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A Microphysiological Device to Model the Choriodecidual
Interface Immune Status during Pregnancy

Lauren Richardson,* Enkhtuya Radnaa,* Ryan C. V. Lintao,*,† Rheanna Urrabaz-Garza,*
Ruhi Maredia,‡ Arum Han,§,{,‖ Jiaren Sun,# and Ramkumar Menon*

During human pregnancy the chorion (fetal) lines decidua (maternal) creating the feto�maternal interface. Despite their
proximity, resident decidual immune cells remain quiescent during gestation and do not invade the chorion. Infection and
infiltration of activated immune cells toward the chorion are often associated with preterm birth. However, the mechanisms that
maintain choriodecidual immune homeostasis or compromise immune barrier functions remain unclear. To understand these
processes, a two-chamber microphysiological system (MPS) was created to model the human choriodecidual immune interface
under normal and infectious conditions in vitro. This MPS has outer (fetal chorion trophoblast cells) and inner chambers
(maternal decidual + CD45+ cells [70:30 ratio]) connected by microchannels. Decidual cells were treated with LPS to mimic
maternal infection, followed by immunostaining for HLA-DR and HLA-G, immune panel screening by imaging cytometry by time
of flight, and immune regulatory factors IL-8 and IL-10, soluble HLA-G, and progesterone (ELISA). LPS induced a
proinflammatory phenotype in the decidua characterized by a decrease in HLA-DR and an increase in IL-8 compared with
controls. LPS treatment increased the influx of immune cells into the chorion, indicative of chorionitis. Cytometry by time of flight
characterized immune cells in both chambers as active NK cells and neutrophils, with a decrease in the abundance of
nonproinflammatory cytokine-producing NK cells and T cells. Conversely, chorion cells increased progesterone and soluble
HLA-G production while maintaining HLA-G expression. These results highlight the utility of MPS to model choriodecidual
immune cell infiltration and determine the complex maternal�fetal crosstalk to regulate immune balance during infection. The Journal
of Immunology, 2023, 210: 1437�1446.

Maintenance of human pregnancy requires immune toler-
ance at the feto�maternal interfaces (FMis) (1�4). A
well-balanced system is ensured by a harmonious exis-

tence of feto�maternal immune cells, endocrine and paracrine medi-
ators, and other mechanical factors (5�9). This balanced system is
needed for fetoplacental and fetal membrane growth (10, 11). Partu-
rition is an inflammatory process where disturbances at the FMi col-
lapse immune balance, increase inflammatory activation, and exhibit
a bidirectional influx of immune cells facilitated by cytokine and
chemokine production (7). This is a natural and physiologic process
required to deliver the fetus by activation of multitudes of quiescent
uterine systems (12�14). However, disturbances to this system in
response to various pregnancy-associated risk factors (e.g., intra-

amniotic infection and inflammation) can prematurely cause immune
intolerance in various intrauterine tissues, contributing to adverse
pregnancy outcomes such as preterm premature rupture of the mem-
branes and spontaneous preterm birth (15�20).
Past studies on the FMi have been primarily focused on the pla-

cental�decidual interface (21, 22). For example, extensive investiga-
tions on the interactive roles of immune cells in the decidua basalis
have been conducted, and various immunoregulatory markers on
extravillous trophoblast, cytotrophoblast, and syncytial trophoblast
cells have been reported (23�26). However, another FMi, namely
the fetal membrane�decidual interface or choriodecidual interface,
has been not well studied despite the emerging importance of this
interface on maintaining healthy pregnancy (5, 27, 28). In this
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study, chorionic trophoblast cells of the amniochorionic mem-
brane (i.e., fetal membrane) line the decidua parietalis to form
the choriodecidual interface (29�32). Compared to the placental
interface, this interface forms the innermost uterine structure,
lines the entire intrauterine cavity, and covers various uterine
tissues (e.g., cervix, placenta, and myometrium) (33). Similar to
the decidua basalis, the decidua parietalis region also harbors
immune cells (∼30%) (3, 14, 34), and decidual cells (DECs)
also demonstrate immune cell-like properties (e.g., Ag-present-
ing histocompatibility Ag HLA-DR) (35). Although the lineage
of trophoblast cells in the placenta and fetal membranes may be
the same, chorion trophoblasts are distinct in their location, struc-
ture, and function compared with placental cytotrophoblast cells.
This reiterates the notion that the fetal membrane, and the cho-
rion in particular, is not just a mere extension of the placenta.
Recent data from our laboratory indicate that chorion trophoblast

cells are a rich source of the pregnancy maintenance hormone pro-
gesterone (P4) and anti-inflammatory cytokine IL-10, and they
express immunoregulatory HLA-G that does not change regardless
of the pregnancy condition (preterm versus term or term labor ver-
sus term not in labor) (36). Infection and inflammation-induced
stress on chorion trophoblasts are often associated with high levels
of IL-8 and TNF-a production, indicating them as biomarkers of
chorionic cell stress. HLA-G presentation as well as P4, IL-10, and
soluble HLA-G (sHLA-G) production by chorion trophoblasts are
likely the armories used by the fetal membrane to shield against the
invasion of decidual immune cells. Thus, the choriodecidual inter-
face is thought to function as a major barrier or “great wall” during
pregnancy, and any compromise to this barrier function can be detri-
mental to pregnancy. Therefore, a better understanding of this inter-
face is needed to elucidate its normal functions during pregnancy
and how a compromise to this interface can lead to intra-amniotic
invasion of pathogens and other risk factors leading to the fetal
inflammatory response.
However, studies of the FMi are difficult, as obtaining these tis-

sues to understand their functional contributions during pregnancy
and parturition is impractical. Tissues obtained after delivery, either
after preterm birth or term gestations, are compromised in their
architectural and functional properties confounded by various factors
that are beyond controllable levels. Animal models are also limited,
as the structure and function of the fetal membrane�decidual region
in these models are different from what is seen in human pregnancy
(37). These limitations led us to develop a microphysiological sys-
tem (MPS) (e.g., organ-on-chip or tissue chip) of the FMi using
chorion trophoblast, decidual, and resident decidual primary immune
cells to study the choriodecidual interface that simulates these
organs in vitro while maintaining their interactions as seen in vivo.
We have then used this system to study the properties of amnion
epithelial and mesenchymal cells of the fetal membranes (38). In
that study, we showed that intercellular interactions, cellular transi-
tions, and migration can be monitored using this device (38).
Despite these successes, these FMi MPS models are still limited, as
they lack immune cells, which is an integral component and contrib-
utes unique properties to this interface. In this study, we modified
our previously developed two-chamber, interconnected, amnion
membrane MPS model to mimic the choriodecidual immune inter-
face, where the interconnected microchannels allow for the passage
of cells and molecules across the cell barriers when the barrier is
compromised. We first determined the utility of this model in testing
the biological and biochemical properties of the choriodecidual
immune interface in normal conditions. In addition, we modeled
infection-associated (e.g., LPS stimulation) functional changes to the
chorion barrier of this interface using this model.

Materials and Methods
Institutional Review Board approval

This study protocol is approved by the Institutional Review Board (IRB) at
The University of Texas Medical Branch (UTMB) at Galveston, TX, as an
exempt protocol to use of discarded placenta after normal term cesarean
deliveries (UTMB no. 11-251). No subject recruitment or consent was
required for this study.

Clinical samples

Inclusion criteria. Criteria for inclusion were normal repeat or nulliparous
subjects and scheduled cesarean term deliveries from women with no
pregnancy-related complications who were not in labor. We could not
extract any additional clinical or demographic data, as our IRB protocol is
restricted to discarded human specimens (placenta) only. Therefore, any
additional data collection will require identifiers, and this is one of the limi-
tation of these studies.

Exclusion criteria. Term labor vaginal deliveries (>390/7 wk) were
excluded. Subjects with multiple gestations, placenta previa, fetal anomalies,
and/or medical or surgeries (intervention for clinical conditions that are not
linked to pregnancy) during pregnancy were excluded. Severe cases of pre-
eclampsia or persistent symptoms (headache, vision changes, right upper
quadrant pain) or abnormal laboratory findings (thrombocytopenia, repeated
abnormal liver function tests, creatinine doubling or >1.2, or HELLP [hemo-
lysis, elevated liver enzymes, low platelet count] syndrome) or clinical find-
ings (pulmonary edema or eclampsia) were excluded. Subjects who had any
surgical procedures during pregnancy or who were treated for hypertension,
preterm labor, or for suspected clinical chorioamnionitis (reports on foul-
smelling vaginal discharge, high levels of C-reactive protein, fetal tachycar-
dia), positive group B Streptococcus screening or diagnosis of bacterial vagi-
nosis, behavioral issues (cigarette smoking, drug or alcohol abuse), and
delivered at term were excluded from the control groups.

Primary immune cell isolation from the decidua parietalis. Graphical rep-
resentation of this protocol can be found in Supplemental Fig. 1. CD451

immune cells isolated from the decidua parietalis are maternal immune cells
(39). Prior to these chip experiments, primary immune cells isolated from
the decidua parietalis were screed by flow cytometry to determine the subpo-
pulations of CD451 leukocytes present at the FMi (e.g., ∼66% T cells,
∼13% NK cells, ∼4% macrophages, ∼4% B cells, ∼1.2% neutrophils).
From the viable cell population, CD451 cells made up 87%, while the
remaining 13% is thought to be resident DECs. The fetal membrane was cut
from the placenta and the amnion and chorion were manually separated
(n 5 6 biological replicates). The chorion layer was placed into a sterile petri
dish and decidua parietalis along with blood clots was gently collected using
a cell scraper. The scraped decidua tissue was then placed in a sterile petri
dish with HBSS and transferred into a biosafety cabinet. The tissue was then
strained through a 250-mm metal sieve fitted with no. 60 mesh size and
washed twice with HBSS. The tissue was collected from the strainer and
digested at 37◦C for 20 min with rotation in a solution containing 10% FBS,
2 mg/ml collagenase 2, 0.1 mg/ml soybean trypsin inhibitor, 0.15 mg/ml
DNase 1, and 1 mg/ml BSA in HBSS. Once incubation was completed, the
tissue was strained through the 250-mm sieve with no. 60 mesh size, and the
strained solution was neutralized with equal volume complete media (RPMI
1640, 10% FBS, and 1% penicillin-streptomycin). The cell solution was then
centrifuged at 420 × g, 4◦C, 11 min. The pelleted cells were resuspended in
2% washing solution (RPMI 1640, 2% FBS, and 1% penicillin-streptomycin)
and centrifuged at 420 × g, 4◦C, 11 min. The supernatant was removed and
the cell pellet was resuspended in RBC lysis solution and incubated for 5 min
at room temperature. The solution was then centrifuged at 420 × g, 4◦C,
11 min. the cell pellet was washed with 2% washing solution, passed through
a 100-mm strainer, and centrifuged at 420 × g, 4◦C, 11 min. The pellet was
then resuspended in FACS buffer (Dulbecco’s PBS, 5% FBS), and leukocytes
were enriched from a total population of DECs by density gradient centrifu-
gation. The cell suspension was gently overlaid on top of an equal volume
Ficoll (density 1.077 g/ml 1 0.001 g/ml) in a 15-ml centrifuge tube, ensuring
the two layers did not mix. The tube was then centrifuged at 500 × g for
30 min without brake. Leukocytes were collected from the interface between
the Ficoll and FACS buffer and placed in a clean tube. Using this isola-
tion strategy, low-density neutrophils, contained within the mononuclear
cell layer, will be included within the cultured cell populations. Three
times the volume of FACS buffer was added to the tube and the solution
was centrifuged at 420 × g, 4◦C, 11 min. The pelleted cells were resus-
pended in 2% washing solution and spun again at 420 × g, 4◦C, 11 min.
The supernatant was removed, and the final cell pellet was resuspended
in complete RPMI 1640 media. Cells were counted, placed in an appro-
priate culture vessel with complete media, and placed in 37◦C incuba-
tors with 5% CO2.
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Human chorion and DEC cultures

Prior to conducting experiments, primary fetal membrane chorion cells and
maternal DECs from different donors were isolated and immortalized to obtain
stable cell lines to be used on-chip. The same cell lines were used for all
experiments. The decidua parietalis and human fetal membrane (hFM) cells
(hFM_DECs) were isolated from placenta collected from women undergoing
elective cesarean delivery at term who were not in labor (as described in Refs.
40�42), and IRB approval was no. 16-0058, January 2020. Immortalized cells
have been validated against primary cells (43). Human chorion trophoblast
cells (hFM_CTCs) were cultured in DMEM/F12 supplemented with 0.20%
FBS, 0.1 mM 2-ME, 0.5% penicillin-streptomycin, 0.3% BSA, 1× insulin-
tranferrin-selenium-ethanolamine, 5 mM Y27632, 2 mM CHIR99021, 0.5 mM
A83-01, 1.5 mg/ml L-ascorbic acid, 50 ng/ml epithelial growth factor, and
0.08 mM valproic acid (40). All cells were grown at 37◦C and 5% CO2 until
they reached 80�90% confluence. hFM_DECs were cultured in DMEM/
F12 (Mediatech, Manassas, VA) supplemented with 10% FBS, 10% peni-
cillin-streptomycin (Mediatech), and 10% amphotericin B (Sigma-Aldrich,
St. Louis, MO) at 37◦C and 5% CO2 for 10 min. Cells under passage
20 were used for experiments.

Microfluidic MPS designs

The microfabrication procedure is similar to that previously outlined for the
amnion membrane MPS (38) (Supplemental Fig. 2A) and the cervix epithe-
lial MPS (44). To summarize, a two-step photolithography process was con-
ducted using a photosensitive epoxy (SU-8; MicroChem, Westborough, MA)
to fabricate the master mold, forming the first microchannel layer (24 chan-
nels; 5 mm high, 600 mm long, 30 mm wide) and the second cell culture
chamber layer (500 mm high). The master mold was then coated with (tride-
cafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (United Chemical Technolo-
gies, Bristol, PA) to facilitate polydimethylsiloxane (PDMS) release from the
master mold after replication. A soft lithography technique was used to
make the MPSs out of PDMS. PDMS devices were replicated from the mas-
ter mold by pouring PDMS prepolymer (10:1 mixture, Sylgard 184; DowDu-
Pont, Midland, MI) onto the mold, followed by curing at 85◦C for 45�60
min. To hold the culture medium, reservoirs were punched out from this
PDMS layer using a 4-mm-diameter biopsy punch. This PDMS layer was
treated with oxygen plasma (Harrick Plasma, Ithaca, NY) for 90 s to
improve the bonding of the PDMS layer onto the glass substrate and to also
make the device hydrophilic for easy cell and culture medium loading, fol-
lowed by bonding onto a glass substrate (22 × 22 mm). A single device
(2 × 2 cm) fits within a well of a six-well culture plate. Prior to use, MPSs
were washed with 70% ethanol for 10 min to sterilize, then washed three
times with 1× PBS. The microchannels were left open to allow for cell�cell
interaction between the chorion and decidua cultures.

Cell seeding and treatment in the MPS

After sterilization, the devices were washed three times with 1× PBS before
cell seeding. hFM_CTCs were seeded in the outer chamber (100,000 cells)
and hFM_DECs and CD451 leukocytes were mixed and loaded into the
inner chamber (28,000 hFM_DECs 1 12,000 CD451 cells). Seeding densi-
ties were determined through previous cell loading titrations and based on
cell ratios seen in in vivo ratios. A total volume of 200 ml of medium was
added to the outer chamber and 80 ml of medium to the inner chamber
(RPMI 1640, 10% FBS, 1% penicillin-streptomycin) to create uniform
hydraulic pressure. The MPSs were incubated at 37◦C with 5% CO2 over-
night to allow for cell attachment, and then the culture medium was changed
for the center chambers. The inner chamber was cultured with either stan-
dard culture medium (control) or 100 ng/ml LPS (45) to model ascending
infection. After 24 h, media from both chambers were extracted for further
testing and cells underwent endpoint immunostaining.

Microscopy

Bright-field microscopy. Images were captured using a Nikon Eclipse
TS100 microscope (×4, ×10, ×20 magnification) (Nikon). Three regions of
interest per condition were used to determine the overall cell morphology.

Fluorescence microscopy. A Keyence all-in-one fluorescence BZ-X810
microscope (×4, ×10, and ×40 magnification) was used to determine
CD451 leukocyte migration and histocompatibility Ag (HLA) expression.
Stitched images, covering half of the MPS, were analyzed for CD451 leuko-
cyte migration (∼2400 × 5000 pixels) as noted by CD451 punctate cells in
the outer chorion chamber. The total number of CD451 cells in the outer
chamber was counted manually using the ImageJ cell counter feature. The
number of CD451 cells in the inner chamber was not quantified or used as a
denominator to normalize images, and therefore this quantification method
is semiquantitative and provides absolute values for analysis. Three

representative regions of each chamber were imaged per chip for the quanti-
fication of HLAs (intensity analysis via ImageJ).

Live cell imaging. To determine the ability of immune cells to actively cross
through the microchannels, CD451 leukocytes were stained using NucBlue
Live Cell ReadyProbes (R37605; Invitrogen) or CellLight histone 2B-FITC
(C10595; Invitrogen). Manufacture protocols were followed for the live
staining kits. MPSs were seeded as previously described and incubated
within the CO2 chamber (KIW chamber) of the Keyence BZ-X810 micro-
scope. Green or blue fluorescently labeled CD451 leukocytes were moni-
tored for 12 h.

Immunocytochemistry staining

Immunocytochemical staining for CD45 (Abcam, ab30470; 1:200), vimentin
(Abcam, ab92547; 1:500), cytokeratin-18 (Abcam, ab668; 1:800), HLA-G
(Abcam, ab52455; 1:200), and HLA-DR (Abcam, ab929511; 1:50) were
used to monitor cell types and document their immune regulatory status. Abs
were titrated to determine appropriate dilutions to ensure specific and uni-
form staining. After 24 h, cells were fixed with 4% paraformaldehyde, per-
meabilized with 0.5% Triton X-100, and blocked with 3% BSA in 1× PBS,
before incubation with primary Abs overnight. Cells were washed three
times in 1× PBS and then incubated with species-specific secondary Abs
(1:1000) for 1 h. The MPSs were washed with 1× PBS and then treated
with NucBlue Fixed ReadyProbes reagent (R37606; Thermo Fisher Scien-
tific, Waltham, MA) to stain the nucleus. Primary and secondary concentra-
tions were validated based on previous chip-based studies.

Cell viability

To determine immune cell viability after primary isolation, immune cells
were cultured with or without DECs for 24 or 48 h on glass coverslips.
Before fixation, media were removed from all cell culture chambers, and
each chamber was washed with 1× PBS. A combination of conjugated live
and dead cell staining Abs, calcein-AM (for live cells; green; 4 mM) and
ethidium homodimer-1 (for dead cells; red; 2 mM) (Thermo Fisher Scien-
tific, L3224), were added into the cell culture chambers and incubated for
30 min in the dark with gentle rocking. The chambers were then washed
with PBS, treated with NucBlue Live ReadyProbes reagent (Thermo Fisher
Scientific), and imaged as described above. Senescent cells were identified
using a histochemical staining kit (ab65351, Abcam), with blue cells visualized
(senescence associated b-galactosidase) by light microscopy at 48 h after
immune cells were cultured with DECs. Laser settings, brightness, contrast,
and collection settings were all uniform for all images collected.

Histology

Human choriodecidual interface biopsies were fixed in 4% paraformaldehyde
for 48 h and embedded in paraffin. Sections were cut at 5-mm thickness and
adhered to a positively charged slide and attached by keeping them at 57◦C
for 45 min. Slides were deparaffinized using xylene and rehydrated with
100% alcohol, 95% alcohol, and normal saline (pH 7.4), then stained. Three
images for each category were taken at ×10 and ×40 magnification. Anti-
human Ab CD45 (ab30470, Abcam) was used for immunohistochemistry.

Imaging mass cytometry analysis

Panel design. Imaging mass cytometry Ab panel was designed to determine
immune subphenotypes and their activation status (see Tables I, II).

Abs used. All preconjugated and commercially available Abs were pur-
chased from the Flow Cytometry and Cellular Imaging Core Facility, The
University of Texas MD Anderson Cancer Center (Table II). All metal-
tagged Abs were stored at 4◦C. Ab concentration and specificity were evalu-
ated by visual inspection of the imaging mass cytometry images of control
versus LPS-treated CD451 primary immune cells in the inner chamber of
the MPS device using MCD Viewer software (Fluidigm). The resulting
staining patterns were compared with the control results presented by various
publications (BenchSci) and the various Ab vendors.

Sample preparation and imaging mass cytometry staining. After 24 h of
control or LPS treatment, the medium from the devices was removed. All
staining procedures were conducted inside the organ-on-a-chip devices.
Then, cells were treated with a Fc receptor block (BioLegend, San Diego,
CA, 101302) for 10 min at room temperature. Then, a surface Ab mixture
(CD3, CD4, CD25, CD45, CD8a, HLA-DR, CD11c, CD68, CD80, CD19,
CD66b, CD206/MMR, CD56, CD86, CD16) was added and incubated for
30 min at room temperature. Cells were then washed with Maxpar PBS
(Fluidigm, San Francisco, CA, 201058) for 5 min at room temperature. Cells
were fixed with 4% paraformaldehyde in PBS for 20 min at room tempera-
ture. After washing with Maxpar PBS (Fluidigm) for 5 min, an intracellular
Ab mixture (cytokeratin, vimentin, IFN-g, IL-17A, IL-4) was added to the
cells for 1 h at room temperature. Cells were then washed three times with
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Maxpar PBS (Fluidigm) for 5 min and incubated with 125 nM intercalator-Ir
(Fluidigm, 201192A) for 1 h at room temperature. Lastly, cells were washed
three times with Maxpar PBS (Fluidigm) for 5 min and once with Maxpar
H2O (Fluidigm, 201069). After staining was complete, the PDMS chamber
was removed, and the adherent stained cells that remained on the glass side
were air dried for Hyperion ablation.

Imaging mass cytometry ablation. Images were acquired using a Hyperion
mass cytometry system (Fluidigm). Laser ablation of the stained slides was
conducted at the Flow Cytometry and Cellular Imaging Core Facility, The
University of Texas MD Anderson Cancer Center (North Campus). The
Hyperion was autotuned using a three-element tuning slide (Fluidigm)
according to the tuning protocol provided by the imaging system user guide
(Fluidigm). Regions of interest were selected based on a prescanned stitched
slide images that selected three regions of interest that equaled 1 × 1 mm
per slide section in the inner and outer chamber. Three biological replicates
were imaged for each category of the groups (control or LPS treated). Abla-
tion was conducted at 200 Hz and raw images were collected.

Imaging mass cytometry data analysis. Raw data were exported as MCD
files and visualized using the Fluidigm MCD Viewer (https://www.fluidigm.
com/products-services/software). Individual image files for each stain and
region of interest were exported from the MCD Viewer as a 16-bit multi-
layer TIFF file. CellProfiler (https://cellprofiler.org/) was used to conduct cell
segmentation and generate a cell mask. A pipeline was built focusing on
the CD45 stain (Fluidigm, 3089003B; 89Y labeled, dilution factor 1:12) as
the primary object (5�20 pixels) and 3 pixels outside the primary object the
cytoplasm mask was created. All files were run through this pipeline and
cell masks were generated for each tissue and region of interest. The TIFF
files and cell masks were loaded into histoCAT (https://bodenmillergroup.
github.io/histoCAT/) for phenotypic analysis. Each condition (i.e., outer1in-
ner chamber of control devices or outer1inner chamber of LPS-treated devi-
ces; three regions of interest for three replicates) was analyzed together in
the same pipeline. All marker expression data per category was visualized as
a t-distributed stochastic neighbor embedding (t-SNE) plot. Phenograph anal-
ysis was conducted using standard histoCAT settings to generate unique cell
clusters from control or LPS-treated chips. Cluster identification was
achieved using the generated heatmaps for Ab intensity. Clusters of interest
were determined when they met the following criteria: 1) contain at least 0.1
intensity of nuclear Ab expression, 2) targets that were below the threshold
for clearly determining the identity, 3) did not contain at least 0.1 intensity
of CD45 Ab expression, and 4) were dominated for vimentin or cytokeratin
(markers of decidua and chorion cells). To identify the subphenotype of
immune cells in each cluster, markers were analyzed that contained an
expression level of 1 on the heatmap (i.e., highest expression). When more
than one immune-specific marker met all the above criteria, raw data were
analyzed to determine the dominant cell type in the cluster (Supplemental
Fig. 3). Immune cells were deemed activated when they expressed proin-
flammatory cytokines (i.e., IL-4, IL-17a, IFN-g) over the value 1.

Multiplex assays for inflammatory cytokine marker analyses using
Luminex

To analyze changes in inflammatory mediators, IL-8, IL-10, GM-CSF, and
TNF-a were analyzed from the cell supernatants in the MPSs after treat-
ments. Supernatants were collected from the reservoirs of the devices using
a pipette after 24 h. Standard curves were developed with duplicate samples
of known quantities of recombinant proteins that were provided by the man-
ufacturer. Sample concentrations were determined by relating the fluores-
cence values that were obtained to the standard curve by linear regression
analysis.

ELISAs

Media from both chambers were collected to measure the amounts of P4
and sHLA-G that were secreted in the culture. To measure P4, a competitive
ELISA (Invitrogen, EIAP4C21) was used by adding a competitive Ab after
the addition of a secondary Ab following the manufacturer’s instructions.
sHLA-G was measured with an Enzo sHLA-G ELISA kit (ALX-850-309-
KI01). Standard curves were developed with recombinant protein samples of
known quantities. Sample concentrations were determined by correlating the
sample absorbance to the standard curve by linear regression analysis.

Statistical analyses

All data were analyzed using the Prism 7 software (GraphPad Software,
La Jolla, CA). A Student t test was used to compare results with two means.

Results
Utilization of a two-chamber MPS device to model the
choriodecidual immune interface

To model the human choriodecidual immune interface (Supplemental
Fig. 1A), a device design the same as a previously reported two-
chamber MPS device (37, 44, 46) was used. The MPS is comprised
of two concentric circular chambers connected through arrays of
24 microfluidic channels (Fig. 1A). The inner chamber in green
represents the maternal decidual compartment whereas the outer
chamber in purple represents the fetal chorion layer, therefore
modeling the choriodecidual interface on-chip. Immortalized DECs
(hFM_DECs) and primary fetal membrane-derived CD451 leuko-
cytes (Supplemental Fig. 1B, 2B, 2C) were mixed at a 70:30 ratio
and loaded into the inner chamber, whereas immortalized CTCs
(hFM_CTC) were loaded into the outer chamber. Cells cocultured
for 24 h maintained their respective morphologies and cell-specific
markers (i.e., hFM_DECs, elongated vimentin1 cells; leukocytes,
small circular CD451 cells; hFM_CTCs, cuboidal DAPI1 cells)
(Fig. 1B). Owing to the microchannel height, hFM_DECs and
hFM_CTCs loaded into each culture chamber remain separated in
their respective chambers but still allow cell�cell interaction and
migration (white arrows) through the microchannels (Fig. 1B).

Maternal infection induces changes in immune status at the
choriodecidual immune interface

To determine the effect of maternal infection and infectious inflam-
mation at the choriodecidual immune interface, 100 ng/ml LPS (45)
was added to the inner hFM_DEC chamber of the MPS device, fol-
lowed by analyzing the immunoregulatory Ags and immune cell
migration after 24 h. Analysis of Ags that regulate immune function
at the FMi was conducted using fluorescence microscopy. Expression
of HLA-DR and HLA-G were analyzed in the hFM_DECs and
hFM_CTCs on-chip, respectively. LPS treatment induced a significant
reduction of hFM_DEC HLA-DR expression (green) (p < 0.0001),
whereas it did not affect hFM_CTC HLA-G expression (red)

FIGURE 1. Establishment of a two-chamber choriodecidual immune interface model. (A) Dye-filled two-chamber polydimethylsiloxane (PDMS) device
used to model the choriodecidual immune interface. The outer chamber was filled with purple dye and the inner chamber was filled with green dye. An array
of microchannels connects the two chambers. (B) Representative fluorescent images of vimentin-positive decidual cells (green) and CD45-positive leukocytes
in the inner chamber (red). Migratory leukocytes were identified by their CD45 staining within microchannels (white arrows). Chorion cells in the outer
chamber were only stained with DAPI (blue) (original magnification ×10).
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compared with the controls (Fig. 2A). To determine the effect of
maternal infection on promoting immune cell migration across the
choriodecidual interface, immune cells on-chip were fluorescently
stained for CD45 (red) and the absolute number of adherent immune
cells in the outer chamber was quantified. Obtaining a relative count
of immune cells is a limitation of this model, as it is easy to remove
nonadherent or semiadherent immune cells after media collection in
the inner chamber, providing inaccurate numbers to act as the
denominator of a relative value. This is a limitation of this approach.
Resident hFM_DEC immune cells migrated through microchannels
(see yellow lines, Fig. 2B) into the CTC chamber within 6 h
(Supplemental Fig. 2B, 2C), and migration plateaued after 24 h.
LPS treatment induced a significant amount of immune cell migra-
tion (p 5 0.03) after 24 h compared with control devices (Fig. 2B).
These data suggest that maternal infection can induce hFM_DEC
immune cell migration into the fetal hFM_CTC layer, and that our
MPS model is ideal in determining their migratory properties.

Characterization of immune cell subphenotypes and activation
status

To determine the effect of LPS on immune cell activation, cells
in the hFM_DEC chamber were treated with LPS for 24 h and
analyzed using CyTOF. The workflow for cell phenotyping
based on CyTOF is shown in Fig. 3A. Cells were stained on-
chip with a panel of 20 metal-tagged Abs against cell surface
markers and intracellular markers (Tables I, II). Cytoskeletal
markers showed CD451 (red; immune cells) in the inner cham-
ber along with vimentin1 (green) hFM_DECs, while the outer
chamber contained cytokeratin1 (yellow) hFM_CTCs in both
control and LPS-treated devices (Fig. 3B). To visualize CyTOF
data on a two-dimensional scatterplot, t-SNE was used, where
immune cells with similar surface and intracellular marker
expressions were grouped together. To determine the phenotypic
diversity of immune cell populations on-chip within the two
groups (i.e., control devices, inside1outside chambers; LPS
devices, inside1outside chambers), a k-nearest neighbor den-
sity-based clustering algorithm called PhenoGraph (47) was

conducted and overlaid on the t-SNE plot (Fig. 3C). To visual-
ize the subphenotypes of cell populations, PhenoGraph informa-
tion was used to create heatmaps to determine the relative
intensity of each parameter for a given cluster (Supplemental
Fig. 3). Cell clusters identified in the LPS-treated chips were
normalized to control samples to determine the increase in
immune cell abundance or activation of immune subtypes
(Fig. 3D).
Our CyTOF analysis revealed a distinct increase (blue) in

multiple activated immune cell populations within the LPS-
treated chip compared with the control (Fig. 3D). Data pre-
sented in a heatmap, directed by the number of positive cells in
the raw data, showed an increase in cell clusters characterized
by 1) CD561, CD3−, CD161, 2) CD161, CD251, CD11c1, IL-17a1,
3) HLA-DR1, CD161, and 4) CD66b1, CD161, IL-17a1, IL-41. The
expression pattern is consistent with cytotoxic NK cells, activated NK
cells, neutrophils, and activated neutrophils, respectively. Interestingly,
other populations with low frequency expressing either CD161,
CD251, CD11c1, or CD8a1 in the LPS-treated group compared
with the controls were also present. Although further characterization
is needed, these markers are indicative of nonproinflammatory cyto-
kine (i.e., IL-4, IL-17a, INF-g)�producing activated NK cells and
T cells, respectively. Taken together, our data determined the ability
of LPS to shift the immune cell phenotype and induce immune cell
activation at the FMi and showed that such phenomena are detect-
able using the dual-chamber choriodecidual interface MPS model.

FMi crosstalk during infectious conditions

Concentrations of pro- and anti-inflammatory cytokines, IL-8 and IL-10,
respectively, as well as hormone (P4) and immunoregulatory factors
(sHLA-G) were measured in both chambers after 24 h to determine
whether LPS-induced immune cell migration and activation produced an
inflammatory response to chorion compromise. We also determined
whether the infectious environment remained localized to the maternal
chamber or whether it elicited a response on the fetal side (Fig. 4). LPS
treatment of the hFM_DEC chamber increased IL-8 production in
the hFM_DEC chamber within 24 h (814 ± 324 pg/ml) compared

FIGURE 2. Immune status changes at the choriodecidual inter-
face. (A) Representative fluorescent images of HLA-DR1 decid-
ual cells (green) and HLA-G1 chorion cells in the inner chamber
(red). LPS treatment induced a significant decrease in HLA-DR
expression in the decidua (p < 0.0001), whereas HLA-G expres-
sion did not change in chorion cells. DAPI is in blue. Representa-
tive images (original magnification, ×10) are shown for n 5 6
with three regions imaged per device. Images have been cropped
to highlight marker staining. Graphs show mean ± SEM values.
Scale bars, 100 mm. (B) Fluorescence microscopy images of
CD451 (red) cell migration within the MPS device. Migrating
cells were localized by CD45 and blue nuclear stain outside the
inner chamber (yellow dashed circle). White arrows show the
direction of cell migration. Bar graphs show values expressed as
the number of migrated cells in devices with or without maternal
LPS treatment. LPS induced a significant amount of cell migration
into the outer chamber (p 5 0.03). Representative images are
shown for n 5 6. Images have been cropped to focus on the
microchannel interface. Graphs show mean ± SEM values. Scale
bars, 100 mm.
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with control (180 ± 75 pg/ml; p 5 0.04) but not in the hFM_CTC
chamber (Fig. 4A). Production of the anti-inflammatory cytokine
IL-10 was not affected in either cell chamber (Fig. 4B). Additionally,
LPS treatment to the maternal side resulted in significant changes in
the hFM_CTC chamber, increasing the production of anti-inflamma-
tory hormone P4 (control, 728 ± 234 pg/ml; LPS, 1794 ± 473 pg/ml;

p 5 0.04) (Fig. 4C) and immune regulator sHLA-G compared with
controls (control, 94 ± 35 pg/ml; LPS, 186 ± 29 pg/ml; p 5 0.04)
(Fig. 4D). These data show that the experimental conditions
employed in this study indicate that maternal- and fetal-specific
responses of choriodecidual cells maintain homeostasis under infec-
tious and inflammatory conditions. Of note, although not significant,
chorion showed a trend in increasing IL-8 and decreasing IL-10 after
LPS treatment, suggesting that increasing the dose of LPS, or time of
incubation or even the power of sample size, may have produced a
significant change. This trend is indicative of an expected immuno-
compromise at the interface, which will require further studies.

Discussion
Immune dysfunction during pregnancy at the choriodecidual inter-
face is characterized by infiltration of activated inflammation-inducing
immune cells into the fetal membrane (e.g., chorioamnion mem-
brane) (2, 14, 48). This inflammatory response overrides the
feto�maternal immune tolerance at this interface that maintains a
healthy pregnancy (1, 2, 49�51), thus promoting the development of

FIGURE 3. Imaging CyTOF analysis of immune cell subpopulations on-chip. (A) Illustration documenting the workflow of on-chip Ab staining and CyTOF
image analysis. Created with BioRender. (B) CyTOF images showing vimentin1 decidual cells (hFM_DECs; green) and CD451 leukocytes in the inner chamber
(pink). Migratory leukocytes were identified by their CD45 staining in the chorion (hFM_CTC) chamber. Chorion cells in the outer chamber were only stained
with cytokeratin (yellow). Scale bars, 100 mm. (C) Phenographs overlaid on t-SNE plots showing the specific immune cell clusters identified in each group
(i.e., control devices, inside1outside chambers; LPS devices, inside1outside chambers). Different colors represent different histoCAT-identified cell clusters.
Gray outlines represent clusters that did not meet the inclusion criteria. (D) Heatmap representing the normalized number of immune cells within specific
clusters identified from imaging CyTOF (control versus LPS). Blue shows an increase in the immune cell population, and yellow shows a decrease.

Table I. Immune cell profiles

Leukocytes CD451

M2 macrophages CD451, CD681, CD2061

M1 macrophages CD451, CD681, CD861/CD801

NK cells CD451, CD561/CD161/CD3-
Dendritic cells CD451, CD11c1, HLA-DR1

Neutrophils CD451, CD151/CD66B1

B lymphocytes CD451, CD191

T lymphocytes Tregs CD451, CD31, CD41, CD251

Th CD451, CD31, CD41

Th1 CD451, INF-l
Th2 CD451, IL-4
Th17 CD451, IL-17

CTLs CD451, CD31, CD81

Treg, regulatory T cell.
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chorioamnionitis that can lead to preterm birth (52�55). In this
study, we investigated intercellular interactions between the chorio-
decidual immune interface and the differential cellular response by
each cell type to an infectious stimulus. Principal findings of this
study are as follows: 1) the developed MPS model is ideal for
studying choriodecidual FMi immune homeostasis (we also report
that primary immune cells isolated from human decidua parietalis
can be seeded along with decidual cells, and their viability is main-
tained throughout the culture period, making it ideal to study the
choriodecidual interface); 2) infection increases cytokine production,
along with a reduction in HLA-DR expression, in decidual cells;
3) infectious stimulus on the maternal side causes immune cell
migration toward the fetal side and 4) induces a shift in immune

cell subpopulations and activation status across the choriodecidual
interface; 5) the influx of decidual immune cells toward chorion
trophoblasts (chorionitis) is associated with maternal inflammatory
imbalance (cytokine changes); 6) chorion trophoblast HLA-G expres-
sion is not impacted by maternal LPS treatment or immune cell infil-
tration; and 7) chorion trophoblasts resist immune imbalance (i.e.,
generate tolerance) by enhancing an anti-inflammatory environment
(an increase in P4 and sHLA-G), which could be a momentary trend.
A tendency to downregulate IL-10 along with an increase in IL-8 and
no change in immunomodulatory HLA-G on the chorion side is sug-
gestive of a shift toward its collapse (Fig. 5). Infection load and type
of infectious agent, its immunogenicity, and increased time of expo-
sure to said agent may compromise chorion’s functional integrity.

FIGURE 4. Maternal infection-induced inflammatory and hor-
monal changes at the choriodecidual immune interface. (A and B)
Multiplex analysis measured supernatant concentrations of proin-
flammatory cytokine IL-8 and anti-inflammatory cytokine IL-10 in
the inner and outer chamber after 24-h treatment. Maternal LPS
treatment induced a significant increase in IL-8 production in
decidual cells (p 5 0.04) but did not affect IL-8 production in the
chorion. Anti-inflammatory cytokine IL-10 levels did not change
in either chamber regardless of treatment. Data are shown as mean
± SEM (n 5 5). (C and D) ELISA measured media concentrations
of anti-inflammatory hormone, progesterone (P4), and immune
regulatory Ag, soluble HLA-G (sHLA-G), in the inner and outer
chamber after 24-h treatment. Maternal LPS treatment induced a
significant increase in P4 and sHLA-G production in chorion cells
(P4, p 5 0.04; sHLA-G, p 5 0.04) but did not affect production in
the decidua chamber compared with controls. Data are shown as
mean ± SEM (n 5 5).

Table II. Imaging mass cytometry Abs

Target Cells
Tagged Ab
Description Target Label Clone Specificities Source Catalog No.

Chorion trophoblast
cells (outer
chamber)

Cytokeratin 154Sm Cytokeratin (pan) 154Sm C-11 All BioLegend 628602

Decidual cells
(inner chamber)

Vimentin 165Ho Vimentin 165Ho Polyclonal Hu R&D Systems AF2105

Immune cells CD3 170Er (MDA) CD3 170Er UCHT1 Hu BioLegend 300443
CD4 161Dy CD4 161Dy RPA-T4 Hu, Ch BioLegend 300502
CD25 149Sm CD25 149Sm 2A3 Hu DVS-Fluidigm 3149010B
CD45 89Y CD45 89Y HI30 Hu, Ch DVS-Fluidigm 3089003B
CD8a 146Nd CD8a 146Nd RPA-T8 Hu DVS-Fluidigm 3146001B

HLA-DR 174Yb
(MDA)

HLA-DR 174Yb L243 Hu, Ch, Cy, Rh,
Cn

BioLegend 307602

CD11c 150Nd CD11c 150Nd Bu15 Hu BioLegend 337221
IFN-g 158Gd IFN-g 158Gd B27 Hu, Mk, Rh, Ch DVS-Fluidigm 3158017B
IL-17A 148Nd IL-17A 148Nd BL168 Hu DVS-Fluidigm 3148008B
CD68 171Yb CD68 171Yb Y1/82A Hu DVS-Fluidigm 3171011B
CD80 162Dy CD80 162Dy 2D10.4 Hu, Rh DVS-Fluidigm 3162010B
IL-4 142Nd IL-4 142Nd MP4-25D2 Hu DVS-Fluidigm 3142002B
CD19 163Dy CD19 163Dy HIB19 Hu, Ch BioLegend 302202
CD66b 143Nd CD66b 143Nd G10F5 Hu, Ch BioLegend 305102
CD206 168Er CD206, MMR 168Er 15-2 Hu DVS-Fluidigm 3168008B
CD56 176Yb

(DVS-NCAM16.2)
CD56 176Yb NCAM16.2 Hu, Cy, Rh DVS-Fluidigm 3176

CD86 156Gd CD86 156Gd IT2.2 Hu DVS-Fluidigm 3156008B
CD16 209Bi CD16 209Bi 3G8 Hu, Rh DVS-Fluidigm 3209002B
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In summary, our data indicate that immune homeostasis at the
choriodecidual interface is maintained by constitutive expression of
chorionic HLA-G and the anti-inflammatory properties of P4 and
IL-10. HLA-G and sHLA-G likely protect the interface from immune
cell infiltration. These protective mechanisms may be compromised
in response to infection exposure, as seen with LPS stimulation in the
presented study. The dose of LPS used in this study produced an
immune cell influx and did not affect HLA-G in the chorion, suggest-
ing that HLA-G or sHLA-G required to resist immune cell infiltration
may not be available if infection persists. During the 24-h experimen-
tal period, chorion cells tend to withstand LPS stimulation with P4;
however, it is unclear whether the P4 function is exclusively anti-
inflammatory, as it is also involved in minimizing cellular transitions
that can change trophoblasts into proinflammatory stromal cells. It is
unlikely that the scenario observed in our study will persist when
immune cell migration increases over time, leading to enhancement
of the fetal inflammatory response that can eventually compromise
the barrier integrity (Fig. 5). Cellular infiltration leading to chorioam-
nionitis is the first step, and subsequent inflammatory amplification
can cause either rupture or membrane dysfunction leading to preterm
birth.
During normal pregnancy, HLA-G and sHLA-G (a cleaved frag-

ment from membrane HLA-G) (56) in the chorion trophoblasts and
HLA-DR in the decidua modulate infiltration of immune cells and
inhibit their cytotoxic and inflammatory effects (35, 57�61). These
HLAs (i.e., HLA-G and HLA-DR) regulate decidual immune cell
populations that are comprised of T cells (∼36%), NK cells (∼32%),
macrophages (∼16%), B cells (∼5%), and neutrophils (∼1%)
(62�67) during gestation by 1) shifting T cells to a Th2 phenotype,
2) inducing NK senescence and inhibition of cytotoxic function,
3) preventing maturation of dendritic cells, 4) inhibiting B cell pro-
liferation, 5) polarizing macrophages to an M2 phenotype, and
6) inducing phagocytosis and inhibiting reactive oxygen species
production in neutrophils (59, 60, 68). We postulate that HLA-G
expression and adequate production of sHLA-G are two main
components of the chorion barrier that are critical for the structural
and functional integrity of this region during pregnancy.
This study determined multiple parameters that can compromise

immune homeostasis leading to a collapse of the interfaces’ integrity
during infection. We hypothesize that this occurs in three phases. In
phase 1, infection and the spread of inflammation compromise the
HLA barriers. In our model, LPS decreased HLA-DR expression in
the decidua-CD451 coculture but did not change HLA-G expression

in the chorion, suggesting that maternal infection can compromise
the quiescent state of resident immune cells, prime their activation,
and allow their migration into the chorion that does not contain high
levels of HLA-G. Although maternal infection increased sHLA-G
production in the chorion, this response is not sustainable without
a similar increase in membrane-bound HLA-G, suggesting that
chorion-induced tolerance to inflammation is short-lived. In phase
2—immune cell infiltration—changes in HLA-G can reduce chorio-
decidual defenses, prompting decidual immune cell infiltration. As
seen in our CyTOF analysis, maternal infection also induces
changes in the immunophenotype of cells by increasing the number
of activated immune cells and by decreasing the number of quies-
cent cells. These changes can create an inflammatory environment.
In phase 3—the spread of inflammation—when countering maternal
proinflammatory cytokine and immune cell infiltration, the chorion
may try to develop tolerance or succumb to the proinflammatory
environment and collapse. As mentioned above, the fate of the inter-
face and chorion’s response is likely stimulant type-, dose-, and
time-dependent. The consequence of the interface is difficult to
draw from our studies, as the approach is limited to 24-h treatment
of a single dose of LPS. However, we devised a model and demon-
strated parameters that can determine the collapse or resilience of
the choriodecidual interface.
The use of traditional two-dimensional cultures and animal mod-

els has failed to capture the complexities of human pregnancy and
has been unsuccessful in understanding immune imbalances at the
FMi. To overcome these limitations, this study adapts a previously
validated two-chamber MPS device (38, 44, 69) to model immune
regulation at the choriodecidual interface. Primary immune cells iso-
lated from the decidua parietalis were cultured on-chip for 24 h to
model the subpopulations of CD451 leukocytes present at the FMi
(e.g., ∼66% T cells, ∼13% NK cells, ∼4% macrophages, ∼4% B
cells, ∼1.2% neutrophils). To our knowledge, this is the first time
decidua-derived primary immune cells were cocultured in an MPS
device, highlighting the novelty of these experiments. Additionally,
infection-induced cell�cell communication, cell migration, and the
subsequent response from the receiving end is not possible to emu-
late in a traditional culture system. Besides, inflammatory mediators
diffusing through the microchannels between the choriodecidual
chambers, mimicking paracrine interactions as expected in utero, is
also replicated in this study. However, the kinetics of biochemical
flow between the chambers and their functional impact are beyond
the scope of this study. Therefore, we presume that such interactive

FIGURE 5. Infection-induced crosstalk at the choriodecidual immune interface. (A) Cartoon representing the feto�maternal interface during pregnancy.
This interface is composed of maternal decidual cells connected to fetal-derived chorion trophoblast, amnion mesenchymal cells, and amnion epithelial cells.
This interface forms at the choriodecidual junction, which is an immune cell barrier during normal pregnancy. (B) Schematic showing the crosstalk between
the maternal decidual cells, immune cells, and fetal chorion during the presence of maternal infection and inflammation. Maternal infection induces decidua
dysfunction by reducing the expression of immunoregulatory Ag HLA-DR and by increasing the production of proinflammatory cytokine IL-8. This inflam-
matory imbalance activates resident CD451 cells and promotes their migration into the chorion layer. Propagation of infection and CD451 cells is countered
by chorion cells’ production of 1) anti-inflammatory hormone, progesterone (P4), 2) immune neutralization factor, sHLA-G, 3) expression of membrane-
bound HLA-G, and proinflammatory changes, including 4) an increasing trend of IL-8, and 5) no change in IL-10 production. These results suggest that
infectious conditions can induce chorion cell tolerance, leading to pregnancy homeostasis, or induce chorion layer collapse, leading to ascending infection.
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features that are normally expected in an organ’s environment are
successfully recreated in our MPS model, which are lacking in tradi-
tional culture systems.
Although this model has several advantages over current in vitro

and in vivo systems (i.e., compared with transwells or coculture cell
plates that are commercially available, the present model includes
organ-on-a-chip data, a high signal-to-noise ratio [70], and it allows
for visualization of migrating cells in real time [46]), it also contains
limitations regarding experimental setup and endpoint analysis.
Although primary immune cells are ideal to incorporate into this
MPS, they exhibit a short half-life in vitro (∼48 h) (Supplemental
Fig. 2D, 2E) that inhibits long-term experiments, and nonadherent
immune cell populations are lost before endpoint staining. Immune
cell lines should be investigated for their utility (e.g., differentiation
protocols and long-term viability) and capacity to recreate FMi
immune phenotypes (i.e., marker expression) during pregnancy.
Future studies will be conducted to develop a comprehensive and
long-term MPS model of the choriodecidual immune interface. This
will be accomplished by mechanistic chorion barrier studies and the
adaptation of immune cells derived from cell lines to model the ratio
of CD451 leukocyte phenotypes during gestation. These advance-
ments will produce a robust in vitro model to study the complex
cell�cell communication at the FMi and to delineate the intercon-
nected role of the innate and adaptive immune system during gesta-
tion, term, and preterm labor.
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