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Abstract

Preterm birth (PTB; < 37 weeks of gestation) impacts ~ 11% of all pregnancies and contributes to
1 million neonatal deaths worldwide annually. An understanding of the feto-maternal (F-M)
signals that initiate birthing (parturition) at term is critical to design strategies to prevent their
premature activation, resulting in PTB. Although endocrine and immune cell signaling are well-
reported, fetal-derived paracrine signals capable of transitioning quiescent uterus to an active state
of labor are poorly studied. Recent reports have suggested that senescence of the fetal amnion
membrane coinciding with fetal growth and maturation generates inflammatory signals capable of
triggering parturition. This is by increasing the inflammatory load at the feto-maternal interface
(FMi) tissues (i.e., amniochorion-decidua). High mobility group box 1 protein (HMGB1), an
alarmin, is one of the inflammatory signals released by senescent amnion cells via extracellular
vesicles (exosomes; 40-160 nm). Increased levels of HMGBL1 in the amniotic fluid, cord and
maternal blood are associated with term and PTB. This study tested the hypothesis that senescent
amnion cells release HMGB1, which is fetal signaling capable of increasing FMi inflammation,
predisposing them to parturition. To test this hypothesis, exosomes from amnion epithelial cells
(AECs) grown under normal conditions were engineered to contain HMGB1 by electroporation
(eHMGBL). eHMGB1 was characterized (quantity, size, shape, markers and loading efficiency),
and its propagation through FMi was tested using a four-chamber microfluidic organ-on-a-chip

"Corresponding author: Ramkumar Menon, MS, PhD, Professor, The University of Texas Medical Branch at Galveston, Department
of Obstetrics & Gynecology/Cell Biology, 301 University Blvd., Galveston, TX 77555-1062, USA, ra2menon@utmb.edu Telephone:
409-772-7596.

Author Contributions

Enkhtuya Radnaa, PhD: Conceptualization, Investigation, Methodology, Writing — original draft. Lauren S Richardson, PhD:
Methodology, Writing — original draft. Samantha Sheller-Miller, PhD: Conceptualization. Tuvshintugs Baljinnyam, PhD:
Investigation. Mariana de Castro Silva, PhD: Investigation. Ananth Kumar Kammala, PhD: Resources. Rheanna Urrabaz-Gar za,
BS: Investigation. Talar Kechichian, MS: Investigation. Sungjin Kim, MS: Methodology. Arum Han, PhD: Writing — review &
editing. Ramkumar Menon, PhD: Conceptualization, Funding acquisition, Supervision, Writing — original draft, Writing — review &
editing.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Radnaa et al.

Page 2

device (FMi-OOC) that contained four distinct cell types (amnion and chorion mesenchymal,
chorion trophoblast and decidual cells) connected through microchannels. eHMGB1 propagated
through the fetal cells and matrix to the maternal decidua and increased inflammation (receptor
expression [RAGE and TLR4] and cytokines). Furthermore, intra-amniotic injection of eHMGB1
(containing 10 ng) into pregnant CD-1 mice on embryonic day 17 led to PTB. Injecting
carboxyfluorescein succinimidyl ester (CFSE)-labeled eHMGB1, we determined /in vivo kinetics
and report that eHMGB1 trafficking resulting in PTB was associated with increased FMi
inflammation. This study determined that fetal exosome mediated paracrine signaling can generate
inflammation and induce parturition. Besides, /n vivo functional validation of FMi-OOC
experiments strengthens the reliability of such devices to test physiologic and pathologic systems.
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INTRODUCTION

Spontaneous preterm birth (PTB), birth before the 37" completed week of pregnancy, is a
major pregnancy complication that affects ~11% of all pregnancies worldwidel. PTB is a
complex syndrome with multiple etiologies and pathologic pathways. When mothers are
exposed to risk factors such as infection during pregnancy, the feto-maternal (F-M)
inflammatory response overrides the immune tolerance that maintains pregnancy, leading to
PTB2 3. The fetal inflammatory response is a major contributor to this process®.
Inflammation results from a complex group of tissue-specific molecular and cellular
interactions®; however these interactions are not well delineated in the process or parturition.
To better understand the mechanisms of PTB and reduce its risk, an understanding of the
inflammatory signals that induce labor is needed®-8. Immune cell activation and migration
have been reported in feto-maternal interface (FMi) tissues (maternal: myometrium, decidua,
and cervix; fetal: fetal membrane [amniochorion] and placenta) that override immune
tolerance at the FMi in response to both endocrine and fetal signals of organ maturation®: 10,
However, significant knowledge gaps exist in our understanding of how signals from the
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fetus, specifically the fetal inflammatory response, affects the uterus to transition from a
relaxed to laboring state to facilitate birth.

Inflammatory mediators produced by FMi are different in term and preterm tissues,
suggesting distinct tissue-level mechanistic events causing immune activation11-13, Using
amnion membranes (the innermost lining of the uterine cavity) as a model, we have
previously reported two distinct mechanisms, namely, senescence and epithelial-to-
mesenchymal transition (EMT) of amnion epithelial cells (AECs), generating inflammation,
observed in both humans and mouse models!4 15, Senescence and EMT are physiological
responses to intrauterine oxidative stress (OS) experienced by the amnion at term to promote
parturition. However, the premature activation of senescence in response to pregnancy risk
factors such as infection is pathologic. Similarly, both placental and decidual senescence
reported during pregnancy are also capable of producing sterile inflammation16-18,
Inflammatory mediators within the amnion membrane include damage-associated molecular
pattern markers (DAMPs)19-26. DAMPs released from OS-induced amnion membranes and
placenta include high-mobility group box 1 protein (HMGB1)27-29, heat-shock protein 7039,
cell-free fetal (cff) DNA telomere fragments (TFs)%L, and uric acid?3. Amnion senescence
coincides with fetal growth, maturation, and inflammatory signal increase that likely
indicate fetal readiness for parturition.

HMGB1 is a well-reported DAMP that is associated with both normal and adverse
pregnancy outcomes!? 29.31-34 Increased HMGBL in various biological compartments has
been observed in pathologic pregnancies?8: 31. 32.34-37 OS-induced nuclear injury to AECs
causes translocation of HMGBL1 to the cytoplasm, where it is often modified and secreted
either directly or after being packaged by extracellular vesicles (exosomes; typically 40-160
nm in diameter)38. As a paracrine signaler, HMGBL1 is pro-inflammatory and causes damage
to other FMi cells by increasing inflammation?2: 29. 3839, Based on its function as a pro-
inflammatory mediator, we hypothesize that senescent fetal-derived HMGBL is a fetal
signaling mechanism that can amplify the inflammatory immune responses within FMi
tissues to promote parturition?®-45. FMi tissues in this study is defined as the interface
between human fetal membranes (amniochorion) and maternal decidua. Exosome-based
HMGBL delivery can overcome the short half-life of this molecule in the systemic
circulation, making exosomes an ideal vehicle for paracrine signaling in the F-M
environment#6. However, the functional impact of senescent fetal cell-derived exosomal
HMGBL1 on pregnancy and parturition is unclear.

To test the mechanistic function of this exosomal HMGB1 and to overcome technical
challenges of testing the functions of exosomes /n vivo, we engineered AEC-derived
exosomes to contain HMGB1 by electroporation (eHMGB1). Then, using an organ-on-chip
device that mimics the human /n vivo FMi, we determined the kinetics of eHMGB1
propagation between four different FMi cell layers and the changes in the production of
inflammatory molecules in these cell layers. In addition, we tested /n vivo trafficking of
eHMGBL and its ability to induce parturition by injecting them intra-amniotically in a
pregnant mouse model. In both the organ-chip model and mouse model, we compared the
effect of recombinant HMGB1 (rHMGB1) and eHMGB1. We report that eHMGBL1 can
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traffic far more efficiently between the FMi cell layers, cause inflammation, and induce
PTB.

In this study, we tested the hypothesis that, at term, OS-induced senescent AECs package
HMGB1 as inflammatory cargo within exosomes, which propagates to the maternal uterine
cells, increases inflammation, and functions as one of the fetal signals to initiate parturition.

IRB Approval —

No subjects were recruited or consented for this study. Placental specimens used for this
study were deidentified and considered as discarded human specimens that do not require
institutional review board (IRB) approval. Placental specimens were collected from John
Sealy Hospital at the University of Texas Medical Branch at Galveston, Texas, USA in
accordance with the relevant guidelines and regulations of approved protocols for various
studies (UTMB 11-251; University of Texas Medical Branch at Galveston).

Utilizing the Fetal-Maternal interface Organ-on-chip (FMi-OOC) model to mimic Fetal-
Maternal interface (FMi) to study exosomes trafficking during pregnancy

Device design—The FMi-OOC devices were designed and manufactured at Texas A&M
University Electrical and Computer Engineering laboratory as previously described*’—4%.The
microfluidic FMi-OOC is composed of four poly(dimethylsiloxane) (PDMS) concentric
circles that each form a cell culture chamber and connected through arrays of microfluidic
channels (Fig. 1c and e—f). Each cell culture chamber is 250 um in height and has widths of
600 pm for chamber#1, 2000 um for chamber#2 and #3, and 3000 pm for chamber#4. These
chambers are interconnected through an array of 24 microchannels (5 um in height, 30 um in
width, and 300-600 um in length (Fig. 1e). An on-chip reservoir block placed on top of the
cell culture chamber layer is comprised of multiple 4 mm diameter and 2 mm deep
reservoirs, where each reservoir is aligned in such a way that they are placed on top of the
inlets and outlets of each cell culture chamber in the main cell culture layer. The center
culture chamber has one reservoir on top of it and the outermost culture chamber has four
reservoirs on top of it, while the two middle culture chambers have two reservoirs each on
top of them, to provide sufficient cell culture medium to all parts of the cell culture
chambers evenly. Before using the FMi-OOC, the devices were sterilized with 70% ethanol
for 15 min, washed 3 times with PBS, filled with type IV basement membrane collagen
matrigel (Corning matrigel basement membrane matrix, DEV-free; 1:25 in media), and
incubated at 37°C with 5% CO, overnight. Diluted type IV collagen basement membrane
matrigel was used to fill the microchannels to mimic the amnion and chorion basement
membranes /n utero.

After this process, the cell chambers were rinsed with PBS to remove extra matrigel, and the
devices were loaded with cells in the different culture chambers depending on the
experiment (Fig. 1f and Sup. Fig. 5a).
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Culturing human fetal membrane (amniochorion) and maternal uterine cells

Placental fetal membranes were collected from women with term, not-in-labor, delivery
(>38 weeks), and without any pregnancy-related complications. Fetal membrane-derived
cells were cultured as described previously, including amnion epithelial cells (AECs)?0:51,
amnion mesenchymal cells (AMCs)1®, chorion mesenchymal cells (CMCs)®2, chorion
trophoblast cells (CTCs)%2, maternal decidua cells (DEC),>! and myometrial cells (MYQ)48.
The characteristics and the viabilities of each cell type in the FMi-OOC device is previously
described?.

Generating a tetraspanin CD9-red fluorescence protein (CD9-RFP) expressing stable AEC

cell line

AECs were seeded (100,000 cells) in a 12-well plate cultured in keratinocyte serum-free
medium (KSFM, Gibco™, Dublin, Ireland) and incubated at 37°C with 5% CO,. The next
day, the cells were infected with 10 multiplicity of infection (MOI) of pCT-CD9-RFP
lentivirus (SBI, CA, USA) and incubated for 72 hours (h) at 37°C with 5% CO,. Culture
media were replaced with fresh KSFM and the infected cells were allowed to recover for an
additional 48 h. Cells were then transferred to a 6-well plate and infected cells were selected
with 1pg/mL of puromycin for a week while changing the puromycin-containing KSFM
every 2-3 days. CD9-RFP-AECs cell lines were passaged up to 10 times before the
experiments.

HMGBL1 co-localization with CD9-RFP-AECs exosomes

HMGB1 green fluorescence protein (HMGB1-GFP) plasmid DNA (Vector Builder Inc.,
Chicago, IL, USA) was transiently transfected into CD9-RFP-expressing AEC cells with
lipofectamine (Invitrogen, Waltham, MA, USA) according to manufacturer’s instruction by
co-incubating them for 16 h at 37°C in a 5% CO, incubator. These cells were then treated
with cigarette smoke extract (CSE) at 1:50 dilution to induce oxidative stress, as described
previously®3-55. HMGB1-GFP and CD9-RFP expression was monitored for co-localization
via time-lapse video recording and Z-stack capturing with a Keyence microscope (Keyence
Corp., Osaka, Japan) (Sup. Fig. 2).

AEC-derived exosome isolation and purification

In this study, we define exosomes as extracellular vesicles with a particle size between 30 —
160 nm in diameter. Exosomes were isolated and purified by a defined centrifugation
process as described previously38: 56, Briefly, frozen media was thawed overnight at 4°C,
and sequentially centrifuged at 300 g for 10 min, 2000 g for 20 min at 4°C. Supernatants
were concentrated in the Amicon® ultra-15 centrifugal tube of 100,000 nominal molecular
weight limit (NMWL) for 30 min at 4000 g. Concentrated media was collected then
centrifuged at 10,000 g for 30 min at 4°C. Supernatants were filtered through 0.2 um
NalgeneTM syringe filter (Thermo Scientific, Waltham, MA, USA), and ultracentrifuged at
100,000 g in a type 70.1 Ti rotor (Beckman Coulter, Brea, CA, USA) for 2 hr at 4°C.
Supernatants were discarded and pellets were resuspended in ice-cold PBS, and centrifuged
at same speed for another 1 hr to clean the exosomes. Then, pellets were resuspended in the
PBS, aliquoted and stored at —80°C for further usage.

Lab Chip. Author manuscript; available in PMC 2022 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Radnaa et al. Page 6

Electroporation for loading HMGBL1 into the exosomes

A total of 109 AEC-derived exosomes and 1 pg of human recombinant HMGB1 (rhHMGB1,
R&D Systems, Inc., Minneapolis, MN, USA) were mixed in 400 pl of electroporation buffer
(1.15 mM potassium phosphate, pH 7.2, 25 mM potassium chloride, 21% Optiprep), and
were electroporated using a Gene Pulser Xcell Electroporation System (Bio-Rad, Hercules,
CA, USA) as previously described®’: 58, Briefly, the mixtures were transferred in a single 4-
mm cuvette and electroporated at 400 V, 125 pF, and oo ochms with 2 pulses, and
immediately transferred to ice. After electroporation, the exosomes were kept on ice and
washed twice with ice-cold PBS to remove excess rhHMGBL1 and electroporation buffer
using Amicon® ultra-15 centrifugal tube (NMWL 100,000) at 1000 g for 10 min. After
washing, collected exosomes were pooled, aliquoted and stored at —80°C for further
analysis. As control exosomes, 109 exosomes from the same batch were electroporated using
the same conditions with PBS (Endotoxin-Free Dulbecco’s PBS (1X), w/o Ca++ & Mg++,
MilliporeSigma, Burlington, MA, USA) instead of rhHMGBL.

Exosome characterization

Exosome size distribution and concentration measurements—Nanoparticle
tracking analysis (NTA) was performed with NanoSight NS300 (Malvern Panalytical Ltd.,
Malvern, UK) to measure the sizes and concentrations of the exosomes as described
previously38: 56 (Sup. Fig. 3a). The analysis settings were optimized at the day of the
experiment and remained constant between the samples. Exosomes were diluted in filtered
ultrapure water (ELGA,Bucks Marlow, UK) before running through the instrument.

Western blot analysis—Exosomes were lysed and analyzed as described previously with
some modifications®®. Briefly, the lysates were mixed with 4 x loading buffer (Bio-Rad) in
non-reducing conditions and without heating. 50 pl lysates were loaded into each well of 4—
15% gradient polyacrylamide gels (Bio-Rad) and subjected to electrophoresis. Subsequently,
the proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad) by
semi-dry electrophoretic transfer (Bio-Rad), and the membranes were blocked in 5% nonfat
dry milk/TBST (Tris-Buffered Saline, 0.1% Tween20) for 2 h at room temperature (RT). The
membranes were then incubated with primary antibodies of CD63 (Novus Biologicals,
Centennial, CO, USA, Clone: MX-49.129.5, [NBP2-32830]) and CD81 (Cell Signaling
Technology, Cat. No: MAB6435, Lot. No: 531413) diluted at 1:400 in 5% nonfat dry milk /
TBST overnight at 4°C, with secondary antibodies (SouthernBiotech, Birmingham, AL,
USA, Cat. No: 1030-05, Lot: K3515-T566, DF: 1:15000) for 1 h at RT. Protein bands were
visualized using an Enhanced Chemiluminescent Western Blotting solution (Bio-Rad) with
ChemiDoc™ Imaging System (Bio-Rad).

Transmission electron microscopy (TEM) analyses—To visualize the size and the
integrity of the electroporated exosomes, TEM negative staining was performed as described
previously®® with modifications. Briefly, 20 ul of exosomes were dropped onto 200 mesh
formvar/carbon-coated grids (Electron Microscopy Sciences, Inc., Hatfield, PA) and allowed
to absorb to the formvar for 10 min. Exosomes were then treated with 2% aqueous urany!l
acetate (Electron Microscopy Sciences) for 1 min and allowed to dry up for 10 min at RT
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under a heating light. The samples were viewed and imaged with a Phillips (FEI, Hillsboro,
OR, USA) CM-100 transmission electron microscope.

HMGBJ1 concentration measurement in the exosomes—HMGB1 concentration in
electroporated exosomes were measured by ELISA (IBL International Corp., Hamburg,
Germany). Electroporated control (eCTRL) and HMGB1 exosomes (eHMGB1) were lysed
with a 10 x radio-immunoprecipitation assay (RIPA) lysis buffer (0.5 M Tris, pH 8.0; 1.50
M NaCl: 10% (v/v) Triton X-100; 10 mM EDTA, pH 8.0; and 10% (w/v) Sodium dodecy!I
sulfate-SDS) supplemented with protease (MilliporeSigma), phosphatase (Thermo
Scientific) inhibitor cocktails, and phenylmethylsulfonyl fluoride (PMSF, Honeywell Fluka,
Charlotte, USA) for 5 min at RT while vortexing intermittently. HMGB1 ELISA was
performed according to the manufacturer’s instruction and color development was measured
with a Synergy™ H4 plate reader (BioTek™, Winooski, VT, USA). The results of the
ELISA were used to determine the amount of HMGBL (ng) per exosome.

ExoView detection of HMGB1—To validate and determine the loading efficiency of the
electroporation methods, exosomes were analyzed using the ExoView platform (NanoView,
Boston, MA, USA) following the manufacture’s procedure with modifications. ExoView
allows the detection of specific cargo protein at a single-vesicle level. Briefly, 35 pl of
exosomes (1x10%/ml) from eCTRL and eHMGB1 were diluted in solution A (NanoView
Biosciences) and incubated on tetraspanin microarray chips placed in a 24-well plate
overnight at RT. Each chip was pre-coated with CD9, CD63, CD81 antibodies and MIgG
control antibodies. Solutions and buffers provided by the manufacturer for ExoView
experiments are proprietary of the company and their exact composition is not known to
these investigators. The following day, unbound exosomes were washed 3 times for 3 min at
500 rpm shaker in solution A. Exosomes bound to the capture spots were then fixed and
permeabilized with the ExoView Cargo Kit according to the manufacturers protocol. Breifly
the bound exosomes were fixed with solution C (NanoView Biosciences) for 10 min, washed
as previously described, and lysed in solution D (NanoView Biosciences) for 10 min and
washed again as described.

HMGB1 primary antibody (Cell Signaling Technology, Danvers, MA, USA) was labeled
with Alexa Fluor™ 555 labeling kit (Invitrogen) according to manufacturer’s instruction.
Briefly, 1 pg HMGBL1 antibody was labeled with 5 ul of Alexa Fluor™555 for 5 min at RT,
followed by quenching with 5 pl of blocking reagent (Invitrogen) and used immediately after
the labeling. Then exosomes were co-stained with AF555 conjugated HMGBL1 antibody
(Cell Signaling Technology) (0.3 ug per chip), CD9 and CD63 antibodies diluted in
Blocking solution (NanoView Biosciences) for 1 h at RT in the dark. The tetraspanin
microarray chips were then sequentially washed 3 times for 5 min in solution A, and in
solution B (NanoView Biosciences), and 5 times for 5 min in Milli-Q water (ELGA) at 500
rpm shaker. Then, the chips containing exosomes were carefully dried from the final water
wash and placed on absorbent paper and then imaged on the ExoView R100 instrument
(NanoView Biosciences) using the nScan 2.9.3 acquisition software. The size distribution,
concentration, and HMGBL1 loading efficiency were calculated using nanoViewer 2.9.3
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provided by NanoView Bioscience, and output was displayed and stored on an Excel
spreadsheet.

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase
(EV-TRACK ID: EV200186)°°.

Uptake of fluorescently labeled AEC-derived exosomes by maternal decidual & myometrial

cells

The green fluorescent lipophilic tracer DiO (Invitrogen) was used for labeling exosome
membranes as described previously80. Briefly, DiO was added to the exosomes at a final
concentration of 10 uM in PBS and incubated for 30 min at 37°C. To remove free DiO,
exosomes were washed with ice-cold PBS twice using an Amicon® ultra-15 centrifugal tube
(NMWL 100,000) by centrifugation at 1000 g for 10 min for each wash. Human DEC and
MYO cells were seeded in exosome-depleted complete media in a 8-well slide glass at a
density of 20,000 cells and cultured overnight. The following day, 6 x 108 DiO-labeled
AEC-exosomes were added to the cells and incubated for 4 h and 8 h at 37°C with 5% CO?2.
Cells were fixed with 4% paraformaldehyde (PFA) and counterstained with vimentin
(Abcam, Cambridge, MA, USA, Cat. No: ab92547, Lot No: GR3186827-13) diluted at
1:300 in 3% bovine serum albumin (BSA Gemini, Bio-Products, West Sacramento, CA,
USA)/ TBST and DAPI (Invitrogen). Z-stack images were taken with a Keyence microscope
(Keyence Corp.) and co-localization of the vimentin and DiO were analyzed with the RGB
Profiler from ImageJ (open source).

FMi-OOC model to monitor fetal exosome trafficking and inflammation propagation

FMi-OOC setup for monitoring exosome trafficking—The FMi-OOC was used to
monitor exosomes trafficking from the fetal amnion to maternal decidua since the PDMS
material does not absorb exosomes (Sup. Fig. 1). For this purpose, CD9-RFP-AECs
(300,000 cells) producing red fluorescent exosomes were seeded in chamber #1 (outermost)
for testing endogenous exosome trafficking, AMCs (40,000 cells) were seeded in chamber
#2, CTCs (300,000 cells) were seeded in chamber #3, and maternal DECs (10,000 cells)
were seeded in chamber #4 (innermost) (Fig. 1f). Epithelial and the mesenchymal cells ratio
is mimicking the fetal membrane cells correlation 7n vivo. Cells were seeded a day before
exosome treatment to ensure proper attachment of the device surface. The next day, DiO-
labeled exosomes (6x108 exosomes, exogenous) were added to chamber #1. Endogenous
and exogenous exosome trafficking were monitored via time-lapse imaging with a Keyence
microscope (Keyence corp.) (Sup. Fig. 4a-b).

FMi-OOC setup for monitoring exosome-induced inflammation—In order to
monitor exosomes trafficking-induced functional changes in the FMi-OOC model, fetal-
derived AMCs (20,000 cells) were seeded in chamber #1, CMCs (35,000 cells) in chamber
#2, CTCs (300,000 cells) in chamber #3, and maternal DECs (10,000 cells) in chamber #4,
all in exosome-depleted media (Sup. Fig. 5a). Physiological concentration of HMGB1 (30.6
ng/ml as seen in amniotic fluid during labor)3® containing eHMGB1 or eCTRL (1.85 x 108
exosomes) were added to the AMC chamber (chamber #1) and incubated for 24 h, 48 h, and
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72 h. After the incubation period, the culture media was manually collected from each
chamber for cytokine analysis using immunoassay. Cells were fixed with 4% PFA and
immunostained for receptor for advanced glycation endproducts (RAGE) and Toll-like
receptor 4 (TLR-4) (see next section for more details).

Immunocytochemical staining

After fixing, the cells in the FMi-OOC devices were blocked with 3% BSA/TBST for 30
min at RT, and then incubated with primary antibodies for RAGE (ab3611, Abcam, Cat. No:
ab3611, Lot: GR3327202-1) and TLR4 (ab22048, Abcam, Cat. No: ab22048, Lot:
GR55869-1), diluted at 1:200 in 3% BSA/TBST for overnight at 4°C. The next day, the
cells were washed 3 times for 10 min with 1 x TBST and incubated with Alexa Fluor
secondary antibodies (Alexa Fluor® 488, Abcam, Cat. No: ab150073, Lot: GR269274-4 and
Alexa Fluor® 594, Invitrogen, Cat. No: ab150080, Lot: GR3323881-1, respectively) diluted
in BSA/TBST for 1 h at RT. Then, cells were stained with DAPI (Invitrogen), washed 3
times for 10 min, and the FMi-OOC devices filled with cold 1xPBS. Fluorescence images
were taken with a Keyence microscope (Keyence corp.) and the mean signal intensity were
measured with ImageJ.

Immunoassay

To detect human inflammatory cytokine in the culture media from the FMi-OOC model, an
immunoassay was performed using MILLIPLEX human cytokine panel (Millipore,
Burlington, MA, USA) for tumor necrosis factor-alpha (TNF-a) according to
manufacturer’s instructions as described previously®0: 61,

Intra-amniotic injection of eHMGB1 to pregnant mice to determine trafficking and function

Mice model was chosen to further investigate the fetal cell derived eHMGB1 during
pregnancy /n vivo study, because the placentas of humans and mice have several similarities
such as both considered hemochorial despite having some structural differences*®.
Moreover, our group has previously reported exosomes can traffic between fetal to maternal
and maternal to fetal side using tdTomato mice model2. All mouse experiments were
conducted in agreement with a protocol approved by the Institutional Animal Care and Use
Committee (IACUC) at UTMB. CD-1 timed pregnant mice were purchased from Charles
River Laboratories (Wilmington, MA, USA). Animals arrived on gestation day (E) 14 and
allowed to rest in the vivarium of UTMB until E17 under a circadian cycle (12 h and 12 h,
light and dark, respectively). On E17, animals were subjected to a mini-laparotomy as
described previously®2 and each gestational sac was injected with 25 pl of the following
treatments: PBS (control) (Endotoxin-Free Dulbecco’s PBS (1X), w/o Ca++ & Mg++,
MilliporeSigma), 10 ng of rhHMGB1 (R&D Systems), eCTRL (equal number of exosomes
with eHMGB1), and 10 ng of eHMGB1 containing HMGB1. 10 ng of HMGB.1 dose per
amniotic sac was chosen because Gomez-Lopez N et al. has previously shown that similar
dose of rhHMGB1 per amniotic sac leads to PTB25. Carboxyfluorescein succinimidyl ester
(CFSE) alone was injected as a control for non-specific background caused by the exosomes
labeling. Animals were monitored hourly until recovery under the heating lamps. Animals
were monitored using Wansview cameras (Shenzhen Wansview Technology Co., Ltd,
Shenzhen, China) to determine the timing of delivery.
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For in vivo exosome trafficking, eCTRL and eHMGB1 were labeled with CFSE as described
previously®3. Briefly, exosomes were incubated in 7.5 pM CFSE at 37°C for 30 min, and
then diluted in PBS containing 5% BSA. To remove excess CFSE, exosomes were washed
with ice-cold PBS twice using an Amicon® ultra-15 centrifugal tube (NMWL 100,000) by
centrifugation at 1000 g for 10 min for each wash. Fluorescently labeled exosomes were
then injected into E17 pregnant mice intra-amniotically. After 4 h and 24 h of exosome
injection, fetal and maternal tissues were collected for immunohistochemical staining.

Immunohistochemical staining

Tissues collected were fixed in 4% PFA overnight at 4°C then cryoprotected in 30% sucrose
and stored at 4°C for 24 h. The next day, tissues were embedded in Tissue-Tek (optimal
cutting temperature) OCT compound (Sakura Finetek, Tokyo, Japan)2: 64, Frozen sections
of 10 um were air-dried at RT to allow tissues to adhere to slide glasses (Matsunami Glass,
Osaka, Japan), and blocked with 3% BSA/TBST for 1 h at RT. Then, tissues were stained
with RAGE (Abcam) at a 1:200 dilution in 3% BSA/TBST overnight at 4°C. The next day,
the tissues were incubated with secondary antibody (Alexa Fluor® Plus 594, Abcam) for 3 h
at RT followed by DAPI staining. CFSE-labeled exosomes and RAGE staining were
visualized with a Keyence microscope (Keyence corp.).

Statistical analysis

RESULTS

Statistical analysis was performed using the GraphPad Prism 8.0 software (GraphPad, San
Diego, CA). Statistical parameters associated with each figure are reported in the figure
legends. All data are reported as the mean £ SEM. Statistical significance in differences
between experimental groups was assessed as following: unpaired t-test for ELISA and
ExoView, Fisher’s exact test for the rates of preterm birth and pup mortality, and Mann-
Whitney U-test for gestational age. All other statistical comparisons were carried out using
two-way ANOVA. Throughout all figures, the following notations were used: *P< 0.05, **P
< 0.01, and ***P < 0.001. Significance was considered at £< 0.05.

Fetal-Maternal interface Organ-on-chip (FMi-OOC) model development

FMIi-OOC device was used to study fetal cell derived exosomes tracking into the maternal
cells. Figure 1 shows the development of FMi-OOC device mimicking in utero FMi
structure. Figure 1 a—b shows fetal and maternal derived cell types and their spatial location
in the tissue during pregnancy. Figure 1c shows a schematic of the FMi organ-on-a-chip
(FMi-O0C) device used in this study, which is composed of four ring-shaped cell culture
chambers (#1-4, visualized by different colors) connected through arrays of microfluidic
channels (Fig. 1c and e-f). In this design, the outside chamber #1 contains CD9-RFP-AECs
producing red fluorescent exosomes, followed by amnion mesenchymal cells (AMCs;
chamber #2), chorion trophoblast cells (CTCs; chamber #3), and lastly maternal decidua
cells (DEC; chamber #4) (Fig. 1c and f). Figure 1c (not drawn to scale) shows a more
detailed view of the design, where the microfluidic channel array interconnecting each ring-
shaped cell culture compartments is illustrated. This FMi-OOC structure is similar to that of
the human fetal membrane-decidual interface (e.g., the FMi) (Fig. 1d). We first tested the

Lab Chip. Author manuscript; available in PMC 2022 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Radnaa et al.

Page 11

device for any undesired exosome adsorption to the polydimethyl siloxane (PDMS) surface
of the FMi-OOC device. Supplemental figure 1a shows that when the device was loaded
with carboxyfluorescein succinimidyl ester (CFSE)-labeled exosomes and sampled after 24
h and 72 h, no noticeable difference in fluorescence was observed. This suggests that no or a
minimum level of exosomes are lost to the surface of the device, and hence the PDMS-based
FMi-OOC can be utilized to study exosomal trafficking across the FMi-OOC.

Transiently expressed HMGBL1 is packaged into AEC-derived exosomes under OS

conditions

Before conducting fetal cell-derived exosome trafficking into the maternal side and the
functional studies using the FMi-OOC device, fetal-derived exosomal cargo protein HMGB1
was explored in the fetal cell-derived exosomes. HMGB1 has been previously shown to
translocate from the nucleus to the cytoplasm in primary AECs due to OS an in /n vitro
experiment38, To further validate these findings, we transiently transfected GFP-tagged
HMGB1 (HMGB1-GFP) into RFP-tagged CD9-expressing stable AECs (CD9-RFP-AECS).
In Figure 2a, we show HMGBL1 (green) in the nucleus and the exosome-enriched marker
CD9-RFP (red) in the cytoplasm (upper left panel, Control). Cigarette smoke extract (CSE)-
induced OS forced transiently expressed HMGB1-GFP to translocate from the nucleus to the
cytoplasm in AECs (Fig. 2a; Sup. Fig. 2a) and promoted the co-localization of HMGB1-
GFP and CD9-RFP at 6 h and 24 h (Fig. 2a; Sup. Fig. 2b). We further confirmed the co-
localization of HMGB1-GFP with CD9-RFP via orthogonal views (Fig. 2b) and line graphs
(Fig. 2c) from Z-stack images. 3D visualization of HMGB1-GFP and CD9-RFP were shown
in ImarisViewer (Fig. 2d). These data supported the hypothesis that OS induces translocation
of HMGBL1, its packaging into exosomes within the cytoplasm, and subsequent release that
validates further testing of exosomal delivery of HMGB1 and its potential functional impact
on recipient maternal uterine cells.

Uptake of AEC-derived exosomes by maternal decidual and myometrial cells

Prior to conducting exosome trafficking and functional studies using the FMi organ-chip
model, we tested the ability of maternal decidual and myometrial cells to uptake AEC-
derived exosomes in a 2D culture system. The co-localization of the lipophilic tracer DiO-
labeled AEC-exosomes (green color) and intermediate filament vimentin (red color) showed
the internalization of the AEC-derived exosomes by maternal cells (both decidual and
myometrial cells) after 4 h and 8 h (Fig. 3). Line graphs (shown on the right of images) of
selected regions further confirmed DiO-labeled exosomes (green) being co-localized within
the cytoplasm (vimentin; red), which is indicated by the overlap between the red and green
lines, suggesting that the fetal AEC-derived exosomes indeed can be internalized by the
maternal side of cells.

Preparation and characterization of HMGB1-containing engineered exosomes

AEC-derived exosomes grown under normal culture conditions were used to engineer them
to contain HMGB1 (eHMGBJ1) as cargo. Prior to their engineering, the size (127 nm £+ 4
nm), concentration (2.6 x 1011 + 3.3 x 107 particles/ml) and morphology of AEC-derived
exosomes were measured with nanoparticle tracking analysis (NTA) and transmission
electron microscope (TEM), respectively (Sup. Fig. 3a—b). Next, HMGB1 was loaded into
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the AEC-derived exosomes via electroporation (Fig. 4a). The characteristics of the
electroporated control (eCTRL) and eHMGB.1 were first compared to non-electroporated
parent exosomes (naive). The size and morphology of the exosomes were unaffected by the
electroporation, as shown by NTA, TEM analyses, and ExoView, respectively (Fig. 4b—c;
Sup. Fig. 3c). As shown in Figure 4d, regardless of electroporation, preparation methods or
the presence of HMGBJ1, all exosomes (eCTRL, eHMGBL1, and naive) expressed tetraspanin
markers CD81 and CD63, confirming that no changes in surface markers occurred to the
exosomes. HMGB1 concentration in the eHMGB1 was measured using ELISA, and it was
determined that the eHMGB1 contained approximately 20 times more HMGB. after
electroporation (203.68 + 16.84 ng/ml) compared to their non-electroporated naive
exosomes (7.71 + 3.37 ng/ml) (P< 0.001) (Fig. 4e). The presence of HMGBL (green) inside
the exosome was further validated with ExoView analysis by double-staining exosome
tetraspanin markers CD9 (blue) and CD63 (red) in the same samples (Fig. 4f). The fact that
AF555 signal (green signals with ExoView) from the anti-HMGBL1 is detected significantly
higher in the eHMGBL than in the eCTRL while the exosome marker proteins (anti-CD9-
AF488 and anti-CD63-AF647; blue and red signals with ExoView, respectively), being
expressed in similar amounts in both samples, shows the successful loading of the HMGB1
into the exosomes. The localization of the HMGB1 within a tetraspanin positive exosome is
also implied by the positive selection method, wherein exosomes which display the common
tetraspanins are captured from both samples and then those captured exosomes are probed
for the cargo protein (Fig. 4f).

Next, we tested whether electroporation diminishes the capacity of exosomes to be
internalized by the maternal cells. As shown in Figure 4g, DiO-labeled exosomes co-
cultured with both decidual and myometrial cells showed exosome uptake by the maternal
cells within 4 h, as can be seen by phase-contrast/fluorescent microscopy images of
exosomes (green color) being within the maternal cells for both naive exosomes (eCTRL)
and electroporated exosomes (eHMGB1). This shows that electroporating exosomes with
specific cargo within them does not alter the properties of exosomes or impact their uptake
capability by maternal cells.

AEC-derived exosomes traffic across the FMi-OOC

Prior to testing eHMGB1-induced inflammatory changes in the FMi cellular layers, we first
determined the ability of both endogenously generated and exogenously introduced
exosomes to traffic through the device (i.e., move from one chamber to the neighboring
chamber) (Fig. 5a). Endogenous exosomes are tested as they are the actual particles
trafficking /n utero, and exogenous eHMGB1 was tested as the experimental counterpart.
CD9-RFP-AECs were seeded and grown in the outermost chamber (chamber #1), producing
and releasing red fluorescent exosomes (endogenous). DiO-labeled (green fluorescence)
exogenous exosomes (eHMGB1) were also loaded into the outermost chamber (chamber #1)
so that trafficking of both exosomes could be tested simultaneously. Time-lapse fluorescence
imaging (both red and green channels) of all chambers were conducted (Fig. 5b—c). Both
types of exosomes propagated between chambers through the microchannels, either together
with migrating cells or as free-floating vesicles. Both the endogenous and exogenous
exosomes propagated from the AEC compartment (chamber #1) to the AMC compartment
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(chamber #2) within 24 h, then to the CTC compartment (chamber #3) by 48 h, and finally
to the DEC compartment (chamber #4) by 72 h (Fig. 5b—c; Sup. Fig. 4a-b). These data
confirm that fetal AECs-derived exosomes can traffic through the FMi-OOC in a stepwise
fashion over time to reach the maternal side within 72 h.

eHMGBL1 trafficking activates RAGE, TLR4, and inflammatory cytokines production
throughout the FMi-OOC

After confirming the trafficking of both endogenous and exogenous exosomes in the FMi-
OO0C, functional studies were conducted with eHMGBL. Patient-derived primary fetal
membrane cells (AMCs, CMCs, and CTCs) and maternal DEC cells were seeded in the
FMi-OOC device for this experiment (Sup. Fig. 5a). AMCs (chamber #1) were treated with
either eCTRL (1.85 x 108 exosomes) or eHMGB1 (containing 30.6 ng/ml, 1.85 x 108
exosomes), and the expressions of the HMGBL receptors TLR4 (red) and RAGE (green),
along with cytokine production, were measured within the FMi-OOC (Fig. 6a). Signals from
AMCs treated with eCTRL or eHMGBL1 trafficked to the next compartment and subsequent
internalization induced a significant increase in TLR4 (P < 0.001) and RAGE expression (P
< 0.001) in the CTCs by 24 h (Fig. 6a—b) and in the DEC by 72 h (RAGE; P = 0.028) (Fig.
6¢) compared to eCTRL. eHMGB1 trafficking also induced significant production of the
pro-inflammatory cytokine TNF-a. in the CTCs (= 0.01), but in the other chambers did not
reach statistical significance during a 24 h period (Sup. Fig. 5b).

Additionally, FMi-OOCs designed without microchannels, thus no interconnection between
the four cell culture chambers, showed eHMGB1-induced changes in AMCs only. However,
no changes were seen in the remaining chambers as lack of interconnecting microchannels
prevented eHMGB1 migration to the neighboring chambers (Sup. Fig.6), confirming that the
observed pro-inflammatory changes in the other chambers were likely due to migrating
eHMGBL. To note, this approach cannot confirm any paracrine factors such as cytokines
released by AECs. Furthermore, addition of rHMGB1 to chamber #1 and subsequent
propagation of either rtHMGB1 and/or inflammatory mediators induced by rHMGB1 in
AMCs (chamber #1) induced similar changes in the expressions of TLR4 and RAGE;
however, 48 h were required to produce these changes (Sup. Fig. 7). These data suggest that
exosomal HMGBL propagates faster across the FMi and induce differential labor-associated
pro-inflammatory changes in each cell type.

eHMGB1-induced PTB in mice

After determining that eHMGB. can cross through the fetal cell layers and reach the
maternal decidua layer to produce proinflammatory changes using the FMi-OOC device as
an /in vive-like in vitro model system, the functional validity of eHMGBL1 trafficking in an /n
vivo model was tested. E17 mice were chosen for eHMGBL injection for the following
reasons: 1) the gestational period in this model is 19.5-20.5 days and delivery before this
time point is considered as preterm and 2) we have shown that senescence and EMT peaks
around E18 when senescence-associated inflammation and DAMPs start to propagate from
fetal membrane cells to maternal tissues'6. Senescence indicates completion of fetal
maturation and a fetal-specific biological timing of pregnancy. Therefore, providing an
inflammatory thrust using eHMGB1 (mimicking premature senescence-associated
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inflammation) a day prior to the expected day of their increase (E18) is expected to induce
PTB. Survival surgeries were performed and eHMGB1 were injected intra-amniotically on
E17 mice into each embryo, and animals were monitored until delivery (Fig. 7a). Video
recordings were collected and analyzed for timing of birth. In this study, delivery occurring
before or on E18.5 was considered as a PTB and those occurring on E19.5 £ 0.5 as a term
birth. We report that 80% of animals (4/5) injected with eHMGB.1 delivered preterm
compared to none in the PBS injected animals (control) group (Fig. 7b). PTB rates were
20% (1/5) in eCTRL and 50% (2/4) in rHMGBL injected animals (Fig. 7b). PTB rates were
highest when injected with eHMGB1 (P < 0.001) (Fig. 7b), supporting our hypothesis that
the packaging of HMGBL in exosomes may provide safe and secure delivery of signals,
rather than simple diffusion, to generate a functional outcome. Moreover, the average
gestation days of eHMGB1-injected animals were significantly decreased compared to the
PBS controls (E18.5 vs. E19.5, respectively, P=0.039) (Fig. 7c). After delivery, the pup
mortality rate at birth was observed to be higher when treated with rHMGBL1 (47%)
compared to when treated with eHMGB1 (37%) and lower in eCTRL (21%) and PBS
control (9%) cases (Fig. 7d).

In vivo trafficking of eHMGBL1 from amniotic fluid to fetal membranes and uterus increases
RAGE expression

Since eHMGBL injection induced PTB in our murine model, we hypothesized that
eHMGBL can traffic from the fetal side to the maternal side and increase inflammation
along its way. To further test this possibility, either CFSE-labeled engineered exosomes
(eCTRL and eHMGB1) or controls (PBS and CFSE only) were injected into the amniotic
cavity of CD-1 mice (Fig. 8a, labeled green). After the injection, the animals were
sacrificed at 4 h and 24 h post-injection and subjected to tissue collection for
immunohistochemistry (IHC) analysis. At 4 h and 24 h, fluorescent CFSE signals were
detected in fetal membranes from both eCTRL and eHMGB1 treatments, but not in fetal
membranes from PBS and CFSE only treated animals, indicating exosome trafficking (Fig.
8a). CFSE-labeled exosomes were detected in the uterine tissues of eCTRL and eHMGB1
treatments at 4 h and 24 h but not in the controls (PBS and CFSE) (Fig. 8c). Collected fetal
membrane and uterine tissues were further analyzed for RAGE expression to check the
functional changes caused by fluorescently labeled eHMGBL trafficking. There were no
apparent differences observed between the groups in the fetal membrane tissues (Fig. 8b).
However, at both 4 h and 24 h, higher expression of RAGE was detected in uterine tissues
treated with eHMGB1 compared to those of the eCTRL, PBS and CFSE treated tissues (Fig.
8d), suggesting eHMGB1 trafficking caused labor-associated inflammatory signals in
maternal uterine tissues along the way.

DISCUSSION

Communication between the fetus and the mother is paramount during pregnancy. FMi
(between the placenta and decidua basalis and fetal membranes and decidua parietalis) are
critical junctions where this communication is translated functionally to maintain pregnancy
or determine the timing of birth. Multiple factors, including endocrine, paracrine immune,
and mechanical, are involved in biological communications between the two systems. Due to
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the cellular complexity of the FMI, the lack of animal models that can precisely mimic
human FMi, and the difficulty in obtaining samples without any confounding physiological
(labor and delivery) and pathological (PTB) factors has been a major hindrance in filling the
knowledge gaps in the field of obstetrics. The placental/decidual interface is better studied
than the fetal membrane/decidual interface and contributing to the lack of understanding in
regard to fetal signaling inducing PTB. Using a four-chamber FMi-OOC device, together
with the technology to engineer HMGB1-encapsulating exosomes, we tested the hypothesis
that senescent fetal cell-derived exosomes carrying DAMPs (i.e., HMGB1) can function as a
fetal signal and cause inflammatory changes across the FMi, immune cell activation, and
trigger parturition. The principal findings from this study are as follows: 1. senescent
amnion cell-derived exosomes package HMGB1 with the exosomes, 2. electroporated
HMGB1 containing exosomes (eHMGB1) maintain their integrity and contain functional
HMGBL as an inflammatory cytokine, 3. the kinetics of eHMGB1 propagation in vitro using
the FMi-OOC model was determined, 4. propagation of eHMGB1-induced RAGE and
TLR4 expression, as well as inflammation of the FMi cells were observed, and 5. intra-
amniotic injection of eHMGB1 into mice caused RAGE activation in the F-M uterine tissues
and induced PTB. Taken together, these data confirm that paracrine signaling by amnion
€X0Somes can cause immune activation at the FMi, predisposing to parturition.

HMGBL1 is a non-histone chromatin-associated protein that binds double-stranded DNA,
stabilizing nucleosomes during DNA repair and recombination®. Nuclear injury or other
stressors experienced by the cell due to cellular senescence or cell death increase the passive
release of extracellular HMGBL1 or via active secretion to produce inflammation. Although
HMGB1-mediated inflammation is primarily established by an array of receptors, RAGE
and TLR4 are well-documented receptors shown to promote the effects of HMGB1%8.
HMGB1 through TLR4 and its adaptor, myeloid differentiation factor 2 (MD-2), or through
RAGE can activate nuclear factor-xB (NF-kB) and cause cytokine production®8: 67, In our
FMi-OOC model, as eHMGB.1 propagates through the FMi cell layers RAGE and TLR4
expression and cytokine production increased; similar changes were seen in uterine tissues
in vivo after eHMGBL1 injection, leading to PTB. Importantly, tHMGB1 produced similar
functions with a lesser effect in both /n vitroand in vivo models, and this diminished effect
is likely due to its much shorter half-life in the extracellular environment compared to
exosomes. An NMR-based study has shown that the half-life of disulfide and thiol HMGB1
ranged from ~17 min (in human serum and saliva) to 3 h (in cell culture medium)88.
Therefore, stimulation of cells with a single dose is not expected to produce sustained effects
compared to their transport within the exosomal lumen. During pregnancy, exosomal
paracrine signaling events are likely more efficient than the systemic spread of various
signalers, where multiple factors such as half-life, presence of proteolytic factors, inhibitors,
and other regulatory molecules can impede their transport and function.

In our FMi-OOC model, an increase in receptor activation and cytokine production can also
result from the trafficking of biochemicals between chambers. Fetal membrane AMCs are
vulnerable to inflammatory insults®, and their activation by eHMGB1 can cause an influx
of cytokines that can propagate along with eHMGBL1. Cellular movement is also expected
between chambers. The observed increase in receptor expressions and inflammatory
activation in subsequent chambers can result from both trafficking eHMGB1 and
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inflammatory mediators and cells. Thus, FMi-OOC is advantageous in determining
intercellular interactions as observed /n uterothat is otherwise not possible in a 2D or even
2-cell transwell cultures. We have previously shown that inhibiting HMGB1 function using
glycyrrhizin can reduce cytokine production in AECs?’, and similar blocking experiments
may reveal the differential roles of eHMGBL vs. trafficking biochemicals and/or cell
generated in response to eHMGB1 activation.

In our study, chorion trophoblasts were most vulnerable to eHMGBL1 treatment, whereas
decidual cells did not show a statistical change with markers tested within 24 h. The
following multiple factors could have contributed to the lack of response in 24 h: 1) time
required for enough eHMGB1 to reach the decidua was not achieved or 2) continuous
perfusion of eHMGBL in the first chamber may still be needed to sustain function at a
distance. The significant inflammatory response observed in decidual cells after 72 h
confirms the kinetics of eHMGB1 propagation. However, the latter is likely the scenario
during /n utero signaling. Constant shedding of exosomes containing HMGB1 and other
DAMPs by senescent cells are likely to induce F-M signaling to ensure sustained uterine
inflammatory activation. This is required to ensure the transition of quiescent tissues to an
active state of labor. In this experimental model, we tested eHMGBL as the sole cargo and
showed its potential functional impact. In a senescent cell-derived exosome, other DAMPs
and senescence-associated secretory phenotype (SASP) markers or other mediators of
inflammation, such as MAPKS, are also expected to be cargo38. Collectively, they can
achieve the inflammatory threshold required for labor initiation. In support of this, Gomez-
Lopez’s group has shown that intra-amniotic injection of HMGBL1 induces inflammasome
activation to enhance local inflammation associated with PTB1°.

In addition to the biological impact of exosomal HMGB1 signaling and functional effects,
we introduced the potential of electroporation or electro-permeabilization of exosomes to
carry a protein cargo. Electroporation has been previously used for cellular uptake of
specific proteins to determine their functional studies’%-72. Engineering exosomes using
electroporation has been widely used for loading them with siRNA and miRNA and drugs,
such as doxorubicin’3-75, Temporary hydrophilic pores created by the electric field increase
exosomal membrane permeability for content packaging, and the pores are closed
immediately after electroporation to restore exosome membrane integrity’. Some major
concerns using this approach are integrity of exosomes and changes electroporation can
cause to cargo protein structure and function. TEM data and functional analysis of eHMGB1
show that the exosomes used in our model carry HMGB1 capable of eliciting the desired
function in recipient cells. /n vivo, compared to either naive or rHMGB1, eHMGB1
injection effectively induced PTB while increasing its receptor expression along the path of
its trafficking, supporting that HMGBL is functional within the electroporated exosomes.
However, the amount of functional cargo and the efficiency of loading is not compared with
other approaches of cargo loading. Other technologies such as EXPLOR have been known to
improve protein cargo loading efficiency’”, and this technology is being tested in
reproductive biology®2. In addition to exosome engineering, we have overcome limitations
of our prior OOC devices for fetal membranes that were initially designed to test only two
cell types and technically challenging for cellular imaging®’: 78. The presented FMi-OOC
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can be used to determine cell and exosome trafficking, analyte kinetics, and can be modified
for dynamic studies where sustained flow of DAMPs as expected /n utero can be studied.

Recent advances in exosome-mediated communication has helped to advance knowledge on
paracrine signaling at the FMi and to decipher mechanisms of fetal-derived communication
signals, their propagation, and function. In this study, we modeled HMGBL as a signaler
based on its reported physiologic and pathological roles in normal birth and pregnancy
complications, such as PTB. Other DAMPs and pro-parturition markers can also be signaled
via exosomes. Although we were able to show function at a target site of our interest, other
destinations and specificity of cargo delivery by exosomes and function at various sites are
unclear. This study provides some interesting points. First, /n7 vivo functional validation of
FMi-OOC experiments strengthens the utility and need of such OOC devices. Its usefulness
to test physiologic and pathologic systems can potentially lead to avoidance of animal
models in certain experimental setups. Second, we demonstrate the usefulness of engineered
exosomes to carry specific functionally active protein cargo. This approach can be used for
delivering specific drugs during pregnancy and/or the use of exosomes as a biomarker
indicative of high-risk pregnancy. In summary, we report that fetal cell-derived exosomes
can distribute HMGBL1, produce inflammation in recipient cells, and finally activate
maternal uterine tissues, predisposing them to parturition.
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Fig. 1. Fetal and maternal interface (FMi) recreation using OOC device.
(a) An illustration of fetal maternal interface (FMi) tissue in utero anatomy (black box). FMi

consists of several different cell types (zoom out box), fetal derived cells: amnion epithelial
cells (AECs), the most closest cells to fetus; amnion mesenchymal cells (AMCs); chorion
mesenchymal cells (CMCs); chorion trophoblast cells (CTCs); maternal derived cells:
decidua cells (DEC). (b) FMi in Histology. Close-up images for each cell type displayed.
Scale bar, 100 pm. (c) Schematic illustration of the FMi-OOC highlighting the four
concentric cell culture chambers and block reservoir filled with color dye in each of the
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corresponding cell culture layers. Close up schematic illustration of the cells within the FMi-
OOC separated by arrays of 24 microchannels. (d) Representative histological image
comparing the structure of FMi tissue to FMi-OOC device. Scale bar, 100 um. (€) Cross-
sectional view of the cell culture chambers showing the chamber height (250 pm), individual
chamber diameters (mimicking in utero thickness), and the interconnecting microchannel
lengths. (f) Image of the microfabricated FMi-OOC where each cell culture chamber was
filled with different color dye for easy visualization. AECs (chamber 1), AMCs (chamber 2),
CTCs (chamber 3) and DEC (chamber 4) were seeded for exosome trafficking study.
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b
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Fig.2. Co-localization of HM GB1-GFP with red fluorescent exosomes (CD9-RFP) in fetal AECs
under oxidative stress condition

(a) Red fluorescent exosome-producing CD9-RFP-AECs were transiently transfected with
HMGB1-GFP. OS was induced in these cells with CSE (1:50 diluted) to determine HMGB1
loading into the exosomes. HMGB1-GFP expression and their translocation was monitored
via time-lapse microscopy. Representative images at indicated time periods are shown (n=3).
(b) Co-localization of HMGB1-GFP with CD9-RFP displayed in orthogonal view and (c) in
line graphs, which show the topographical profile of the pixel intensity levels of each
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fluorescent signal (RFP and GFP) along with freely positioned yellow lines using
representative Z-stack images taken by Keyence microscope. (d) 3D view of the co-
localization of HMGB1-GFP with CD9-RFP using ImarisViewer on Z-stack images. Scale
Bars, 20um.
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VIM/ DIO/ DAPI

Fig. 3. Fetal membrane AECs-derived exosome uptake into maternal decidua and myometrial
cells

Representative images showing the maternal decidual and myometrial cells taking up DiO-
labeled AEC-derived exosomes (green), and the co-localization of DiO and vimentin (red)
labels at indicated time periods (n=3). Yellow line indicates the area where co-localization of
DiO with vimentin is shown in the line graphs. Scale Bars, 50um. DEC-decidua, MYO-
myormetrial. Close up images in the insets.
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Fig. 4. Engineering and characterization of eHM GB1
(a) Schematic illustration of engineering exosomes to contain HMGBL1 via electroporation.

(b) Nanoparticle tracking analysis (NTA) using ZetaView for analyzing the size distribution
of AEC-derived engineered vs. naive exosomes (n=3). () Representative transmission
electron microscopy (TEM) images of the engineered vs. non-electroporated naive
exosomes. Scale bar, 60 nm. (d) Western blotting analysis of exosome markers (CD63 and
CD81). (e) ELISA analysis of HMGBL in engineered vs. naive exosomes (n=5). The data
are presented as the means + SEM. ***P < 0.001, ns: not significant, unpaired T-test. (f)
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ExoView analysis of engineered eCTRL vs. eHMGB1. Representative composite images,
HMGBL1 (green, circled), exosome markers CD9 (blue) and CD63 (red). Close up images in
the bottom. Scale bars, 500 nm (scale bars are not utilized for sizing in this image). Bottom
graph shows ExoView counts of immunofluorescent stained positive exosomes for all
markers detected. The data are presented as the means + SEM. **P < 0.01, *P < 0.05.
Multiple comparison two-way analysis of variance (ANOVA). (g) Representative phase
contrast images showing the uptake of DiO-labeled engineered exosomes, eCTRL and
eHMGB1 (6x108 exosomes) by maternal decidual and myometrial cells after 4 h of
incubation. Yellow arrows pointing to the internalized exosomes. Scale bars, 50um
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ENDOGENOUS EXOGENOUS
EXOSOME

Fig. 5. Feto-maternal interface (FMi) OOC device used in the study and how exosomes traffic
through the FMi cell layers.

(a) Schematic illustration of the FMi-OOC device, along with how DiO-labeled (green)
exogenous exosomes are loaded into the outermost AEC compartment (chamber#1), where
red fluorescent exosomes producing CD9-RFP-AECs cells are seeded so that both
endogenous exosomes and engineered exosomes can be monitored for their trafficking. (b)
Cartoon illustration of exosomes (red and green) trafficking throughout the cell layers. (c)
Representative images of endogenous and exogenous exosomes trafficking through the fetal
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membrane cell layers (AMCs and CTCs, chamber#2 and chamber#3, respectively), and
finally reaching the maternal DEC layer (chamber#4). Close up images are shown in the
insets.
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Fig. 6. eHM GBL1 trafficking increases RAGE and TL R4 receptor s throughout fetal membrane
cells

(a) Representative fluorescent images of TLR4 and RAGE receptor activation in each cell
layers. The AMCs (chamber#1) were treated with either eCTRL or eHMGBL1 for 24 h, and
then cells were double stained for TLR4 and RAGE as a marker for inflammatory signal
propagation and activation of its receptors throughout each cell layer. Scale bar, 100 um. (b)
TLR4 and RAGE fluorescence signal intensities were measured at 24 h post treatment by
ImageJ (n=3). The data are presented as means + SEM. ***P< 0.001, two-way analysis of
variance (ANOVA). (c) RAGE fluorescence signal intensity was measured at 72 h post
treatment by ImageJ (n=3). The data is presented as means + SEM. P=0.028, two-way
analysis of variance (ANOVA).
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(a) Schematic diagram of the /in vivo experimental design. E17 pregnant mice were injected
with 10 ng of HMGBL1 per amniotic sac and monitored for delivery with video recordings.
Some group of the mice were euthanized at indicated time periods for /n vivo exosomes
trafficking analyses. (b) E17 pregnant mice were injected intra-amniotically (1A) with either
25 pl of PBS (n=4), rhHMGB1 (10 ng per amniotic sac) (n=4), eCTRL (n=5), or eHMGB1
(10 ng per amniotic sac) (n=5), and video monitored until the delivery. Fisher’s exact test
was used for the statistical significance assessments (***/~< 0.001 for PBS vs. eHMGB1).
(c) The gestational days are presented as means + SEM. Mann-Whitney test. (d) The rate of
pup mortality at birth. Pup mortality rate observed higher in rhHMGB1 and eHMGBJ1, slight
increase in eCTRL compared to PBS controls (***P < 0.001, 2= 0.028, respectively). IA,

Intra-amniotic.
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Fig. 8. In vivo trafficking of eHM GB1 from amniotic fluid to fetal membranes and uterusin
mice, whereincreasein RAGE expression associated with eHM GB1 was obser ved.

(a) Representative images showing intra-amniotically injected (at E17) CFSE-labeled
engineered exosomes (eCTRL vs. eHMGB1 containing 10ng HMGBL) localization in the
fetal membrane at indicated time periods. PBS and CFSE results are shown as controls. (b)
Representative images of immunohistochemical analysis for RAGE expression in the fetal
membrane tissue sections. () Representative images of CFSE-labeled engineered exosomes
(eCTRL vs. eHMGB1 containing 10ng HMGB1) trafficking in the uterus tissues at indicated
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time periods. (d) Representative images of immunohistochemical analysis of RAGE
expression in the uterine tissue sections. 1A, Intra-amniotic. Scale bars, 100 um.
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