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Abstract

Natural killer (NK) cell function within tissues extends beyond exerting cytotoxicity, encompassing a range of functions
that are just starting to become fully elucidated. In the context of human placentation, NK cells play a key role in enabling
initial placentation, which is associated with the acquisition of tolerance-like properties. If and to which extent NK cells
maintain these tolerance-like properties over the course of human pregnancy is still poorly understood. We asked if NK
cells isolated from the decidual-placental interface of full-term human pregnancies are able to exert effector function.
We observed a significant and striking lack in the ability of NK cells isolated from the decidual-placental interface (DPI) to
produce interferon-g (IFN-y) in response to the activating cytokines interleukin (IL)-12, IL-15, and IL-18. In contrast, NK
cells from the decidua retained their responsiveness to cytokine-mediated activation. Notably, CD103"CD69" tissue-
resident NK cells were present in both DPI and decidua, yet exhibited distinct effector function from one another.
Using high-parameter flow cytometry and single-cell sequencing, we found that this functional discrepancy was not
directly predictable based on their cell surface phenotype or cell transcript. Together, our findings reveal the presence of

distinct functional resident NK cell populations in 2 anatomically adjacent tissues at healthy full-term pregnancies.
Keywords NK cells, tissue residency, function, high-parameter flow cytometry, single-cell transcriptomics

Introduction

Natural killer (NK) cells are an important component of the im-
mune system and play a key role in fighting infections and
tumors.’™ NK cells are located both in blood and tissues 7 and
their function within tissues extends beyond cytotoxicity. NK
cells can either foster inflammation and attract dendritic cells
(DC) ®° or, conversely, mitigate inflammation by aiding in the re-
moval of adaptive immune cells, such as CD4 via the TRAIL-
dependent pathway,'™*? or in a perforin-dependent manner >4
or through the secretion of IL-10.">*® NK cell functional adaptabil-
ity can be further appreciated in the context of placentation.
During the first trimester, NK cells adopt tolerogenic properties,
facilitating the implantation of fetal cells in the endometrium.*"*8
During the first trimester of pregnancy, NK cells account for over
70% of the immune cells within the decidua and exert key roles
for pregnancy success facilitating implantation, spiral artery
remodeling, trophoblast invasion, and immunity to infection.**~**
At term, NK cells persist with reduced relative frequency due to
an increase of T cells.”>"* Importantly, whether these tolerogenic
NK cell properties from the first trimester are maintained during

the entire pregnancy or change over time is unclear. The inter-
face between the placenta and decidua changes over the course
of the pregnancy, consisting of heterogeneous tissue comprised
of both maternal- and fetal-derived cells.!” Most of the placenta
contains fetal-derived cells including the syncytiotrophoblast,
cytotrophoblasts, endothelial, Hofbauer, and stromal cells.
These cells are involved in nutrient and gas exchange with ma-
ternal blood, maintenance of the placental structure, and pos-
sess a role in immune regulation and tissue remodeling.2®8
Maternal-derived immune and stromal cells are found in the de-
cidua, the lining of the uterus during pregnancy. We refer to the
tissue interface of placenta and decidua as the decidual-
placental interface (DPI). Although the maternal and fetal-
derived structures of the placenta can be clearly distinguished
by histology, maternal immune cells present in the DPI can in-
teract with or at the very least be exposed to signals from both
maternal and fetal cells.

We asked if NK cells that are present in the DPI are able to re-
spond to pro-inflammatory signals and found that DPI NK cells
had a decreased ability to produce inflammatory cytokines in
response to stimulation in comparison to decidual NK cells
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(farther away from fetal-derived cells). This functional discrep-
ancy of NK cells based on tissue location was not apparent from
phenotyping NK cells by flow cytometry or single-cell RNAseq:
NK cells from the DPI and decidua appeared to have rather con-
gruent phenotypic and transcriptional profile. Our data indicate
the presence of phenotypically similar but functionally distinct
resident NK cell populations within the full-term maternal-fe-
tal interface.

Material and methods
Study population and approvals

We obtained samples (placenta, decidua, and matched-
peripheral blood) from heathy pregnant individuals at the
University of Washington Medical Center (Seattle, Washington,
USA) under Institutional Review Board (IRB) approved studies
from the University of Washington (STUDY00001636). All individ-
ual participants gave written informed consent prior to partici-
pation. We included pregnant individuals >18yr old with
non-anomalous singleton fetus undergoing a scheduled cesar-
ean delivery at term gestation (between 37 and 41 wks gestation).
Individuals with pregnancy complications including multiple ges-
tation, pre- or gestational diabetes, preeclampsia, preterm labor,
or placental abnormalities were excluded. Cryopreserved periph-
eral blood mononuclear cells (PBMCs) from healthy controls were
used as a longitudinal technical control for all flow cytometry
acquisitions.

Isolation of leukocytes from tissues and
peripheral blood

After surgical procedures, fresh tissue samples were maintained
on ice and samples were processed within 1-4 h after collection.
Maternal peripheral blood (mBlood) was collected prior to deliv-
ery in ACD tubes and then processed using SepMate tubes
(StemCell Technologies, 85450) and Lymphoprep (Stem Cell
Technologies, 07851) according to manufacturer protocols.

To obtain decidual tissue, residual tissue in the uterine cavity
was vacuum aspirated.?® Placentas were rinsed in 1x PBS and
sterile instruments were used to collect 0.5cm-depth biopsies
from the maternal-facing and fetal-facing sides of the placenta
(DPI and ffPLAC, respectively). Decidual, DPI, and ffPLAC tissues
were minced and incubated at 37°C with Collagenase Type Il
(Sigma Aldrich) and 200U/ml DNase (Sigma Aldrich) in RPMI1640
with 7.5% FBS under agitation for 60min at 225 RPM.
Subsequently, any remaining tissue pieces were strained
through a 70 um filter, centrifuged cells at 400 g for 5 min, super-
natants were discarded, and cells were washed with RPMI1640
with 7.5% FBS. Red blood cells were removed using ACK lysis,
and cell pellets were resuspended in RPMI1640 with 7.5% FBS
before downstream use.

Flow cytometry and cell sorting

Flow cytometric analysis was carried out directly after cell
isolation (without cryopreservation) as previously described*®
and consensus suggestions for data analysis.>* A detailed list

of the main panels used, including fluorochromes, antibody
catalogue numbers and final dilutions is provided in Table 1.
Single-stained controls were prepared with every experiment
using antibody capture beads (BD Biosciences anti-mouse
(552843) or anti-mouse Plus, and anti-rat (552844)) and anti-
REA (Miltenyi 130-104-693) diluted in FACS buffer, or cells for
Live/Dead reagent, and treated exactly the same as the sam-
ples (including fixation procedures). For each staining of ex-
perimental samples, a PBMC sample from the same healthy
donor was stained with the same panel as a technical refer-
ence control.

All samples were acquired using a FACSymphony A5 (BD
Biosciences) as previously described.®* Detector voltages were
optimized using a modified voltage titration approach® and stan-
dardized from day to day using MFI target values and 6-peak Ultra
Rainbow Beads ** (Spherotec, URCP-38-2K). After acquisition,
data was exported in FCS 3.1 format and analysed using FlowJo
(version 10.6.x, and 10.7.x, BD Biosciences). Samples were ana-
lyzed using manual gating (Fig. S1A). Cell sorting was performed
on cryopreserved samples either on a FACSAria 1l (BD
Biosciences), equipped with 20 detectors and 405nm, 488 nm,
532nm, and 628 nm lasers or on a FACSymphony S6 cell sorter
(BD Biosciences), equipped with 50 detectors and 355nm,
405nm, 488nm, 532nm and 628 nm lasers. A 70-um nozzle at
70 psi sheath pressure was used. Unless stated otherwise, cells
were sorted into chilled Eppendorf tubes containing 500-1,000 ul
complete RPMI, washed once in PBS and immediately used for
subsequent processing.

Ex vivo stimulation assays

Cells were isolated from tissues or blood as described above.
Directly after isolation (without cryopreservation), 500,000 cells
were placed into each well of a U-bottom 96-well plate with
200 pul complete media. Cells were then stimulated with IL-12,
IL-15 and IL-18 (each at 1 nM) for 24hrs. GolgiPlug was added af-
ter 20hrs of culture.

Bulk RNA-seq experiments and analysis

Bulk RNA-seq was performed on 500 sort-purified NK cells from
the mBlood (n=6), the DPI (n=8) or the decidua (n=6) of 6
matched-donors and 2 additional donors for the DPI.

After thawing, Live, CD45+CD14-CD19-CD3-CD127-NKp46+ NK
cells were sorted on a FACSAria lll equipped with a 70um nozzle
directly into lysis buffer from the SMART-Seq v4 Ultra Low Input
RNA Kit for sequencing (Takara), immediately snap frozen on
dry ice, and transferred to —80°C storage until processed into
cDNA. Subsequent processing occurred as previously de-
scribed.®® For differential gene expression comparisons, genes
with a false discovery rate (FDR) of less than 0.1 and an absolute
expression fold-change greater than 1 were considered differen-
tially expressed.

Whole-transcriptome single-cell library
preparation and sequencing

The cDNA libraries were generated using the BD Rhapsody™
system pipeline to generate libraries for Whole Transcriptome
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Table 1. Antibodies used in the 27-color flow cytometry panel.

Specificity Clone Fluorochrome Vendor Catalog number Titration
Dead cells uv Blue eBiosciences L23105 1:500
CD45 HI30 BUV805 BD Biosciences 564914 1:80
CD14 M5E2 BV570 BioLegend 301832 1:20
CD19 SJ250-C1 BUV395 BD Biosciences 563549 1:40
CD3 UCHT1 BUV661 BD Biosciences 565065 1:80
CD127 HIL-7R-M21 BV786 BD Biosciences 563324 1:10
HLA-DR G46.6 APC-H7 BD Biosciences 641393 1:40
CD16 3G8 BUV496 BD Biosciences 564653 1:40
NKp46 9E2 Biotin BioLegend 331906 1:640
Streptavidin BB630 BD Biosciences cus- 624294 1:500
tom antibody
NKG2D 1D11 PE-Cy7 BD Biosciences 562365 1.5
CD244 2-69 BV421 BD Biosciences 565750 1:5
CD2 RPA-2.10 BV605 BioLegend 300224 1:160
NKG2A REA110 PE Miltenyi 130-113-566 1:160
CD161 DX12 BB700 BD Biosciences 745791 1:20
TIGIT 741182 BV711 BD Biosciences 747839 1:80
CD69 FN50 BV650 BioLegend 310933 1:20
CD39 TU66 PE-CF594 BD Biosciences 563678 1:160
CD57 NK-1 FITC BD Biosciences 555619 1:80
CD27 M-T271 BB660 BD Biosciences cus- 624295 1:160
tom antibody
CD11b ICRF44 PE-Cy5 BD Biosciences 555389 1:10
CD38 HIT2 BB-790-P BD Biosciences cus- 624896 1:80
tom antibody
CX3CR1 2A9-1 BUVT37 BD Biosciences 749355 1:40
CD103 Ber-ACT8 BV750 BD Biosciences 747099 1:160
Ki67 Solals eFluor660 eBiosciences 50-5698-80 1:1000
Granzyme B QA16A2 AF700 BioLegend 372222 1:160
CD25 2A3 BUV563 BD Biosciences 565699 1:40
CD56 CMSSB PECy5.5 ThermoFisher 35-0567-41 1:20

Analysis (WTA), AbSeq, and Sample Tag as previously de-
scribed.*® In brief, after thawing, cells from mBlood, CordBlood,
DPI and Decidua were stained with a cytometry panel and one
specific Sample-Tag for multiplexing (BD Biosciences SMK). Live,
CD45+ cells were sorted after sorting, cells from all donors and
tissues were pooled and stained with 58 oligo-antibodies.
Stained cells were then loaded on the BD Rhapsody cartridges
(between 35-45,000 cells were loaded per cartridges). The list of
Abseq is available in Table 2. Final libraries were diluted to 3nM
and multiplexed for paired-end (100bp) sequencing on a
NovaSeq 6000 (lllumina) using S1 and S2 flow cells. For the gene
expression library, we targeted 34,000—37,000 reads per cell, for
the AbSeq library 22,000 reads per cell, and for the Sample-Tag
libraries 2,000 reads per cell.

Pre-processing for whole transcriptome
analysis (WTA) data
Fastq files were processed via the standard Rhapsody analysis pipe-

line (BD Biosciences) on Seven Bridges (www.sevenbridges.com).
In brief, after read filtering, reads are aligned to a reference

genome and annotated, barcodes and UMIs are counted, fol-
lowed by determining putative cells. The final output (molecule
per cell count matrix) was analysed in R using Seurat® (version
4.4.3) as previously described.®® For the SMART-Seq v4 experi-
ments, Fastq files were aligned to the GRCh38 reference genome
as described in more detail above. Principal component analysis
was used to generate 75 principal components, followed by data
integration using Harmony.?” The dimensionality reduction from
Harmony was used for subsequent UMAP calculation and graph-
based clustering with tuned resolution. Protein phenotyping data
was stored in a separate slot as described in the Seurat tutorial
for CITE-seq data, and normalized using the centered log ratio
(CLR) method.?® For all differential gene expression analyses we
utilized the Seurat implementation of MAST (model-based analy-
sis of single-cell transcriptomes) with the number of UMIs in-
cluded as a covariate (proxy for cellular detection rate [CDR]) in
the model.*

Statistical analyses

Unless stated otherwise, all data are represented as meanz SD.
Statistical analyses between mblood, ffPLAC, DPI and decidua
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Table 2. List of Oligo Antibodies used for Abseq.

Antibody Clone Provider Category number

CD3 UCHT1 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD4 SK3 BD Biosciences Abseq Immune Discovery Panel no. 625970
CcD8 SK1 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD19 SJ25-C1 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD278 (ICOS) DX29 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD127 HIL-7R-M21 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD28 L293 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD25 2A3 BD Biosciences Abseq Immune Discovery Panel no. 625970
0X40 ACT35 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD45RA HI1100 BD Biosciences Abseq Immune Discovery Panel no. 625970
Tim3 7D3 BD Biosciences Abseq Immune Discovery Panel no. 625970
PD1 EH12.1 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD137 4B4-1 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD197 (CCR7) 2L1-A BD Biosciences Abseq Immune Discovery Panel no. 625970
CD161 HP-3G10 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD27 M-T271 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD56 NCAM16.2 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD196 (CCR®6) 11A9 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD183 (CXCR3) 1C6-CXCR3 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD186 (CXCR6) 13B1ES5 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD62L DREG-56 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD134 ACT35 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD185 (CXCR5) RF8B2 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD272 J168-540 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD357 (GITR) V27-580 BD Biosciences Abseq Immune Discovery Panel no. 625970
IgM G20-127 BD Biosciences Abseq Immune Discovery Panel no. 625970
gD 1A6-2 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD14 MeP9 BD Biosciences Abseq Immune Discovery Panel # no. 625970
CD16 3G8 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD11c B-ly6 BD Biosciences Abseq Immune Discovery Panel no. 625970
HLA-DR G46-6 BD Biosciences Abseq Immune Discovery Panel no. 625970
CD69 FN50 BD Biosciences No. 940019

CD103 Ber-ACT8 BD Biosciences No. 940067

CD45R0O UCHL1 BD Biosciences No. 940022

CD38 HIT2 BD Biosciences No. 940013

Lag3 T47-530 BD Biosciences No. 940080

TCRgd 11F2 BD Biosciences No. 940057

CD5 UCTH2 BD Biosciences No. 940038

CD39 TU66 BD Biosciences No. 970073

CD195 (CCR5) 3A9 BD Biosciences No. 940050

CD194 (CCR4) 1G1 BD Biosciences No. 940047

CD244 2-69 BD Biosciences No. 940362

NKp46 9E2/nkp46 BD Biosciences No. 940064

CD11b M1-70 BD Biosciences No. 940008

Ch141 1A4 BD Biosciences No. 940079

CD1c F10/21A3 BD Biosciences No. 940083

CD123 7G3 BD Biosciences No. 940020

CD40 5C3 BD Biosciences No. 940049

CD86 FUN-1 BD Biosciences No. 940025

CD80 L307.4 BD Biosciences No. 940036

CD206 19.2 BD Biosciences No. 940068

CD32 FLI8.26 BD Biosciences No. 940069

CD163 GHI/61 BD Biosciences No. 940058

(continued)
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Table 2. (continued)

Antibody Clone Provider Category number
CD274 MIH1 BD Biosciences No. 940035
CX3CR1 2A9-1 BD Biosciences No. 940216
CCR2 1D9 BD Biosciences No. 940286
VISTA MIH65.rMAb BD Biosciences No. 940497
CD117 ckit 104D2 BD Biosciences No. 940250

samples were performed using one-way ANOVA with Tukey’s
multiple comparisons test. P-values are shown in full, except if
smaller than 0.0001. Statistical analysis was performed using
GraphPad Prism (v9).

Immunofluorescence

The image of the DPI was generated in collaboration with
Miltenyi Biotec using the MACSima™ Platform and MACS® iQ
View Analysis Software.

Results

Functionally distinct NK cells in the
decidua versus decidual-placental
interface

In present-day obstetrics, cesarean delivery (C-section) account
for approximately 20% of all childbirths (https://www.who.int/
news/item/16-06-2021-caesarean-section-rates-continue-to-
rise-amid-growing-inequalities-in-access). During the surgery, the
placenta is removed and, for this study, the uterine cavity was
aspirated in order to remove any remaining membranes and
decidual tissue. We collected both placental tissue (containing
the basal plate) and the remaining decidual tissues from
healthy, unlabored pregnancies (Fig. 1A and B). We first asked if
the spatial proximity of NK cells to fetal-derived tissue results in
any changes of their functional properties. We distinguished
3 different tissue zones: a fetal-facing side of the placenta
(ffPLAC), the decidual-placental interface (DPI) which includes
both decidual basalis as well as placental villi, and the remain-
ing aspirated decidua (containing maternal-derived cells that
are more distal from the placenta). Of note, NK cells from the
ffPLAC, primarily consisting of the chorionic plate, are likely to
be of fetal origin or from the maternal blood and were included
as a reference population. We biopsied sections of 0.5cm depth
for each zone, isolated cells using enzymatic digestion and veri-
fied by flow cytometry that NK cells were present in all tissues
(Figs. 1C and S1A). The frequency of NK cells was similarly in-
creased in the DPI and the Decidua compared to the maternal
peripheral blood (mBlood) and the ffPLAC (although not signifi-
cant for the latter).

To determine if the different tissue sites are associated with
distinct NK cell functionality, we assessed NK cell response to
ex vivo stimulation with pro-inflammatory cytokines. We spe-
cifically stimulated with IL-12, IL-15, and IL-18; 3 cytokines

associated with inflammation that play key roles in NK cell
biology,"°*® and measured the production of IFN-y, a key
effector molecule."*” NK cells from the DPI showed a signifi-
cantly decreased ability to produce IFN-y in response to stimu-
lation compared to NK cells from the mBlood, the decidua, and
the ffPLAC (Fig. 1D).

Functionally distinct resident NK cells
after stimulation

We next asked if this difference in function was associated
with distinct tissue-associated phenotypes. Resident uterine
NK cells from the first trimester possess impaired effector
function.???%*8% |n particular, the interaction of non-polymorphic
HLA-E and HLA-G molecules with their respective receptors CD94/
NKG2 and KIR2DL4 on the surface of NK cells has been shown to
decrease their cytotoxicity.® However, this interaction was shown
to increase IFN-y secretion during the 1°* trimester.>® Other recep-
tors of NK cells, activating or inhibitory could modulate NK cell
function and contribute to distinct NK cells subtypes.®® To assess
biomarkers indicative of tissue residence and activation, we used
a previously developed panel of 27-marker to interrogate the NK
cell profile within tissues.>® The panel included resident, matura-
tion, activation, activating and inhibitory receptors which could
indicate distinct NK cell functional subsets. We first utilized di-
mensionality reduction using uniform manifold approximation
projections (UMAP) on pre-gated NK cells for unsupervised analy-
sis of NK cell phenotype. We observed a cluster of NK cells spe-
cific to the decidua and the DPI (Fig. 2A). This cluster differed
from the rest of the NK cells by the concomitant expression of the
established residency markers CD103 and CD69%°*>® as well as
the lack of expression of CD16 and CD57 as typically observed on
mature NK cells®®® (Fig. 2B). We next manually gated on these
populations to further examine their phenotype and observed a sig-
nificant increase in CD103 and CD69 expression in the DPI and the
decidua in comparison to the mBlood and the ffPLAC. The increase
was associated with the decreased expression of CD16 in NK cells
from the DPI and the decidua compared to circulating NK cells and
NK cells from the ffPLAC (Fig. 2C). As residency can affect NK cell
functionality,>®®> we looked at IFN-y production by CD103"* or
CD103™ NK cells. Unexpectedly, we saw a similar decrease of IFN-y
production by NK cells from both CD103~ and CD103" NK cell sub-
sets in the DPI compared to the decidua. In the mBlood and the
ffPLAC, only circulating NK cells were present with no significant
CD103 expression (Fig. 2D). NK cells from the mBlood were mostly
CD16", while their tissue counterparts were CD16™ in line with previ-
ously reported phenotypes.®*® We investigated whether CD16
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Figure 1. Functionally distinct decidual and decidual-placental interface NK cells. (A) Representative images of the two sides of the placenta and the
aspirated decidua. (B) (middle) H&E image of a placenta section and respective 0.5 cm depth biopsies for each zone (left) fetal facing side, and (right)
maternal facing side. Immunofluorescence images were generated using the MACSima™ platform (the color of each marker is specified in the legend).
(C) Frequency of NK cells in the different indicated tissues (mBlood n = 20, Decidua n = 15, DPI n = 20, ffPLAC n = 13). (D) After isolation, bulk single cells
were stimulated for 24 h with 1L-12, IL-15, and IL-18 (1nM each). GolgiPlug was added after 20hrs of culture. Graph showing IFN-y expression among NK
cells in the different indicated tissues (mBlood n = 14, Decidua n = 8, DPI n = 14, ffPLAC n = 14). Mean * SD is shown for all graphs. Statistical analysis were

performed using Kruskal-Wallis test with Dunn’s multiple test comparisons.

expression might correlate with the lack of IFN-y production in NK
cells from the DPI. Again, we observed a decreased expression of
IFN-y both in CD16" and CD16~ NK cells in the DPI compared to the
Decidua, the mBlood and the ffPLAC (Fig. 2E).

Because we observed such a striking difference of ability to
produce IFN-y between the DPI and decidua but independent of
CD103 or CD16 expression, we continued to further investigate
whether this difference was associated with a distinct NK
cell phenotype.

High parameter flow cytometry shows
congruent phenotype between NK cells
with different functionality

We compared the expression of residency, maturation, activa-
tion, activating and inhibitory receptors of NK cells in the differ-
ent tissue sites using high parameter flow cytometry. We
observed similar changes in expression in NK cells from the DPI
and the decidua in comparison to NK cells from the mBlood and
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Figure 2. Functionally distinct resident NK cells. (A-C) After isolation, cells were stained using a 27-marker panel for flow cytometry (OMIP-070°?)
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(D) (left) dot plots of IFN-y and CD103 expression from 4 concatenated samples, and (right) graphs displaying IFN-y expression among CD103™ and
CD103" NK cells (n = 7 matched donors). (E) (left) dot plots of IFN-y and CD16 expression from 4 concatenated samples and (right) graphs displaying
IFN-y expression among CD16~ and CD16" NK cells (n = 7 matched donors). Mean = SD is shown for all graphs. Statistical analysis were performed
using Friedman test with Dunn’s multiple comparisons and (for E right) Wilcoxon test.

the ffPLAC (Fig. 3A). In particular, we observed a significant de-
crease of CX3CR1, CD11b, and CD2 in the DPI and the decidua
compared to the mBlood. On the contrary, NK cells from the
ffPLAC were very similar to the mBlood which indicates that
these NK cells are likely circulating NK cells. CD38, whose ex-
pression has been reported to increase during pregnancy on NK
cells,®® was expressed at similar levels on NK cells across all
tissue sites. Because CD16" and CD16~ NK cell subsets display
different phenotypes,®*° we also investigated changes in ex-
pression of the different markers among each population.
Strikingly, we saw the same CD16-associated expression pattern

of other biomarkers between NK cells from the decidua and the
DPI compared to NK cells from mBlood or the ffPLAC (Fig. 3B).
To further examine these NK cell population, we next analyzed
the transcriptome of these NK cells.

RNA-sequencing shows congruent
transcript between NK cells with different
functionality

We isolated and sorted NK cells from the DPI, decidua, and
mBlood (as a positive control for circulating NK cells) from 6
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matched-donors and 2 additional donors for the DPI (all term
placentas from unlabored C-sections) and processed 500 cells
for RNAseq to assess similarities and differences in the transcript
of NK cells in the different tissue sites. The sorted cell popula-
tions expressed both Thet and Eomes consistent with an NK cell
expression pattern (Fig. S1B). We observed 31 differentially
expressed genes (DEG) between DPI and mBlood. Strikingly, yet
consistent with our phenotypic profiling, we observed no DEG
between NK cells from the decidua and the DPI (Fig. S1C). We
then specifically compared the expression levels of genes asso-
ciated with functional capacity and activation. We saw no differ-
ences between DPI and decidual NK cells for the transcript
expression of IFNG, TNF, GNLY, GZMB, CD38, MKI67, or IL2RA
(Fig. S1D).

We considered that single-cell resolution may be required to
detect cells with transcriptional differences. For single-cell
RNAseq experiments, we sorted pan CD45" cells from the
mBlood, DPI and decidua and enriched for NK cells during sort-
ing. We were able to retrieve 16,480 NK cells from all tissue com-
bined. Using a small resolution, we subsetted NK cells in 3
clusters. Clusters 0 and 2 were present in all tissues. Cluster 1
was almost exclusively present in the decidua and the DPI, dis-
tinguishing the “resident NK cell” population (Fig. 4A and B).
Using AbSeq for combined protein and transcript profiling we
also observed the expression of CD103 and the absence of CD16
at a protein level in cluster 1 confirming that these NK cells were

resident NK cells (Fig. S2A). Moreover, confirming the bulk RNA
sequencing results, these cells were bona fide NK cells accord-
ing to their expression of Tbet and Eomes (Fig. S2B). At a tran-
script level, cluster 1 expressed higher levels of CD69, ITGAE,
CXCR4 as well as RGS1 compared to cluster 0 and 2, confirming
the presence of resident NK cells NK cells in both DPI and de-
cidua (Fig. 4C). Clusters 0 and 2 were present in all 3 tissues
mBlood, DPI and decidual NK cells and mirrored the transcrip-
tional profile of circulating CD16" NK cells and resident CD16~
NK cells respectively (Fig. 4C and D). Indeed, cluster 0 had in-
creased expression of transcript of cytotoxic molecules (GZMA,
GZMB, GZMH, IFNG, PRF1), while cluster 2 had increased expres-
sion of transcript involved in the recruitment of adaptive im-
mune cells (XCL1, XCL2). As both resident and non-resident NK
cells from the DPI had decreased ability to produce IFN-y after
stimulation, we wanted to compare the expression of molecules
involved in the inhibition of NK cells for each tissue in each. We
observed a small and equivalent level of transcript expression of
LAG3, PDCD1, SOCS3, and CISH in all 3 clusters. HAVCR2 was in-
creased in cluster 0 while TIGIT and TOX had increased expres-
sion level in cluster 1. However, comparable levels of HAVCR2,
TIGIT and TOX transcripts were expressed in the 3 tissues
(Fig. 4E). Finally, while single cell sequencing gave a deeper insight
into NK cell transcript in the decidua and the DPI, neither NK cell
transcriptome nor phenotype could predict this functional differ-
ence in the NK cell response in the DPI versus the decidua. These
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results indicate that the functional properties are not necessarily
predicted by biomarkers or gene expression signatures, and high-
light the importance of ex vivo functional assays.

Discussion

Our study provides novel insights into the functional landscape
of NK cells at the maternal-fetal interface in unlabored, full-term
human pregnancies. Specifically, we demonstrate that NK cells
from the full-term decidual-placental interface (DPI) are func-
tionally less responsive than their decidual counterparts, exhib-
iting a markedly reduced capacity to produce IFN-y in response
to cytokine stimulation. Strikingly, this functional difference be-
tween tissue-adjacent NK cells could not be predicted by surface
phenotype or transcriptional profiling.

NK cell tolerogenic properties are well described during the
first trimester of pregnancy with reduced IFN-y production ®’
and cytotoxicity.**®® However, to what extent this decreased
functionality of NK cells persist into term pregnancy has
remained unresolved. Our findings suggest that functional
dampening of NK cells persists in the DPI. Our observation that
NK cells from the DPI are functionally distinct from their coun-
terparts in the decidua—despite very similar phenotypic and
transcriptional profiles—suggests that even high parameter flow
cytometry and scRNAseq are not necessarily sufficient to predict
ex vivo functional properties.

Tissue-derived signals could affect aspects of NK cell function-
ality without substantially altering the overall transcriptome.
The role of the tissue microenvironment in shaping NK cell func-
tion is increasingly recognized. Tissue-resident NK cells (tr-NK)
exhibit diverse phenotypes and functions depending on their lo-
cation.®!® For instance, lung tr-NK cells have been shown to
possess a unique profile of residency (with expression of CD49a
and CD103) and to produce inflammatory cytokines upon stimu-
lation.®® Migration into tissues can also alter NK cell functional-
ity as NK cells recirculating between blood and lungs have
reduced cytotoxic abilities.>® This idea is also supported by the
recent work of Dean et al. who showed that NK cells recruited
into tumors rapidly acquire tissue-resident phenotypes and lose
effector function due to local environmental cues.®* These phe-
notypic and transcriptomic differences between conventional
NK cells and tissue resident NK cells has also been shown to be
regulated by distinct cytokine cues (eg IL-21) and chromatin
landscapes compared to circulating NK cells.® Moreover,
Torcellan et al. further demonstrated that circulating conven-
tional NK cells can convert into long-lived tr-NK cells following
infection, acquiring enhanced recall capacity.”” In line with
these previous reports, we also observed distinct phenotypic
and transcriptional changes between blood and tissue NK cells.

Importantly, our data show that the decreased ability of NK
cells from the DPI was not restricted to just resident (CD103")
NK cells, but also in non-resident DPI NK cells. The decrease in
ex vivo responsiveness was furthermore not associated with in-
creased expression of inhibitory markers such as PD-1, LAG-3,
SOCS3, or TOX.

We considered that cytokines and metabolites present in the
DPI may shape functional outcomes. Lipids for example, have
been shown to mediate NK cell suppression in ovarian cancer

ascites " and recent work implicates TGF- and activin A as po-
tent suppressors of NK cell function.”? TGF-§ is present in the
syncytiotrophoblastic layer, chorionic plate, and the extravillous
trophoblasts in the human term placenta.” It is unclear to
which extent TGF-$ availability varies between the DPI and the
decidual tissue in our study. Future studies may be able to pin-
point cytokine and metabolite differences in DPI versus decidua.
We also considered differences in oxygen concentration as a po-
tential variable. Although we examined NK cell function at term,
it is noteworthy that the placenta initially (during the 1% trimes-
ter) develops in a hypoxic environment.” NK cell effector func-
tion typically decreases in hypoxic tissue environments’® but is
also associated with phenotypic changes such as a decrease in
NKG2D expression.” However, we did not observe phenotypic
changes or hypoxia-associated transcriptional changes. Overall,
we favor the hypothesis that the plethora of environmental sig-
nals ultimately integrate to shape the functional properties of
NK cells, akin to a model that we recently postulated for MAIT
cells.” In our study, the functional adaptation of NK cells to this
specific tissue environment (including proximity to fetal-derived
trophoblasts) is reflected by a decrease in IFN-y production fol-
lowing stimulation with pro-inflammatory cytokines. This could
ensure that NK cells do not further amplify a pro-inflammatory
response in an IFNy-dependent manner’” at the DPI thereby lim-
iting the inflammatory response surrounding fetal trophoblasts.

We also acknowledge important experimental limitations:
processes such as tissue digestion, cell sorting, cryopreservation
or further ex vivo manipulation could alter NK cell properties.
Thus, the observed effects may arise from both intrinsic and ex-
trinsic factors. A related finding has been reported previously,
where IFN-y production by uterine NK cells was enhanced
following stimulation with HLA-G, but only when the cells
had been purified from total uterine mononuclear cell prepara-
tions.”® Another limitation is that we did not analyze the full
spectrum of KIR expression. NK cells are highly diverse at the
single-cell level, owing to the combinatorial expression of acti-
vating and inhibitory receptors, and this diversity is closely tied
to their functional potential.” By not capturing the entire
breadth of KIR diversity, our study may therefore underestimate
the full range of NK cell heterogeneity and its potential impact
on tissue-specific function.

While our multi-modal approach (flow cytometry, single-cell
transcriptomics) provides strong evidence for tissue site-specific
functional differences, mechanistic insights underpinning these
differences in NK cell responsiveness at the DPI are still uncertain.
However, our findings highlight a previously underappreciated
layer of functional ex vivo responsiveness among tissue-resident
NK cells at the maternal-fetal interface despite similar pheno-
types. Our data underscore the importance of the microanatomi-
cal context in shaping immune function during pregnancy and
caution against exclusively relying on gene expression signatures
to predict ex vivo functional properties.
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