN-y produced by decidual CD4" T cells in NP and AP mice (n = 6). (G)
Percentage and mean fluorescence intensity (MFI) of CXCR4*t NK cells in NP and AP mice (n = 6). (H) Schema of NK-deletion in normal
pregnant mice. (I) Representative images of embryos and resorption rates of NP mice treated with PBS or anti-ASGM-1 (n = 6). (J) FCM
analysis of IL-4 and IFN-y generated by decidual CD4" T in NP mice treated with PBS or anti-ASGM-1 (n = 6). (K) Schema of NK-deletion in
NP mice supplemented with rmIL-4. (L) Representative images of embryos and the resorption rates in NK-depleted pregnant mice
administered PBS or rmIL-4. (M) FCM analysis of IL-4 and IFN-y produced by decidual CD4* T in NK-depleted pregnant mice administered
with PBS or rmIL-4 (n = 6). The data are shown as mean + SEM. (*p < .05, **p < .01, ***p < .001; ns, no significance; Student’s test)

administered CXCR4~ dNK cells (Figure 7E). Together,
these data indicate promising potential for CXCR4" dNK
cells as cell-based immunotherapy for pregnancy failure.

4 | DISCUSSION

The most prominent feature of early pregnancy is that
large quantity of NXK cells accumulated at maternal-foetal
interface, which suggests that NK cells play an important

part in the maintenance of pregnancy. The origin and exact
function of the accumulated NX cells, however, remains
incompletely understood. In the current study, RNA
sequencing analysis of peripheral and decidual NK cells
during early pregnancy identified an immunomodulatory
dNK subset characterised as CXCR4*"CD56 8N dNK.
Investigations the origins of this subset established
that CXCR4+CD56""8"dNK cells can be recruited from
peripheral blood and be reprogramed by trophoblasts,
thus actively participating in the establishment of
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immune-tolerance during early pregnancy. Proof of adop-
tive transfer experiments showed CXCR4* dNK cells have
great therapeutic potential in treatment of pregnancy
failures such as miscarriages.

Through the menstrual cycle, the number of uterine NK
(uNK) cells is constantly changing. A dramatic increase of
uNK cells can be observed around the time of implanta-
tion, that is days 6 and 7 after the luteinising hormone (LH)
surge in humans. The large population of uNK cells will
continue to persist if successful pregnancy is established
and these cells are renamed decidual NK after decasuali-
sation. At the early stage of pregnancy, uNK even account
for 70% of the total immune cells at maternal-foetal inter-
face; however, uNK cell numbers gradually decline as ges-
tation progresses. While the function of uNK cells in recur-
rent miscarriage is suspected to be crucial, previous inves-

tigations have not provided definitive answers. On one
hand, independent studies have shown increases in the
numbers of CD567 uNK cells in women with RM,3¢37
while others were unable to show any differences.*® On
the other hand, research focused on the predictive value
of peri-implantation uNK cell number in RM women
failed to establish significant differences in their pregnancy
outcomes.* Nonetheless, the unique abundance and time-
related quantitative changes in NK cells in the early stages
of pregnancy remains compelling. We therefore speculated
that the true significance of NK cells may lie in specific cell
subpopulations and that alterations in NK cell subsets may
be responsible for pregnancy loss.

The expression of CXCR4 on NK cells during early
pregnancy was explored in this research where we char-
acterised the phenotype and function of a novel decidual
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NK subset, CXCR4*CD56"118Mt NK cells (abbreviated to
CXCR4" dNK). Distinguished from CXCR4~ dNK,
CXCR4*' dNK represent a unique NK subset with low
activity and cytotoxicity but high anti-inflammatory capac-
ity in decidua. Interestingly, single-cell reconstruction in
human early pregnancy suggested a subset of dNK3 which
characterised by the expression of CD160, CD161 and
CD103, but not CD127. The dNK3 subset was proposed to
regulate extravillous trophoblast (EVT) invasion and their
scRNA-seq data showed that dNK3 expressed low levels
of KIRs (KIR2DL1, KIR2D1L2 and KIR2DL3) and cytotoxic
genes such as PRF1 (perforin 1), GNLY (granulysin),
GZMA (granzyme A) and GZMB (granzyme B) and lastly,
high levels of CXCR4."° This strongly supports our find-
ings and suggests that it is reasonable to identify CXCR4*
dNK cells as a distinct dNK subset which is essential
for establishing an immune-tolerant environment that
permits embryo survival without immune-attack.

Our previous studies together with other reports have
shown that human first-trimester trophoblasts could
recruit CD56°"8"CD16~ NK to decidua by means of
expressing and secreting CXCLI12.**0 It has also been
showed that the CXCR4/CXCLI2 signal is essential
for NK development.” Exploring the origin of the
CXCR47CD56"18" dNK subset we found that CXCR4+
PNK cells can be recruited by trophoblasts via CXCL12.
Moreover, we found CXCR4* dNK cells express higher lev-
els of anti-inflammatory cytokines (such as IL-4 and IL-
10), lower levels of pro-inflammatory cytokines (such as
INF-y and TNF-a) as well as perforin. It is also suggested
by our results that CXCR4-mediated immune-regulation
by dNK during pregnancy is enhanced by CXCLI2. Pre-
vious studies have reported the effects of CXCR4/CXCL12
on NK cells regarding their chemotaxis, distribution and
development.**~** However, while CXCR4/CXCLI12 regu-
lates the functions of vascular endothelial cells and tumour
cells, 20446 their influence on NK cell function is still
under debate. Our results indicate that CXCR4/CXCL12
not only affects the distribution of NK cells during early
pregnancy, but also regulates NK function at maternal-
foetal interface. Thus, the two distinct NK subgroups
defined by the expression of CXCR4 are helpful in depict-
ing the plasticity of decidual NX cells.

We noticed that CXCR4 expression was negatively
related to CD56 expression when we compared their
expression on pNK cells and dNK cells as well as the
CXCR4" dNK and CXCR4~ dNK cells. CD56%™NK cells
are considered more mature than CD56M8M NK cells,
thereby proposing that CXCR4 represents a late- stage
differentiation marker of NK cells. How the mutually
restricted expression of CD56 and CXCR4 occurs is unclear
but is likely governed by endogenous regulatory factors.
Our data indicated that trophoblasts act as exogenous pos-
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itive regulators of CD56 and CXCR4 to recruit and repro-
gram pNK cells to dNK cells, leading to upregulation of
CD56 and downregulation of CXCR4. Thus, the transfor-
mation of peripheral NK to decidua NK phenotype might
be affected by the combined effect of exogenous regulatory
factors such as trophoblasts at maternal-foetal interface
and the endogenous regulatory network of NK cells.

Traditionally classified as innate immune cells, NK cells
could rapidly react against target cells in the absence of
prior sensitisation.*’ Currently, increasing evidence sug-
gests that they also exert other regulatory functions. For
instance, IL-10-secreting NK1 and TGF-S-secreting NKr
cells may play important roles in immune modulation
especially the tolerance of transplants and pregnancy.**+’
Moreover, a subset of NK17/NK1 cells characterised by the
expression of CCR4 and CD56 along with the IFN-y and
IL-17 production was identified from IL-2 activated nor-
mal human peripheral blood,”® and NK22 cells were found
to have important regulatory roles in mucosal immunity.”'
CD56"18MCD27+ NK cells were found to promote immune
tolerance by suppressing inflammatory Th17 cells via IFN-
y secretion in successful pregnancy.”” In our previous
work, we found that CD56""8"'CD25* dNK are the main
source of TGF-B and are essential for immune tolerance
during early human pregnancy.'® Together, these findings
show that NK cells are an important source of cytokines,
which are extensively involved in intercellular communi-
cation. Here, we provide evidence that CXCR4" dNK sub-
set is the main source of IL-4 at maternal-foetal interface
and plays a key role in predominant Th2 differentiation in
early pregnancy. In fact, the immune microenvironment
of the decidua prevents inflammatory responses. CXCR4*
dNK cells-promote Th2 bias conducive to restraining
maternal immune responses in favour of tolerating the
allogenic foetus. This immunoregulatory role of CXCR4*
dNK cells was further confirmed in mouse models of nor-
mal pregnancy and spontaneous abortion together with
studies in NK cell-depleted mouse models. Clinically, we
found the percentage of CXCR41 dNK cells decreased
in RM patients and their expression of I1L-4 as well as
IL-4-mediated Th2 differentiation was dampened. There-
fore, the CXCR4% dNK subset possessing immunomodu-
latory functions plays a key role in normal pregnancy and
deficient CXCR4+ dNK with compromised Th2 induction
potential are likely to be primary mediators of RM.

The possibility of targeting the CXCR4/CXCL12 sig-
nalling axis is currently well progressed with differ-
ent therapeutic approaches already available for clini-
cal applications. The small molecule CXCR4 antagonist,
AMD3100 (plerixafor), is the most frequently used drug
in clinical trials for gastrointestinal solid tumours target-
ing the CXCR4/CXCLI12 axis.”® A novel CXCR4 agonist,
SDVla, was designed and could effectively enhance the
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Schematic diagram illustrating the origin, phenotype and function of CXCR4*CD56"¢" dNKs in maternal-foetal immune

tolerance during early pregnancy. Trophoblasts attract peripheral CXCR4* NK through secreting CXCLI2. Trophoblasts further upregulate
CD56 and downregulate CXCR4 expression of CXCR4* pNK to adopt a dNK-similar phenotype. CXCR4*CD56"8" dNK are the main source
of IL-4 at maternal-foetal interface, which induce CD4"CD45RA™ naive T cells to preferentially differentiate to Th2-type cells, involving in
the maintenance of normal pregnancy. In miscarriage, the number and IL-4-prodution of CXCR4+CD56" 8" NK cells in the decidua are

compromised, which fail to promote Th2 bias at maternal-foetal interface

therapeutic effect of transplanted stem cells.”* More-
over, chimeric antigen receptor (CAR) NK cells overex-
pressing CXCR4 were shown effective against tumours.>
Here, we clarified the role of CXCR4/CXCL12-mediated
immunoregulation of decidual NK cells in early preg-
nancy. More importantly, we established the effectiveness
of adoptive transfer of CXCR4* dNK cells in the treat-
ment mouse models of pregnancy loss. In Nfil3~/~ mice,
NK cells are absent in periphery and are severely reduced
in lungs, spleen, liver and uterus.>***" Pregnancy loss of
Nfil3/~ mice was obviously relieved as well as the pro-
inflammatory Thl response was inhibited after received
CXCR4* dNK cells. Thus, our study opens the possibility
of two distinct treatment approaches for RM. First, CXCR4
agonists could be used as immunomodulatory agents to
alter the recruitment and function of CXCR4*" dNK cells
to provide a more permissive state to establish success-
ful pregnancies. Second, the adoptive transfer of CXCR4™*
dNK cells as a cell-based therapy in RM patients could
also be considered. However, the disease of RM especially
idiopathic disease is heterogeneous and altered maternal-
foetal immunotolerance may represent only one of the
causes. It should also be mentioned that the RM samples
were collected in this study occurred after foetal demise,
and the inflammatory responses caused by foetal death
itself cannot be excluded.

In summary, our work identified a subset of
CXCR4+CD5618"  dNK cells that represents low

activity, reduced cytotoxicity but high capacity of anti-
inflammation. We depicted its origin and phenotypic
transformation under the instruction of trophoblasts. In
addition, we defined the immunoregulatory capacity of
CXCR4t dNK subset to induce Th2 differentiation via
IL-4 to prevent inflammatory responses within decidual
environment (Figure 8). Targeting the CXCR4/CXCL12
signalling of dNK cells might bring us new perspective
and therapeutic options for pregnancy failures such as
RM.

ACKNOWLEDGEMENTS

This work was supported by the National Basic Research
Program of China (2017YFC1001403), National Nature Sci-
ence Foundation of China (31900663, 31970859, 81630036,
81501334, 91542116) and the Innovation-Oriented Science
and Technology Grant from NHC Key Laboratory of
Reproduction Regulation (CX2017-2). FIRM (Strategic Col-
laborative Research Program of the Ferring Institute of
Reproductive Medicine) - (FIRMA200504), the funding
of Innovative research team of high-level local univer-
sities in Shanghai and a Key Laboratory Program of
the Education Commission of Shanghai Municipality
(ZDSYS14005), Yantai Science and Technology Innova-
tion Plan (2021XDHZ082). Our deep gratitude also goes to
Professor H. Wei for his generosity in providing us with
Nfil3~~ mice.



TAO ET AL.

CONFLICT OF INTEREST
The authors declare that they have no competing interests.

ORCID

Mei-Rong Du

https://orcid.org/0000-0002-5307-6784

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Haam S, Noda K, Philips BJ, et al. Cyclosporin a administration
during ex vivo lung perfusion preserves lung grafts in rat trans-
plant model. Transplantation. 2020; 104(9): €252-€259.
Trowsdale J, Betz AG. Mother’s little helpers: mechanisms of
maternal-fetal tolerance. Nat Immunol. 2006; 7(3): 241-246.
Leber A, Zenclussen ML, Teles A, et al. Pregnancy: tolerance and
suppression of immune responses. Methods Mol Biol. 2011; 677:
397-417.

Dimitriadis E, Menkhorst E, Saito S, et al. Recurrent pregnancy
loss. Nat Rev Dis Primers. 2020; 6(1): 98.

Deshmukh H, Way SS. Immunological basis for recurrent fetal
loss and pregnancy complications. Annu Rev Pathol. 2019; 14:
185-210.

Alecsandru D, Klimczak AM, Garcia VJ, et al. Immunologic
causes and thrombophilia in recurrent pregnancy loss. Fertil
Steril. 2021; 115(3): 561-566.

Wong LF, Porter TF, Scott JR. Immunotherapy for recurrent mis-
carriage. Cochrane Database Syst Rev. 2014(10): D112.

Jafarpour R, Pashangzadeh S, Mehdizadeh S, et al. Func-
tional significance of lymphocytes in pregnancy and lympho-
cyte immunotherapy in infertility: a comprehensive review and
update. Int Immunopharmacol. 2020; 87: 106776.

Wang SW, Zhong SY, Lou LJ, et al. The effect of intravenous
immunoglobulin passive immunotherapy on unexplained recur-
rent spontaneous abortion: a meta-analysis. Reprod Biomed
Online. 2016; 33(6): 720-736.

Wang XQ, Li DJ. The mechanisms by which trophoblast-derived
molecules induce maternal-fetal immune tolerance. Cell Mol
Immunol. 2020; 17(11): 1204-1207.

Guo PF, Du MR, Wu HX, et al. Thymic stromal lymphopoi-
etin from trophoblasts induces dendritic cell-mediated regula-
tory TH2 bias in the decidua during early gestation in humans.
Blood. 2010; 116(12): 2061-2069.

Fan DX, Duan J, Li MQ, et al. The decidual gamma-delta T cells
up-regulate the biological functions of trophoblasts via IL-10
secretion in early human pregnancy. Clin Immunol. 2011; 141(3):
284-292.

Li YH, Zhou WH, Tao Y, et al. The Galectin-9/Tim-3 pathway is
involved in the regulation of NK cell function at the maternal-
fetal interface in early pregnancy. Cell Mol Immunol. 2016; 13(1):
73-81.

Huhn O, Ivarsson MA, Gardner L, et al. Distinctive phenotypes
and functions of innate lymphoid cells in human decidua during
early pregnancy. Nat Commun. 2020; 11(1): 381.

Vento-Tormo R, Efremova M, Botting RA, et al. Single-cell recon-
struction of the early maternal-fetal interface in humans. Nature.
2018; 563(7731): 347-353.

de Mendonca VR, Meagher A, Crespo AC, et al. Human
term pregnancy decidual NK cells generate distinct cytotoxic
responses. J Immunol. 2020; 204(12): 3149-3159.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

CLINICAL AND TRANSLATIONAL MEDICINE

Male V, Trundley A, Gardner L, et al. Natural killer cells in
human pregnancy. Methods Mol Biol. 2010; 612: 447-463.

Tao Y, Li YH, Piao HL, et al. CD56(bright)CD25+ NK cells are
preferentially recruited to the maternal/fetal interface in early
human pregnancy. Cell Mol Immunol. 2015; 12(1): 77-86.
Seshadri S, Sunkara SK. Natural killer cells in female infertil-
ity and recurrent miscarriage: a systematic review and meta-
analysis. Hum Reprod Update. 2014; 20(3): 429-438.

Wang F, Jia W, Fan M, et al. Single-cell immune landscape
of human recurrent miscarriage. Genomics Proteomics Bioin-
formatics. 2021; S1672-0229(21)00003-6. https://doi.org/10.1016/].
gpb.2020.11.002.

Guo C, Cai P, Jin L, et al. Single-cell profiling of the human
decidual immune microenvironment in patients with recurrent
pregnancy loss. Cell Discov. 2021; 7(1): 1-15.

Li Y, Zhang J, Zhang D, et al. Tim-3 signaling in peripheral NK
cells promotes maternal-fetal immune tolerance and alleviates
pregnancy loss. Sci Signal. 2017; 10(498): 1-15.

Pozzobon T, Goldoni G, Viola A, et al. CXCR4 signaling in health
and disease. Immunol Lett. 2016; 177: 6-15.

Kawaguchi N, Zhang TT, Nakanishi T. Involvement of CXCR4 in
normal and abnormal development. Cells-Basel. 2019; 8(2): 185.
https://doi.org/10.3390/cells8020185.

Mousavi A. CXCL12/CXCR4 signal transduction in diseases and
its molecular approaches in targeted-therapy. Immunol Lett.
2020; 217: 91-115.

Doring Y, Noels H, van der Vorst E, et al. Vascular CXCR4 limits
atherosclerosis by maintaining arterial integrity: evidence from
mouse and human studies. Circulation. 2017; 136(4): 388-403.
Ma J, Zhang S, Liu J, et al. Targeted drug delivery to stroke
via chemotactic recruitment of nanoparticles coated with mem-
brane of engineered neural stem cells. Small. 2019; 15(35):
€1902011.

Thomas RP, Nagpal S, Iv M, et al. Macrophage exclusion after
radiation therapy (MERT): a first in human phase I/1I trial using
a CXCR4 inhibitor in glioblastoma. Clin Cancer Res. 2019; 25(23):
6948-6957.

Piao HL, Wang SC, Tao Y, et al. CXCL12/CXCR4 signal involved
in the regulation of trophoblasts on peripheral NK cells leading
to Th2 bias at the maternal-fetal interface. Eur Rev Med Pharma-
col Sci. 2015; 19(12): 2153-2161.

Ao D, Li DJ, Li MQ. CXCL12 in normal and pathological preg-
nancies: a review. Am J Reprod Immunol. 2020; 84(3): €13280.
Wu X, Jin LP, Yuan MM, et al. Human first-trimester trophoblast
cells recruit CD56brightCD16- NK cells into decidua by way of
expressing and secreting of CXCL12/stromal cell-derived factor
1. J Immunol. 2005; 175(1): 61-68.

Bonney EA, Brown SA. To drive or be driven: the path of a mouse
model of recurrent pregnancy loss. Reproduction. 2014; 147(5):
R153-R167.

Clark DA, Chaput A, Tutton D. Active suppression of host-
vs-graft reaction in pregnant mice. VII. Spontaneous abortion
of allogeneic CBA/J x DBA/2 fetuses in the uterus of CBA/J
mice correlates with deficient non-T suppressor cell activity. J
Immunol. 1986; 136(5): 1668-1675.

Kamizono S, Duncan GS, Seidel MG, et al. Nfil3/E4bp4 is
required for the development and maturation of NK cells in vivo.
J Exp Med. 2009; 206(13): 2977-2986.


https://orcid.org/0000-0002-5307-6784
https://orcid.org/0000-0002-5307-6784
https://doi.org/10.1016/j.gpb.2020.11.002
https://doi.org/10.1016/j.gpb.2020.11.002
https://doi.org/10.3390/cells8020185

CLINICAL AND TRANSLATIONAL MEDICINE

35.

36.
37.

38.
39.
40.

41.

42.

43.
44.
45.
46.

47.

48.

TAO ET AL.

Koopman LA, Kopcow HD, Rybalov B, et al. Human decid-
ual natural killer cells are a unique NK cell subset with
immunomodulatory potential. J Exp Med. 2003; 198(8): 1201-
1212.

Clifford K, Flanagan AM, Regan L. Endometrial CD56+ natural
killer cells in women with recurrent miscarriage: a histomorpho-
metric study. Hum Reprod. 1999; 14(11): 2727-2730.

Quenby S, Bates M, Doig T, et al. Pre-implantation endometrial
leukocytes in women with recurrent miscarriage. Hum Reprod.
1999; 14(9): 2386-2391.

Michimata T, Ogasawara MS, Tsuda H, et al. Distributions of
endometrial NK cells, B cells, T cells, and Th2/Tc2 cells fail to
predict pregnancy outcome following recurrent abortion. Am J
Reprod Immunol. 2002; 47(4): 196-202.

Tuckerman E, Laird SM, Prakash A, et al. Prognostic value of the
measurement of uterine natural killer cells in the endometrium
of women with recurrent miscarriage. Hum Reprod. 2007; 22(8):
2208-2213.

Hanna J, Wald O, Goldman-Wohl D, et al. CXCL12 expres-
sion by invasive trophoblasts induces the specific migration
of CD16- human natural killer cells. Blood. 2003; 102(5): 1569-
1577.

Noda M, Omatsu Y, Sugiyama T, et al. CXCL12-CXCR4
chemokine signaling is essential for NK-cell development in
adult mice. Blood. 2011; 117(2): 451-458.

Bozzano F, Marras F, De Maria A. Natural killer cell develop-
ment and maturation revisited: possible implications of a novel
distinct Lin(—)CD34(+)DNAM-1(bright)CXCR4(+) cell progen-
itor. Front Immunol. 2017, 8: 268.

Bernardini G, Antonangeli F, Bonanni V, et al. Dysregulation of
chemokine/chemokine receptor axes and NK cell tissue local-
ization during diseases. Front Immunol. 2016; 7: 402.

Mayol K, Biajoux V, Marvel J, et al. Sequential desensitization
of CXCR4 and S1P5 controls natural killer cell trafficking. Blood.
2011; 118(18): 4863-4871.

Singh S, Ray LA, Shahi TP, et al. Organotypic breast tumor
model elucidates dynamic remodeling of tumor microenviron-
ment. Biomaterials. 2020; 238: 119853.

Smit MJ, Schlecht-Louf G, Neves M, et al. The CXCL12/CXCR4/
ACKR3 axis in the tumor microenvironment: signaling,
crosstalk, and therapeutic targeting. Annu Rev Pharmacol
Toxicol. 2021; 61: 541-563.

Shi FD, Ljunggren HG, La Cava A, et al. Organ-specific features
of natural killer cells. Nat Rev Immunol. 2011; 11(10): 658-671.
Deniz G, Akdis M, Aktas E, et al. Human NK1 and NK2 subsets
determined by purification of IFN-gamma-secreting and IFN-

49.

50.

51.

53.

54.

55.

56.

57.

gamma-nonsecreting NK cells. Eur J Immunol. 2002; 32(3): 879-
884.

Zhang C, Zhang J, Tian Z. The regulatory effect of natural killer
cells: do “NK-reg cells” exist? Cell Mol Immunol. 2006; 3(4): 241-
254.

Pandya AD, Al-Jaderi Z, Hoglund RA, et al. Identification of
human NK17/NK1 cells. Plos One. 2011; 6(10): €26780.

Vivier E, Spits H, Cupedo T. Interleukin-22-producing innate
immune cells: new players in mucosal immunity and tissue
repair? Nat Rev Immunol. 2009; 9(4): 229-234.

. Fu B, Li X, Sun R, et al. Natural killer cells promote immune

tolerance by regulating inflammatory TH17 cells at the human
maternal-fetal interface. Proc Natl Acad Sci USA. 2013; 110(3):
E231-E240.

Daniel SK, Seo YD, Pillarisetty VG. The CXCL12-CXCR4/CXCR7
axis as a mechanism of immune resistance in gastrointestinal
malignancies. Semin Cancer Biol. 2020; 65: 176-188.

Lee JP, Zhang R, Yan M, et al. Chemical mutagenesis of a GPCR
ligand: detoxifying “inflammo-attraction” to direct therapeutic
stem cell migration. Proc Natl Acad Sci USA. 2020; 117(49): 31177-
31188.

Jamali A, Hadjati J, Madjd Z, et al. Highly efficient generation of
transgenically augmented CAR NK cells overexpressing CXCR4.
Front Immunol. 2020; 11: 2028.

Doisne JM, Balmas E, Boulenouar S, et al. Composition, develop-
ment, and function of uterine innate lymphoid cells. J Immunol.
2015; 195(8): 3937-3945.

Fu B, Zhou Y, Ni X, et al. Natural killer cells promote fetal
development through the secretion of growth-promoting factors.
Immunity. 2017; 47(6): 1100-1113.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Tao Y, Li Y-H, Zhang Di,
et al. Decidual CXCR4" CD56P18MNK cells as a
novel NK subset in maternal-foetal immune
tolerance to alleviate early pregnancy failure. Clin
Transl Med. 2021;11:e540.
https://doi.org/10.1002/ctm?2.540


https://doi.org/10.1002/ctm2.540

	Decidual CXCR4+CD56brightNK cells as a novel NK subset in maternal-foetal immune tolerance to alleviate early pregnancy failure
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Human sample collection
	2.2 | Isolation and primary culture of trophoblasts
	2.3 | Isolation and culture of immune cells from deciduas
	2.4 | Purification of immune cells from human peripheral blood
	2.5 | Allogeneic co-culture of trophoblasts and pNK cells
	2.6 | Induction of human Th2 cells
	2.7 | Chemotaxis assay
	2.8 | RNA-seq analysis
	2.9 | Flow cytometry
	2.10 | Abortion-prone murine models
	2.11 | Adoptive transfer of CXCR4+ NK cells to NK-deficient mouse
	2.12 | Quantification of embryo resorption
	2.13 | Statistical analysis

	3 | RESULTS
	3.1 | Decidual-specific CXCR4+CD56bright NK cells are preferentially enriched in early pregnancy
	3.2 | CXCR4+ dNK cells display less activation characteristics but more immunomodulatory potency than CXCR4-dNK cells
	3.3 | Human trophoblasts recruit and reprogram peripheral NK cells into CXCR4+CD56bright dNK cells during early pregnancy
	3.4 | CXCR4+ dNK cells are conducive to maternal immune tolerance by promoting IL-4-mediated Th2 differentiation
	3.5 | CXCR4+ dNK cells with compromised Th2 inducing potential evokes abnormal CD4+T cells activation in patients with RM
	3.6 | CXCR4+ dNK cells exhibit therapeutic potential in relieving pregnancy loss via promoting Th2 shifts

	4 | DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


