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CD56"'8"'CD25* NK cells are preferentially recruited to
the maternal/fetal interface in early human pregnancy

Yu Tao, Yan-Hong Li, Hai-Lan Piao, Wen-Jie Zhou, Di Zhang, Qiang Fu, Song-Cun Wang, Da-Jin Li
and Mei-Rong Du

Decidual natural killer (ANK) cells are believed to be critical for maintaining maternal/fetal tolerance and regulating
placental vascular remodeling based upon their abundance and unique phenotype during early pregnancy. However, the
mechanism for how the dNK cells play such important roles in successful pregnancy remains undefined. Here, we
identified a subtype of dNK cells characterized as having a CD3~CD56""€"CD25" phenotype. We found that
CD56"8"CD25* NK cells preferentially localize to the maternal/fetal interface during early human pregnancy. CD25™*
dNK cells account for approximately 75% of CD25-expressing decidual immune cells (DICs). However, less than 5% of
CD25-positive peripheral blood mononuclear cells are CD25* NK cells. Furthermore, CD25* and CD25~ dNK cells
exhibit distinct phenotypes: CD25* dNK cells display a more activated phenotype and greater cytokine-secreting
capacity. Interestingly, coculture of peripheral NK (pNK) cells with primary trophoblasts upregulates the percentage of
CD25-expressing pNK cells, resulting in increased expression of activation markers and cytokine production by pNK
cells. In addition, we demonstrated that the CXCL12/CXCR4 axis is crucial for the recruitment of CD25* dNK cells and
contributes to the accumulation of CD3~CD56"8"CD25* dNK cells at the maternal/fetal interface. Thus, our data reveal
that the crosstalk between trophoblasts and pNK cells leads to the accumulation of CD3~CD56"€"CD25* dNK cells,

which exert a regulating effect at the maternal/fetal interface.
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INTRODUCTION
In a normal pregnancy, hemi-allogeneic cells from the fetus
invade the maternal decidua but remain spared from attack
by the maternal immune system through establishment of
immune tolerance.' Successful pregnancy requires the delicate
and complicated crosstalk between the fetal-derived tropho-
blasts and the maternal-derived decidual cells. This meshwork
of cells establishes a unique maternal-fetal immune envi-
ronment via the production of regulatory factors, thus contri-
buting to the maintenance of a normal pregnancy. However,
the mechanism of this process is still not fully understood.”
Multiple mechanisms are thought to be responsible for pro-
moting immune tolerance at the maternal/fetal interface.
For example, TH2 cytokine bias,” Fas ligand expression on

fetal-derived trophoblasts* and the inhibition of complement
activation® are critical for immune tolerance at the maternal/
fetal interface. In addition, a delicate balance of inhibitory (PD-
L1, Stat3 and TGF-B1) and stimulatory (CD80 and CD86)
signals is observed during the establishment of immune
privilege.>” Several unique immune cell subsets, including
CD4"CD25" regulatory T cells, also play vital roles in the
maintenance of maternal—fetal tolerance.® NK cells are a major
component of innate immunity.” Studies have shown that NK
cells not only exert cell-mediated cytotoxicity against tumor
cells or infected cells, but also regulate the function of other
immune cells by secreting a variety of cytokines.'® Multiple
activating and inhibitory receptors are expressed on the surface
of NK cells. Currently, NK cell activity is thought to be
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controlled by a dynamic signaling balance between activating
and inhibitory receptors, which are engaged upon interaction
with their ligands, presented on the surface of specific target
cells."" In addition to having cytotoxic ability, NK cells act as a
regulatory component in both innate and adaptive immune
responses. In particular, NK cells may prime, influence and
regulate the activities of adaptive immune responses through
the crosstalk among NK cells, dendritic cells and T cells, cyto-
kine secretion or cell-to-cell contact.'”> These interactions
imply that NK cells are crucial for immunity to infections
and tumors.

One prominent feature during early human pregnancy is the
striking abundance of decidual NK (dNK) cells. In contrast to
NK cells in the peripheral blood, which account for approxi-
mately 10% of all peripheral lymphocytes, NK cells are the
dominant cell type in the decidua during early human preg-
nancy.'? Interestingly, most dNK cells are CD56""8", whereas
only a small fraction of peripheral NK cells are CD56""8",
Thus, human dNK cells have been thought to play an import-
ant role in implantation and pregnancy, especially in early
gestation. The precise functions of dNK cells in vivo remain
unknown. At the maternal/fetal interface, dNK cells are in close
contact with invading trophoblasts, which lack expression of
classical HLA-A and -B antigens but selectively express HLA-C
and the non-classical HLA-E, -G and CD1d molecules.!*"
This has led to the theory that trophoblasts interact with NK
cells via their MHC antigens.'® In addition, a recent discovery
has shown that dNK cells play a critical role in modulating
trophoblast invasion and vascular remodeling.'” Because of
their secretion of various cytokines, enzymes and other factors,
dNK cells may play a role in the initiation of spiral arterial
remodeling, as well as interacting with extravillous trophoblasts
to aid in the completion of such processes.'® It was reported that
the interaction of dNK and CD14" cells lead to CD4"CD25™"
regulatory T (Treg) cells induction and immunosuppression.'®
Moreover, a recent study showed that CD56°"€"CD27 " NK cells
promote immune tolerance and successful pregnancy through
IFN-y secretion, thereby inhibiting inflammatory TH17 cells.*

Similar to the TH1 and TH2 subsets of CD4" T cells, NK
cells are divided into NK1 and NK2 subpopulations based on
their cytokine secretion profiles.”! The TH1 cytokine secreting
NK1 subset, TH2 cytokine secreting NK2, TGF--secreting
NK3 and IL-10-secreting NKr1 cells play major roles in immune
regulation and may promote immune tolerance in transplanta-
tion and pregnancy.”> Regulatory NK cells, such as NK3 cells
and NKrl, are the latest discoveries in the negative regulatory
effects of NK cells on immune response.23 Unlike Treg cells, no
specific surface marker for regulatory NK cells has been estab-
lished. Studies using animal models suggest that, based on sur-
face marker expression, DX5"CD3~CD25 * Thy1.2" " c_kit4™
NK cells may represent regulatory NK cells.”* Whether
CD3~ CD56"#"CD25" NK cells are present in human preg-
nancy decidua is still unknown.

In the present study, we identified a subtype of CD25-
expressing dNK cells, which are preferentially recruited to the
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maternal/fetal interface in early human pregnancy. These
CD56™8MCD25" NK cells possess an activated phenotype
and are the main source of cytokines at the maternal/fetal
interface. Furthermore, we investigated the role of trophoblasts
in instructing peripheral NK cells to adopt the decidual pheno-
type of CD25" NK cells based on the expression profile of cell
surface molecules and intracellular cytokines. We also deter-
mined whether the CXCL12/CXCR4 axis was involved in the
preferential recruitment of CD3~CD56"#"CD25" dNK cells
to the maternal/fetal interface in early human pregnancy.

MATERIALS AND METHODS

Human villi and decidual tissue collection

First-trimester human villi and decidual tissues (gestational age
5-10 weeks) were obtained from clinically normal pregnancies,
which were terminated for nonmedical reasons, at the
Obstetrics and Gynecology Hospital of Fudan University. All
the tissues were immediately collected into ice-cold Dulbecco’s
modified Eagle medium (DMEM) with high D-glucose or
DMEM/F12 (Gibco, Grand Island, NY, USA), transported to
the laboratory within 30 min after surgery, and washed in cal-
cium- and magnesium-free Hanks balanced salt solution for
trophoblasts or decidual immune cell (DIC) isolation. Each
patient provided a signed, written consent form. All procedures
involving study participants were approved by the Human
Research Ethics Committee of the Obstetrics and Gynecology
Hospital of Fudan University.

Isolation and purification of dNK cells

DICs were isolated by trypsin-DNase I digestion and discon-
tinuous Percoll gradient centrifugation, as described in our
previous study.”” DICs, which ranged in density between
1.062 and 1.077 g/ml, were collected and cultured in RPMI
1640 complete medium supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin
in 5% CO, at 37 °C. After primary culture overnight at 37 °Cin
5% CO,, the non-adherent DICs were collected while adherent
decidual stromal cells were discarded. Magnetic activated cell
sorting human NXK cell negative selection isolation kit (Miltenyi
Biotec, Auburn, CA, USA) was used for NK cell enrichment
from DICs according to the manufacturer’s instructions.

Isolation and primary culture of human first-trimester
trophoblasts

The first-trimester human villi were carefully separated from
the decidua, minced into small fragments, and then treated by
repeated trypsin digestions and Percoll gradient centrifugation
as previously described.” Briefly, the placental tissues obtained
from 10-15 separate individuals were pooled and digested by
0.25% trypsin (Bio Basic Inco, Markham, Ontario, Canada)
and 0.02% DNase type I at 37 °C with gentle agitation for
5 min. Theliquid part of the digested suspension was discarded
and the residual tissue was collected and subjected to four
cycles of 10 min trypsin-DNase digestion. Trypsin digestion
in each time was quenched with 10% FBS (Hyclone, Logan,
UT, USA) and the liquid digest was harvested. The four digests



were pooled, centrifuged at 1200 r.p.m. for 10 min, and the
pellet was resuspended in 4 ml DMEM with high D-glucose.
This suspension was carefully layered over a discontinuous
Percoll gradient consisting of 70%-5% Percoll (v/v) in 5%
increments of 2 ml each formed by diluting 90% Percoll with
Hanks balanced salt solution. After centrifugation at
2000 r.p.m. for 20 min, the cells sedimenting at densities
between 1.048 and 1.062 g/ml were collected and washed with
DMEM-high glucose medium. These semi-purified cytotro-
phoblasts were maintained in DMEM-high glucose complete
medium (2 mM glutamine, 25 mM HEPES, 100 UI/ml peni-
cillin and 100 mg/ml streptomycin), supplemented with 15%
heat-inactivated FBS (Hyclone) and incubated in 5% CO, at
37 °C. The freshly isolated human trophoblasts were plated in
plastic Petri dishes and incubated at 37 °C for 15 min to allow
the contaminating macrophages to adhere to the plastic. The
non-adherent cells (mainly trophoblasts) were transferred to
24-well plates pre-coated with matrigel at a concentration of
2X10° cells/ml, and cultured in DMEM-high glucose complete
medium supplemented with 15% heat-inactivated FBS at 37 °C
in 95% air and 5% CO,. This method designed by our labor-
atory allows for the recovery of a 95% pure population of
trophoblasts. The characterization and purity of trophoblasts
has been described in detail in our previous publication.*® After
72 h in culture, the trophoblast culture media (TCM) was
recovered, passed through a 0.22-pm filter, and stored at
—20 °C before use.

Isolation and purification of human peripheral NK cells (pNK)
Density centrifugation using Ficoll-Hypaque (Amersham
Biosciences, Buckinghamshire, UK) was performed to isolate
peripheral blood mononuclear cells (PBMCs) from the whole
blood of women during early pregnancy. Whole blood (30 ml)
containing acid citrate dextrose anticoagulant (Biological
Specialty Corporation, Colmar, PA, USA) was diluted with
an equal volume of phosphate-buffered saline and carefully
layered over an equal volume of Ficoll density gradient med-
ium. The tubes were centrifuged for 20 min at 2000 r.p.m.
PBMCs were collected, washed 2-3 times in phosphate-buf-
fered saline and centrifuged for 10 min at 1200 r.p.m.
Magnetic activated cell sorting human NK cell negative selec-
tion isolation kit (Miltenyi Biotec, Auburn, CA, USA) were
used for NK cells enrichment from PBMCs according to man-
ufacturer’s instructions.

Coculture of trophoblasts and pNK cells

The freshly isolated trophoblasts were seeded overnight at a
density of 2X10° cells/ml per well in 24-well plates. The super-
natants were aspirated completely and the cells were washed
with 1X phosphate-buffered saline. The same number of mag-
netic activated cell sorting purified peripheral NK cells were
added in each well and cocultured continuously for 48 h; the
culture of purified peripheral NK cells alone was included as a
control. The supernatants were collected and centrifuged at
1200 r.p.m. for 10 min, then transferred to FCM tubes for flow
cytometric analysis. For intracellular cytokine analysis, brefeldin
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A (a Golgi inhibitor) (10 mg/ml) was used to block cytokine
secretion into the media after the activation of cells using phor-
bol 12-myristate 13-acetate (50 ng/ml) and ionomycin (1 pg/
ml) for 4 h at the end of the 48 h culture, and then the cells
were harvested and analyzed by FCM for intracellular cytokine
production.

Flow cytometry assay

NK cell purity, cell surface molecule expression and intracel-
lular cytokine production were evaluated using flow cytometry.
A minimum of 10000 events was acquired using a Beckman-
Coulter CyAN ADP flow cytometer and analyzed with FlowJo
software (Tree Star, Ashland, OR, USA). FITC-conjugated
anti-CD3 (Biolegend, San Diego, California, USA), PE-Cy7-
conjugated anti-CD56 (Biolegend), PE-conjugated anti-CD25
and APC-conjugated anti-CD25 were used to identify NK cell
subpopulations. Additional NK cell markers were used to assess
NK cell phenotype: APC-conjugated anti-CD337 (NKp30), anti-
CD336 (NKp44), anti-CD%94 and anti-CXCR4; and PE-conju-
gated anti-CD335 (NKp46), anti-KIR2DL1 and anti-KIR3DLI.
Intracellular cytokine analysis included APC-conjugated anti-
IL-4, anti-IL-10 and anti-IFN-v, and PE-conjugated anti-TGF-
B and anti-IL-8 (Biolegend). Murine immunoglobulins of the
same isotype were used as negative controls for nonspecific
binding of mouse monoclonal antibodies to human antigens.

Chemotaxis assay

Chemotaxis was performed according to our previously pub-
lished method.”® We used transwell plates (24-well, 6.5-mm
diameter; Corning, New York, USA) containing polycarbonate
filters of 5.0-pum pore size. The TCM of 800 pl with or without
1 pg/ml anti-CXCR4 (R&D Systems, Minneapolis, MN, USA),
control medium, or control medium supplemented with recom-
binant human (rh) CXCL12 (R&D Systems), at concentrations
from 1 to 100 ng/ml, were added to the bottom chamber of each
well, and 200 pl of purified dNK suspensions containing 10° cells
was added to the upper chamber. After incubation for 3 h at
37 °C in a standard tissue-culture incubator, all of the cells that
migrated into each lower chamber were collected and labeled
with fluorophore-conjugated Abs. The absolute number and
percentage of migrated decidual NK subsets were analyzed by
flow cytometry as previously described.”® All the assays were
performed in triplicate for four independent experiments.

Statistical analysis

Statistically, one-way or two-way ANOVA was used for compar-
isons of cell markers and cytokine production. The post-hoc
Dunnett’s #test was used to compare the significance between
the control and various treatments. Error bars in the figures indi-
cate standard errors. Statistical significance was set at P<<0.05.

RESULTS

CD3~CD56""#"CD25" NK cells are preferentially recruited
to the maternal/fetal interface in early human pregnancy
As shown in Figure la, peripheral blood NK (pNK) cells
accounted for approximately 10% of the total lymphocytes.

Cellular & Molecular Immunology
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Figure 1 CD3~CD56""CD25" dNK cells are preferentially recruited to the maternal/fetal interface in early human pregnancy. (a, b) Comparison
of the percentage of CD25" NK cells in pNK and dNK cells in early human pregnancy. CD56™ NK cells were gated on prior to analysis of CD25
expression by FCM. The percentage of CD25" NK cells was determined. (¢, d) Comparison of the cell subsets constituting CD25%, CD25™ or total
immune cells from PBMC and DICs in early human pregnancy. Data represent the mean=standard error from ten independent experiments with
ten deciduas. A representative image is shown. Data were analyzed using a paired t-test (b). ***P<0.001. DIC, decidual immune cell; dNK,
decidual natural killer; PBMC, peripheral blood mononuclear cell; pNK, peripheral natural killer.

However, NK cells constituted 70% of decidual immune cells
during a normal pregnancy. In addition, more than 90% of the
NK cells in the decidua were CD3~CD56""8" while most peri-
pheral NK cells were CD3~CD56%™, Because CD25 is expressed
on murine NK cells,” we compared CD25 expression on human
dNK cells with that on pNK cells. The results indicate that a
much higher proportion of dNK cells (6.65%%*3.25%) than
PNK cells (1.31%+0.13%) were CD25" (Figure 1b). We then
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investigated the distribution of CD25" immune cells at the
maternal/fetal interface and peripheral blood during early
pregnancy, and found that CD25" decidual immune cells
consisted of 66.88%+5.40% CD3~ CD56"¢"CD25" NK cells,
followed by 12.82%%2.09% CD3"CD56 CD25" T cells and
11.16%*1.86% CD3"CD56 CD25" NKT cells. In contrast,
CD25" peripheral blood leukocytes consisted of 71.17%=
10.51% CD3"CD56 CD25" T cells, followed by 5.86%*+



3.15% CD3"CD56 CD25" NKT cells, and 1.78%0.53%
CD3~CD56"CD25" NK cells (Figure 1c and d, left panels).
We also analyzed the CD3 and CD56 expression after gating
CD25 " and the total immune cells to illustrate the exact cell
phenotype and percentage. These data in Figure 1c and d
(middle and right panels) showed that of CD25  decidual
immune cells, approximately 65% were CD3~CD56°" NK
cells, approximately 8.5% were CD3"CD56~ T cells, and 2%
were CD3"CD56 " NKT cells or other cell types. However, peri-
pheral CD25~ immune cells were more than 65% CD3*CD56 ™~
T cells, followed by approximately 12% CD3 CD56" NK cells,
and approximately 2.5% CD3"CD56" NKT cells. It is interest-
ing that the same pattern of cellular phenotype and frequency is
found in the total immune cell population as in CD25~ immune
cells but not CD25" immune cells.

Decidual CD56"#"CD25% NK cells exhibit an activated
phenotype and reduced cytotoxicity and are the main source
of cytokines at the maternal-fetal interface

NK cells are believed to be phenotypically and functionally
heterogeneous because of their differential expression of acti-
vating and inhibitory receptors. We compared the phenotypes
of CD25" and CD25~ dNK cells and found that the CD25"
dNK subset expressed fewer inhibitory receptors, such as
KIR2DL1 (42.23%=*+9.30% compared to 80.85%*2.62%)
and KIR3DL1 (14.88%*6.32% compared to 46.40%*
13.90%), and more activating receptors, such as NKp30
(35.20%*+4.99% compared to 18.04%=*3.68%) and NKp44
(4.10%=*1.44% compared to 0.19%=*0.07%). There was a
slight decrease in NKp46 (81.45%=*6.64% compared to
85.25%*7.67%) expression in the CD25" NK cell population,
although both CD25" and CD25 ~ subsets expressed high levels
of this receptor. There was no significant difference in CD94
expression (94.56%=*3.73% compared to 97.07%=*1.57%) on
either cell subset. These findings indicate that human CD25"
dNK cells display a more activated phenotype relative to that of
CD25 " dNK cells (Figure 2a). Given that our previous study
suggested that dNK cells are activated cells but lack significant
cytotoxic activity (data not shown), we hypothesized that their
main function might be cytokine secretion. After in vitro stimu-
lation with phorbol 12-myristate 13-acetate and ionomycin,
we found that CD25" dNK cells produced more IFN-y
(25.64%+3.88% compared to 10.72%=*3.23%), TGF-P (77.1%=*
6.54% compared to 57.8%*+6.87%) and IL-8 (7.54%*2.60%
compared to 1.08%=*0.22%) compared to CD25 dNK cells
(Figure 2b—d). Approximately 80% of CD25" dNK cells
(77.1%%6.54%) produced TGF-B. making this an especially
potent subset of TGF-B-producing leukocytes. On the other
hand, we found that fewer CD25" dNK cells produced IL-4
compared with CD25~ dNK cells, and both CD25" and
CD25" dNK cells produced very little IL-10 though there
was no significant difference between these subsets (data not
shown). In addition, we measured the mean fluorescence
intensity of intracellular cytokines. Accordantly, the mean
fluorescence intensities for all cytokines examined in CD25"
dNK cells were higher than in CD25~ dNK cells. Furthermore,
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fewer CD25" dNK cells expressed perforin and Granzyme B,
suggesting a reduced cytolytic capacity of CD25" dNK cells
relative to CD25~ dNK cells (Figure 2e).

Trophoblasts recruit CXCR4"CD25" dNK cells at the
maternal/fetal interface via the CXCL12/CXCR4 axis

Our previous publications have demonstrated that the CXCL12/
CXCR4 axis is crucial for recruiting decidual NK cells and creating
a TH2 bias at the maternal/fetal interface by regulating the cross-
talk between trophoblasts and decidual cells.”” We further
investigated whether this axis was also involved in the preferential
localization of CD3~CD56™8"CD25" NK cells at the maternal/
fetal interface. First, we analyzed the frequency of CXCR4 expres-
sion in CD25" and CD25~ dNK cell subsets and found that a
much higher proportion of CD3~CD56™*¢"CD25" dNK cells
were CXCR4 ™" (36.08%*11.23%) compared to 15.22%+6.70%
of CD3~CD56”#"CD25~ dNK cells (Figure 3a). We then mea-
sured the chemotactic activity of TCM and rhCXCL12 on purified
dNK cells. The number of migrating dNK cells was analyzed by
flow cytometry. Consistently, thCXCL12 increased the number of
migrating dNK cells in a concentration-dependent manner.
Furthermore, TCM induced a 3.05-fold increase in the migration
of purified dNK cells and a 5.56-fold increase in the migration of
CD25" dNK cells compared with the control. Treatment with
anti-CXCR4 significantly inhibited the chemotactic activity of
TCM in recruiting dNK cells (P<0.01) and CD25" dNK cells
(P<<0.001) (Figure 3b). In addition, we assayed the percentage of
CD25" dNK that migrated in response to increasing concentra-
tions of rhCXCL12 and TCM. Our results showed that
rhCXCL12 at 1, 10 and 100 ng/ml induced a 1.20-, 1.41- and
1.87-fold increase in the migration of CD25" dNK cells, respec-
tively. Regarding the chemotactic activity of rhCXCL12, we also
found that the TCM increased the migration frequency of CD25"
dNK cells 1.79-fold over the control wells, and its chemotactic
activity was significantly inhibited by anti-CXCR4 (P<0.05)
(Figure 3c). Furthermore, we measured the percentage of
CD257/CD25~ dNK cells that migrated after treatment with
CXCLI12/TCM. These results showed that the ratio of CD25"/
CD25~ dNK cells that migrate increased with CXCL12/TCM
treatment (Supplementary Figure 1), indicating that the
CXCLI2 axis preferentially induced migration of CD25" over
CD25" dNK cells.

Trophoblasts instruct the phenotypical shift of CD25* pNK
cells to the CD25" dNK phenotype

To investigate the interplay of trophoblasts and the accumu-
lated NK cells, which were recruited from the periphery, at the
maternal/fetal interface, we evaluated the change in NK cell
phenotype and cytokine secretion using a trophoblast and
PNK coculture model. As shown in Figure 4a, the coculture
of trophoblasts with pNK cells increased the percentage of
CD25" NK cells (3.69%+0.55%) compared to NK cells alone
(1.57%=0.23%). Analysis of activating and inhibitory receptor
expression after gating on purified CD25" pNK cells showed
that following coculture, trophoblasts increased the expression
of NKp30 (24.63%=*+2.97% compared to 13.97%*3.00%

Cellular & Molecular Immunology
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Figure 2 Differences between CD25™ and CD25~ dNK cells. (a) Flow cytometry analysis of activating and inhibitory receptors on CD3~CD56P" "
CD25" and CD3~CD56™8"MCD25~ dNK cells. (b—d) Flow cytometry analysis of intracellular cytokine percentage and MF| of IFN-y, IL-8 and TGF-B
on CD37CD56P8MCD25~ and CD3~CD56P8MCD25~ dNK cells. (e) Flow cytometry analysis of perforin and Granzyme B expression in
CD3~CD56P&" CD25* and CD3~CD56°"8"CD25~ dNK cells. Data represent the mean=+standard error from 10 independent experiments with
different deciduas. * P<<0.05, **P<0.01; ***P<0.001. dNK, decidual natural killer; MFIl, mean fluorescence intensity.

before coculture), NKp44 (6.74%=*0.40% compared to 4.36%=*
0.69%) and NKp46 (38.00%=*3.44% compared to 10.92%=*
1.67%). There was no significant shift in KIR2DL1 (P=0.290),
KIR3DL1 (P=0.442) or CD9%4 expression (P=0.069) following
coculture (Figure 4b). These findings indicate that trophoblasts
induced activation of CD25% pNK cells. In addition, intracellu-
lar cytokine production by pNK cells was determined by flow
cytometry after coculture with primary human trophoblasts.
The results shown in Figure 4c indicate that trophoblasts could
upregulate TGF-f (10.11%=*3.01% compared to 2.54%=0.90%
before coculture) and IL-8 expression (4.38%=*0.46% compared
t0 1.91%0.78%) by NK cell. However, there was no significant
effect on IFN-y (P=0.726) or IL-4 (P=0.962) expression by
PNK cells following coculture with trophoblasts.
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DISCUSSION
In a normal pregnancy, it is intriguing that approximately 70%
of the infiltrating CD45" leukocytes in the decidua are
CD56™8"CD16~ NK cells, with a small frequency of macro-
phages and T cells. dNK cells differ from peripheral blood NK
cells in both phenotype and function, thus constituting a unique
NK cell subset.”® However, the exact function of dNK cells
remains poorly defined. A recent study showed that dNK but
not pNK subtypes influence maternal spiral arterial remodeling
and regulate trophoblast invasion, both in vitro and in vivo,
through production of IL-8 and interferon-inducible protein-10."”
NK cells are phenotypically and functionally heterogeneous,
and express various receptors known to recognize MHC class I
molecules. Some of these receptors induce NK cell activation,
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while others inhibit their regulatory functions. A recent study
suggested that different combinations of maternal KIR and fetal
HLA-C genes influence the risk of developing preeclampsia.”®
Overall, NK receptor-ligand interactions favoring dNK cell
activation protect against preeclampsia via the secretion of large
amounts of NK-cell derived growth factors and chemokines that
support invading trophoblasts and decidual blood vessels.”® dINK
cells are found in vivo in close contact with invasive trophoblasts,
which are continuously exposed to the ligands for NK receptors.
This is analogous to the chronic stimulation of activating recep-
tors on dNK cells, which may induce NK cell tolerance to embry-
onic cells and enhance the ability of NK cells to produce growth
factors. Increased production of IL-8 and interferon-inducible
protein-10 was achieved by stimulating the NCR and NKG2D
activating receptors on dNK cells, further emphasizing the devel-
opmental role of dNK cells as regulators at the maternal/fetal
interface.’ It is reasonable to hypothesize that the unique func-
tional properties of dNK cells might be attributed to the particular
cytokine milieu in the decidua.’ In this study, we demonstrated
that CD3~CD56™*¢™CD25" dNK cells preferentially localize to
the maternal/fetal interface in early human pregnancy, and we
also found that this cell subset displays a more activated pheno-
type than CD3~CD56™8"CD25~ dNK cells. Furthermore, cocul-
ture of pNK with trophoblasts increased CD25 expression and the
frequency of TGF-f- and IL-8-producing pNK cells. Collectively,
these data suggest that trophoblasts stimulate and educate pNK
cells to have a memory-like phenotype.

Similar to the TH1 and TH2 subtypes of CD4" T cells, NK
cells are also divided into NK1 and NK2 subsets based on their
distinct cytokine secretion profiles.”** The NK1 subpopulation
predominantly secretes IFN-v, but relatively no IL-4, IL-5 or IL-
13. On the contrary, the NK2 subpopulation largely secretes IL-
4, IL-5 and IL-13 but not IFN-7y. The TGE--secreting NK3 and
IL-10-secreting NKr1 cells are thought to play important roles
in immune regulation, promoting immune tolerance in trans-
plantation and normal pregnancy.”*> Recently, the negative
regulatory functions of NK cells, such as NK3 and NKr1 cells,
known as regulatory NK cells, were reported to be a part of
normal and pathogenic immune responses.”> Here, we found a
population of CD3~CD56™"CD25" NK cells in the decidua.
More than 75% of these dNK cells expressed TGF-f and
approximately 25% produced IFN-y, although very few
expressed IL-4 (less than 3%) and almost none expressed IL-
10 (data not shown). These data suggest that CD25 " CD56"8"t
dNK cells may represent a specific NK cell type in the decidua.
However, they are more likely to be regulatory NK cells.

We found that IFN-v, IL-8 and TGF- were highly produced
by CD25" dNK cells compared with CD25~ dNK cells from
multiple donors. Interestingly, the cytotoxicity of CD25" dANK
cells was lower than that of CD25~ dNK cells. TGF-J3 has been
demonstrated to suppress NK cell cytotoxicity in vitro.”* In
fact, we found that CD25" dNK cells are an especially potent
subset of TGF-B-producing cells. This might explain the
abundance of TGF-f at the maternal/fetal interface during
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early pregnancy and contribute to the maintenance of the
unique phenotype of dNK cells. In our research, we also
found elevated levels of IFN-y and IL-8 in CD25" dNK cells,
both of which are important in the initiation of spiral arterial
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remodeling through interactions with extravillous tropho-
blast.'” Our data suggested that the angiogeneic effects of
dNK cells are mainly supplied by CD25" rather than CD25"~
dNK cells. However, Treg cells also mediate maternal—fetal



tolerance through IL-10 secretion,” which is significantly
reduced in the decidua of patients experiencing spontaneous
abortion.’® Conversely, we found that very few CD25" dNK
cells produced IL-10, suggesting that CD25" dNK cells pro-
mote immune tolerance mainly through secretion of TGF-p.

The origin of decidual NK cells remains the subject of some
debate. Based on their close resemblance to the minor agranular
CD56°" 8" NK cells in the blood, some researchers believe that
this NK cell population may migrate to the uterus, proliferate,
and differentiate in the local hormone-rich environment.
Indirect evidence suggests that CD56°¢"CD16~ dNK cells ori-
ginate from CD56"™CD16~ pNK cells.*”*® In this study, our
results showed that trophoblasts had no effect on the expression
of cell surface molecules or intracellular cytokines by CD56"78"t
pNK cells, also suggested the resemblance of peripheral
CD56™" NK cells to dNK cells (Supplementary Figure 2).
Our previous studies demonstrated that at the maternal/fetal
interface, CXCL12 was mainly produced by trophoblasts and to
a lesser extent by decidual stromal cells, while CXCR4 was
intermediately expressed on dNK cells and highly expressed
on peripheral NK cells (Ref. 27 and unpublished data).
Studies indicate that CXCL12 expressed by invasive tropho-
blasts plays a role in the migration of NK cells to the decidua.”
In the present study, we confirmed that the CXCL12/CXCR4
axis is crucial for the accumulation of CD3~CD56™ 8" dNK
cells during early pregnancy. More interestingly, the CXCL12
axis preferentially induced migration of CD25" over CD25~
NK cells, indicating that CXCL12 secreted by trophoblasts pref-
erentially recruits CD3~CD56™8"CD25" NK cells to the
maternal-fetal interface.

As the most critical cell component in human placenta,
embryo-derived trophoblasts exert an important role in shaping
the immune milieu at the maternal/fetal interface.”*** Both pro-
and anti-inflammatory cytokines in trophoblasts were downregu-
lated in spontaneously aborted pregnancies.*' Trophoblasts
produce cytokines, such as TSLP, to instruct decidual dendritic
cells and to induce a TH2 bias at the maternal/fetal interface.** In
the present study, we have shown that coculture of trophoblasts
and purified peripheral NK cells can increase the surface express-
ion of activating receptors and the secretion of TGF-f3 and IL-8 by
CD3~CD56"CD25" pNK cells. These data indicate that tropho-
blasts play an essential role in maintaining an activated phenotype
on and cytokine production from CD25" NK cells. Interestingly,
there was no effect of trophoblasts on dNK cell phenotype or
cytokine production (Supplementary Figure 3). One possible
explanation for this is that dNK cells have already been instructed
by the immune milieu at the maternal/fetal interface.

In summary, we have confirmed that CD3~CD56""$"'CD25 ™"
dNK cells preferentially accumulate at the maternal/fetal inter-
face in early human pregnancy. This population of CD25"
dNK displays an activated phenotype with a high frequency
of cells producing IFN-vy, IL-8 and TGF-p. Trophoblasts play
an important role in the recruitment of dNK cells, especially
CD25" dNK cells, to the maternal-fetal interface via CXCL12/
CXCR4 interactions. Furthermore, trophoblasts mediate the
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shift in CD25" pNK cells toward a more activated CD25"
dNK-like phenotype and cytokine profile, thereby shaping
the immune milieu at the maternal/fetal interface during early
gestation to maintain a normal pregnancy.
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