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Abstract

Mechanisms underlying homeostatic regulation of maternal health during pregnancy and the postpartum period are critical yet
remain understudied. Extracellular vesicles (EVs) are vital sources of cell-to-cell communication that maintain homeostasis and
are at their highest circulating concentration during pregnancy. Recent studies have implicated EVs and their cargo as facilitators
in important physiological functions during pregnancy, including glucose and immune regulation, but precise mechanisms are
not known. In this study, we aimed to compare changes in EVs and their protein cargo using unbiased proteomic analyses
across pregnancy and postpartum periods to assert unique EV functions. As expected, we found significantly higher EV concen-
trations during pregnancy relative to nonpregnant and postpartum groups. We identified unique EV protein profiles across
groups, suggesting EVs were highly responsive to their current environment and performing unique functions. Surprisingly, while
postpartum mice had similar EV concentrations as nonpregnant mice, their EVs had the least overlap in protein composition
between groups and the greatest number of proteins clustered in a biological function—a significant reduction around cell adhe-
sion processes postpartum. Lastly, to examine a homeostatic role for maternal circulating EVs, we used a novel chemogenetic
approach to control dynamic EV secretion and measured changes in maternal glucose regulation. We found that an acute
increase in circulating EVs reduced maternal glucose sensitivity, keeping glucose levels elevated longer following a glucose
challenge. In summary, these results demonstrate the unique EV protein cargo changes that occur in pregnancy and postpartum
and their potential importance in maintenance of maternal health.

NEW & NOTEWORTHY Extracellular vesicles in maternal circulation express unique proteomic cargo profiles across pregnancy
and postpartum. Chemogenetic activation of the placental secretory pathway releases extracellular vesicles into maternal circula-
tion that influence maternal glucose regulation.

chemogenetic; extracellular vesicles; postpartum; pregnancy; proteomics

INTRODUCTION

Biological factors influencing maternal health during
pregnancy and the postpartum period are understudied,
even as rates of maternal morbidity and mortality remain
high (1). Pregnancy and postpartum are biologically
unique periods in the lifespan, with dynamic and signifi-
cant changes occurring in maternal physiology and a high
demand for mechanisms important to systemic homeo-
stasis, especially those involved in glucose and immune
regulation. Adverse health during pregnancy, including
preterm birth, gestational diabetes, and preeclampsia, is
strong predictor of poor postpartum health that may last
for years or decades after birth (2-5). Although early iden-
tification of elevated risk can ameliorate or prevent

maternal pathophysiology, we still lack a sufficient
understanding of underlying mechanisms or validated
biomarkers that significantly contribute to improving
maternal health.

Extracellular vesicles (EVs) are of increasing focus
across a number of disease areas for their key role in sys-
temic communication and coordination, especially with
the immune system, and have been identified as having
high potential to serve as predictive biomarkers (6-12).
EVs are biological nanoparticles secreted by all tissues
tasked with transporting biological cargo, including small
RNAs, proteins, and lipids, throughout the body, and are a
heterogeneous population comprised of several subtypes,
including smaller-sized exosomes and larger-sized micro-
vesicles. In pregnancy, EVs are one of the most dynamic
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and abundant biological signals in circulation. Maternal
levels increase 3-4-fold, in part due to EV secretion from
the placenta (8, 13, 14). The increased EV concentration
during pregnancy supports proposed critical roles for
these nanoparticles in diverse functions including embryo
implantation, immune regulation, angiogenesis, glucose reg-
ulation, and the onset of parturition (7, 15-18). Although
much of this work in this area has contributed to our under-
standing of roles for EVs important to maternal health, the
precise mechanisms for temporal changes in EV biogenesis
and composition remain less clear, in part due to insufficient
tools with which we can ask such questions (11). The func-
tional dynamics of placental-derived EVs is of particular
interest because it could identify key processes for sensing
and regulating the maternal environment, a valuable step
toward biomarker confirmation and potential novel thera-
peutic targets. Importantly, although not yet examined,
removal of the placenta at birth likely results in a rapid
reduction in EV concentration in maternal circulation.
Thus, EV signaling during the transition from pregnancy
to the postpartum period may play a similar role in regu-
lating the maternal environment after birth.

Previous studies by our group and others using in vivo
and in vitro models identified an important role for circu-
lating EVs in maternal glucose homeostasis. In mice, we
previously isolated EVs from pregnant females and
injected them into nonpregnant mice, producing a signifi-
cant change in glucose dynamics (19). However, a limita-
tion of this method is an inability to temporally increase
circulating levels of EVs in the pregnancy environment
due to an already profoundly high EV concentration.
In the current studies, we first examined temporal
changes in key EV characteristics and, using an unbiased
approach, also assessed changes in EV protein cargo
between nonpregnant, pregnant, and postpartum mice,
focusing on the functional interpretation of protein path-
ways and tissues involved to define what EVs are likely
doing at that time point. We hypothesized EVs would
increase in concentration during pregnancy and
decrease in postpartum to similar levels as nonpreg-
nant mice. Furthermore, we hypothesized EVs would
exhibit unique proteomic signatures at each time point
reflecting dynamic changes in signaling required for
maintaining homeostasis. Next, to specifically probe cir-
culating EV contribution to maternal homeostasis, we
“highjacked” the trophoblast cell secretory pathway using
a chemogenetic approach to drive dynamic EV secretion.
Extracellular vesicles are released through diverse intra-
cellular signals, with calcium-based signal transduction
via GPCRs constituting a common signaling pathway (20).
Using a transgenic mouse model to express the metabo-
tropic DREADD receptor specifically in placental cells of
trophoblast origin, we activated the secretory pathway of
trophoblast cells to elicit an increase in extracellular
vesicles in maternal circulation. Measuring changes in glu-
cose homeostasis as a proxy for control of maternal physi-
ology, we investigated the effect of this acute increase in
EV concentration in vivo and in real-time in the pregnancy
state. We hypothesized chemogenetic increases in EVs
secreted from the placenta would impact maternal glucose
regulation.
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METHODS

Animals

Mice used in these studies were bred in-house and were
derived from a mixed-background (C57Bl/6:129) strain.
Virgin dams were between 10-16 wk old, and only litters of
4-12 pups were included in analyses. To establish preg-
nancy, dams were paired with sires 1700-0800. Copulation
plugs were checked 0800, and embryonic day 0.5 (E0.5)
was considered 1200 on the day a plug was identified. Dams
were evaluated on E12.5 and postpartum day 2. E12.5 is the
earliest time point when the mouse placenta is fully differ-
entiated and exerts a significant influence on maternal circu-
lating EVs (21). All experiments/collections were conducted
between 1400 and 1700.

Mice used to examine the specific signaling of EVs from
the placenta during pregnancy using chemogenetic meth-
ods were double-heterozygous CYP19-Cre (P.Cre +/—) (22);
hM3Dq Designer Receptors Exclusively Activated by
Designer Drugs (Gq-DREADD) mice (DRD +/—; Jax stock
#026220) to specifically target trophoblast-derived cells in
the placenta following Clozapine-N-oxide (CNO) drug admin-
istration. Dams were evaluated on E15.5, and all experiments/
collections were conducted between 1400and 1700. All dams,
P.Cre +/Gq-DREADD + (DRD+, n = 5) and wild type (WT,
n = 4), received an intraperitoneal injection (ip) of CNO (1 mg/
kg). After 5 min, mice were anesthetized, blood was collected
via cardiac puncture, and EVs were isolated as described in
EV Isolation. Fetal tail DNA was isolated from each offspring
and used for genotyping and sex determination.

All animals used in this study were euthanized using a
precision vaporizer with an induction chamber and waste
gas scavenger, in which isoflurane was administered in 2.5%
02 for 1 min. Decapitation was performed after cardiac punc-
ture to ensure euthanasia. Mice were administered chow
(Teklad 2920X global soy protein-free extruded; Madison,
WI) and water ad libitum. Lights were maintained on a 10:14
schedule with lights on at 0600 h and lights off at 2000 h. All
procedures in this study were approved by the University of
Colorado Anschutz Medical Campus Institutional Animal
Care and Use Committee. All procedures were conducted in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Glucose Tolerance Test

Glucose tolerance test (GTT) was performed as previously
reported (19). Briefly, E15.5 pregnant dams, DRD + (n =7) or
WT (n = 8), were fasted for 6 h beginning at 0800. Dams
received a 1 mg/kg CNO ip followed by a second ip of glucose
(3 mg/g). Glucose readings were collected at 0, 10, 20, 30, 60,
90, and 120 min using the Contour Nex Blood Glucose
Monitoring System (Bayer Co, Germany). Following the GTT,
dams were euthanized and fetal tails collected to evaluate lit-
ter P.Cre and DRD genotyping.

EV Isolation

Roughly 1 mL of blood was collected via cardiac puncture
using 23 G syringes (Becton Dickinson). Blood was placed
into 1.5-mL DNA LoBind Tubes (Eppendorf) with 50 pL of
50 mM EDTA (Sigma) and placed on ice. Blood was
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immediately centrifuged at 2,000 rcf for 12 min at 4°C.
Plasma was then aliquoted and stored at —80°C until further
EV isolation steps. EVs were isolated from 350 pL of plasma.
Plasma was mixed with 250 uL of freshly filtered (0.22-pm
pore size filter, Sigma) phosphate-buffered saline (PBS). This
mixture was centrifuged at 2,000 rcf for 30 min at 4°C to
clear large cellular debris. Roughly 550 pL of supernatant
was transferred and centrifuged again at 12,000 rcf for
45 min at 4°C for further purification and pellet cell debris.
EVs were then immediately isolated from the resultant
supernatant via size-exclusive chromatography using IZON
qEVoriginal Gen 2 70-nm columns in the IZON Automate
Fraction Collector (Izon Science). Fractions 1-3 were com-
bined and stored at —80°C until analysis could be performed,
at which time samples were thawed on ice.

EV Nanoparticle Tracking Analysis

The concentration, size and zeta-potential of isolated EVs
were measured with a ZetaView MONO Nanoparticle
Tracking Analysis Microscope (Particle Metrix) as described
previously (19). Briefly, thawed isolated EV samples were
diluted in freshly filtered (0.22-um pore size filter, Sigma)
Milli-Q water to a final concentration in the range of 107
particles/mL (~200 particles per frame).

EV Transmission Electron Microscopy

A 10-pL drop of sample was applied to a freshly glow-dis-
charged 300 mesh formvar and carbon-coated grid (Electron
Microscopy Sciences) for 5 min and blotted with filter paper.
The grid was then washed by applying 10-uL water on the
grid and blotted with a Whatman filter paper. Finally, the
grids were stained with 10 uL of 2% uranyl acetate solution.
After blotting, the grids were allowed to dry. Samples were
imaged on a JEM-120i (JEOL) at 120 kV with a low-mount 15-
megapixel NanoSprint1SLMarKkII camera (AMT Imaging).

EV Protein Extraction and Western Immunoblotting

Biochemical analysis by Western blotting was used to
identify EV-specific proteins as described previously (23).
Briefly, EVs were lysed in radioimmunoprecipitation assay
(RIPA) buffer (EMD Milllipore, 20-188) with 0.1% SDS and
cOmplete EDTA-free protease inhibitor (Roche Diagnostics,
11836170001). Samples were shaken for 15 min at 3,000
RPM at 4°C using a Disruptor Genie (Scientific Industries)
and stored at —80°C. Gel electrophoresis was performed
using NuPAGE 4-12% Bis-Tris gel (Invitrogen, 0321) loaded
with 12 pg of protein for cell extract samples or protein
extracted from EV samples. After transfer of proteins to a
nitrocellulose membrane (Life Technologies, LC2000),
membranes were blocked with Intercept blocking buffer-
PBS (LI-COR, 927-70001) with 0.1% Tween-20.

Membranes were immunoblotted with primary antibodies
for EV-specific proteins: rabbit anti-Annexin A2 (1:500; Abcam,
AB178677) and rabbit anti-CD9 (1:500; Invitrogen, MA5-31980),
followed by incubation in IRDye 800CW-conjugated donkey
anti-rabbit secondary (1:5,000; LI-COR, 925-32213).

EV Proteomics

Dried purified EV samples were lysed, reduced, alky-
lated, digested with a trypsin/Lys-C mixture, and resultant
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peptides cleaned up using the Preomics iST 96x HT Kit by fol-
lowing the protocol for pelleted cells and precipitate proteins
provided with the Kkit, similar to a previous publication (24).
Briefly, samples were lysed in 50 pL of lysis buffer by vortex-
ing for 2 min and then bath sonicated for 5 min before being
heated at 90°C for 10 min. Trypsin/LysC (50 pL) mixture was
then added, and samples were digested for 2 h at 37°C. The
protocol was then followed exactly as stated. Briefly, enzyme
reactivity was quenched with the stop buffer, and resultant
peptide mixtures were transferred to SPE cartridges and
cleaned up using the two wash buffers, and peptides were
eluted into the MTP plate using the elution buffer. Samples
were then transferred to individual 1.5-mL microfuge tubes
and dried down by SpeedVac at 45°C for ~90 min before
freezing at —80°C. Samples were resuspended in 16 pL of
LC-LOAD buffer provided with the Preomics kit by bath
sonicating for 2 min followed by vortexing for 30 min.
Peptide amounts were then quantified by BCA assay using
the Pierce BCA Protein BCA Assay Kit and a NanoDrop
Microvolume Spectrophotometer. Following quantitation,
all samples were equalized to 0.164 pg/uL using additional
LC-LOAD buffer. An aliquot of each sample was taken to
make a pooled quality control sample that was injected every
12 samples to track instrument variance across the run.
Sample (4 pL) was loaded on an OrbiTrap Eclipse Mass
Spectrometer (Thermo Fisher Scientific) for liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) analysis similar
to a previous publication (25). Samples were loaded onto an
Acclaim Pepmap 100 C18 75 pm x 2 cm trapping column and
chromatographically resolved online using an EASY-Spray
Pepmap RSLC C18 75 um x 25 cm 2-um analytical column
(Thermo Scientific) using an Ultimate 3000 RSLCnano LC sys-
tem at 40°C. Mobile phases consisted of water + 0.1% formic
acid (A) and 100% acetonitrile 4+ 0.1% formic acid (B).
Samples were loaded onto the enrichment column at an
isocratic flow of 5 pL/min of 2% vol/vol ACN containing 0.1%
vol/vol formic acid for 5 min before the enrichment column
was switched in-line with the analytical column. Samples were
chromatographically separated at a flow rate of 300 nL/min
using a gradient of i) 0-4.5 min at 3% B; ii) 4.5-7 min, 3-7% B;
iii) 7-54 min, 7.0-24.5% B; iv) 54-59 min, 24.5-33% B; v) 59—
61 min, 33% to 80% B; vi) 61-66 min, 80% B; vii) 66—-67 min,
80% to 3% and equilibrated at 3% B for 12 min before the next
sample injection. For data-independent acquisition (DIA)
experiments, MS1 scans were performed in the Orbitrap
Detector at 120,000 resolution from 350 to 1,400 m/z in profile
mode. Full MS automatic gain control (AGC) target was 250%
with a maximum injection time (IT) of 50 ms. AGC target value
for fragment spectra was set at 1000%; 50 windows of 13.7 Da
were used with an overlap of 1 Da from 361-1,046 m/z in the
precursor range. Resolution was set to 15,000 and maximum
IT to 22 ms. Fragmentation was performed using HCD at a nor-
malized collision energy of 30% from 200-2,000 m/z. All data
were acquired in centroid mode using positive polarity.
DIA-MS data were searched and quantified in DIANN
2.2.0 using a spectral library-free search against the one pro-
tein sequence per gene Mus musculus reference proteome
(Proteome ID UPO00000589) in the UniProt Database (26).
The predicted library was generated using Trypsin/P with
two missed cleavages and fixed carbamidomethylation
(C) and variable oxidation (M) modifications, with the
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maximum variable modification set to 3. The peptide length
range was set to 6-30 amino acids, precursor charge 1-4, pre-
cursor m/z 300-1,800, and fragment ion m/z range 200-
2,000. Data was searched using a mass accuracy of 12 ppm
(MS2), MS1 accuracy of 2.5 ppm, scan window of 8, Generate
spectral library selected, precursor FDR (%) of 1.0, match
between runs and protein inference were enabled with
Generic scoring and NN (cross-validated) machine learning.
The quantification strategy used was Quant UMS (high accu-
racy) with RT-dependent cross-run normalization (27).

Statistics

Sample size, mean, and standard error of the mean (SE)
are reported in the text and figure legends. GraphPad
prism (v. 10.6.1) was used for visualization and statistics
where appropriate. For experiments comparing two
groups, unpaired ¢ tests were used. Where experiments
included three or more groups, one-way analysis of variance
(ANOVA) testing with Tukey post hoc tests was used, with
significance determined at an « level of 0.05. Analysis of glu-
cose metabolic testing used repeated-measure ANOVAs with
Tukey post hoc tests. All statistical comparisons and outputs
are detailed in Supplemental Table S1. GraphPad Prism and
BioRender were used to generate figures.

For analysis of proteomic data, we used open-access soft-
ware MetaboAnalyst 6.0 (28). To accommodate skewed data
and large amounts of missing values, input proteomic data
underwent left-censored data estimation, which imputes
missing values with 1/5 of the minimum positive value.
Next, protein concentrations were normalized by sum, fol-
lowed by a log2 transformation. Finally, values were scaled
using a mean-centered and divided by the standard devia-
tion of each variable method. Processed concentrations of
detected proteins were analyzed using PCA plots, and signifi-
cant differences in distributions were tested through permu-
tational analysis of variance (PERMANOVA) using Euclidean
distance, with significance determined at an o level of 0.05
(29). Detection of significant differentially expressed individ-
ual proteins used ¢ tests using the Benjamini-Hochberg pro-
cedure with FDR Q-value = 0.05 to correct for multiple
comparisons and |log2FC| > 0.2. Functional proteomic
enrichment analysis and visualization was performed using
the STRING database (v. 12.0) utilizing GO terminology data-
bases including Biological Process, Molecular Function, and
Cellular Component at an FDR threshold of < 0.05 (30).
Protein-protein interaction (PPI) networks were created
using the full STRING network, with a required score of
0.400 and an FDR stringency of 0.05. After network crea-
tion, all active interaction sources were used to visualize
network edges. Cluster analysis used a k-means cluster algo-
rithm with three defined clusters to group proteins often
coexpressed in functional signaling or biological processes.

RESULTS

EVs Rise during Pregnancy and Fall in Early Postpartum
but Reflect Unique Proteomic Signatures at Each Time
Point

To test how characteristics and protein cargo of EVs in cir-
culation change across pregnancy and postpartum, we
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collected plasma samples from age-matched nonpregnant
females, E12.5 dams, and postpartum day 2 (PPD2). We
observed higher circulating EV concentrations during
pregnancy compared with both nonpregnant mice and
PPD2 dams (Fig. 1, A and B, one-way ANOVA, F, 13 =6.752,
P < 0.01). We observed no difference in size (Fig. 1C, one-
way ANOVA, F, ;3 = 1.306, P = 0.3043) or zeta-potential
(Fig. 1D, one-way ANOVA, F, ;3 = 0.6167, P = 0.5548) of
isolated EVs. PCA plots considering all EV characteristics
simultaneously detected significant separation of groups
(Fig. 1E, PERMANOVA, main effect of group, F = 2.6044,
R? = 0.28606, P < 0.05). Supplementary analyses showed
no effect of dam weight or litter size on EV characteristic
outcomes (Supplemental Fig. S1, A and B).

Next, to examine potential functional and signaling
cargo differences of EVs isolated at these distinct repro-
ductive time points, we used an unbiased proteomic anal-
ysis of isolated EVs. Following data processing, a total of
692 proteins were detected and included in further analy-
ses. Functional enrichment analysis using the STRING
database for all detected proteins indicated enrichment
for expected EV protein functions, including Cellular
Component GO terms, such as extracellular matrix,
extracellular space, complement activation, and protea-
some complex (Supplemental Fig. S1C). PCA plots that
included all three groups detected significant separation
between groups, suggesting distinct proteomic profiles
for each (Fig. 1F, PERMANOVA, main effect of group, F =
4.758, R? = 0.42263, P < 0.01). To further explore proteo-
mic differences, we made individual group comparisons
(Figs. 2, 3, and 4). When comparing pregnant to nonpreg-
nant mice, we detected 28 differentially expressed pro-
teins, with nine upregulated and 19 downregulated
in pregnant animals (Fig. 2B, Supplemental Table S2).
Interestingly, when comparing pregnant and postpartum
proteins, we detected many more differences, with 46 dif-
ferentially expressed proteins, 42 upregulated and four
downregulated in pregnant compared with postpartum
mice (Fig. 3B, Supplemental Table S3). Finally, when com-
paring nonpregnant and postpartum mice, we detected 42
differentially expressed proteins, with three upregulated
and 39 downregulated in postpartum compared with non-
pregnant (Fig. 4B, Supplemental Table S4).

To examine the potential relevance of these protein dif-
ferences, we ran a functional enrichment analysis for
each comparison using the STRING database (Figs. 2C, 3C,
and 4C) (30). To better visualize groups of proteins func-
tionally coexpressed in signaling pathways, we used a
k-means clustering algorithm with associated Biological
Process GO terminology (Figs. 2D, 3D, and 4D) (31, 32).
Comparing EVs from nonpregnant and pregnant mice, we
observed in the mouse protein-protein interaction (PPI)
network, two protein clusters associated with innate
immune function and one cluster associated with pla-
cental protein and prolactin receptor function (Fig. 2, C
and D). Comparing differentially expressed proteins
between pregnant and postpartum mice, we observed
one large cluster associated with plasma lipoprotein reg-
ulation, one cluster associated with extracellular matrix
and cell-cell interaction, and one cluster associated
with placental protein and prolactin receptor signaling
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Figure 1. Maternal circulating EV concentrations increase significantly during pregnancy and return to nonpregnant levels by postpartum day 2 but
retain distinct proteomic signatures across time points. EVs were isolated from age-matched female mice (n = 5/group). Nanoparticle tracking analysis
of EV characteristics showed increased circulating EVs in pregnant mice by (A) size distribution and (B) concentration (particles/mL) (F5, 13 = 6.752, P <
0.01), but no difference in (C) median size (nm) (F5, 13 = 1.306, P = 0.3043) or (D) zeta-potential (mV) (F,, 13 = 0.6167, P = 0.5548). These three EV charac-
teristics were considered together and plotted in a (E) 3-D PC plot where significant separation by group was detected (F = 2.6044, P = 0.044). F: pro-
teomic analysis performed on detected proteins from isolated EVs and visualized in a PCA score plot displayed significant clustering and separation
between all three groups (F = 4.758, P = 0.009). Data are displayed as means + SE; *P < 0.05, **P < 0.01. Figure, in part, created with a licensed ver-

sion of BioRender.com. EV, extracellular vesicle.

(Fig. 3, C and D). Finally, comparing differentially Chemogenic Activation through DREADDs in the
expressed proteins between nonpregnant and postpar- Placenta of Pregnant Dams Increase Concentration of
tum mice, we found one large cluster associated with Circulating EVs Relative to Wild-Type Controls

extracellular matrix organization, tissue remodeling,

and general cell structure, and one small cluster associ- With our observation of increased EVs in our pregnancy
ated with inflammatory signaling lipid mediators (Fig. 4, group compared with nonpregnant and postpartum groups
Cand D). paired with distinct proteomic signatures (Figs. 1, 2, and 4),
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Figure 2. Unbiased functional proteomic analyses comparing pregnant and nonpregnant mice show distinct proteome signatures related to prolactin
regulation and the immune system. A: PCA score plot based on detected EV proteins indicated significant separation between pregnant and nonpreg-
nant, same-aged females (F = 4.491, P < 0.05). B: volcano plot of differentially expressed proteins indicated upregulation of nine proteins and downreg-
ulation of 19 proteins in pregnant compared with nonpregnant mice with parameters set at an FDR Q-value < 0.05 and |log2FC| > 0.2. C: predicted
protein-protein interactions and cluster analysis of differentially expressed proteins using a k-means clustering algorithm and the STRING database indi-
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and number of lines connecting nodes indicates predicted strength of interaction between two proteins. D: functional enrichment of differentially
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we used a dynamic in vivo model to further explore the role
EVs, specifically released by the placenta, play during preg-
nancy. Using a transgenic mouse model through breeding
Cyp19.Cre + (P.Cre) mice with DRD + mice to express the
metabotropic Gg-DREADD receptor specifically in placental
cells of trophoblast origin, we activated the secretory path-
way of trophoblast cells to elicit an increase in extracellular
vesicles in maternal circulation. At E15.5, when we adminis-
tered CNO through intraperitoneal injection of 1 mg/kg, we
demonstrated a significant increase in maternal circulating
EVs in DRD + mice relative to wild-type controls (Fig. 5, A
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and B, two-tailed ¢ test, t; = 3.021, P < 0.05). We did not
observe significant differences in EV size (Fig. 5C, two-tailed
t test, t; = 1.420, P = 0.1985) or zeta-potential (Fig. 5D, two-
tailed ¢ test, t; = 1.343, P = 0.2212). Additional analyses dem-
onstrated no significant effect on EV concentration due to
other factors, including litter size, litter sex composition,
and maternal body weight (Supplemental Fig. S2, A-C). To
probe if the resulting increase of maternal circulating EVs
after CNO administration may have preferentially secreted a
specific EV subtype, we performed Western blots to detect
the presence of proteins associated with EV subtypes, CD9
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and postpartum mice (F = 5.7113, P < 0.01). B: volcano plot of differentially expressed proteins indicated upregulation of 46 proteins and downregulation
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for exosomes and Annexin A2 (ANXA2) for microvesicles.
We observed higher amounts of CD9 protein in EVs isolated
from DRD + maternal circulation compared with WT con-
trols (Fig. SE). To further explore if the EVs released after
CNO administration may have unique functional signaling

proteins did not detect significant differences in proteomic
composition between isolated circulating EVs from DRD +
and WT dams (Fig. 5G).

CNO Activation of DREADDs in the Placenta of

cargo, we performed proteomic analysis. PCA plots (Fig. 5F,
PERMANOVA, main effect of group, F = 1.3723, R* =
0.14642, P = 0.299) and ¢ tests of individual detected
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Pregnant Dams Impacts Glucose Dynamics

As we demonstrated, we could elicit an increase in EV
concentration quickly after activating the placental secretory
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pathway with CNO administration (Fig. 5, A and B), we
therefore wanted to test the functional impact of these
EVs in a dynamic homeostatic process known to be
impacted during pregnancy, such as glucose regulation.
We tested this through simultaneously stimulating the
placental secretory pathway with our chemogenetic model
and performing a glucose tolerance test (GTT). We
observed a reduced ability to clear glucose from circula-
tion in our DRD+ mice compared with WT controls
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(Fig. 5H). Although we did not detect a significant differ-
ence in area under the curve between the two groups
(Supplemental Fig. S2E, two-tailed t test, t;3 = 1.372, P =
0.1931), when we examined the glucose recovery slope
from the peak of circulating glucose (30 min) to the final
measure of glucose levels (120 min), there was a significant
reduction in slope in the DRD + mice (Fig. 51, two-tailed ¢
test, t13 = 2.502, P < 0.05). Of note, when the percentage of
pups in the litter that expressed both P.Cre and DRD
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DISCUSSION

Maintenance of homeostasis during pregnancy is a
dynamic and metabolically demanding process that sub-
stantially impacts maternal health (3, 5, 33, 34). The placenta
plays a crucial role in coordinating communication and sig-
naling in maternal circulation, in part, through secretion of
extracellular vesicles (EVs) (8, 10, 11). The diverse roles EVs
perform during pregnancy are currently being fully eluci-
dated, but include critical homeostatic functions involved
with immune and glucose regulation (7, 8, 12, 35-39).
Understanding the dynamic changes in EVs across preg-
nancy and postpartum periods is a valuable step in identify-
ing potential novel diagnostic and therapeutic biomarkers in
improving maternal health (11).

In our preclinical mouse study, we first examined key
characteristic differences in EVs from maternal circulation,
comparing changes that occur in pregnancy and postpar-
tum. As hypothesized and previously shown, EVs were sig-
nificantly increased in concentration during pregnancy
compared with nonpregnant and postpartum groups (19,
40). These findings match previous work in human studies
that demonstrated significant increases, up to 3-4 times
higher, in circulating EV concentration during pregnancy
(13, 14). Although we predicted EV concentration in the post-
partum period would be reduced relative to pregnancy, we
were surprised to find a significant reduction back to that of
nonpregnant levels, suggesting a rapid removal of circulat-
ing EVs following loss of the placenta at parturition. Such a
dramatic loss of key homeostatic and regulatory capacity
provided by circulating EVs may be an important focus for
future studies examining health challenges in women
unique to the postpartum period (41). We note that our stud-
ies here were completed in healthy, nonchallenged female
mice living in a clean environment and on a healthy stand-
ard chow diet high in soluble fiber and low in fat (42). More
dramatic changes may be found in studies where stress or
other challenges are included.

Although identifying changes in EV characteristics is
informative, examination of EV functional cargo provides an
additional level of insight for reproductive system and path-
way engagement (8, 9, 43, 44). Previous studies reported that
EV miRNA cargo changed throughout pregnancy to meet
dynamic regulatory demands (45). Although miRNAs pack-
aged into EVs in circulation come from numerous tissue
sources, EV protein cargo, especially in microvesicle sub-
types of EVs blebbed from the cell membrane, can be highly
informative as to cell type or tissue of origin (46, 47). Here,

we expanded knowledge in this field through using unbiased
examination of protein cargo associated with circulating EVs
across reproductive states. Our analyses revealed unique EV
proteomic signatures across the nonpregnant, pregnant, and
postpartum states. For example, EVs isolated from pregnant
mice had significantly increased proteins specific to placen-
tal function or to cell mechanisms known to be essential for
placental development, including trophoblast-specific pro-
tein beta (Tpbpb), a mouse gene crucial for placental devel-
opment and specifically expressed in the junctional zone of
the placenta, and cellular repressor of E1A-stimulated genes
1 (Cregl) that plays a vital role in pregnancy, specifically in
placental development by promoting trophoblast cell prolif-
eration, differentiation, and EV release (48, 49). Although
not surprising, this finding validates our hypothesis that the
placenta significantly contributes to the increased circulat-
ing EV concentration. In addition, we found that the L1 cell
adhesion molecule (LICAM), a transmembrane glycoprotein
expressed in neuron cell membranes and important in
immune control of leukocyte trafficking, was dramatically
decreased in EVs in pregnancy. Although L1ICAM has been
frequently interpreted as a circulating biomarker for EVs of
neural origin, current evidence suggests it is also important
for immune cell communication and is abundant as a
secreted protein in circulation (50, 51). We also detected sig-
nificantly increased prolactin protein family members,
including PrI2b1, Prl3bl, Prl7al, and Prl8a9, in EVs from preg-
nant mice. Previous studies reported that prolactin and pro-
lactin receptor signaling during pregnancy are important
regulators of insulin release and may be involved in the
development of insulin resistance throughout pregnancy
(52-57). Although an increase in prolactin proteins during
pregnancy is not surprising, a functional role for them spe-
cific to EV communication has not been elucidated (58-60).
An additional outcome from our study is the important
and novel finding that while the concentration of maternal
circulating EVs was similar between nonpregnant and post-
partum mice, our analysis found significant differences in
their EV protein composition. EVs from postpartum mice
showed strong pathway association and enrichment for pro-
teins associated with extracellular matrix and tissue organi-
zation that may reflect the homeostatic maternal demands
soon after birth. Interestingly, one of the few proteins show-
ing robust increased levels in EVs unique to the postpartum
period was the leptin receptor. EV leptin receptors can bind
to circulating leptin and transfer signals to target cells, influ-
encing placental function and the maternal immune system
and metabolism (61-64). Of note, in this study, we examined

Figure 5. Dynamic increases in circulating EVs using chemogenetic activation of the placental secretory pathway significantly impacts maternal glucose
regulation during pregnancy. EVs were isolated from age-matched E15.5 pregnant mice who were either wild type (WT, black lines/dots) or DREADD +
(DRD +, red lines/dots). Nanotracking particle analysis of EVs characteristics 5 mins after CNO (1 mg/kg) administration demonstrated an increase in cir-
culating EVs from DRD + mice by (A) size distribution and (B) concentration (particles/mL) (t; = 3.021, P = 0.0194), but not (C) median size (t; = 1.420,
P = 0.1985) or (D) zeta-potential (t; = 1.343, P = 0.2212). E: representative Western blot images of isolated EVs were captured using EV-specific antibod-
ies CD9 and Annexin A2 (ANXAZ2) suggesting increased CD9 and reduced ANXA?2 expression in DRD + mice. Proteomic analysis of EVs was visualized
with (F) principal component analysis (PCA) score plots (F = 1.277, P = 0.361), and (G) volcano plots indicated no significantly differentially expressed pro-
teins in DRD + mice compared with WT mice. H: glucose tolerance curves for WT and DRD + animals after receiving 1 mg/kg CNO injection 5 mins
before the glucose tolerance test suggested a reduced ability of DRD + animals to clear circulating glucose [Fime+genotype (2.870, 37.31) = 5.366, P =
0.004]. I: slope analysis of glucose curves from peak glucose at 30 mins to end time point at 120 mins demonstrated a significantly reduced slope in
DRD + mice (t;3 = 2.502, P = 0.0265). J: glucose area under the curve (AUC) demonstrates a positive linear relationship with the percentage of the litter
that expresses DRD + genotype (R? = 0.4140). Individual glucose curves for (K) wildtype and (L) DRD + animals after receiving 1 mg/kg CNO injection
5 mins before the glucose tolerance test demonstrated increased intergroup variability in DRD + mice. Data are displayed as means + SE; *P < 0.05.
Figure, in part, created with a licensed version of BioRender.com. CNO, clozapine-N-oxide; EV, extracellular vesicle.
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EVs from mice 48 h after parturition, an acute postpartum
time frame. EV cargo is likely influenced by lactation hor-
mones and is expected to be distinct at later postpartum
time points.

Previous studies by our group and others connected EV
signaling during pregnancy with glucose regulation using
mouse tail vein injection of maternal EVs isolated in preg-
nancy (6, 19, 65). However, it remains unclear whether pla-
cental EVs specifically contribute to glucose homeostasis.
Therefore, we applied a novel chemogenetic approach using
DREADD (DRD + ) transgenic mice to activate the secretory
pathway in trophoblast-derived cells to dynamically increase
maternal circulating EVs and measured changes in maternal
glucose following CNO administration during a glucose chal-
lenge. We confirmed a rapid and significant increase in cir-
culating EV concentration in DRD + mice following CNO,
but no significant changes in average EV size or zeta poten-
tial were observed. Using biochemical assessment of stand-
ard EV subtype markers, we found a potential increase in
CD9-positive exosomes and a reduction in annexin A2-posi-
tive microvesicles. Although this was unexpected, as Gq-
DREADD activation increases intracellular calcium and
would predict increased microvesicle secretion, we also
observed a similar indication of EV size change toward
smaller EVs (66, 67). EV subtypes, such as exosomes and
microvesicles, perform unique roles in cell-to-cell communi-
cation and in acute response to stimuli, as well as longer-
term chronic maintenance of homeostasis (68-70). To deter-
mine if the EV protein cargo changed in DRD + mice, we
performed unbiased proteomic analyses. Interestingly, while
we significantly increased the concentration of circulating
EVs in DRD + mice, we did not find significant differences
in proteins detected or their relative abundance, suggesting
we were able to manipulate circulating EV secretion without
distorting the detectable protein composition. These results
suggest that the placenta may be capable of dynamic EV
secretion to control maternal homeostasis.

During pregnancy progression, reduced maternal glucose
sensitivity occurs and circulating EV concentrations also rise
substantially (33, 71, 72). However, the ability for placental
EVs to function as dynamic homeostatic regulators of glu-
cose sensitivity in pregnancy is less clear. Using our chemo-
genetic approach, we examined how a dynamic increase in
circulating EVs following CNO treatment could alter
responses to a maternal glucose challenge. We found a
reduction in maternal ability to clear glucose in DRD +
mice, with a significant reduction in the slope of glucose
recovery. Interestingly, we also noted in the DRD + mice an
increased intragroup variance relative to wild-type mice.
The increased variability and increased glucose area under
the curve demonstrated a positive association with the per-
centage of the DRD + placenta within the litter (i.e., placenta
that expressed both P.Cre + and DRD + genotypes), support-
ing a causal role for DRD + placental increases in EV secre-
tion to alter maternal glucose sensitivity. Interestingly, in
gestational diabetes (GDM), maternal EV concentrations are
significantly increased, suggesting that EVs may be either
attempting to compensate for the glucose dysregulation or
play a role in GDM development, or both (65). Furthermore,
recent studies found that EVs isolated from the media of
chorionic villi explants modulated glucose uptake of skeletal
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myocytes in culture (17). Our previous work showed similar
support for a role of EVs in glucose homeostasis in preg-
nancy, where EVs from pregnant dams injected into non-
pregnant mice altered glucose dynamics (19). However, it is
important to note that pregnant EVs acting in a nonpregnant
setting are unlikely to replicate the highly unique hormonal
milieu characteristic of pregnancy. Together, these data sup-
port an ability for circulating EVs to serve an important role
in maternal glucose regulation, and that disruption to this
normal function, such as demonstrated in our chemogenetic
model, could result in increased risk for gestational diabetes
or other metabolic disorders. Although the target tissue or
site(s) of EV action (e.g., skeletal muscle, liver, pancreas, etc.)
remain less clear, future studies could investigate this impor-
tant question.

A major strength of these studies is the novel identifica-
tion of distinct changes in EV protein cargo across preg-
nancy and postpartum using unbiased proteomic analyses,
suggesting unique EV functions. The development of a che-
mogenetic approach to dynamically control the placenta
secretory pathway also provides insight into specific roles of
placental EVs in maternal homeostasis. We note several limi-
tations in these studies that could be focused on in future
studies, including the recognition that our data are assessed
from a single time point in pregnancy and postpartum and
may not reflect all changes in EV function across these
periods. Furthermore, in our chemogenetic approach,
stimulation of the calcium-mediated secretory pathway in
trophoblast cells likely secretes additional proteins and
components into maternal circulation that are not limited
to EVs. This is especially important when interpreting
functional readouts of glucose dynamics, as some factors
such as placental lactogens are known to influence mater-
nal glucose regulation (73, 74). Future studies using this
approach could consider characterization of these addi-
tional factors in circulation following CNO stimulation.

In summary, the data demonstrate distinct changes in cir-
culating EV protein cargo across pregnancy and the postpar-
tum period, revealing a unique proteomic signature that is
independent of EV concentration changes. As EV proteins
can point to novel cell and tissue engagement, these data
may provide insight into maternal systems and processes
specific to reproductive timing. As such, these results build
upon previous work and support the importance of EVs as
potential biomarkers in maternal health.
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