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STUDY QUESTION: How does an altered maternal hormonal environment, such as that seen during superovulation with gonadotropins
in ART, impact human uterine immune cell distribution and function during the window of implantation?

SUMMARY ANSWER: Hormonal stimulation with gonadotropins alters abundance of maternal immune cells including uterine natural
killer (uNK) cells and reduces uNK cell ability to promote extravillous trophoblast (EVT) invasion.

WHAT IS KNOWN ALREADY: An altered maternal hormonal environment, seen following ART, can lead to increased risk for adverse
perinatal outcomes associated with disordered placentation. Maternal immune cells play an essential role in invasion of EVTs, a process
required for proper establishment of the placenta, and adverse perinatal outcomes have been associated with altered immune cell
populations. How ART impacts maternal immune cells and whether this can in turn affect implantation and placentation in humans remain
unknown.

STUDY DESIGN, SIZE, DURATION: A prospective cohort study was carried out between 2018 and 2021 on 51 subjects: 20 from
natural cycles 8 days after LH surge; and 31 from stimulated IVF cycles 7 days after egg retrieval.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Endometrial biopsies and peripheral blood samples were collected during
the window of implantation in subjects with regular menstrual cycles or undergoing superovulation. Serum estradiol and progesterone
levels were measured by chemiluminescent competitive immunoassay. Immune cell populations in blood and endometrium were analyzed
using flow cytometry. uNK cells were purified using fluorescence-activated cell sorting and were subjected to RNA sequencing (RNA-seq).
Functional changes in uNK cells due to hormonal stimulation were evaluated using the implantation-on-a-chip (IOC) device, a novel
bioengineered platform using human primary cells that mimics early processes that occur during pregnancy in a physiologically relevant
manner. Unpaired t-tests, one-way ANOVA, and pairwise multiple comparison tests were used to statistically evaluate differences.

MAIN RESULTS AND THE ROLE OF CHANCE: Baseline characteristics were comparable for both groups. As expected, serum
estradiol levels on the day of biopsy were significantly higher in stimulated (superovulated) patients (P¼ 0.0005). In the setting of
superovulation, we found an endometrium-specific reduction in the density of bulk CD56þ uNK cells (P< 0.05), as well as in the uNK3
subpopulation (P¼ 0.025) specifically (CD103þ NK cells). In stimulated samples, we also found that the proportion of endometrial B cells
was increased (P< 0.0001). Our findings were specific to the endometrium and not seen in peripheral blood. On the IOC device, uNK
cells from naturally cycling secretory endometrium promote EVT invasion (P¼ 0.03). However, uNK cells from hormonally stimulated
endometrium were unable to significantly promote EVT invasion, as measured by area of invasion, depth of invasion, and number of
invaded EVTs by area. Bulk RNA-seq of sorted uNK cells from stimulated and unstimulated endometrium revealed changes in signaling
pathways associated with immune cell trafficking/movement and inflammation.
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LIMITATIONS, REASONS FOR CAUTION: Patient numbers utilized for the study were low but were enough to identify significant
overall population differences in select immune cell types. With additional power and deeper immune phenotyping, we may detect addi-
tional differences in immune cell composition of blood and endometrium in the setting of hormonal stimulation. Flow cytometry was per-
formed on targeted immune cell populations that have shown involvement in early pregnancy. A more unbiased approach might identify
changes in novel maternal immune cells not investigated in this study. We performed RNA-seq only on uNK cells, which demonstrated dif-
ferences in gene expression. Ovarian stimulation may also impact gene expression and function of other subsets of immune cells, as well
as other cell types within the endometrium. Finally, the IOC device, while a major improvement over existing in vitro methods to study
early pregnancy, does not include all possible maternal cells present during early pregnancy, which could impact functional effects seen.
Immune cells other than uNK cells may impact invasion of EVTs in vitro and in vivo, though these remain to be tested.

WIDER IMPLICATIONS OF THE FINDINGS: These findings demonstrate that hormonal stimulation affects the distribution of uNK
cells during the implantation window and reduces the proinvasive effects of uNK cells during early pregnancy. Our results provide a poten-
tial mechanism by which fresh IVF cycles may increase risk of disorders of placentation, previously linked to adverse perinatal outcomes.

STUDY FUNDING/COMPETING INTEREST(S): Research reported in this publication was supported by the University of
Pennsylvania University Research Funding (to M.M.), the Eunice Kennedy Shriver National Institute of Child Health and Human
Development (P50HD068157 to M.M., S.S., and S.M.), National Center for Advancing Translational Sciences of the National Institutes of
Health (TL1TR001880 to J.K.), the Institute for Translational Medicine and Therapeutics of the Perelman School of Medicine at the
University of Pennsylvania, the Children’s Hospital of Philadelphia Research Institute (to S.M.G.), and the National Institute of Allergy and
Infectious Diseases (K08AI151265 to S.M.G.). The content is solely the responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health. All authors declare no conflict of interest.

TRIAL REGISTRATION NUMBER: N/A.

Key words: IVF / ART / uterine immune cells / extravillous trophoblast / placenta

Introduction
Perinatal complications result in over 300000 maternal deaths and 15
million premature deliveries worldwide every year (Maternal Mortality,
2015). Multiple adverse pregnancy outcomes including pre-eclampsia,
intrauterine fetal growth restriction, preterm birth, and placenta
accreta, have been associated with disordered placental development
(Goldman-Wohl and Yagel, 2002; Kaufmann et al., 2003; Kim et al.,
2003; Tantbirojn et al., 2008). After the fertilized embryo implants into
a receptive endometrium, successful establishment of pregnancy
requires invasion of specialized fetal cells known as extravillous tropho-
blasts (EVTs) into the uterus, and remodeling of uterine spiral arteries
into low-resistance vessels. Endometrial cells including vascular endo-
thelial cells (ECs), stromal cells, and immune cells regulate processes
essential to early placentation, including trophoblast invasion and arte-
rial remodeling (Pollheimer et al., 2018; Park et al., 2022).

Work from our lab and others has demonstrated links between
changes to the maternal environment and placental abnormalities.
Specifically, we showed in both human and animal models that the
supraphysiologic hormonal environment created during IVF cycles,
with significant changes in estradiol levels, progesterone levels, and
other factors secreted by the corpus luteum, can lead to changes in
placentation (de Waal et al., 2012; Song et al., 2015; Weinerman
et al., 2017; Senapati et al., 2018; Stuart et al., 2018; Sullivan-Pyke
et al., 2020; Vrooman et al., 2020). When compared to unassisted
conception or frozen embryo transfer, in which the embryo is trans-
ferred to the uterus under more physiologic hormonal conditions,
fresh IVF cycles result in increased risk of fetal growth restriction and
preterm birth (Kalra et al., 2011; Pandey et al., 2012). Our findings in
a mouse model support these observations in humans, namely that an
altered maternal hormonal environment during early placentation can
lead to disordered placentation and fetal growth (Weinerman et al.,

2017; Sullivan-Pyke et al., 2020). The mechanisms responsible for
these changes in placentation remain incompletely understood.

Uterine natural killer (uNK) cells are the most abundant immune
cell type in the preimplantation endometrium and in the decidua dur-
ing early pregnancy (Lee et al., 2011). Kinetics of uNK cell abundance
corresponds to cyclic hormonal changes seen during the normal men-
strual cycles, and these cells reach a peak during the secretory phase,
when early embryo implantation occurs (Flynn et al., 2000). They re-
main abundant through the first trimester of pregnancy but diminish in
number once EVT invasion slows (King et al., 1989; Bulmer et al.,
1991; Ho et al., 1996; Lee et al., 2011). Further, immunohistochemical
studies show that uNK cells cluster near spiral arteries, and in vitro
experiments indicate that uNK cells secrete cytokines, chemokines,
and other factors that regulate EVT invasion and facilitate maternal ar-
tery remodeling (King et al., 1989; Smith et al., 2009; Lash et al., 2010;
Robson et al., 2012; Tilburgs et al., 2015; Ma et al., 2017). Taken to-
gether, these data support essential roles for uNK cells in the estab-
lishment of pregnancy and normal placentation (Kanter et al., 2021).

By examining changes in gene expression using tissue-level microar-
ray in endometrial biopsies obtained during the window of implanta-
tion, we found that hormonal stimulation disrupted the expression of
several genes associated with natural killer (NK) cell signaling (Senapati
et al., 2018). However, examining the function of human uNK cells
during early pregnancy is challenging. Common animal models do not
fully recapitulate the depth of invasion and cellular complexity seen in
human placentation (Carter, 2007; Carter and Mess, 2014; Swanson
and David, 2015; Grigsby, 2016; Silva and Serakides, 2016). Human
and animal uNK cells exhibit important differences in development,
phenotype, and function (Gaynor and Colucci, 2017). Studies of NK
cells from human term placentae or from hysterectomized uteri, which
often have underlying pathology, only partially model biology unique to
the peri-implantation period or early in pregnancy (James et al., 2016;
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Silva and Serakides, 2016). In vitro studies of uNK cells are commonly
performed in isolation or with one other cell type, and incompletely
mimic cellular interactions at the maternal–fetal interface (James et al.,
2016).

To address some of these significant limitations, we recently devel-
oped a microengineered ‘implantation-on-a-chip’ (IOC) device to
model directional invasion of EVTs toward maternal vessels in vitro
(Park et al., 2022). In this system, primary human EVTs and endome-
trial ECs are seeded into parallel microchannels separated by a mock
extracellular matrix (ECM) composed of a Matrigel-Collagen mixture
within which other maternal cells can be seeded. The ECs form a
vessel-like structure in their microchannel and induce directional migra-
tion of EVTs. After migrating through the ECM, EVTs interact with
ECs to recapitulate such aspects of uterine spiral artery remodeling as
disruption of EC junctions and induction of EC apoptosis. The IOC de-
vice offers several advantages, including individually addressable micro-
channels with distinct media feeds to allow for control and
manipulation of microenvironmental cues, imaging and analysis capabili-
ties, and a compartmentalized design populated by primary human
cells that closely mimics the 3D microarchitecture of the maternal–fe-
tal interface. Using the IOC device, we recently showed that when
uNK cells isolated from endometrium during the window of implanta-
tion were seeded into the ECM, EVT invasion in the presence of ECs
was significantly enhanced. These data support that uNK cells from se-
cretory phase endometrium promote the invasion of EVTs (Park et al.,
2022).

In this study, we examine the effects of the maternal hormonal envi-
ronment on the immune cell landscape of the receptive endometrium.
We then use the novel IOC device to study potential impacts of hor-
monal stimulation on uNK cell function. This study represents the first
described practical application of a newly developed organ-on-a-chip
device that is able to model the maternal–fetal interface during early
placentation. We demonstrate that superovulation with gonadotropins
in preparation for ART results in decreased density of uNK cells.
Further, we show that supraphysiologic levels of maternal hormones
impair the ability of uNK cells to promote invasion of EVTs on the
IOC device. These data demonstrate essential roles for the maternal
hormonal environment and uNK cells in early human placentation and
suggest potential modifiable factors that may be able to reduce the
risks of adverse pregnancy outcomes.

Materials and methods

Sample collection
Endometrial biopsies to obtain endometrial immune cells, as well as
blood samples, were obtained from patients and volunteers at Penn
Fertility Care. The University of Pennsylvania Institutional Review
Board (IRB) approved the collection of endometrial tissue
(IRB#828613). Written informed consent was obtained from all sub-
jects. Two separate groups of women were recruited: patients receiv-
ing exogenous gonadotropins for oocyte or embryo cryopreservation
(stimulated group) and naturally cycling volunteers (unstimulated con-
trol group). All women for both groups were of reproductive age, be-
tween the ages of 18 and 43, with no significant medical history and
regular menstrual cycles (between 25 and 35 days over the previous

3 months). Stimulated patients (n¼ 31) underwent gonadotropin stim-
ulation per standard clinic practice using either luteal phase leuprolide
or an antagonist protocol with administration of hCG or hCG and leu-
prolide co-trigger to induce follicle maturation per clinical protocol
36 h prior to oocyte retrieval. In these women, endometrial biopsy
was performed 7 days following oocyte retrieval. Endometrial biopsies
were obtained from nonstimulated controls (n¼ 20) 8 days after an
LH surge as detected in the urine by the BFPVR Ovulation Test
(Fairhaven Health, USA). Biopsies were obtained using a PipelleVR

Endometrial Suction Curette (CooperSurgical, USA). At this study visit,
venous blood draw was also performed for subsequent testing of se-
rum hormone levels and flow cytometry.

Serum hormone analysis
Serum estradiol (E2) and progesterone (P4) levels were measured by
chemiluminescent competitive immunoassay using the Roche E170 im-
munoassay analyzer (Roche Diagnostic).

Endometrial tissue digestion
Single-cell suspensions of endometrial tissue for flow cytometry and
cell sorting were prepared as previously described (Gordon et al.,
2020). Briefly, endometrial tissue was washed in phosphate-buffered
saline (PBS) and finely minced before being digested in a shaking 37�C
water bath for 15 min in digestion medium (sterile serum-free Roswell
Park Memorial Institute (RPMI) medium, 0.28 WU/ml Liberase TM
(Roche 05401127001, Switzerland), 30mg/ml DNase (Roche
10104159001, Switzerland)). A large-bore transfer pipet was used to
pipet tissue up and down during digestion to breakdown tissue.
Digested tissue was filtered through a 70-micron filter and pelleted at
300�g for 5 min. To remove red blood cell contamination, the cell
pellet was resuspended in 5 ml Ammonium-Chloride-Potassium (ACK)
lysis buffer and incubated on ice for 5 min. After lysis, ice cold PBS was
added, and cells spun down at 300�g for 5 min. Cells were resus-
pended and prepared for flow cytometry staining.

Flow cytometry of immune cells
Flow cytometry was performed on either a MacsQuant Analyzer 10
(Miltenyi Biotech, Germany) or a CytoFLEX LX (Beckman Coulter,
USA). Raw data were analyzed using FlowJo 10. Data were aggre-
gated, and statistical analysis with two-way ANOVA or unpaired t-
tests was performed with Graphpad Prism. All antibody staining was
performed at 4�C for 30 min in the dark and all antibodies
(Supplementary Table SI) were used at a dilution of 1:100. LIVE/
DEAD blue or aqua (Thermo Fisher, USA) and 1:100 human Fc block
(BD, USA) were used prior to staining with fluorescently-labeled
antibodies.

Fluoresence-activated cell sorting of uNK
cells
Cell sorting was performed on a FACSAria Fusion (BD, USA). Gating
of live, singlet, CD45þ lymphocytes was performed first. Bulk uNK
cells were further defined as CD3�CD19�CD14�CD56 bright cells.
uNK cells were sorted into pure fetal bovine serum (FBS), pelleted,
and frozen at �80�C for RNA isolation or sorted into RPMI with 10%
FBS for use on the IOC device.

Effect of assisted reproduction on maternal immune cells 1049
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.Implantation-on-chip device
Each experimental run consisted of three cellular environments, and
each chip was run in triplicate: (i) co-culture of ECs and EVTs, (ii) tri-
culture of ECs, EVTs, and addition of hormonally stimulated uNKs to
the ECM, and (iii) triculture of ECs, EVTs, and addition of uNKs from
naturally cycling subjects to the ECM. In addition, three biological repli-
cates were performed each with different human subjects.

Extravillous trophoblast isolation and culture
EVTs were collected from placental villi obtained from first-trimester
pregnancy terminations performed at the Penn Family and Pregnancy
Loss Center (IRB#827072). Written informed consent was obtained
from all subjects. Patients with pre-existing medical conditions or any
pregnancy complications were excluded from the study. Collected tis-
sue was kept on ice and cell isolation was carried out within 1 h of
obtaining tissue. Primary EVTs were isolated from these samples based
on an EVT-outgrowth-based protocol established by Graham et al.
(1992) and well-documented by other investigators (Graham et al.,
1992; Getsios et al., 1998; Anton et al., 2012; 2019). Briefly, villous tis-
sue was finely minced and cultured at 37�C in RPMI 1640 medium
containing 20% charcoal-stripped FBS. After villous fragment attach-
ment, EVT outgrowth occurred and cells were separated from tissue
during washing and passaging of the cells. Isolated EVTs were main-
tained in RPMI 1640 medium containing 20% FBS and 1% penicillin
(100 U/ml)/streptomycin (100 U/ml) solution. EVT identity was con-
firmed by immunostaining for cytokeratin-7 and HLA-G. Cells were
used within the first three passages.

Human endothelial cells and culture
Human endometrial microvascular cells (ScienCell, Catalog #7010)
were cultured in Endothelial Cell Growth Medium MV2 (EGM-MV2,
Promocell, Catalog # C-22022). They were used between passages
three and five.

Implantation-on-chip model preparation and cell seeding
IOC devices were fabricated using standard soft lithography protocols
as reported (Park et al., 2022). After device production, mock ECM
was first injected into the middle lane. To make the ECM hydrogel pre-
cursor solution, rat tail collagen Type-1 (8 mg/ml, Corning) solution
was prepared by mixing 10� PBS and 1 N NaOH to achieve physio-
logical pH, and then Matrigel (10 mg/ml, Corning, USA) was mixed
with Col-1 solution at a ratio of 1:1 (v/v). ECM precursor solution was
injected and the device was incubated 37�C for 20 min to form an
ECM hydrogel. After gelation, fibronectin solution (0.1 mg/ml in PBS)
was introduced into the vascular chamber and treated for 2 h at 37�C
to facilitate EC attachment. Maternal ECs (10 million/ml) were injected
into the vascular chamber and incubated for 1 h at 37�C. EVTs
(8 million cells/ml) were then seeded, and the device was tilted so that
EVTs could adhere to the exposed surface of ECM hydrogel. EVTs and
uNK cells used in this study were fluorescently labeled by preincubating
them with 5 lg/ml of CellTracker Green CMFDA (Thermo Fisher
Scientific, USA) and 1 lg/ml of CellTracker Deep Red (Thermo Fisher
Scientific, USA) in DMEM supplemented 2% (v/v) FBS for 15 min at
37�C, respectively. To produce uNK cell-containing devices, sorted
uNK cells were suspended in an ECM precursor solution at a density
of 2 million cells/ml and injected into the middle lane of the device.
Following incubation for 20 min at 37�C, a polydimethylsiloxane slab

containing media reservoirs was conformally bonded to the top surface
of the device and filled with 2% FBS supplemented RPMI and EGM2
medium. Four hundred microliters of culture medium were added to
the medium reservoirs connected to each chamber.

Quantification of EVT invasion
Fluorescence images of EVTs were obtained from the ECM matrix re-
gion between the maternal vascular and fetal compartments of the
IOC device. High-magnification images were collected from three sep-
arate devices per experimental group. EVT invasion was quantified by
(i) the number of invading EVTs, (ii) the depth of EVT invasion, and
(iii) the area of EVT invasion. To evaluate the cell number, EVTs in the
ECM compartment were manually counted, and the average of total
cell counts was plotted. The depth of invasion was determined by av-
eraging the vertical distance that EVTs had traveled in the ECM scaf-
fold. Analysis of invasion area was achieved by using the Analyze pixels
function of ImageJ (NIH) with appropriate thresholding to measure the
area of ECM hydrogel covered by invading EVTs.

RNA-sequencing of bulk uterine NK cells
A total of 10 uNK samples, 5 from naturally cycling secretory endome-
trium and 5 following gonadotropin stimulation, were selected for
RNA sequencing (RNA-seq). Only 4 naturally cycling samples met
quality control metrics, thus one was excluded from analysis. RNA li-
brary preparations, sequencing reactions, and initial bioinformatics
analysis were conducted at GENEWIZ, LLC. (South Plainfield, NJ,
USA). Total RNA was extracted following the Trizol Reagent User
Guide (Thermo Fisher Scientific, USA). RNA was quantified using
Qubit Fluorometer (Life Technologies, USA), and RNA integrity was
checked with TapeStation (Agilent Technologies, USA). SMART-Seq
v4 Ultra Low Input Kit for Sequencing was used for full-length comple-
mentary DNA (cDNA) synthesis and amplification (Clontech, USA),
and Illumina Nextera XT library was used for sequencing library prepa-
ration. Briefly, cDNA was fragmented, and adaptor was added using
Transposase, followed by limited-cycle PCR to enrich and add index
to the cDNA fragments. The final library was assessed with Agilent
TapeStation.

The sequencing libraries were multiplexed and clustered on one
lane of a flowcell. After clustering, the flowcell was loaded on the
Illumina HiSeq instrument according to manufacturer’s instructions.
The samples were sequenced using a 2� 150 Paired End (PE) configu-
ration. Image analysis and base calling were conducted by the HiSeq
Control Software (HCS). Raw sequence data (.bcl files) generated
from Illumina HiSeq were converted into fastq files and demultiplexed
using Illumina’s bcl2fastq 2.17 software. One mismatch was allowed
for index sequence identification. After investigating the quality of the
raw data, sequence reads were trimmed to remove possible adapter
sequences and nucleotides with poor quality using Trimmomatic
v.0.36. The trimmed reads were mapped to the Homo sapiens refer-
ence genome available on ENSEMBL using the STAR aligner v.2.5.2b.
The STAR aligner is a splice aligner that detects splice junctions and
incorporates them to help align the entire read sequences. BAM files
were generated as a result of this step. Unique gene hit counts were
calculated by using feature Counts from the Subread package v.1.5.2.
Only unique reads that fall within exon regions were counted. After
extraction of gene hit counts, the gene hit counts table was used for
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downstream differential expression analysis. Using DESeq2, a compari-
son of gene expression between the groups of samples was per-
formed. The Wald test was used to generate P-values and log2 fold
changes. Genes with P-values <0.01 were called as differentially
expressed genes for each comparison.

To place proteins secreted by uNKs in a biological context, differen-
tially regulated genes between uNKs from hormonally stimulated ver-
sus naturally cycling subjects were analyzed using a bioinformatics
pathway analysis tool, Ingenuity Pathway Analysis (IPA), to predict re-
lated signals and their biofunctions (www.qiagen.com/ingenuity). Filter
terms were set to molecules/relationships specific to Humans, and ex-
perimentally observed direct/indirect relationships. Top canonical
pathways, upstream regulators, disease, and physiological functions
were examined for biological significance.

Statistical analysis
Unpaired t-tests were performed using Prism to examine differences
in baseline characteristics and to evaluate differences in immune cell
distribution. RNA-seq data were analyzed using DESeq2 and Wald
test was used to generate P-values and log2 fold changes. For IOC
models, one-way ANOVA followed by multiple comparison testing
was performed using Prism, with a minimum of three independent
devices for each experimental group (n¼ 3).

Study approval for collection of human
tissue
Human tissue samples were obtained following approval of the
University of Pennsylvania IRB (828613 and 827072). All patients pro-
vided written informed consent.

Results

Hormonal stimulation changes the
abundance of uNK cells and B cells during
the window of implantation
We first investigated how gonadotropin stimulation impacts the abun-
dance of maternal immune cells in secretory phase endometrium dur-
ing the window of implantation. We performed flow cytometry on
endometrial biopsies from naturally cycling women (n¼ 20) and from
women following hormonal stimulation for either oocyte or embryo
cryopreservation (n¼ 31). Baseline demographic characteristics were
similar for both groups except for serum estradiol levels on the day of
biopsy, which were significantly higher in gonadotropin-stimulated
patients, as expected (P¼ 0.0005) (Table I). Immune cells profiled
were chosen based on prior evidence of involvement in pregnancy,
and included uNK cells (CD56þCD3�); T cells (CD3þCD56�), in-
cluding: CD4þ T cells, CD8þ T cells, CD4�CD8� T cells; B cells
(CD19þCD3�); NKT-like cells (CD3þCD56þ); and monocytes and
macrophages (CD14þ). (Van Nieuwenhoven, 2003; Liu et al., 2017)
Figure 1 shows our flow cytometry gating strategy using representative
panels from one naturally cycling patient. We found significant differen-
ces specifically in the endometrium of two immune cell populations
profiled, uNK cells and B cells. uNK cells of hormonally stimulated

subjects were significantly reduced in the endometrium, but not in
blood (natural n¼ 20, stimulated n¼ 10, P< 0.05) (Fig. 2A and B).
We also found that the percentage of B cells was significantly in-
creased in the endometrium (natural n¼ 19, stimulated n¼ 8,
P< 0.0001) but not in blood of subjects undergoing superovulation
(natural n¼ 15, stimulated n¼ 8) (Fig. 2A and B). We did not see any
statistically significant changes in bulk CD14þ cells (endometrium natu-
ral n¼ 18, stimulated n¼ 9; blood natural n¼ 16, stimulated n¼ 7),
encompassing monocytes, dendritic cells, and uterine macrophages
(Thiruchelvam et al., 2013), bulk T cells (endometrium natural n¼ 19,
stimulated n¼ 10; blood natural n¼ 15, stimulated n¼ 7), CD4þ
(natural n¼ 6, stimulated n¼ 4), CD8þ (natural n¼ 6, stimulated
n¼ 4), or CD4�CD8� T cells (natural n¼ 6, stimulated n¼ 4) in ei-
ther endometrium or blood samples (Fig. 2B). NKT-like cells showed
a modest but statistically significant increase in blood samples (natural
n¼ 15, stimulated n¼ 7, P< 0.05), but not endometrium (natural
n¼ 19, stimulated n¼ 10), but these cells represented a very low
overall proportion (<5%) of the immune cell population, so the clinical
significance of this change is unclear (Fig. 2B).

Since hormonal stimulation leads to supraphysiologic levels of estra-
diol, we next examined the relationship between serum estradiol levels
and the abundance of uNK cells and B cells. Using linear regression
analysis, we did not find any correlation between uNK cell abundance
and serum estradiol level on day of trigger (stimulated n¼ 10) and day
of sample collection (natural n¼ 14, stimulated n¼ 9) (Supplementary
Fig. S1A and B). Similar to uNK cells, B-cell abundance was not corre-
lated with serum estradiol levels (natural n¼ 18, stimulated n¼ 7)
(Supplementary Fig. S1C).

As percentages of bulk uNK cells were reduced after hormonal
stimulation, we next sought to investigate whether all known subtypes
of uNK cells were affected or whether one subset of uNK cells was
disproportionately affected. Recent work profiling the maternal–fetal
interface using single-cell RNA-seq in first-trimester tissue found three
subsets of decidual NK (dNK) cells, denoted dNK1, dNK2, and dNK3
(Vento-Tormo et al., 2018). These transcriptionally distinct clusters of
NK cells can be distinguished by flow cytometry with the surface pro-
teins CD39 and CD103: dNK1 as CD103�CD39þ NK cells, dNK2
as CD103�CD39� NK cells, and dNK3 as CD103þ cells. Further,
dNK1 cells are enriched for Perforin and killer cell immunoglobulin-like
receptor 2DL1 (KIR2DL1), while dNK2 and dNK3 cells express CD18
(integrin subunit beta 2 (ITGB2)). We identified similar subsets in pre-
pregnancy endometrial tissue, hereafter called uNK1, uNK2, and
uNK3 cells (Fig. 3A and B). We analyzed the abundance of these sub-
populations of NK cells in naturally cycling endometrium (n¼ 12) and
hormonally stimulated endometrium (n¼ 5). We found that hormonal
stimulation led to a significant decrease in the abundance of uNK3 cells
as a proportion of all leukocytes (P¼ 0.025), while the abundance of
uNK1 and uNK2 cells as a proportion of all leukocytes were not signif-
icantly changed (Fig. 3C). In contrast to uNK cells subsets in the endo-
metrium, NK cells in the blood were unaffected by hormonal
stimulation. Of note, blood NK cells exhibited minimal surface levels
of CD39 and CD103 in our study (Fig. 3A).

These data demonstrate that the maternal hormonal environment
uniquely affects the composition of bulk uNK cells driven by changes
in the uNK3 subset, and B cells in the maternal endometrium during
the window of implantation. Due to our prior work demonstrating
changes in the expression of genes associated with NK cell signaling
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due to hormonal stimulation in whole endometrial samples (Senapati
et al., 2018), and our findings of a significant role for uNK cells in
directing EVT invasion (Park et al., 2022), we focused our investigation
on effects of maternal hormonal stimulation on uNK cell function dur-
ing early placentation.

Hormonal stimulation impairs the function
of uNK cells isolated from endometrial
tissue
We next sought to investigate if hormonal stimulation can impact the
function of uNK cells present in implantation window endometrium

prior to pregnancy. In vitro experiments indicate that uNK cells can
regulate invasion of trophoblasts (Kanter et al., 2021). We recently
used the novel IOC device to study invasion of EVTs through the
ECM toward maternal endometrial ECs and found that uNK cells had
a proinvasive effect on EVTs (Park et al., 2022). Following a similar
strategy, we obtained endometrial biopsies from hormonally unstimu-
lated (n¼ 3) or stimulated (n¼ 3) endometrium during the mid-
secretory phase and isolated bulk CD3�CD56þ uNK cells using
fluorescence-activated cell sorting. We then incorporated the sort-
purified uNK cells into the mock ECM of devices already seeded with
EVTs in the fetal channel and maternal endometrial ECs seeded into
the vascular channel (Fig. 4A). After 6 days of invasion, when EVTs

.............................................................................................................................................................................................................................

Table I Patient demographics.

Unstimulated (n 5 20) Stimulated (n 5 31) P-value

Age 31.7§ 7.0 33.5§ 4.9 0.21

BMI (kg/m2) 23.8§ 3.8 26.0§ 5.8 0.15

No. of prior pregnancies 1.0§ 1.5 0.8§ 1.3 0.57

Cycle day when OPK positive 14.7§ 2.5 N/A N/A

Biopsy day estradiol (pg/ml) 144.7§ 69.9 595.8§468.1 0.0005

Biopsy day progesterone (ng/ml) 14.0§ 6.3 23.5§ 23.5 0.09

Stimulation length (days) N/A 11.1§ 1.6 N/A

Trigger day estradiol (pg/ml) N/A 2316.2§ 949.8 N/A

Trigger day LH (IU/l) N/A 4.1§ 8.2 N/A

Trigger day progesterone (ng/ml) N/A 1.37§ 0.7 N/A

Trigger days EMS (mm) N/A 10.3§ 3.3 N/A

Post-trigger estradiol (pg/ml) N/A 2351.9§ 1024.3 N/A

Post-trigger LH (IU/l) N/A 26.9§ 37.4 N/A

Post-trigger progesterone (ng/ml) N/A 7.6§ 4.4 N/A

Baseline demographic characteristics of subjects cycling naturally (‘unstimulated’) or following hormonal stimulation (‘stimulated’). P-values shown were calculated with unpaired t-test.
OPK, ovulation prediction kit; EMS, endometrial stripe measurement; N/A: not applicable. Bold typeface indicates statistically significant values.

Figure 1. Raw flow cytometry gating strategy used to identify basic immune populations. Blood and endometrial (Endo) profiles reveal
tissue-specific effects on immune composition. Data shown are from matched blood and endometrial biopsy from the same patient cycling naturally.
Samples were processed and stained with the identical antibody cocktails at the same time. (A) Gating scheme for live, singlet, and CD45þ cells.
Among CD45þ cells, we show T cells (CD3þCD56�), natural killer T-like (NKT-like) cells (CD3þCD56þ), NK cells (CD56þCD3-), B cells
(CD19þCD3�), bulk CD14þ monocytes (blood), and bulk CD14þ monocytes/macrophages (endometrium). (B) Subsetting of CD45þCD3þ T
cells by expression of CD4 and CD8. CD4þ T cells are rare in the endometrium, while CD4/CD8 double-negative T cells emerge in the endome-
trium. Numbers on plot denote percent of cells within indicated gates.

1052 Kanter et al.
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breach the EC compartment, invasion was compared between the fol-
lowing devices: (i) coculture, containing EVTs and ECs; (ii) coculture
devices with uNK cells from naturally cycling endometrium (H-); and
(iii) coculture devices with uNK cells from hormonally stimulated en-
dometrium (Hþ) (Fig. 4B–D). In the presence of maternal ECs only,
EVTs migrated through the ECM and breached the vascular compart-
ment in 6 days (Fig. 4B). Adding uNK cells isolated from naturally cy-
cling women markedly increased EVT invasion (P¼ 0.01 by area of
invasion in pixels, P¼ 0.03 by depth of invasion, P¼ 0.03 by number
of invaded EVTs), confirming our previous data (Fig. 4C). In contrast,
uNK cells isolated from women undergoing hormonal stimulation for
IVF led to EVT invasion similar to that seen in coculture conditions, ne-
gating the proinvasive effect of uNK cells (Fig. 4D). Quantification of
area invaded by EVTs, depth of invasion, and number of invaded EVTs

by area in replicates using uNK cells isolated from different subjects
confirmed these findings, showing a significant decrease in EVT invasion
in devices with hormonally stimulated uNK cells compared to unstimu-
lated uNK cells (P¼ 0.001 by area of invasion in pixels, P¼ 0.003 by
depth of invasion, P¼ 0.02 by number of invaded EVTs) (Fig. 4E).
These data demonstrate that superovulation impacts both abundance
and function of uNK cells during the window of implantation.

Genes and pathways associated with cell
migration and immune response are
perturbed by hormonal stimulation
To identify potential candidate genes and pathways that are involved
in uNK cell regulation of EVT invasion, we next examined how

Figure 2. Tissue-specific changes in density of innate and adaptive lymphocytes in response to hormonal stimulation.
(A) Reduced density of bulk natural killer (NK) cells and increased density of B cells in endometrium (Endo), but not blood, of hormonally stimulated
subjects. Flow cytometry plots gated on live, singlet, and CD45þ cells from matched blood and endometrium from two subjects whose samples
were collected and run simultaneously are shown. One subject was cycling naturally, and one was hormonally stimulated. Numbers on plot denote
percent of cells within indicated gates. (B) Quantification of indicated immune cells as a percentage of total live, singlet, and CD45þ cells. Maximum
n per tissue per group was 20, minimum n per tissue per group was 4. Each point represents a single tissue sample and bar represents the mean of
each set of samples. Multiple unpaired t-tests were performed in order to determine effects of hormonal treatment on indicated immune cells within
blood or within endometrium. *P< 0.05; ****P< 0.0001. NKT-like, natural killer T-like.
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hormonal stimulation affects the gene expression profile of sorted bulk
uNK cells. Samples were obtained from five hormonally stimulated
and five naturally cycling subjects and were examined by RNA-seq fol-
lowing fluorescence-activated cell sorting (FACS). Principal component
analysis demonstrated that one of the naturally cycling subjects was a
remote outlier, data for which was excluded from subsequent analy-
ses. Removal of the outlier resulted in subsequent clustering of stimu-
lated and unstimulated subjects via hierarchical clustering and
similarities in gene expression profiles were seen within each group
(Fig. 5A). We found 196 genes with significant changes in expression
(P-value< 0.01), of which 133 genes were protein-coding
(Supplementary Table SII). Of these genes, 80 were upregulated
(60%), while 53 were downregulated (40%) in stimulated uNK cells,
and upregulated samples showed a greater magnitude of expression
change as seen when represented by a volcano plot (Fig. 5B).

To place changes in gene expression seen in biological context, we
next performed ingenuity pathway analysis (IPA) on differentially regu-
lated protein-coding genes. Examining canonical pathways, upstream
regulators, biological functions, and associated functions of potential
networks, we found several pathways and genes with reported func-
tion in immune cell trafficking and migration (Fig. 5C, bold).
Additionally, we found pathways involved in the regulation of inflam-
mation (Fig. 5C, italicized).

In summary, we found several protein-coding genes perturbed in
bulk uNK cells isolated from endometrial tissue during the implantation

window, and preliminary pathway analysis suggests potential roles for
hormonal stimulation used during IVF in the regulation of uNK cell mi-
gration and in the mediation of inflammation.

Discussion
In this study, we survey immune cell populations in secretory phase
endometrium during the window of implantation in natural cycles
and following gonadotropin stimulation. We find significant changes
in abundance, function, and gene expression of uNK cells following
gonadotropin stimulation. These changes may be a result of supra-
physiologic estrogen levels but may also be related to direct or in-
direct effects of progesterone or other factors secreted by the
corpus luteum. uNK cells are a unique population of NK cells pre-
sent in the endometrium prior to and during pregnancy. They are
phenotypically and functionally distinct from their peripheral blood
counterparts. uNK cells drastically increase in abundance during
the implantation window, becoming the most prominent lympho-
cyte population during early pregnancy. An emerging body of work
using in vitro cell culture and explant models points to an active
role for uNK cells in the regulation of EVT invasion and maternal
artery remodeling through the secretion of soluble factors (Kanter
et al., 2021). Mouse models deficient in uNK cells additionally dem-
onstrate contributions to spiral artery remodeling and placentation,

Figure 3. Specific reduction in endometrial uterine natural killer 3 (uNK3) cells after hormonal stimulation. (A) Raw flow cytome-
try gating strategy to identify uterine natural killer 1 (uNK1) (CD39þCD103�), uNK2 (CD39�CD103�), and uNK3 (CD39�CD103þ) cells in the
endometrium (‘endo’). Events shown are live, singlet, and CD45þCD3�CD56þ NK cells. (B) uNK1, uNK2, and uNK3 cells found in endometrium
phenocopy previously described decidual NK1, NK2, and NK3 cells based on expression of KIR2DL1, Perforin, and CD18 (integrin beta 2 (ITGB2)).
(C) Reduction in density of endometrial NK3 cells after hormonal stimulation. Each point represents a single tissue sample and bar represents the
mean of each set of samples. Naturally cycling subjects (n¼ 11), hormonally stimulated subjects (n¼ 5). *P¼ 0.025 by unpaired t-test.

1054 Kanter et al.

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead069#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..which are rescued when uNK cells are restored (Croy et al.,
2010). However, their role in adverse pregnancy outcomes and dis-
orders of human placentation remains incompletely defined.
Epidemiologic studies demonstrate that pregnancies achieved follow-
ing IVF with fresh embryo transfer, when the embryo is transferred
immediately following ovarian stimulation with gonadotropins, are at
increased risk for disordered placentation compared to unassisted
pregnancies. Our findings thereby offer a potential etiology which
may contribute to these observed adverse outcomes through alter-
ation in the abundance, function, and gene expression of uNK cells.
Our study examines immune cells during the window of implanta-
tion, when populations such as the uNK cells first undergo dramatic
increases in abundance. Additionally, using our novel physiologically
relevant IOC model, we are able to examine the functional repercus-
sions of these changes on processes essential to early pregnancy.
While we survey a large number of immune cell types, the study is
biased toward those that have shown some involvement in preg-
nancy. Additionally, the implantation-on-chip device, while improving
significantly on existing in vitro models, does not contain all maternal
cell types of interest, and there is scope for increasing the complexity
of the device. Finally, sourcing of cells from the endometrium of sub-
jects preparing for both natural and stimulated frozen embryo

transfer cycles is needed to understand if these approaches mitigate
the changes in uNK cells.

Several reports attempting to correlate uNK cell abundance to ad-
verse pregnancy outcomes have emerged with conflicting conclusions,
nd how uNK cells function during normal and abnormal pregnancy is an
active area of investigation (Faas and de Vos, 2017; Kanter et al., 2021).
In this study, we show that hormonal stimulation, a ubiquitous interven-
tion utilized as a part of IVF, results in significant changes in bulk uNK
cell abundance. We find that these changes are driven by changes in
the uNK3 subset first described by Vento-Tormo et al. (2018). This
uNK cell subtype is believed to be a powerful producer of cytokines
and chemokines that may support the invasive functions of EVTs
(Vento-Tormo et al., 2018; Huhn et al., 2020). Studies examining uNK
cells in the context of pregnancy complications frequently utilize uNK
cells isolated from first-trimester maternal tissue, and assume homoge-
neity as a population. As immune cells responsible for promoting EVT
invasion are likely those that accumulate prior to implantation of the
embryo into the uterus, a particular strength of this study is use of uNK
cells from endometrial biopsies rather than from first-trimester decidua.
In line with this, evidence exists that shows phenotypic and gene ex-
pression differences between bulk endometrial NK cells and bulk first-
trimester decidual NK cells (Manaster et al., 2008). Analysis of first-

Figure 4. Hormonal stimulation alters the impact of uterine natural killer (uNK) cells on extravillous trophoblast (EVT) invasion.
(A) Endometrial biopsies were obtained from unstimulated or stimulated endometrial biopsies (Step 1); uNK cells were identified as live, singlet, and
CD45þ cells that express CD56 and lack CD3 (identifying T-lineage cells) by flow cytometry and sorted (Step 2); cells were stained with Cell
Tracker (Step 3) and incorporated into gelated ECM within implantation-on-a-chip (IOC) devices containing EVTs and ECs (Step 4). (B) EVTs (green)
reached the vascular compartment in 6 days in the presence of ECs (not shown). (C) Addition of unstimulated uNK cells (purple) increased EVT inva-
sion compared to coculture devices. (D) uNK cells from hormonally stimulated endometrium reduced the proinvasive effect of uNK cells. Scale
bars¼ 200 mm. (E) Quantification of area of EVT invasion by pixels (P¼ 0.001; P¼ 0.01; n¼ 9), depth of invasion (P¼ 0.003; P¼ 0.03; n¼ 3), and #
of invaded EVTs by area (P¼ 0.02; P¼ 0.03; n¼ 3). *P< 0.05; **P< 0.01;***P< 0.001. Each point represents a single experimental run. Bars repre-
sent the standard deviation of the data (P< 0.05). EVTs, extravillous trophoblasts; ECs, endothelial cells; uNK, uterine natural killer; ECM, extracellu-
lar matrix; H�, unstimulated; Hþ, stimulated; CO, coculture.
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trimester tissue by Vento-Tormo et al. (2018) revealed multiple uNK
cell subtypes, and subsequent studies have described other subsets dis-
tinct from those described by this group (Fu et al., 2017; Gamliel et al.,
2018; Suryawanshi et al., 2018; Huhn et al., 2020) highlighting the com-
plexity of uNK cells present during pregnancy. Examination of prepreg-
nancy endometrial tissue in this study and identification of NK1, 2, and
3 subsets suggests that uNK cell subsets exist prior to arrival of the em-
bryo. These findings highlight the need to consider and examine uNK

cells as phenotypically and functionally heterogeneous. Future work is
ongoing and will examine functional differences within these popula-
tions, which might then allow us to alter the course of pregnancies
threatened by functionally impaired uNK cells.

Fetal–maternal crosstalk is essential for appropriate regulation of the
directionality and extent of EVT invasion. Current studies investigating
the contribution of individual maternal cell types to early pregnancy
rely on animal models and in vitro culture systems that do not

Figure 5. Transcriptomic changes in bulk uterine natural killer (uNK) cells following hormonal stimulation. (A) Heat map showing
differentially expressed genes based on bulk RNAseq of sort-purified uNK cells. Upregulated genes expressed in red with downregulation in blue.
(B) Volcano plot of protein-coding genes examined via RNAseq. (C) Ingenuity pathway analysis of protein-coding genes showing top canonical
pathways, upstream regulators, and biological function, and networks. In bold are pathways/genes/functions associated with immune cell trafficking
and movement, and inflammation associated pathways, genes, and functions are italicized. 1: Tkachenko et al., 2011; 2: Sharfe et al., 2002; 3: Leong
et al., 2015; 4: Wang et al., 2016; 5: Horwood et al., 2012; 6: Barter et al, 2004; 7: Guezguez et al., 2007; 8: Shannon and Mace, 2021; 9: Chatterjee
et al., 2012; 10: Fontana et al., 2015. VTCN1, V-set domain containing T-cell activation inhibitor 1; CST1, cystatin SN; NTN4, netrin 4; CHIT1, chiti-
nase 1; LDHC, lactate dehydrogenase C; CPB1, carboxypeptidase B1.
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adequately capture the complex cellular interactions involved in em-
bryo implantation and early placentation. Additionally, functional read-
outs relevant to nonuterine NK cells, such as traditional cytotoxicity
assays, do not translate appropriately to uNK cells (Kopcow et al.,
2005). With our IOC device, we have demonstrated that uNK cells
play a critical role in regulating EVT invasion (Park et al., 2022). In this
study, we found that, unlike uNK cells from naturally cycling subjects,
uNK cells exposed to supraphysiologic levels of hormones did not sig-
nificantly enhance EVT invasion. This change in the ability of uNK cells
obtained from hormonally stimulated women to promote EVT inva-
sion could lead to abnormalities in placentation and, in turn, to adverse
fetal and maternal outcomes. Indeed, women undergoing IVF suffer
from pre-eclampsia and intrauterine growth restriction much more
commonly than women with naturally conceived pregnancies (Shevell
et al., 2005; Zhu et al., 2016). It has been suggested that such out-
comes are characterized by insufficient invasion of EVTs (Kaufmann
et al., 2003). uNK cells are just one of many cell types regulating EVT
invasion, however. Prior work from our lab demonstrates influence of
other cell types, including decreased EVT invasion in the presence of
decidualized stromal cells, however, proinvasive effects of uNK cells
are persistent in the presences of decidualized stromal cells (Park
et al., 2022). Future work examining interactions among numerous im-
mune cell types including macrophages and dendritic cells, as well as
other maternal cells including vascular smooth muscle cells and decid-
ualized stromal cells, as well as the influence of hormonal stimulation
on these cell types, are important avenues for future investigation on
the IOC device.

In order to identify potential factors that may be regulating EVT in-
vasion, we identified significant differences in gene expression via
RNA-seq of sorted prepregnancy uNK cells from stimulated and unsti-
mulated subjects. IPA analysis indicated that genes and pathways in-
volved in immune cell migration and inflammation are affected by
hormonal stimulation.

uNK cell populations are dynamic and go through significant enrich-
ment during the window of implantation and when EVT invasion
occurs. How this enrichment occurs is an ongoing area of investigation,
but it is thought to involve proliferation of existing uNK cells, as well
as recruitment and migration of peripheral NK cells (Kanter et al.,
2021). Our data showing a lower abundance of uNK cells and defec-
tive uNK cell function suggests that hormonal stimulation could lead to
abnormalities in uNK cell migration to their site of action, though this
remains to be tested. Another emerging theme from IPA on our data-
set was the mediation of inflammation. Pregnancy is a unique inflam-
matory environment, and studies have found that proinflammatory
signals are necessary for normal pregnancy, especially during the first
trimester, and during parturition (Mor et al., 2017). In line with this,
conditions associated with systemic inflammation, such as lupus, result
in several pregnancy complications (Peart and Clowse, 2014).
However, how inflammation contributes to pregnancy is commonly
studied in the context of maternal tolerance toward the fetus, while
understanding how inflammation could participate in normal processes
involved in pregnancy establishment remains unknown. Further work
investigating the role of particular genes involved in these pathways in
the context of uNK cells and pregnancy, and examination of differentially
expressed genes within uNK cells subsets is required. Furthermore, in
order to garner a better understanding of effects on other cell types

present within the maternal endometrium, we plan to pursue a compre-
hensive single-cell RNAseq in order to assess these changes.

The use of IVF is continuing to rise and new interventions and treat-
ment options continue to emerge. However, we still do not under-
stand the mechanisms by which these interventions may increase the
risk of adverse outcomes. Mitigation of the increased risks for adverse
outcomes associated with IVF, seen even in singleton pregnancies,
depends upon a more comprehensive understanding of mechanisms
underlying adverse clinical outcomes. Findings from this study provide a
possible contributing factor in changes in uNK cell number and function
seen early in gestation and influence on EVT invasion, thought to be a
factor in complications that are not clinically apparent until later in ges-
tation. Here we demonstrate for the first time, the applicability of a
novel research platform, the IOC device, to dissecting processes critical
to the understanding of normal and abnormal pregnancy in humans.
Future work utilizing this novel device will be critical to developing diag-
nostic and therapeutic options for the treatment of the multiple ad-
verse pregnancy outcomes associated with abnormal placentation.
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