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SUMMARY
Inappropriate type I interferon (IFN) signaling during embryo implantation and placentation is linked to poor
pregnancy outcomes. Here, we evaluate the consequence of elevated type I IFN exposure on implantation
using a human implantation in an organ-on-a-chip device. We reveal that type I IFN reduces extravillous
trophoblast (EVT) invasion capacity. Analyzing single-cell transcriptomes, we uncover that IFN truncates
invasive EVT emergence in the implantation-on-a-chip device by stunting EVT epithelial-to-mesenchymal
transition. Disruptions to the epithelial-to-mesenchymal transition are associated with the pathogenesis of
preeclampsia, a life-threatening disorder of pregnancy. Strikingly, IFN stimulation induces genes associated
with increased preeclampsia risk in EVTs. These dysregulated EVT phenotypes ultimately reduce EVT-medi-
ated endothelial cell vascular remodeling in the implantation-on-a-chip device. Overall, our work implicates
unwarranted type I IFN as a maternal disturbance that can result in abnormal EVT function that could trigger
preeclampsia.
INTRODUCTION

Balanced immune-mediated intercellular communication under-

lies successful reproduction.1 Embryo implantation into the

maternal endometrium, and subsequent placentation, is a com-

plex process where fetal trophoblast cells invade and restructure

the uterine vasculature. Endometrial transformation enables low

resistance blood flow to the fetus and requires a precise degree

of trophoblast invasion in order to prevent placental dysfunction.

Either inadequate or excessive trophoblast invasion can lead to a

wide spectrum of pregnancy complications, and thereby re-

quires fine-tuned control. Extravillous trophoblasts (EVTs) arise

from epithelial cytotrophoblasts (CTBs) with specialized migra-

tory and invasive properties and mediate endometrial invasion

and spiral artery remodeling. EVT functionality is tightly regulated

by many different cell types including uterine immune cells via

cytokine mediator.1,2 Growing literature indicates interferons

(IFNs) as cytokine mediators required for proper endometrial

decidualization and spinal artery remodeling under normal phys-

iological conditions,3–5 albeit the producers remain unknown.

Maternal immune dysregulation and inflammation are linked

to various pregnancy complications. Chronic inflammatory con-

ditions, such as systemic lupus erythematosus (SLE), are asso-

ciated with an elevated risk of pregnancy loss.6–8 Specifically,
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patients with lupus flares during early pregnancy are at a greatest

risk for pregnancy complications, with a 30%–40% chance of

suffering a pregnancy loss.6 Studies have specifically linked

inappropriate type I IFN signaling during early pregnancy,

when embryo implantation and placentation occur, with poor

pregnancy outcomes. For example, patients with SLE that devel-

oped preeclampsia (PE) were found to have higher functional

type I IFN activity early in pregnancy compared to patients with

SLE who had uncomplicated pregnancies.9 Type I IFN signaling

typically drives an antiviral state but can also be elevated in

certain states of immune dysregulation and/or autoimmune con-

ditions, including SLE.8 PE complicates 13%–35% of SLE preg-

nancies, compared to less than 1%–6% in otherwise healthy

women.10 PE is a hypertensive disorder in pregnancy that is

characterized by shallow trophoblast invasion and inadequate

spiral artery remodeling. Given that type I IFN is elevated in pa-

tients with SLE who demonstrated pregnancy complications

associated with poor trophoblast invasion, we hypothesized

that elevated type I IFN during early pregnancy could impact

EVT function and lead to a stressed villous placenta, thereby

increasing the risk of developing PE.

This led us to investigate the impact of elevated type I IFN

stimulation on EVT invasion and spiral artery remodeling. Using

a biomimetic model of human implantation in a microengineered
arch 18, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Type I interferon exposure abrogates EVT invasion

(A) A visual portrayal of human embryo implantation, where cytotrophoblasts, present within the fetal chorionic villi, differentiate into extravillous trophoblasts

(EVTs) that invade into the maternal uterus toward maternal vasculature.

(legend continued on next page)
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organ-on-a-chip device,11 we found that exposure to type I IFN

abrogated EVT invasion. Analyzing single-cell transcriptomic

data obtained from cells extracted from devices, we found that

unwarranted type I IFN exposure limits endovascular EVT emer-

gence, disrupts EVT epithelial-to-mesenchymal (EMT) progres-

sion, and induces a preeclamptic gene signature in EVTs. These

dysregulated phenotypes ultimately reduced EVT-mediated

vascular remodeling in our implantation-on-a-chip (IOC) device.

Our findings implicate unwarranted type I IFN as a maternal

disturbance that can trigger PE.

RESULTS

Elevated type I IFN exposure abrogates EVT invasion
Since higher functional type I IFN activity early in pregnancy was

detected in patients with SLE who developed PE compared to

patients with SLE with uncomplicated pregnancies,9 we aimed

to assess the impact of elevated type I IFN on implantation. To

do this, we employed an IOC device that models the invasion

of fetal EVTs into the maternal uterus.11 The IOC device recon-

structs the three-dimensional organization of the maternal-fetal

interface where EVTs exhibit directional migration through an

extracellular matrix (ECM) toward endometrial endothelial cells

(ECs) (Figures 1A and 1B). EVT migration within the IOC device

is dependent on intercellular communication with maternal

endometrial ECs, highlighting its physiological relevance.11 To

begin, we seeded the IOC device with primary human first

trimester histocompatibility leukocyte antigen (HLA)-G+ EVTs

isolated from clinical specimens and primary human endometrial

ECs. EVT expression of human placental lactogen (HPL), cyto-

keratin-7 (Ck7), and HLA-G was confirmed using immunofluo-

rescent staining (Figure S1A). Two days after seeding, we began

daily treatments of EVTs and ECs in the IOC device with IFN-b

(100 or 1,000 IU/mL, as previously used/established12), a hall-

mark type I IFN, by supplementing the daily media exchange.

Media disperses throughout the chip upon addition, thereby

exposing both cell types to IFN-b. We next assessed the proper-

ties of EVT invasion into the ECM toward the endothelial cham-

ber for 5 days (Figure 1C). Within 24 h of IFN-b treatment, we

observed a significant reduction in EVT migration out of the

trophoblast chamber and into the ECM as compared with the

control (Figures 1D and 1E). This blunting of EVT invasion with

IFN-b exposure persisted at day 3 and 5 (Figures 1D and 1E).

At day 5 post IFN-b exposure, we quantified the depth of inva-

sion and the number of EVTs invaded into the ECM. Using these

measurements, we observed that both the average number

of invaded EVTs and the average depth of EVTs in the ECM
(B) Top left: schematic of the implantation-on-a-chip (IOC) microfluidics device.

(height) and 0.25 mm (width) 3 0.3 mm (height), respectively. Top right: comp

extracellular matrix (ECM) toward maternal endothelial cells (ECs). Bottom ro

CellTracker Green) migrating across the ECM hydrogel toward maternal ECs (re

(C) Graphic of experimental timeline shown in days with start of type I interferon

(D) Representative image of IOC device at day 3 (top row) and day 5 (bottom row) w

in control and after IFN-b (1,000 IU/mL) exposure; scale bars, 200 mm. Represen

(E) Quantification of EVT area invasion at day 1, 3, and 5.

(F and G) Quantification of number of invaded EVTs (F) and depth of invasion (G

Data are presented as mean ± SEM (n = 3 independent devices per group). two-

Dunnett’s multiple comparison test (F and G). ns, p > 0.05; *p < 0.05; **p < 0.01;
were significantly reduced after 1,000 IFN-b IU/mL exposure

(Figures 1F and 1G). Using a lower dose of IFN-b (100 IU/mL),

we observed similar abrogation of EVT invasion with significant

reductions in the average depth of EVTs in the ECM and a trend

in reduced EVT invasion (Figures 1E–1G).

Next, we evaluated if IFN-b exposure impacted cellular prolifer-

ation. Previously, we found that primary EVTs, marked by the co-

expression of Ki-67 and HLA-G, proliferate on the IOC device in

the presence of endometrial ECs.8 Furthermore, recent literature

using spatial transcriptomics of patient implantation site samples

revealed that EVTs proliferate in vivo.13We first validated this pro-

liferation using immunofluorescent staining of EVTs in our model

that showed co-expression of Ki-67 and HLA-G (Figure S1A).

Following this, upon staining for Ki-67 on the IOC device,

we noted a decrease in Ki-67 expression at 3 and 5 days post

IFN-b exposure as comparedwith control (Figure S1B), indicating

a reduction in EVT proliferative capacity after prolonged IFN-b

exposure. Taken together, these findings indicate that elevated

type I IFN exposure impairs EVT invasive capacity.

Elevated type I IFN limits invading EVT emergence
To investigate how elevated IFN-b exposure impacts EVT inva-

sion, we next determined the transcriptomes of cells isolated

from the IOC device via single-cell sequencing (scRNA-seq). At

5 days post IFN-b exposure or PBS control, we extracted

38,495 cells from all layers of 36 IOC devices and processed

for 103 Genomics. Raw counts were filtered for empty cells,

doublets, and other quality control parameters. We used Seurat

(v.4.0.4) to combine all samples into a single object, and as

expected, uniform manifold approximation and projection

(UMAP) dimensionality reduction yielded two primary groups of

cells (Figure 2A). Cellular markers unique to EVTs and ECs

were used to distinguish the identity of each primary cell group.

Expression of trophoblast glycoprotein (TPBG) and placenta-

specific protein 9 (PLAC9) broadly distinguished trophoblast

clusters from ECs, while EC clusters were determined by

CD31 (PECAM1) and von Willebrand factor (VWF) expression

(Figure 2B). Despite HLA-G protein expression within EVTs (Fig-

ure S1A), EVT clusters had low levels of HLA-G transcripts (Fig-

ure S1C). Further, relative to ECs, EVTs had diminished HLA-A

expression (Figure S1D). Clustertree analysis with a resolution

of 0.2 resulted in four clusters within the EVT group, and two

within the EC group, indicating cell state heterogeneity among

EVTs and ECs.

Upon trophoblast invasion into the maternal endometrium,

EVTs remodel and replace the maternal endothelium of uterine

arteries in order to promote low resistance blood flow to the
The center and two side lanes have dimensions of 0.5 mm (width) 3 0.3 mm

artmentalized design of the IOC device allows EVTs to migrate through an

w: 3D (left) and 2D top-down (right) representative images of EVTs (green:

d: CD31).

(IFN-b) treatment at day 0.

ith EVTs (green: CellTracker Green) migrating towardmaternal ECs (red: CD31)

tative images are from three independent experiments.

) at day 5 post treatment.

way ANOVA with Tukey’s multiple comparison test (E). One-way ANOVA with

***p < 0.001; ****p < 0.0001 (n = 3 independent devices per group).
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Figure 2. Elevated type I interferon limits invading extravillous trophoblast emergence

(A) Uniform manifold approximation and projection (UMAP) plot of scRNA-seq of cells within 36 implantation-on-chip (IOC) devices (n = 38,495 cells) colored by

cell type and state.

(B) UMAP plot of marker genes characteristic of trophoblasts (left) and endothelial cells (right).

(C) Violin plots showing normalized and log-transformed expression of genes characteristic of endovascular EVTs in individual EVT subsets (x axis).

(D) Violin plots showing normalized expression of the type I IFN receptor subunits (IFNAR1 and IFNAR2) and representative interferon (IFN)-stimulated genes (x

axis) from scRNA-seq data in all cells in the IOC device separated by control (white) and type I IFN-exposed cells (gray).

(E) Bar plot representing the proportion of EVT subsets separated by control and IFN-stimulated cells. Data are presented as mean ± SEM.

(F) Minimum spanning tree computed by Slingshot, visualized on the UMAP of EVT subsets, separated by control and type I IFN-stimulated cells.
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placenta. EVTs will adopt an endothelial-like state during endo-

vascular invasion.14,15 Fascinatingly, the UMAP yielded a conver-

gence of transcriptomes between the two primary cell types

(Figure 2A). Furthermore, the cellular cluster at convergence,

EVT4, uniquely expressed endothelial markers PECAM1, VWF,

andCLDN5 alongwith thewell-describedmarker of endovascular

trophoblasts, NCAM1 (Figure 2C).14,16 To further benchmark

EVT4s, we integrated single-nucleus RNA sequencing data from

�2,000 interstitial and endovascular EVTs from a reference hu-

man implantation site13 and identified a substantial overlap with

EVT4s (cluster 3 in Figures 2B and 2C). Incredibly, these data sup-

port that invading EVTs emerge within the IOC device.

When IFN-b binds to the type I IFN receptor complex (IFN-a re-

ceptor [IFNAR]), it initiates signaling through the Janus kinase-

signal transducer and activator of transcription pathway and leads
4 Cell Reports Medicine 6, 101991, March 18, 2025
to the transcription of many IFN-stimulated genes (ISGs). We first

confirmed the expression of the IFNAR1 and IFNAR2 subunits

(Figure 2D). Next, upon evaluation of ISG induction following

IFN-b treatment, we observed the expression of several canonical

ISGs (IFI27, IFIT1, IFIT3, IFITM1, ISG15,MX1, OAS1, and STAT1)

across all EVT and EC clusters that were exposed to IFN-b as

compared to control (Figure 2D), indicating a robust response to

cytokine stimulation. We next quantified the proportion of cells

within clusters to assess the impact of type I IFN exposure on

cell type heterogeneity. Consistent with invasion assays (Figure 1),

the changes were primarily observed among the EVT clusters that

represent the convergence between the two cell types: EVT3

and EVT4 (Figure 2A). EVT3 and EVT4 clusters’ proportions

decreased after IFN-b exposure, albeit not statistically significant

(Figure 2E). We next used Slingshot to resolve subset emergence
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in pseudotime within both control EVTs and in IFN-b-exposed

EVTs (Figure 2F).17 Intriguingly, trajectory analysis predicted a

loss of trajectory toward EVT4 in the type I IFN-treated EVTs

compared to control EVTs (Figure 2F). This truncation in emer-

gence progressionwas also supported by an alternative trajectory

analysis platform, Monocle3 (Figure S3A).18 Concurrently, we

evaluated changes in EVT cell state using an RNA velocity pack-

age, velocytoR, that evaluates spliced/unspliced matrices.19

Truncated RNA velocity vectors in EVT3 and EVT4 supported

limited changes in cell state with IFN treatment compared to con-

trol (Figure S3B). Collectively, from these data, we conclude that

elevated type I IFN exposure limited the emergence of invading

EVTs in the IOC device.

Elevated type I IFN alters EMT transition and promotes a
preeclamptic gene signature in EVTs
EMT is a dynamic transformation of cellular organization from an

epithelial state to a mesenchymal phenotype and leads to the

functional acquisition of cellular migration and invasion. CTB to

EVT differentiation is a unique form of EMT where EVTs exist

along a spectrum of mixed epithelial and mesenchymal states

that can readily interconvert (Figure 3A).20,21 Gene expression

analyses of primary CTBs and EVTs have revealed dynamic

gene signatures along the EMT spectrum.20–23 Specifically, first

trimester EVTs display more developed mesenchymal features

during active endometrial remodeling as compared with third

trimester EVTs, which comparatively present withmore epithelial

features.20 This epithelial-to-mesenchymal plasticity ensures

that EVT migration and invasion can be regulated by decidual

checkpoints to avoid pathogenic outcomes.23

Given that EVTs for the IOC device were isolated from first-

trimester placental villi, we sought to evaluate changes in mesen-

chymal and epithelial genes previously described in primary

EVTs.21 All EVTs expressed high levels of mesenchymal genes

(FN1, VIM, and RHOC) and transcription factors (SNAI2 and

TCF-4) in addition to lower levels of epithelial genes (KRT18,

CTNNB1, and SERPINE1) and transcription factors (TWIST and

FOXC2) (Figure 3B). We noted that EVT1s expressed higher levels

of genes characteristic of a more developed mesenchymal

phenotype, including genes involved in invasion (MMP2) and

motility (SPARC), ECMdeposition (DCN, LUM, andCOL1A1) (Fig-

ure 3C). In contrast, EVT2s more distinctly expressed regulatory

inducers of EMT (HMGA1, HMGA2, PHLDA2, and STC1).24–27

Interestingly, the trajectory analysis onEVTs in Figure 2F proposes

a pathway of interconversion between EVT1 and EVT2 clusters

and thereby might represent the plasticity of EVTs along the

epithelial-to-mesenchymal spectrum (Figure 3A).

Notably, exposure to type I IFN resulted in several classical

mesenchymal genes to be considerably reduced in all EVTs (Fig-

ure 3D). This included decreased expression of canonical

mesenchymal markers such as VIM and RHOC and ECM pro-

teins (COL1A1). Furthermore, we saw reduced expression of

genes involved in cell motility (TAGLN, ACTA2, and ACTG1)

and mesenchymal integrins (ITGAE and ITGAV). From this, we

deduce that unwarranted type I IFN leads to a stunted epithe-

lial-to-mesenchymal progression in EVTs.

Disruptions to EMT are associated with the pathogenesis of

PE.28,29 PE is characterized by shallow trophoblast invasion
and a failure to adequately remodel spiral arteries; therefore,

we next evaluated genes known to be associated with PE path-

ophysiology (Figure 3E). We found heightened expression of

several genes associated with increased PE risk including

TNFSF13B, TFPI2, TIMP3, RBM25, IGF2R, and CSF128,30–32 in

IFN-EVTs compared with control EVTs (Figure 3E). We also

observed increased expression of complement activation com-

ponents that have specifically been implicated in PE pathogen-

esis (CFH,CFB,C1R, andC1S) in IFN-exposed EVTs.33,34 Given

these associations, we next compared our list of differentially ex-

pressed genes in IFN-exposed EVTs with a list of dysregulated

genes in EVTs from single-cell transcriptomes of EVTs in patients

with PE recently published by Admati et al.35 We identified note-

worthy overlap with 20% of upregulated genes and 26% of

downregulated genes shared with dysregulated EVT genes

found in patients with PE (Figure 3F). Taken together, these

data indicate that elevated type I IFN exposure disrupts

EVT-EMT progression and results in a PE-like gene signature

in EVTs.

Elevated type I IFN limits EVT-mediated vascular
remodeling in the IOC device
Spiral artery remodeling is critical for enabling adequate blood

supply to the fetus and involves the replacement of luminal ECs

in uterine arteries with endovascular trophoblast. Physiological

transformation of maternal vasculature is a dynamic process

that is mediated by EVTs. Vascular disruption and endothelial

apoptosis are two major features of spiral artery remodeling

upon endovascular EVT invasion. Notably, the IOC devicemodels

these processes in a physiologically relevant manner.11 Since we

observed that type I IFN exposure impaired EVT invasion in the

IOC and reduced invading EVT emergence and overall EVT qual-

ity, we next aimed to ask if this ultimately impacted EVT-induced

vascular remodeling. To begin, we resolved the most likely trajec-

tory of cell state emergence in pseudotime among all ECs via

Slingshot. We found that the primary cluster of EC1 transitions

into the minor EC2 cluster, indicating that EC2s are undergoing

a transformation of cell state (Figure 4A). In order to ask if EC2s

are representative of ECs undergoing remodeling, we next

assessed the expression of an important adhesion protein

commonly used to distinguish vascular disruption during implan-

tation, vascular endothelial cadherin (CDH5). We found that EC2

had decreased CDH5 levels as compared with EC1 (Figure 4B),

data suggestive that EC2 might represent cells within the endo-

thelial population that are actively undergoing remodeling.

To explore further, we next evaluated differentially expressed

genes in EC2s as compared with EC1s. Among the most upregu-

lated genes in EC2s were various apoptosis regulatory long-cod-

ing RNAs such asMALAT1,MTRNR2L12, andNEAT1 (Figure 4C).

Consistently EC2s had decreased expression of anti-apoptotic

genes, where we saw lower levels of the caspase inhibitor

CARD16 (CARD16) and the anti-apoptotic (COX5A).36,37 In further

support of EC2s transitioning to increased apoptotic state, we

observed enhanced expression of mitochondrial cytochrome c

subunits (MT-CO1, MT-CO2, and MT-CO3)38 and reduced

expression of various ribosomal proteins (RPS8, RPL13, and

RPL18).39 Lastly, we noted that EC2s had lower levels of genes

associated with contraction (VAMP5, MYL12A, and MYL12B) as
Cell Reports Medicine 6, 101991, March 18, 2025 5
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Figure 3. Elevated type I interferon alters epithelial-to-mesenchymal transition and promotes a preeclamptic gene signature in extravillous

trophoblasts

(A) Schematic describing the dynamic spectrum of epithelial-to-mesenchymal transition (EMT) in cytotrophoblast to extravillous trophoblast (EVTs) transition.

Small arrows indicate that first trimester EVTs display more developed mesenchymal features during active endometrial remodeling as compared with third

trimester EVTs.

(B) Violin plots showing normalized expression of representative canonical epithelial genes (left) and mesenchymal genes (right) in all EVT cells.

(C) Dot plots showing normalized, log-transformed, and variance-scaled expression of genes characteristic of mesenchymal genes and regulatory, inducers of

EMT (y axis) in individual EVT subsets (x axis).

(D) Boxplot showing normalized, classical mesenchymal genes in all EVT cells separated by control (white) and IFN-stimulated cells (gray).

(E) Dot plots showing normalized, log-transformed, and variance-scaled expression of preeclampsia risk factors (x axis) in all EVT separated by control and

IFN-stimulated cells (y axis).

(F) Venn diagram of dysregulated genes in EVTs from patients with PE with early- and late-onset preeclampsia with our list of differentially expressed genes in

IFN-exposed EVTs (upregulated and downregulated genes had a false detection rate less 5% and log fold change greater than one). Representative genes that

overlap are listed to the right.

Report
ll

OPEN ACCESS
compared with EC1s, indicating differences in EC functionality.

Collectively, the gene expression signature of EC2s supports

that this population is undergoing apoptotic remodeling.

We next assessed if IFN-b exposure ultimately impacted EVT-

mediated apoptosis by evaluating the percent mitochondrial

RNA in EC clusters within our sequencing data, a proxy for

apoptotic cell fate.40 We observed an increased percentage of

mitochondrial genes in both control EC clusters as compared

to IFN-exposed EC clusters (Figure 4D), suggestive of less
6 Cell Reports Medicine 6, 101991, March 18, 2025
apoptotic remodeling in IFN-exposed ECs. Upon comparing

differentially expressed genes between control EC clusters

with IFN-exposed clusters, as expected, we primarily observed

increased changes in IFN signaling genes (Table S1). Next, we

aimed to corroborate this finding of distinct cell death between

conditions by staining the IOC device for activated, cleaved

caspase-3 (Figure 4E). Consistently, we found that IFN-b treat-

ment limited EVT-mediated apoptosis within the IOC device,

which significantly reduced the amount of cleaved caspase-3
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Figure 4. EVT-directed vascular remodeling is limited by type I interferon

(A) Minimum spanning tree computed by Slingshot, visualized on the UMAP of EC subsets, EC1 (dark blue) and EC2 (light blue).

(B) Violin plots showing normalized expression of VE-cadherin (CDH5) in individual EC subsets (x axis).

(C) Dot plots showing normalized, log-transformed, and variance-scaled expression of genes characteristic of progression toward an apoptotic state and

endothelial function (y axis) in individual EC subsets (x axis).

(D) Percent mitochondrial gene expression (x axis) in individual EC subsets, separated by control (bottom) and IFN-stimulated cells (top) (y axis).

(E–G) (E) Visualization and (F and G) quantification of caspase-3 (magenta) expression. Scale bars, 50 mm. The representative images are from three independent

experiments. Two-sided t test (n = 3 independent devices per group).

Data are presented as mean ± SEM. *p < 0.05; **p < 0.01.
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signal in the endothelial channel (Figures 4F and 4G). Cumula-

tively, these data indicate that this EVT-driven EC remodeling

was limited when the IOC device was exposed to type I IFN.

DISCUSSION

Elevated type I IFN during embryo implantation is associated

with abnormal placentation and adverse pregnancy outcomes,

suggesting a role for type I IFN in affecting EVT function. We de-

signed this study to evaluate the consequence of unwarranted

systemic IFN on EVT function using a biomimetic model of hu-

man implantation in an organ-on-a-chip device.11 We found
that elevated type I IFN in the IOC device limited EVT invasion

and invading EVT emergence. In evaluation of IFN-exposed

EVTs, we uncovered that sustained IFN signaling stunted EVT

epithelial-to-mesenchymal progression with mesenchymal

genes considerably reduced in all IFN-stimulated EVTs. Prior

literature has indicated that IFN signaling is important for proper

endometrial decidualization and spiral artery remodeling, yet the

functional contribution of IFN signaling during implantation re-

mained undefined.3,4 Intriguingly, taken together with our find-

ings, we speculate that there could be an IFN signaling paradigm

that fine-tunes EMT transition in EVTs and thereby putatively

facilitates depth of invasion and may be pathogenic under
Cell Reports Medicine 6, 101991, March 18, 2025 7
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situations of high, unwarranted type I IFN, such as in SLE. Never-

theless, further studies are needed to directly address this

model.

Additionally, our work intended to investigate the impact of un-

warranted IFN on implantation in order to mimic systemically

elevated IFN in the environmental milieu, as seen in patients

with SLE. As such, one limitation to our study is that we only tran-

scriptionally assessed one time point with a single, high dose of

IFN, thereby limiting our ability to distinguish nuances of dose.

Further, previous studies have found that addition of other cell

types found at the maternal-fetal interface in the IOC device,

such as stromal cells or decidual immune cells, can influence

EVT invasion.5,11 The microfluidics of our IOC device does not

allow us to individually treat ECs or EVTs, thus we cannot

conclude direct or indirect effects of type I IFN on altered EVT

function. Further, our current experimental setup does not

include additional cell types; thus, an important future direction

is to consider the added complexity of other IFN-responsive

stromal and/or immune cells with known functions in facilitating

EVT invasion andmaternal spiral artery remodeling, such as uter-

ine natural killer cells.4,11

Although our findings describe a change in EVT trajectory and

state after elevated IFN exposure, our results do not rule out a

role for endothelial-specific IFN response on EVT invasion. Pre-

vious work with the IOC device indicated a critical role for inter-

cellular communication between maternal endometrial EC in

mediating directional EVT migration and invasion, likely through

secretion of an unknown factor(s).11 Our studies did not address

if IFN in ECs might impact this critical intercellular communica-

tion. Furthermore, our study only assessed an in vivo setting

where there is IFN exposure on both maternal and fetal cells;

therefore, future work is needed to decipher individual contribu-

tions of cell types to the altered EVT function triggered by IFN

signaling.

We identified a PE-like signature in IFN-EVTs compared

with controls. PE is a life-threatening hypertensive disorder

of pregnancy that confers a long-term, increased risk of car-

diovascular disease in both mother and child.41 PE is a multi-

factorial disease with multicomponent risk; thereby, in order to

effectively combat the disease, there is a need to distinguish

underlying mechanisms of the various risk factors. Currently,

PE is understood to occur in two stages with insufficient im-

plantation and vascular remodeling leading to reduced

placental perfusion (stage 1) that can lead to clinical manifes-

tations of disease (stage 2).42 Interestingly, we found induc-

tion of genes that are implicated in both stages of PE. We

found that IFN stimulation induced the expression of known

PE risk factors, such as complement activation. Aberrant acti-

vation of the complement system during first trimester is asso-

ciated with the onset of PE later in gestation and thereby

considered a stage 1 risk factor.33,34 Furthermore, we identi-

fied noteworthy overlap with PE dysregulated genes that are

known to be increased in stage 2 of PE, such as SAT1.

SAT1 has been bioinformatically associated with PE physio-

pathology multiple times throughout literature, although the

underlying mechanism remains poorly explored.43,44 Overall,

our study strikingly implicates unwarranted IFN signaling as

a maternal disturbance that could trigger PE.
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Overall, our work implicates elevated systemic type I IFN as a

maternal disturbance that can result in abnormal EVT function

that could instigate PE.

Limitations of the study
This work suggests that elevated systemic type I IFN alters inva-

sive EVT function. A limitation of our study is the inability to distin-

guish direct or indirect effects of type I IFN on EVT function since

the microfluidics of our IOC device does not allow us to individ-

ually treat ECs or EVTs. Another limitation of our experimental

design is that it does not model the cellular complexity at implan-

tation sites, such as the presence of stromal and/or immune

cells. Future experiments could evaluate EVT- and EC-specific

IFN responses and/or their interplay with other IFN-responsive

cell types present at the maternal-fetal interface to provide addi-

tional mechanistic insights.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Caspase-3 (1:200) Cell Signaling Technology Cat#9661; RRID: AB_2341188

PECAM1 (1:200) BioLegend Cat#910003; RRID: AB_2565394

Ki67 (1:200) Abcam Cat#ab245113; RRID: AB_2923193

HLA-G (1:100) Biorad Cat#MCA2044; RRID: AB323364

Cytokeratin-7 (1:100) Abcam Cat#ab181598; RRID: AB_2783822

Biological samples

Primary Human Extravillous Trophoblasts This manuscript N/A

Primary Human Endometrial Endothelial

cells (HEMEC)

ScienCell Cat#7010

Chemicals, peptides, and recombinant proteins

Recombinant Human IFN-b PeproTech Cat#300-02BC

Critical commercial assays

CellTracker Green CMFDA Thermo Fisher Scientific Cat# C7025

10x Genomics Chromium Single Cell 30

Reagent kit

10x Genomics V 3

Deposited data

Raw data This manuscript NCBI BioProject: PRJNA1118265

Original code This manuscript Zenodo: 10.5281/zenodo.11389981

Software and algorithms

Cell Ranger 10x Genomics V 6.0.0

Cell Ranger 10x Genomics V 7.3.0

R Studio https://posit.co/products/open-source/

rstudio/

"Prairie Trillium" Release

ImageJ https://imagej.nih.gov/ij/notes.html Version 1.53

Graphpad Prism https://www.graphpad.com/scientific-

software/prism/

Version 10.0.1

Biorender https://biorender.com/ N/A
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary human extravillous trophoblasts and endothelial cells were used for the implantation-on-chip model. Further details are pro-

vided in the method details section.

Obtaining human samples
Placental villi were obtained per protocol from first-trimester pregnancy terminations performed at the Penn Family and Pregnancy

Loss Center (IRB#827072) (n = 3, gestational ages 6–11 weeks). All subjects were counseled appropriately and provided written

informed consent. Patients with preexisting medical conditions known to be associated with poor reproductive outcomes or any

pregnancy complications in the current pregnancy were excluded from the study. Collected tissue was kept on ice and cell isolation

was carried out within 1 h of procurement.

Primary cell isolation and culture
Primary Human Extravillous Trophoblasts: Primary EVTs were isolated from first trimester termination tissue based on an EVT-

outgrowth based protocol established by Graham et al.45 Briefly, villous tissue was finely minced and cultured at 37�C in RPMI

1640 medium containing 20% charcoal-stripped fetal bovine serum (FBS, Gibco, Catalog # 10437). After villous fragment attach-

ment, EVT outgrowth occurred, and cells were separated from tissue during washing and passaging of the cells. The isolated
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EVTs were then cultured in 6 well plates using RPMI 1640 medium containing 20% FBS and 1% penicillin (100 U/ml)/streptomycin

(100 U/ml). The cultured EVTs were used for constructing the implantation-on-a-chip model within the first 3 passages. EVT identity

of the cells used in our experiments were characterized by immunostaining of cytokeratin-7 and HLA-G.

Primary Human Endometrial Endothelial cells: Human endometrial microvascular endothelial cells were purchased (HEMEC,

ScienCell, catalog #7010) and cultured in Endothelial Cell Growth Medium MV2 (EGM-MV2, Promocell, catalog # C-22022).

METHOD DETAILS

Implantation-on-chip model
The 3-chamber device used to physiologically and spatially model EVT invasion is originally described and validated in a prior pub-

lication.37 In brief, the fully enclosed device contains three parallel chambers, each individually accessible to fill with media and/or

cells of choice. In our model, the middle chamber contains an extracellular matrix (ECM) to represent the endometrial stroma Primary

human EVTs are in one side chamber (the ‘‘fetal’’ chamber), and human endometrial endothelial cells in the other (the ‘‘vascular’’

chamber), across the ECM. The arrangement allows in vivo-like directional migration of EVTs toward a micro-engineered maternal

vessel to represent a physiologically relevant human model system (Figures 1A–1D).

The ECM is a hydrogel precursor solution composed of a rat tail collagen Type-1 and Matrigel. Maternal endothelial cells and ex-

travillous trophoblasts were cultured in their respective chambers, with media replenished every day. PromoCell Endothelial Cell

Growth MediumMV2 (ready to use) media (C-22022) was used for the vascular chamber, and RPMI +2% FBS was used for the fetal

chamber. The flow of media was prevented to simulate occluded blood flow at the maternal-fetal interface, with extra precautions

taken during media exchange to minimize disruption of the culture environment. EVTs were fluorescently labeled with 5 mg/mL of

CellTracker Green CMFDA (Thermo Fisher Scientific, Waltham, MA, USA, catalog #C7025) per manufacturer protocol in DMEM sup-

plemented 2% (v/v) FBS for 15 min at 37�C, respectively. The device was incubated in a cell culture incubator in normoxic conditions

maintained at 5% CO2.

IOC treatments and immunofluorescence
After an initial 48 h, the fetal and vascular chambers were treated with 100 or 1000 IU/mL of IFN-bwith respective media and replaced

every 24 h (Figure 1C). Devices were imaged at 24, 72 and 120 h after initial addition of IFN-b. After completion of cell culture exper-

iments, media were removed from the reservoirs, and the channels were washed 3 times by flowing PBS. Cells cultured in flaskswere

similarly treated. Cells were fixed by introducing 4% paraformaldehyde (PFA, Thermo Scientific, catalog # AAJ19943K2) into the

channels and incubated for 30 min at room temperature (RT), followed by 3 washes with PBS for all immunofluorescence experi-

ments. After cell permeabilization and blocking with 0.1% Triton X- and 1% bovine serum albumin (BSA, Sigma, catalog # 5217),

respectively, the cells were incubated with primary antibodies against Caspase-3 (Asp175, Cell Signaling, catalog # 9661),

PECAM1 (2HB, Developmental Studies Hybridoma Bank) and Ki67 (37C7-12, Abcam, catalog # ab245113) diluted at 1:200 in

1% BSA-containing PBS solution at 4�C overnight. For EVT cultures, HLA-G (MEM-G/9, Biorad, catalog # MCA2044) and

Cytokeratin-7 (EPR17078, Abcam, catalog # ab181598) antibody was used at 1:100 dilution. Subsequently, the cells were washed

3 times by flowing PBS and treated with appropriate secondary antibodies diluted at 1:200 in PBS containing 1%BSA for 2 h at room

temperature. The cells were counterstained with DAPI, then washed with PBS three times. Fluorescence imaging was performed

using an inverted microscope with confocal capabilities (LSM 800, Carl Zeiss, Germany; 1030.45 NA objectives).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of EVT invasion
Fluorescence images of EVTs were obtained from the ECMmatrix region between the maternal vascular and fetal compartments of

the implantation-on-a-chip device. High magnification images were collected from three separate devices per each experimental

group with three representative images per device. EVT invasion was quantified at 24, 72 and 120 h after addition of IFN-b, by

(i) the number of invading EVTs and (ii) the area of EVT invasion. To evaluate the cell number, EVTs in the ECM compartments

were manually counted, and the average of total cell counts was plotted. The invasion depth was also calculated at 120 h and quan-

tified by the sum of the vertical travel distances of all EVTs in a given field of view divided by the total number of EVTs in the same

imaging area to calculate the average depth of invasion per cell number. Each data point in the invasion depth plots represents the

mean of the average invasion depths measured from three randomly selected areas within a single device. 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. A one-way ANOVA was performed to compare means, and a p-value <0.05 was consid-

ered statistically significant using GraphPad Prism. Additional statistical details of experiments can be found in figure legends.

Single cell RNA sequencing
Six IOC experiments per patient per condition (Control vs. IFN-b) were run to analyze scRNA-sequencing, for a total of 36 devices.

The IFN-b experiments used a dose of 1000 IU/mL of IFN-b based on the results seen in the invasion studies and increased the likeli-

hood of establishing a difference between experimental groups. To assess the cells in the devices at the end of experiments, media
e2 Cell Reports Medicine 6, 101991, March 18, 2025
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was removed, and the devices were washed twice with PBS. After removing residual PBS, the reservoirs of each channel were filled

with 0.25% Trypsin and incubated at 37�C for 15 min while pipetting every 5 min until the ECM hydrogel in the middle channel was

completely dissolved. Cell suspensions were collected, centrifuged at 300 3 g for 5 min, and then the supernatant was removed us-

ing a pipette, leaving only the cell pellet. Cells were then washed in MACS buffer (sterile PBS, 1% FBS, 2 mM EDTA).

Next-generation sequencing libraries were prepared using the 10x Genomics Chromium Single Cell 30 Reagent kit v3 as per man-

ufacturer’s instructions. Libraries were uniquely indexed using the Chromium i7 Sample Index Kit, pooled, and sequenced on the

Illumina NovaSeq6000 sequencer in a paired-end, single indexing run. Sequencing for each library targeted 20,000 mean reads

per cell. Data was then processed using the Cellranger pipeline (10x genomics, v.6.0.0) for demultiplexing and alignment of

sequencing reads to the GRCh38 transcriptome and creation of feature-barcode matrices.

Raw data was processed with the DropUtils R package46,47 to remove empty cells, and the DoubletFinder R package48 to remove

probable doublets. Downstream analysis was done usingSeurat (v.4.0.4) in R. Cells included in the analysis had greater than 500, and

less than 15000 transcripts, greater than 250 and less than 5000 detected genes, a ‘‘complexity’’ score (log10GenesPerUMI) greater

than 0.8, and a mitochondrial gene expression ratio of less than 20%. Cells were normalized for cell cycle phase and mitochondrial

content using the sctransform function. Cells were integrated using a canonical correlation analysis to expect similar biological states

among at least a subset of single cells across the conditions. Clustering was achieved using the FindClusters() function in Seurat. This

constructed a K-nearest-neighbors graph of cells, using between 1 and 20 canonical correlation vectors, and partitioned them into

‘quasi-cliques’ based on similar gene expression. A clustering resolution of 0.2 was used to optimize the biologic variability expected

based on prior studies based on a clustertree analysis. Differentially expressed genes (DEGs) were determined via the FindAll-

Markers() in Seurat. DEGs were considered significant if they were increased or decreased by at least 1 log2 fold change, utilizing

a false detection rate of 5%. Monocle3, slingshot R,17 and velocytoR19 packages were used for pseudotime analysis of single-cell

gene expression changes as a function of location and nearby cells.

For benchmarking purposes, we used sctransform and canonical correlation analysis inSeurat to further integrate scRNA-seq data

of endovascular and interstitial EVTs from a study by Arutyunyan et al.13 This reference data is of Donor P13, and publicly available via

at https://www.reproductivecellatlas.org.
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