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Human dNK cell function is differentially regulated by
extrinsic cellular engagement and intrinsic activating
receptors in first and second trimester pregnancy

Jianhong Zhangl, Caroline E Dunk"?, Melissa Kwan'”, Rebecca L Jones™”, Lynda K Harris*>,
Sarah Keating® and Stephen J Lye"*?

Decidual natural killer (ANK) cells express an array of activation receptors to regulate placental immunity and
development during early pregnancy. We investigated the functional character of human dNK cells during the first
and second trimester of gestation and the interaction between dNK and trophoblast cells. Although the frequency of
CD56*CD16~ dNK among the total CD45" leukocytes did not change over this period, the expression of the activating
receptors, NKp80 and NKG2D, was greatly upregulated. We observed a significantly higher number of extravillous
trophoblast cells in proximity to the dNK cells in the first trimester in comparison with the second trimester decidua.
NKG2D expression by first trimester dNK cells was decreased when co-cultured with the HTR-8 trophoblast cell line. In
the second trimester, functional markers of dNK activation, i.e., angiogenic factor production (e.g., vascular endothelial
growth factor, interleukin-8, interferon-gamma), remained stable despite an increase in NKp80 or NKG2D surface
expression. Furthermore, the degranulation capacity of dNK cells, as assessed by CD107a, was decreased in the second
trimester. We suggest that in the first trimester, trophoblast-dNK interactions generate a population of dNK cells with a
suppressed activating phenotype. In the second trimester, the loss of trophoblast-dNK interactions led to the inhibition of
dNK cell function, although their activating receptor expression was increased. We speculate that during pregnancy, two
mechanisms operate to modulate the dNK cell activation:suppression of activating receptor levels in the first trimester by
trophoblasts and disengagement of receptor-ligand coupling in the second trimester.
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INTRODUCTION

During human pregnancy, CD56"¢™CD16~ decidual natural
killer (dNK) cells accumulate in decidualizing endometrium
and become the dominant leukocyte population.”* Immuno-
histochemical assays have largely confirmed the distribution of
human dNK cells during the first trimester, and numerous
studies have investigated the contribution of dNK cells to
trophoblast-associated decidual spiral artery remodeling dur-
ing this period.>* Although human dNK cells are thought to
play a key role in regulating placental development in normal
and pathological pregnancy,”” there is very limited informa-
tion regarding dNK cell phenotype and function after the first

trimester.®® Thus, an advanced analysis of the surface markers
and functional capacity of dNK cells across different phases of
human pregnancy is necessary.

NK cells are known to express an array of different activating
receptors to maintain their homeostasis and function.'® In
comparison with peripheral NK cells, dNK represent a spe-
cified NK population with limited cytolytic activity.'"'?
During early gestational stage, dNK cells express NKp46
(CD335/NCR1), NKp44 (CD336/NCR2), and NKp30
(CD337/NCR3), activating receptors NKG2D (CD314) and
NKp80 to regulate their immune reactions and angiogenesis
ability.">'* In addition to intra-cellular signaling pathways,
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dNK cell function can be modulated by these receptors through
inter-cellular communication.'®"” Inhibition of dNK activa-
tion has been observed following the interaction of the dNK
receptor, 2B4 (CD244), with decidual stromal cells.'®
Moreover, a recent study demonstrated that dNK cytotoxicity
toward trophoblasts is downregulated by decidual macro-
phages via transforming growth factor beta signaling.'”
Collectively, these results indicate that the immunoregulatory
function of dNK cells might be modulated by activating recep-
tors and cell-cell interactions within the decidual micro-
environment.

Because dNK cells are incapable of forming effective
immunological synapses with target cells, their angiogenic
function rather than cytotoxic capability has been the focus
of most studies.”'*'® Human dNK cells can regulate extravil-
lous trophoblast (EVT) invasion and spiral artery angiogenesis
via various soluble factors, including vascular endothelial
growth factor (VEGF), interferon-gamma (IFN-7), interleukin
8 (IL-8), and placental growth factor (PIGF).>'® Conversely,
dNK cell reactivity can be affected by interactions with tropho-
blast cells that express ligands for NK cell activating recep-
tors.'®*° Although dNK cells are central components in
uterine vascular remodeling and decidual immune surveillance
during pregnancy,”*' their precise function in these processes
is unclear. Abnormal frequencies and functions of dNK cells
have been reported in human gestational syndromes, such as
recurrent miscarriage, preeclampsia, intrauterine growth
restriction, and preterm birth.®?*72* Burthermore, the receptor
expression and angiogenesis function of dNK cells are altered
in early pregnancies with impaired vascular remodeling and a
higher risk of preeclampsia.”**® Recent studies indicate that
due to microenvironmental stimulation, the character of uter-
ine natural killer cells are distinct from the conventional spleen,
liver, and thymus NK cells;>”*® therefore, to define dNK het-
erogeneity, it is imperative to identify the phenotypic and func-
tional capabilities of ANK cells throughout pregnancy.

In this study, we applied 9-color flow cytometry to invest-
igate the contribution of activating receptors to human dNK
cell degranulation and cytokine expression over the first and
second trimester of pregnancy. Our data demonstrate changes
in the activating receptor repertoire of dNK cells from early
(6th week) to mid (20th week) pregnancy and dissociation
between these receptors and dNK cell angiogenic function
and degranulation capacity. Our study also identified the
importance of ANK—trophoblast interactions for dNK cell pro-
liferation and function.

MATERIALS AND METHODS

Primary tissues

Decidual samples were obtained following informed consent
from healthy women undergoing elective pregnancy termina-
tion between 6 and 20 weeks of gestation between 2010 and
2013. The Morgentaler Clinic and the Research Ethics Board of
Mount Sinai Hospital approved this study (Toronto, Canada).
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Flow cytometry

Cell isolation and surface markers staining. Decidual samples
were first macroscopically identified and rinsed with Hank’s
Balanced Salt Solution (HBSS). Tissue was cut into small pieces
(~1mm?) and shaken for 30 minutes at 37°C in a rotating
incubator (140 times/minutes) in pre-warmed Ca, Mg-free
HBSS (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, 1 mM dithiothreitol, 1 mM ethylenediaminetetraacetic
acid). The dissociated cell suspension was filtered, and decidual
leukocytes were isolated by Ficoll gradient (2000 rpm for 30
minutes) (GE Healthcare, Uppsala, Sweden). Red blood cells
were lysed with BD Pharm Lyse buffer, and the cells were then
treated with a LIVE/DEAD Fixable Cell Stain kit (L/D-violet;
Invitrogen, Eugene, OR, USA). After non-specific blocking
with serum-free protein block (Dako, Glostrup, Denmark),
the cells were stained with following antibodies for 30 minutes
at 4°C to investigate their dNK phenotype: mouse anti-
human CD45-APC/Cy7, CD56-PE/Cy7, CD3-Alexa Fluor
700 (BD Pharmingen, San Jose, CA, USA) and CD16-
Krome Orangeplus combinations of either NKp30/CD337-
PE, NKp46/CD335-PE/Cy5, and NKp44/CD336-Alexa647 or
NKp80-PE, 2B4/CD244-PE/Cy5, and NKG2D/CD314-APC
(Beckman Coulter, San Jose, CA, USA).

Intracellular staining. Decidual leukocytes were incubated
with a commerecial cell stimulation cocktail containing phorbol
12-myristate 13-acetate (PMA) and ionomycin (eBioscience,
San Diego, CA, USA) for 4 hours at 37 °C to challenge their
functional potential. The cells were then collected and stained
with L/D-violet dye and the dNK surface markers described
above. Then, the cells were incubated with fixation/permeabi-
lization buffer for 30 minutes (BD Cytofix/Cytoperm Plus Kit;
BD Biosciences, San Jose, CA, USA) and subsequently stained
with anti-human IFN-y-FITC (BD Pharmingen), VEGF-APC,
and IL-8-PE (R&D Systems, Minneapolis, MN, USA) for 30
minutes. In the degranulation assays, freshly isolated decidual
leukocytes were treated with a cell stimulation cocktail in the
presence of an anti-human CD107a-PE/Cy5 antibody
(BD Pharmingen) for 4 hours before staining.

Flow cytometric data were acquired with a Gallios Flow
Cytometer (Beckman Coulter). Offline data analyses were per-
formed on live cells (L/D-violet dye negative population). The
viable CD45"CD56 "CD16 " cells were further investigated for
dNK surface markers and intracellular functional analysis. Data
were analyzed with FlowJo, Version 7.6 (Tree Star, Ashland,
OR, USA) or the Kaluza 1.2 software (Beckman Coulter).

Immunohistochemistry assay

Immunohistochemistry staining. Human decidual samples were
fixed in 4% paraformaldehyde and embedded in paraffin.
The blocks were serial sectioned at 5 um and deparaffinized in
xylene followed by rehydration through an ethanol gradient.
Endogenous peroxidase activity was blocked by incubation of
the sections in 3% hydrogen peroxide (Fisher Scientific,
Pittsburgh, PA, USA) for 30 minutes. Antigen retrieval was



performed with a microwave using the Target Retrieval Solution
(Dako), followed by three phosphate-buffered saline (PBS)
washes. After a 30-minute incubation with Dako protein blocking
solution, the sections were incubated overnight at 4 °C with prim-
ary antibodies, including monoclonal mouse anti-human CD45,
CD56 (Dako; 1:200), HLA-G (Exbio, Vestec, Czech Republic;
1:800), and cytokeratin-7 (CK7; Dako; 1:400). The sections were
then washed with PBS and incubated with biotinylated rabbit
anti-mouse IgG (Dako; 1:200). Subsequently, the sections were
incubated with horseradish peroxidase substrate (Universal
LSAB-HRP kit, Dako), developed with diaminobenzidine
(Dako) and counterstained with Gill's Hematoxylin (Sigma-
Aldrich, St. Louis, MO, USA). To conduct dual immunofluores-
cence co-staining, CK7 staining was first detected with donkey
anti-mouse Alexa Fluor546 (Invitrogen) followed by incubation
with a CD56 antibody and detection with a goat anti-mouse FITC
antibody (Invitrogen). The slides were mounted using ProLong
Gold antifade reagent (Invitrogen). Photomicrographs were
obtained with a Leica DMIL LED microscope.

Image analysis. Serial decidual sections were stained for CD45
and CD56 to quantify the number of leukocytes and dNK cells
in the first (n = 19) and second (n = 18) trimester of preg-
nancy. Cell counts were performed using a standard protocol
that assigned random counting frames covering 5% of the total
masked tissue area. A positively stained ratio was generated by
dividing the numbers of CD56™ dNK by the total CD45™ leu-
kocytes. All of the data were acquired with the new CAST
software (Visiopharm) with an Olympus BX61 microscope.

Cell stimulation assays

Effect of trophoblasts on the dNK phenotype. The human
trophoblast cell line, HTR-8/SVneo® (obtained from Dr.
Charles Graham, Queen’s University, Canada), was cultured
in RPMI 1640 medium that was supplemented with 10% fetal
bovine serum (FBS), 100 IU mL ™! of penicillin, and 100 pg
mL™" of streptomycin (10% FBS/RPMI; Invitrogen) at 37 °C
with 5% CO,. After reaching confluence, the cells were incu-
bated in fresh 10% FBS/RPMI for another 24 hours; then,
conditioned media (CM) was collected and spun at 4000
rpm for 5 minutes to collect the supernatants, which were
stored at —20 °C before use. To test whether cell—cell contact
affected the dNK character, freshly prepared decidual leuko-
cytes (5 X 10°) from first or second trimester subjects were
mixed with HTR-8 trophoblasts (1:1 ratio) and then seeded
onto 24-well culture plates in 1 mL 10% FBS/RPMI. After 16
hours of culture, the cells were further incubated with a cell
stimulation cocktail and a CD107a antibody for 4 hours at
37 °C. Flow cytometric staining was then conducted to examine
the CD56"CD16~ dNK phenotype and function as described
above. Matched decidual leukocytes (5 X 10°) were cultured in
1 mL control medium (10% FBS/RPMI) or HTR-8 CM.

CEFSE proliferation assay. Freshly isolated decidual leukocytes
were stained with 5 pM cell tracker dye, carboxyfluorescein
succinimidyl ester (CFSE; Invitrogen). Then, 2 X 10°
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leukocytes were cultured for 6 days in the presence of (i)
HTR-8 cells (1 X 10°); (i) HTR-8 CM (1 mL); and (iii)
rhIL-2 (5 ng mL™'; R&D Systems) and rhIL-15 (10 ng mL™};
R&D Systems) at 37 °C. The proliferation of the CD56" dNK
cells was examined with a Gallios Flow Cytometer.

Statistical analysis

Normal distribution of the data was examined using the
SPSS17.0 software (IBM Corporation, 2008; Armonk, NY,
USA). Statistically significant differences between experimental
treatments/groups were determined with independent t-tests
or ANOVA with Tukey’s HSD tests. The data are presented as
the mean = SD. p < 0.05 was considered significant.

RESULTS

The dNK cell frequency was stable between 6 and 20 weeks
of pregnancy

We employed multi-color flow cytometry to examine the
dynamics of the dNK cells in the first (612 weeks) and second
(13—20 weeks) trimester deciduae. To exclude confounding fluor-
escent signals from dead cells, live/dead staining was applied and
only viable CD45 ™ lymphocytes were examined (Supplementary
Figure 1A). Of these cells, no differences in the CD56"CD3™,
CD56"CD3" and CD56 CD3" subsets were found between
the first and second trimester samples (Supplementary
Figure 1B). The percentage of CD45" CD56"CD16~ dNK cells
remained stable from the 6th to 20th week of pregnancy (70 =
14% in the first trimester and 66+13% in the second trimester;
Figure laand 1b). To verify the flow cytometric results, immuno-
histochemical staining and image analysis of the decidual samples
were conducted. As seen in Figure 1c and 1d, the first trimester
decidua had similar CD56* dNK numbers to those of the second
trimester samples (58 = 3.5% vs. 53 = 4.2%), and no significant
difference was detected.

Phenotypic modification of dNK cells in the first and second
trimester decidua

To characterize the phenotype of the dNK cells across the early
to mid-gestation periods, we studied the expression of NK cell-
activating receptors (Figure 2a and 2b). From the 6th to 20th
weeks, the majority of the dNK cells expressed NKp46 (96 *
2.1%-97 £ 2.1%), NKp30 (89 * 10%-96 * 4.1%), and 2B4
(94 * 9.1%-95 * 2.9%). There was no change in the NKp46,
NKp30, and 2B4 expression levels between the first and second
trimester dNK cells (Figure 2c). Only 15 £ 11.9% of the first
trimester dNK cells were positive for NKp44, and this propor-
tion did not change significantly in the second trimester preg-
nancy (16 * 12.5%). Interestingly, a significant increase of
NKG2D" (50 = 21%) and NKp80™* (46 + 16%) dNK cells
were detected in the second trimester, compared with that in
the first trimester (30 * 16% NKG2D™, 26 + 15% NKp80™";
p < 0.05; Figure 2b and 2c). Further analysis of the mean
fluorescence intensity (MFI) revealed that the second trimester
dNK cells had significantly higher NKG2D and NKp80 express-
ion levels than the first trimester dNK cells (p < 0.05;
Supplementary Figure 2).
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Figure 1 Quantification of the dNK cell population throughout the first to second trimester of pregnancy. (a) Decidual leukocytes were isolated
from the 6- to 20-week pregnancy period. The percentage of viable CD45"CD56*CD16~ dNK cells at different gestational ages was illustrated in a
scatterplot. Regression trend lines and R? value are included. n = 65. (b) Histograms summarize the average proportion of first and second
trimester dNK cells based on flow cytometric results. n = 34 (first trimester; 9 + 1.9 week) or n = 31(second trimester; 16 *+ 1.5 week).
(c) Representative photographs of CD45 and CD56 immunohistochemical staining of serial sections of first and second trimester decidual
tissues. High power images were inserted. Scale bar = 100 um. (d) Summary data of the CD56™ dNK cell proportion amongst the CD45™
leukocytes from immunohistological analysis. n = 19 (first trimester) and 18 (second trimester).

Functional difference between the first and second trimester
dNK cells

To evaluate functional changes in the dNK cells with advancing
gestation, IFN-y staining and a CD107a degranulation assay
were performed (Figure 3a). No significant differences in IFN-
v expression were found between the first and second trimester
dNK cells, whereas CD107a expression was significantly
decreased in the second trimester dNK cells compared with
that of the first trimester cells (p < 0.05; Figure 3b). To further
evaluate the dNK cell heterogeneity, IFN-y and CD107a
expression was assessed and compared according to their
NKp80 and NKG2D profile. As shown in Figure 3c, both first
and second trimester dNK cells had similar IFN-y expression
levels, which were independent of their NKp80 and/or NKG2D
expression levels (Figure 3C, left panel). However, a significant
decrease in CD107a expression was observed in the second
trimester NKp80"/NKp80~, NKG2D"and NKp80™* NKG2D ™"
dNK sub-populations compared with the first trimester dNK
cells (p < 0.05; Figure 3C, right panel).

VEGF and IL-8 expression in first and second trimester
dNK cells

Next, we sought to determine whether the gestational age
dependent changes in dNK cell activation resulted in altera-
tions in their angiogenic function. Although first and second
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trimester dNK cells differed in their activating receptor
expression levels (Figure 2), their VEGF and IL-8 expression
levels were similar in response to either specific (rhIL-15) or
unspecific (PMA) stimulation and did not increase above con-
trol (Figure 4a). Moreover, PMA activation enhanced the IFN-
v and CD107a expression by the dNK cells; however, it did not
alter their VEGF and IL-8 profiles (Figure 4b).

Boolean gating analysis revealed that the functional hetero-
geneity of ANK cells was greatly improved by PMA but not by
rhIL-15 stimulation. There was no significant difference in the
VEGF'IL-8" dNK cell frequency between the first and second
trimester, indicating that rhIL-15 or PMA stimulation did not
change the co-expression of these two angiogenic factors
(Figure 4b and 4c).

The dNK cell phenotype and function were altered following
interactions with trophoblasts

We next sought to determine the mechanism(s) that modu-
lates dNK function between the first and second trimester. In
the first trimester of pregnancy, EVTs penetrate into the dif-
ferentiated decidua and interact with dNK cells to remodel
uterine spiral arteries. As illustrated by immunohistochemical
analysis (Figure 5a and 5b), the first trimester samples had
significant numbers of invasive trophoblasts (expressing
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Figure 2 NKp80and NKG2D expression levels were upregulated on second trimester dNK cells. (a) Representative histograms of multiple dNK cell
activation marker expression from the 8th (first trimester; solid line) and 14th (second trimester; dotted line) week deciduae. Viable
CD45%CD567CD16~ dNK cells were gated. A fluorescence minus one (FMO) control is shown in gray. (b) NKp46, NKp44, NKp30, 2B4,
NKG2D, and NKp80 expression on dNK cells from 6- to 20-week decidual samples (n = 65). (c) The average percentage of these activation
markers between the first and second trimester dNK cells. n = 34 (first trimester; 9 = 1.9 week) or n = 31 (second trimester; 16 = 1.5 week).

*p < 0.05.

HLA-G" and CK-7") in proximity to the CD56" dNK cells
within the decidual stroma, but this was rare in the second
trimester.

Therefore, we hypothesized that the interaction between the
dNK and trophoblast cells might influence dNK homeostasis
and function. We mimicked the in vivo condition by culturing
dNK cells with an HTR-8 trophoblast cell line. To study a
potential role of soluble factors that were secreted by tropho-
blasts, we also stimulated dNK cells with HTR-8 CM. After 6
days of culture, direct contact with the HTR-8 trophoblasts
greatly improved the percentage of viable CD56" dNK cells,
which was similar to that observed following rhIL-2/15 treat-
ment (53 * 13.4% vs. 55.2 £ 17.5%; Figure 6). However, the
HTR-8 CM treatment significantly decreased the percentage of
dNK cells (29 = 4.1%) in comparison with direct HTR-8 cocul-
ture (p < 0.05). Furthermore, direct cellular interactions

with the HTR-8 trophoblasts significantly increased the
proliferation of CD56" dNK cells compared with the CM
treatment (15 = 9.8% vs. 5.7 £ 3.6%; p < 0.05; Figure 6).
Following co-culture with the HTR-8 trophoblasts or their
CM, there was no change in NKp80 " dNK cells (27.3 + 6.2%
vs. 24.2 = 4.7% in the first and 39.6 = 12.9% vs. 34.0 = 14% in
the second trimester) in comparison with that of the control
groups (27.6 = 6.7% in the first trimester and 36.4 * 12.7% in
the second trimester, Figure 7). In contrast, cellular contact
with the HTR-8 cells significantly decreased the NKG2D™
dNK cell frequency in the first (p < 0.05) but not second
trimester compared with the control or CM groups
(Figure 7a and 7b). Interestingly, the frequency of IFN-y™
and CD107a™ dNK cells from either the first or second trimes-
ter of pregnancy was not altered by contact with HTR-8 cells;
however, it was significantly decreased by the HTR-8 CM

Cellular & Molecular Immunology
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Figure 3 Functional changes of the dNK subsets at different gestation stage. (a) Representative dot plots of IFN-y and CD107a expression by dNK
cells from 10.5 and 15.4 weeks of gestation. Decidual leukocytes were cultured for 4 hours with a cell stimulation cocktail and CD107a antibody,
then the cells were collected and processed with intracellular IFN-y staining. Viable CD45*CD56"CD16~ dNK cells were gated and studied.
(b) Percentages of IFN-y, CD107a positive dNK cells at different gestational stages of pregnancy. n = 18 (first trimester; 9 + 1.6 week) or n = 12
(second trimester; 16 *+ 1.3 week). The representative plots were from a 14th week decidua. (c) IFN-y and CD107a expression of different

dNK subsets based on their NKp80, NKG2D profile. *p < 0.05.

(p < 0.05; Figure 7a and 7b).Together, these data suggest that
first and second trimester dNK cells have different sensitivities
to invasive trophoblasts.

DISCUSSION

To our knowledge, this is the first report that has applied multi-
parameter flow cytometry to investigate the phenotypic and
functional dynamics of dNK cells throughout the first half of
pregnancy (6-20weeks). We characterized dNK cells from the
first to second trimester of human pregnancy by focusing on
the expression of their activation receptors, degranulation
capacity, cytokine expression, proliferation, and outcome of
interaction with a trophoblast cell line. Our data suggest that
during human pregnancy, two mechanisms are operable that
modulate dNK cell activity: (i) receptor-mediated regulation in
the first trimester and (ii) disengagement of receptor-ligand
coupling in the second trimester.

Our data show that from the 6th to 20th weeks of pregnancy,
CD56"CD16~ dNK cells remain the dominant leukocyte
population at the maternal—fetal interface. The presence of
dNK cells in the second trimester of pregnancy may support
ongoing EVT invasion and transformation of uterine spiral
arteries.'™® Although previous studies have indicated that
NKp80 and NKG2D can stimulate cytotoxicity of circulating
NK by their engagement with related ligands,”"** our results
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demonstrate that in the second trimester, the increase in the
number of NKp80 ™ and NKG2D ™ dNK cells does not directly
correlate with decreased CD107a expression. Moreover, either
blockade or upregulation of NKG2D/NKp80 has no significant
effect on IFN-y or CD107a expression by dNK cells, indicating
that they are not sufficient on their own to induce dNK cell
immune responses (JH Zhang and S] Lye et al., unpublished
data). Thus our data are consistent with other reports on peri-
pheral NK cells*** and suggest that in vivo ANK cytotoxicity
and pro-inflammatory reactivity are controlled by multiple
receptor-ligand interactions.

In normal pregnancy, dNK cells express CD107a; however,
this does not cause direct apoptosis of invasive EVT.”® Such
protection is partly achieved by a balanced interaction between
CD158 (KIR2D) on dNK cells and HLA-C on trophoblast
cells.”> Additionally, because CD107a reactivity may protect
peripheral NK cells from degranulation-associated damage,’®
we suggest that dNK may similarly adopt this strategy to limit
self-destruction and to maintain their presence and angiogenic
capability at the maternal-fetal interface. Furthermore, we
demonstrated that the maintenance of dNK function (IFN-y/
CD107a expression) was dependent upon cellular interactions
between dNK cells and HTR-8 trophoblast cells (irrespective of
the presence of activating receptors NKG2D or NKp80).
Interestingly, our data also show that HTR-8 CM (but not
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Figure 4 dNK cell angiogenic growth factor expression during the first and second pregnancy trimesters. (a) Decidual leukocytes were stimulated

with or without rhiL-15 (10 ng mL™1) and PMA for 16 hours, followed by

intracellular cytokine staining. The VEGF and IL-8 expression levels from

first and second trimester CD56*CD16~ dNK cells were analyzed. (b) Representative dot plots of VEGF dual responsiveness with IL-8", IFN-y*,
and CD107a™ from CD567CD16~ dNK cells are shown. (¢) The functional heterogeneity of dNK cells is illustrated by Boolean gating. The arcs
indicate the relative frequency of IL-8 or VEGF positive dNK cells in response to different stimuli. n = 12 from first trimester (9 = 1.6 week); n=8

from second trimester (16 + 1.9 week).

direct contact with trophoblasts) was able to reduce the
percentage of dNK cell expressing IFN-y and CD107a in both
the first and second trimesters. This suggests that soluble fac-
tors produced by HTR-8 trophoblast cells can suppress dNK
cell function (IFN-y and CD107a expression); however, this
effect is compromised by direct cellular interactions, as
reported in studies regarding tumor-infiltrating NK
cells.”>7® Because the IFN-y signaling blockade can improve
the EVT expansion in vitro,” the suppressed IFN-y production
of dNK cells by soluble trophoblastic factors may create a
unique microenvironment to facilitate the further invasion of
trophoblast cells. However, the in vivo situation is much more
difficult to examine due to existing complex molecular net-
works and cellular interactions.*® For example, we did not find
IFN-v changes at the protein level when dNK cells were co-
cultured with HTR-8 trophoblast cells, although N. Sotnikova

et al. reported that trophoblast cells increased the mRNA
expression of IFN-v by dNK cells.*' These results suggest that
dNK cells have tightly controlled thresholds for the transcrip-
tion and translation of reactive cytokines.

Our data (Figure 4) and those of other studies*** dem-
onstrate that during early pregnancy, dNK cells are frequently
found in close proximity to fetal trophoblasts/EVT and can
modulate their migration. These specialized dNK cells can
partner with EVT and remodel uterine spiral arteries in early
pregnancy.”%***> In this study, we also found that direct cel-
lular contact with the HTR-8 trophoblast cell line enhanced the
survival and proliferation of dNK cells. Because HTR-8 tropho-
blasts are positive for major histocompatibility complex class
I-related chain A/B (MICA/B) expression (data not shown), we
speculate that in the first trimester of pregnancy, ligand-
induced internalization might decrease NKG2D expression
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Figure 5 Immunological staining of dNK cells and trophoblast during the first and second pregnancy trimesters. (a) Representative immuno-
histochemistry of CD45, CD56, HLA-G, and CK7 to visualize the localization of CD45* decidual leukocytes, CD56+ dNK and HLA-G™ EVT, CK7*
trophoblasts. (b) Co-staining images of dNK (CD56™; green) and trophoblast (CK7™*; red) cells. Scale bar = 100 um. n = 22 (first trimester; 9 + 2.0
week) or n = 14 (second trimester; 15 = 1.7 week).
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Figure 6 Trophoblast engagement drives dNK survival and proliferation. Decidual leukocytes were stained with CFSE and cultured for 6 days in
complete RPMI 1640 medium with 10% FBS in the presence of (i) trophoblastic HTR-8 cells; (ii) HTR-8 CM; (iii) cytokine mixture of rhiL-2
(2ngmL Y and rhiL-15(10ng mL™"). No additional stimulatory cytokines were added to the HTR-8 or CM groups. Viable CD45*CD56™ dNK cells
were gated, and their proliferation was assessed. n = 10 with average an gestational age of 11 + 2.7 week.
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Figure 7 Trophoblast interactions can change the dNK phenotype and function. (a) first and second trimester decidual leukocytes were cultured
alone in RPMI 1640/10% FBS (control; red lines), with HTR-8 trophoblast cells (black lines) or HTR-8 CM (blue lines) for 16 hours, and then re-
stimulated with cell stimulation cocktail (PMA/ionomycin/brefeldin A) and CD107a antibody for 4 hours before being processed with intracellular
cytokine staining. Viable CD567CD16~ dNK cells were gated to assess their NKp80, NKG2D, IFN-y, and CD107a expression levels. An FMO
control was included (gray line). (b) The summarized results of the dNK cell NKp80, NKG2D, IFN-y, and CD107a expression levels during the first
and second pregnancy trimesters. n = 15 from the first trimester (9 = 1.7 week); n = 11 from the second trimester (16 = 1.8 week). *p < 0.05.

by dNK cells when they encounter invasive trophoblasts that
are positive for NKG2D ligands.*>*’” Therefore, the reduced
EVT-dNK cell interactions in the second trimester might con-
tribute to an increased proportion of NKG2D " dNK cells.

During pregnancy, there is a decrease in the expression of the
NK inhibitory receptor, KIR2DL1, on dNK cells, which should
further enhance the reactivity of dNK cells with tropho-
blasts.'**® However, our data indicate that paradoxically, sec-
ond trimester dNK cells have a lower degranulation capability,
indicating that other mechanisms (e.g., soluble factors or
receptor uncoupling) may dominate the regulation of dNK
functions during this pregnancy period. For example, chronic
exposure of NK cells to the NKG2D ligands could impair their
NKG2D-dependent cytotoxicity but maintain constitutive
IEN-y production.**=>' Moreover, other studies suggest that
NKG2D expression by dNK cells is more likely involved in
the cross-talk with maternal cells in pathological placentation
as opposed to normal trophoblast recognition.*®** Thus, in
line with previous studies documenting the calibration of NK
functions by multiple receptor—ligand interactions,'®>>~>> our
data indicate that dNK cells leverage their NKG2D expression
as an adaptive strategy to dynamic changes in the decidual
environment.

Finally, the decrease in NKG2D expression but not NKp80
expression on first trimester ANK cells following interaction
with HTR-8 trophoblast (Figure 7) indicates that these two
receptors may use different signaling pathways to regulate
dNK cells during their interaction with trophoblasts. This is
supported by studies showing that NKG2D acts through the
PI3K signaling pathway and that NKp80 acts via the Syk kinase

pathway.”">%¢ Interestingly, although NKG2D expression on
dNK cells was downregulated by their interaction with
trophoblast, the angiogenic function of dNK cells (VEGF and
IL-8 expression) remained stable between the first and second
trimester. This disengagement of the link between activating
receptor expression and dNK cell function suggests that the
angiogenic capacity of dNK cells is not directly linked to
NKp80 and/or NKG2D expression; rather, it could be related
to other dNK receptors not investigated in this study. For
instance, we have previously reported that SIPR (sphingo-
sine-1 phosphate receptor) is involved in the regulation of
dNK cell angiogenic capacity.*’

In summary, our data suggest that interactions between
trophoblast and dNK cells during the first trimester suppress
dNK cell functions by inhibiting the expression of their activ-
ating receptors. However, during the second trimester,
although NKG2D- and NKp80-activating receptor expression
is increased, ANK cell activation remains suppressed through a
different pathway involving dNK cell receptor-ligand dis-
engagement.
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