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RESEARCH ARTICLE
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Pregnancy is an immunological paradox where despite a competent maternal immune system,
regulatory mechanisms at the fetoplacental interface and maternal secondary lymphoid tissues (SLTs)
circumvent rejection of semi-allogeneic concepti. Small extracellular vesicles (sEVs) are a vehicle for
intercellular communication; nevertheless, the role of fetoplacental sEVs in transport of antigens to
maternal SLTs has not been conclusively demonstrated. Using mice in which the conceptus generates
fluoroprobe-tagged sEVs shed by the plasma membrane or released from the endocytic compartment,
we show that fetoplacental sEVs are delivered to immune cells in the maternal spleen. Injection of
sEVs from placentas of females impregnated with Act-mOVA B6 males elicited suboptimal activation
of OVA-specific CD8* OT-I T cells in virgin females as occurs during pregnancy. Furthermore, when
OVA-* concepti were deficient in Rab27a, a protein required for SEV secretion, OT-I cell proliferation in
the maternal spleen was decreased. Proteomics analysis revealed that mouse trophoblast sEVs were
enriched in antiinflammatory and immunosuppressive mediators. Translational relevance was tested
in humanized mice injected using sEVs from cultures of human trophoblasts. Our findings show

that sEVs deliver fetoplacental antigens to the mother’s SLTs that are recognized by maternal T cells.
Alterations of such a mechanism may lead to pregnancy disorders.

Introduction

During pregnancy, the fetus and placenta constitute semi-allogeneic components because of the expres-
sion of paternal and embryonic antigens (Ags) to which, in most cases, the maternal T and B cells have
not been previously exposed or tolerized. Interestingly, a healthy fetoplacental unit is not rejected by
the mother’s immune system. This phenomenon occurs even in donor oocytes or surrogate pregnancies,
where the conceptus is fully allogeneic. The immunoregulatory mechanisms at the fetomaternal interface
and in the maternal lymphoid tissues that prevent immunologic attack on the conceptus, while maintain-
ing competence against pathogens, remain largely unknown.

Like the adaptive immune response elicited by allogeneic transplants, maternal T and B lymphocytes
become aware of the presence of non-self-Ags expressed by the conceptus. Studies in mouse models have shown
that T cells in the mother’s secondary lymphoid tissues (SLTs) recognize conceptus-derived peptides presented
or crosspresented by maternal Ag-presenting cells (APCs) (1, 2). Expansion of maternal CD4* regulatory T cells
(Tregs) in combination with clonal deletion or exhaustion of maternal CD8* T cells in the mother’s SLTs is criti-
cal to fetomaternal tolerance (1, 3—14). Despite these regulatory mechanisms, a percentage of conceptus-specific
maternal CD8"* T cells persist as memory T cells after parturition and can differentiate into effector cells after Ag
reencounter in a nonpregnancy context (9, 11).
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The mechanism(s) by which embryonic and paternal Ags are systemically delivered to maternal
immune cells in the mother’s SLTs has not been elucidated. Fetomaternal cell chimerism might be a source
of conceptus Ag; nevertheless, fetal cells are infrequent in the maternal blood or lymphoid organs (15,
16). Fetal conventional dendritic cells (cDCs), the equivalents of donor migratory passenger leukocytes
in allografts, do not develop until advanced pregnancy (17). Importantly, decidual maternal DCs are not
involved in presentation of fetal Ags in the mother’s SLTs, since they remain confined to the pregnant
uterus (18). Thus, fetoplacental Ags could reach the mother’s SLTs cell free via extracellular vesicles (EVs)
released by the trophoblast and fetus (19).

Although the function of EVs in vivo is largely unknown (20, 21), they represent an efficient platform
for Ag delivery from peripheral tissues to SLTs to stimulate allogeneic immune responses following trans-
plantation (22). Passage of small EVs (sEVs; exosomes) constitutes a mechanism of fetal-placental-maternal
crosstalk by which proteins, Ags, immunoregulatory mediators, mRNAs, noncoding RNAs, small DNA frag-
ments, metabolites, and lipids are exchanged (19). Trophoblasts shed nuclear aggregates, apoptotic blebs, and
different types of EVs into the maternal blood during normal and pathological pregnancies, with increasing
levels toward term (23-34). While the cell aggregates are trapped in the pulmonary capillaries, the sEVs circu-
late systemically and have access to the maternal SLTs. Trophoblast EVs express paternally inherited minor
histocompatibility Ags (35), and placental EVs regulate the function of immune and endothelial cells in vitro
(36-41). Nevertheless, there is no conclusive evidence that sEVs transport Ag from the fetoplacental unit to
the mother’s SLTs, mainly due to the lack of mouse models that allow tracking sEVs in vivo.

In this study, by taking advantage of mouse pregnancy models in which the fetoplacental unit releases
fluorochrome-tagged sEVs (e.g., exosomes), we demonstrate that sEVs shed systemically by the fetoplacental
unit reach maternal immune cells in the mother’s SLTs. Our models allowed us to distinguish whether the
conceptus-derived SEVs captured by maternal immune cells in SLTs were acquired from systemically released
vesicles or from sEVs secreted locally by fetoplacental chimeric cells that migrated to the maternal spleen. The
conceptus-derived sEVs delivered paternal Ags together with antiinflammatory/immunosuppressive mediators
to maternal APCs, which elicited maternal T cell activation with characteristics reminiscent of those previously
reported during middle/late gestation in mice (1). Our findings highlight the importance of the physical proper-
ties of the sEVs for efficient relay of conceptus Ags to maternal immune cells. Experiments in humanized mice
injected with human trophoblast sEVs validated our findings in mice in a relevant translational system.

Results
SEVs shed by the feroplacental unit reach maternal immune cells in SLTs. We investigated whether sEVs released
by the fetoplacental unit reach maternal immune cells in the mother’s SLTs by means of 2 mouse models.
In the first model, we used Exomap1 B6 mice encoding a chicken B-actin (CAG) promoter—driven floxed
stop cassette containing tdTomato, followed by the sEV-associated marker CD81 fused to mNeonGreen
(42). CD81 is normally localized to the plasma membrane, the primary site of shedding of sEVs in most
cell types (43). Upon mating homozygous Exomapl B6 males with homozygous CMV°*'* B6 females,
the floxed cassette was removed, which was verified by the lack of tdTomato expression in most of the
placental cells, resulting in the expression of CD81-mNeonGreen by the trophoblast (Figure 1A). As
controls, homozygous Exomapl B6 males were mated with Cre- B6 females. Microscopic analysis of pla-
centa cryosections on embryonic day 17.5 (E17.5) revealed CD81-mNeonGreen expression on surface
projections of trophoblasts, compatible with shedding of sEVs from the trophoblast plasma membrane
to the maternal blood spaces (Figure 1B). The labyrinth trophoblasts contain invaginations of the plasma
membrane (44), which explains the detection of CD81-mNeonGreen within internal compartments of
trophoblasts (Figure 1B). Expression of CD81-mNeonGreen was particularly strong on canal-associ-
ated giant cells lining the vascular canals (Figure 1B). As expected, mNeonGreen was negative and
tdTomato was broadly expressed in placentas of Cre~ controls (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.186335DS1). In the decid-
ua, CD81-mNeonGreen content was detected in stromal cells, maternal blood endothelial cells, and
leukocytes adjacent to the junctional zone (Supplemental Figure 2), which is indicative of uptake of
placenta-derived sEVs by maternal decidual cells.

In the maternal spleen on E17.5, CD81-mNeonGreen was found in follicular dendritic cells (FDCs),
B cells, marginal zone (MZ) and red pulp macrophages, and cDCs (Figure 1, C-F). CD81-mNeon-
Green detected in the maternal spleen was not delivered through shedding of trophoblast fragments,
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Figure 1. Fetoplacental CD81 sEVs traffic to the maternal spleen. (A) Diagram of tdTomato** C081-mNeonGreen (Exomap1) B6 male x CMV“/* B6

female pregnancy model. In the presence of Cre, LoxP recombination removes cytoplasmic (Cyto) tdTomato polyA, leading to downstream transcription

of CD81-mNeonGreen. CD81-mNeonGreen protein is sorted in fetoplacental sEVs. (B) CD81-mNeonGreen on sections of placentas of CMV "+ B6 females
impregnated by Exomap1 B6 males. Region of interest (ROI) showing CD81-mNeonGreen* EVs shed from trophoblast cells (arrows) and CD81-mNeonGreen
content in trophoblast cell invaginations (arrowheads). Representative of 6-12 placentas from 4 mothers. Original magnification, x200. TG, trophoblast
giant. (C-F) Detection by microscopy of CD81-mNeonGreen in FDCs (C), B cells (C), MZ macrophages (D), red pulp macrophages (E), and cDCs (F), in spleens
of CMV+ B females impregnated with Exomap1 B6 males and analyzed on E17.5. Original magnification, x200, x400. Dot plots in C-F, quantification
on spleen cryosections of FDCs, B cells, MZ macrophages, red pulp macrophages, and cDCs with CD81-mNeonGreen. Images representative of multiple
sections from spleens of 4 pregnant females. In C-F, comparisons by 2-tailed Student’s test. Error bars: means + SD. ***P < 0.001 and ****P < 0.0001.

since it did not contain cytokeratin (Supplemental Figure 3A). mNeonGreen was undetectable in pla-
centas or maternal spleen when control Cre- B6 females were impregnated by Exomapl B6 males
(Supplemental Figure 1 and Supplemental Figure 3B).

We validated the previous findings in a second mouse in which fetoplacental sEVs were tagged with
mScarlet fused to CD63, a molecule highly enriched in sEVs generated in endocytic compartments (43, 45).
In addition, to test whether the conceptus-derived sEVs captured by maternal cells in the spleen were acquired
from systemically released vesicles, or from sEVs secreted locally by neighboring fetoplacental cells migrated
to the maternal spleen, fetoplacental cells releasing mScarlet-CD63-tagged sEVs were engineered to coexpress
blue fluorescent protein (BFP) in the nucleus. We generated nuclear-BFP mScarlet-CD63%~ B6 mice encoding
a floxed stop cassette upstream of mTagBFP2 fused to histone 2BC11, followed by mScarlet fused to mouse
CD63, driven by the ubiquitous CAG promoter (Figure 2A). The 2 fusion proteins were linked by a self-cleav-
ing peptide. Homozygous nuclear-BFP mScarlet-CD63% B6 mice were mated with homozygous CMV“*'* B6
females, and the presence of fetoplacental mScarlet-CD63 content and of cells with BFP-labeled nuclei were
analyzed in the placenta and maternal spleen on E17.5. Unlike the plasma membrane—resident CD81, most
CD63 is rapidly endocytosed from the cell surface to endosomes/multivesicular bodies, inside which sEVs also
originate (43, 45). It has been widely assumed that most CD63-bearing sEVs are derived from intraluminal ves-
icles generated in the endocytic compartment by reverse budding of the limiting membrane of multivesicular
bodies. However, recent evidence indicates that CD63 endocytosis drastically reduces its vesicular secretion
from the cell and that most of the CD63-carrying sEVs are shed directly from the plasma membrane (46). This
phenomenon could be accentuated in our mScarlet-CD63 transgenic model, since overexpression of CD63
drives its plasma membrane accumulation due to competition for limited quantities of clathrin adaptor com-
plex AP-2 that is required for CD63 endocytosis (46).

Analysis of placenta cryosections showed mScarlet-CD63 in a punctate pattern in trophoblast cells with
BFP-labeled nuclei, in the junctional zone and the labyrinth (Figure 2B). As expected, decidual maternal cells
did not express nuclear-BFP, except for invading trophoblast cells with mScarlet-CD63 content (Figure 2B).
Occasionally, we detected maternal decidual cells (BFP-) with mScarlet-CD63 content, indicative of transfer
of sEVs from the conceptus to the decidual maternal cells (Figure 2B). In the mother’s spleen, mScarlet-CD63
was found in FDCs, B cells, MZ and red pulp macrophages, and cDCs (Figure 2, C-F). Conceptus-derived
cells with BFP-labeled nucleus and mScarlet-CD63 content were undetectable, indicative of minimal or null
contribution of fetoplacental chimeric cells in the passage of conceptus-derived sEVs in the mother’s spleen
(Figure 2, C-F). As expected, mScarlet-CD63 and BFP were negative in placentas and maternal spleens of
control Cre~ B6 females mated with nuclear-BFP mScarlet-CD63%~ B6 males. In summary, sEVs released
systemically by the fetoplacental unit reach maternal immune cells in the spleen.

Fetoplacental SEVs deliver paternal Ags to maternal immune cells in the spleen. Next, we investigated if the
fetoplacental sEVs captured by maternal immune cells in the maternal spleen transport paternal Ags. We
used a well-established semi-allogeneic pregnancy model in which WT BALB/ ¢ (H2¢) females were impreg-
nated with B6 (H2%) mice hemizygous for the membrane-bound chicken ovalbumin (Act-mOVA) transgene
(mOVA B6). In this model, mOVA functions as a paternal surrogate Ag expressed by the junctional zone
cells, trophoblast giant cells at the interface between the junctional zone and decidua, and canal giant tropho-
blast and labyrinth trophoblasts (Figure 3A). By immuno-electron microscopy (IEM), mOVA was detected
on the surface and plasma membrane invaginations of labyrinth trophoblast cells and on sEVs shed from
trophoblast cells to the maternal blood spaces (Figure 3B).

In the maternal SLTs, mOVA Ag was detected mostly on maternal FDCs in the spleen, as previously report-
ed in a different female strain combination (Figure 3C) (1, 47). In the spleen, the amount of mOVA Ag detected
in FDCs increased from E12.5 to E17.5 (Figure 3C). Next, by IEM on ultra cryosections of the mother’s spleen,
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JCl Insight 2025;10(10):e186335 https://doi.org/10.1172/jci.insight.186335



. RESEARCH ARTICLE

Detection by microscopy of mScarlet-CD63 sEVs in trophoblast cells identified by their BFP-expressing nuclei, analyzed on E17.5 in CMV“¢/+ B6 females
impregnated by nuclear-BFP mScarlet-CD63'* B6 males. Inset: interface between the trophoblast and decidua basalis. ROI 1: a trophoblast cell identified
by its cytokeratin expression, BFP* nucleus, and content of mScarlet-CD63 sEVs. ROI 2: a maternal cell (BFP- nucleus) with mScarlet-CD63 likely acquired
from trophoblast cells invading the decidua. Original magnification, x200, x400. Images representative of 4 placentas. (C-F) Microscopy analysis on
E17.5 of cryosections of spleens from CMV“¢/+ B6 females impregnated by nuclear-BFP mScarlet-CD63:* B6 males. mScarlet-CD63 is detectable in the
maternal FDC network, MZ macrophages, red pulp macrophages, and cDCs. Fetoplacental cells expressing nuclear-BFP were undetectable in the mater-
nal spleen. Images representative of multiple sections of spleens from 4 pregnant females. Original magnification, x200.

we investigated the format by which the conceptus-derived mOVA Ag reaches the maternal FDCs and whether
mOVA was present in other subsets of maternal immune cells at levels we found undetectable by fluorescence
microcopy. Ultrastructural analysis revealed that FDCs retained conceptus-derived mOVA on sEVs internalized
in clusters inside glomerulus-like vesicular compartments containing complex membrane labyrinthine infold-
ings, an ultrastructural feature of FDCs (Figure 3D and Supplemental Figure 4A). sEVs bearing mOVA Ag were
also detected within interconnected endocytic vesicles that run across MZ CD169 macrophages (Figure 3E and
Supplemental Figure 4B) or next to CD11c ¢DCs (Supplemental Figure 4C). In summary, at least a fraction of
fetoplacental Ags are delivered to immune cells in the maternal spleen via SEVs.

EVs carrying paternal Ags in peripheral blood of pregnant mice. The finding of sEVs bearing the paternal
Ag mOVA in the maternal spleen was indicative of the spread of conceptus mOVA via maternal blood,
because the spleen lacks afferent lymphatics. To validate this, we isolated fetoplacental EVs carrying mOVA
from the maternal plasma of WT BALB/c females impregnated with mOVA B6 or control WT B6 males
(E17.5). Maternal plasma was centrifuged successively at 10,000g and 100,000g to pellet microvesicles
(MVs) and sEVs, respectively. The EV fractions and the corresponding EV-cleared supernatants were immu-
noprecipitated with magnetic beads coated with a polyclonal rabbit anti-OVA Ab (Figure 4A). Western blot
analysis of the immunoprecipitated material using a mouse monoclonal Ab against OVA demonstrated
the presence of OVA in the trophoblast-derived MVs and sEVs and as soluble Ag in the EV-free fraction
(Figure 4B). As a control, OVA was undetectable in immunoprecipitates of EVs and EV supernatants from
plasma of WT BALB/c females impregnated by WT B6 males (Figure 4B). The purity of the SEVs was ver-
ified by their positivity for the sEV-associated markers CD81 and CD63 and absence of the ER-associated
marker gp96 (Figure 4B). Treatment of the samples with Peptide:N-glycosidase F (PNGase) before analysis
indicated that the higher MW of the OVA in the plasma EVs and its supernatants compared with control
soluble OVA was due to N-linked glycosylation (Figure 4C). Next, we investigated if the load of fetoplacen-
tal sEVs carrying mOVA in maternal blood varies during gestation. Western blot analysis of fetoplacental
sEVs isolated by microfluidic tangential flow filtration on E12.5 and E17.5 from pooled plasma (3 mice per
variable) of BALB/c females impregnated by mOVA B6 or control B6 males showed that the amount of
mOVA carried on trophoblast sEVs in the maternal circulation increased substantially from E12.5 to E17.5
(Figure 4D), which is consistent with the amount of OVA detected in the maternal spleen at the same time
points (Figure 3C). To rule out the number of mOVA* fetoplacental units per mouse as a confounding
variable, the pregnant mice from which the plasmas were pooled had the same number of concepti. Thus,
the surrogate paternal Ag mOVA is shed to the maternal blood through sEVs and in soluble form, and the
amount of mOVA released via sEVs to the maternal circulation is augmented during gestation.

Trophoblasts release EVs carrying paternal Ags. The EVs carrying mOVA isolated from peripheral blood
of pregnant mice could have been released by the placenta, the fetus, or both. Therefore, we analyzed
whether the mouse trophoblast releases EVs carrying the paternal Ag mOVA using primary trophoblast
cell cultures from placentas (E12.5-E17.5) of WT BALB/c females impregnated by mOVA B6 or control
WT B6 males (Figure 5A). The mouse primary trophoblast cell cultures were composed predominant-
ly of pan-cytokeratin® trophoblast cells, mostly organized in clusters, with minimal contamination of
desmin® decidual cells (Figure 5, B and C). EVs were isolated from 48-hour culture supernatants by
sequential ultracentrifugation (Figure 5A). Analysis by electron microscopy and nanoparticle tracking
analysis verified the purified samples were composed of a homogeneous population of sEVs (Figure 5A).

By Western blot, and consistent with the findings in plasma EVs from pregnant mice, mOVA was
detected in 48-hour trophoblast culture supernatant-derived MVs and in CD63* sEVs and respective
EV-free centrifuged fractions. mOVA was absent in their counterparts isolated from trophoblast culture
supernatant generated from placentas of pregnant BALB/c females mated with control WT B6 males
(Figure 5D). IEM of primary mouse trophoblast cell cultures verified the presence of mOVA on intralumi-
nal vesicles inside multivesicular bodies and on the surface of trophoblast cells generated from placentas

JCl Insight 2025;10(10):e186335 https://doi.org/10.1172/jci.insight.186335 6
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females impregnated with mOVA B6 males. Dotted line: limit between the junctional zone and the labyrinth. Representative of 6-8 placentas from 3
pregnant females. Original magnification, x200. (B) Detection of mOVA by IEM on sections of placentas of BALB/c females mated with mOVA B6 males.
Asterisk, cell membrane invaginations in trophoblast cells. Original magnification, x20,000, x80,000. TC, trophoblast cell; MBS, maternal blood space;
Desm, desmosome. (C) Detection by microscopy of mOVA on cryosections of spleens of BALB/c females impregnated with heterozygous mOVA B6 males.
Representative of spleens from 4 pregnant mice per time point. Original magnification, x200. (D) IEM of OVA Ag (6 nm gold) on sEVs captured by an

FDC identified by expression of CD21/35 (10 nm gold, red circles) in the spleen of a BALB/c female mated with an mOVA B6 male and analyzed on E17.5.
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Fetoplacental sEVs expressing OVA in the endocytic compartment (pseudocolored) of the FDC. ROIs: detail of OVA Ag (6 nm gold, arrows) on fetoplacen-
tal sEVs internalized by the FDC. Original magnification, x20,000, x80,000. N, nucleus. (E) IEM of fetoplacental sEVs bearing paternal mOVA (6 nm gold,
arrow) within interconnected vesicles of MZ CD169* macrophages (20 nm gold, red circle) in the spleen of a BALB/c female mated with a mOVA B6 male
and analyzed on E17.5. Original magnification, x20,000, x80,000.

of WT BALB/c females impregnated by mOVA B6 males (Figure 5E and Supplemental Figure 5A). The
release of sEVs bearing mOVA by trophoblast cells into the extracellular space was also verified by IEM
(Supplemental Figure 5B). No labeling with 6 nm gold OVA Ab was found on control trophoblast cultures
from placentas of BALB/c female mated with WT B6 males (Figure 5F).

Importantly, SEVs isolated from trophoblast cultures of placentas (E12.5-E17.5) from CMV**'* B6
females impregnated with CAGp-tdTomato’-mNeonGreen-CD81 B6 (Exomapl) males expressed
mNeonGreen (Figure 6A) and, when i.v. injected into virgin B6 females, recapitulated the trafficking of
fetoplacental SEVs to the mother’s immune cells in the spleen detected during gestation (Figure 6, B-F).

SEVs are an efficient vehicle to deliver conceptus Ags to the maternal spleen. Because mouse trophoblasts release
the surrogate paternal Ag mOVA via EVs and in a vesicle-free format(s), we compared the efficiency by
which trophoblast sEVs deliver immunoreactive mOVA Ag to the spleen with that of soluble, non-EV-as-
sociated mOVA shed by the trophoblasts and collected from EV-cleared trophoblast culture supernatants.
We tested this in B6 virgin female mice (CD90.2 congenic) i.v. injected with CFSE-labeled TCR transgenic
CD8* OT-I T cells, the latter CD90.1 congenic and specific against the OVA-peptide SIINFEKL presented
by the B6 MHC class I molecule H2-K®. An i.v. administration of sEVs isolated from primary cultures of
mOVA B6 male X WT BALB/c female trophoblasts triggered, in the mouse spleens, higher proliferation
of OT-I cells than that elicited by an equivalent load (based on Western blot) of mOVA Ag contained in
concentrated 100,000¢ supernatants and passed through a 20 nm filter (EV-clear supernatants), collected
from the same primary cultures of trophoblast (Figure 7A). As controls, i.v. injection of sEVs or EV-cleared
supernatants from primary cultures of WT B6 male X WT BALB/c female trophoblasts elicited minimal
OT-I cell division (Figure 7A). The capacity of the SEVs from cultures of mOVA B6 male X WT BALB/c
female trophoblasts decreased substantially when the vesicles were disrupted and dialyzed before i.v. injec-
tion (Figure 7A). The dialysis of the sEVs was done to retain the mOVA molecules in the lysate injected
and, importantly, to remove the detergent used to break down the vesicles. Thus, trophoblast sEVs are
a cell-free platform to deliver Ag to the maternal SLTs, and their efficiency to relay Ag to the mother’s
immune cells depends on the physical characteristics of the vesicles (intact vesicles, ~100 nm in size).

Trophoblast sSEVs promote suboptimal activation of maternal T cells in the spleen. Next, we tested if blood-borne tro-
phoblast sEVs carrying mOVA promote canonical activation, differentiation, cell death, or exhaustion of OT-I
CD8" T cells. WT B6 virgin female mice (CD90.2) i.v. injected with CFSE-labeled OT-I cells (CD90.1 congenic)
were treated i.v. with a single bolus injection of SEVs purified from primary cultures of mOVA B6 male x WT
BALB/c female trophoblasts or purified from control WT B6 male X WT BALB/c female trophoblast cultures.
The OT-I cell response in the spleen was analyzed by flow cytometry 2 days after SEV injection. Administration
of trophoblast sEVs carrying mOVA promoted OT-I cell proliferation but with significantly less downregulation
of CD62L and reduced expression of the early activation marker CD69, when compared with controls in which
optimal OT-I cell activation was induced by injection of soluble OVA + poly I:C + agonistic CD40 Ab (Figure
7, B and C). The percentage of splenic OT-I cells undergoing apoptosis, based on generation of a fluorogenic
product of activated caspase-3, increased in response to administration of trophoblast SEVs bearing mOVA,
compared with positive controls (Figure 7, B and C). We detected no difference of expression of the TCRaV2 on
the OT-I cells between groups (Figure 7C). Intracellular IFN-y and granzyme B were barely detectable in OT-I
cells that proliferated in response to trophoblast SEVs carrying mOVA (Figure 7, B and C), which suggested
decreased differentiation into effector CD8" T cells. Injection of trophoblast SEVs bearing mOVA did not signifi-
cantly upregulate expression of the exhausted T cell-associated markers TIM-3, Lag3, and PD-1 on proliferat-
ing OT-I cells, as compared with OT-I cells of controls injected with soluble OVA + poly I.C + agonistic CD40
Ab (Supplemental Figure 6). OT-I cells did not proliferate in control mice that did not receive trophoblast SEVs
or that were injected with SEVs isolated from control WT B6 male x WT BALB/c female trophoblast cultures
(Figure 7, B and C). A similar response was detected in the mother’s spleen in OT-I cells i.v. transferred between
E13.5 and E15.5 (Figure 7, D and E). Thus, in our model, delivery of a surrogate paternal Ag to the spleen
through blood-borne trophoblast sEVs elicits proliferation of OT-I cells with increased percentage of apoptotic
cells and decreased expression of effector T cell markers compared with the controls.
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Trophoblast sEVs are enriched in immunoregulatory proteins. In mice, delivery of fetoplacental Ags to mater-
nal SLTs has been shown to lead to deficient activation, deletion, or exhaustion of T cells and generation of
FoxP3* Tregs (1, 3-14). Here, we demonstrated that trophoblast sEVs deliver paternal Ags to the maternal
spleen, a phenomenon associated with suboptimal activation of maternal CD8* T cells. Thus, we investigated
if trophoblast sEVs, aside from bearing paternal Ags, also carry immunoregulatory proteins that may restrain
the immunogenic function of maternal APCs in SLTs. To test this, the proteome of 6 independent samples of
sEVs purified by microfluidic tangential filtration from supernatants of mouse primary trophoblast cell cultures
was analyzed by high-resolution liquid chromatography and mass spectrometry (LC-MS) and compared with
the proteome of the parent trophoblast cells (Figure 8A). The trophoblast sEV samples were highly pure based
on their relatively high content of the EV-associated markers CD63, CD9, CD81, CD82, TSG101, ALIX,
flotillin 2, and syntenin-1 (Figure 8B), as well as proteins enriched in EVs, the latter including subunits of
the ESCRT machinery, members of the Rab family, SNAREs and heat shock proteins, and other chaperones
(Supplemental Table 1). Importantly, the purified trophoblast sEVs lacked or contained minimal amounts of
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Figure 5. sEVs released by mouse primary trophoblast cultures bear paternal Ag. (A) Methodology used to generate primary cultures of mouse trophoblast
cells and purify EVs from the culture supernatants. NTA, nanoparticle tracking analysis; TEM, transmission electron microscopy. (B) Bright-field microscopy
showing clusters of mouse trophoblast cells after 48 hours of culture. (€) Microscopy of cytospins of primary cultures of mouse trophoblast cells showing
cytokeratin* trophoblast cell clusters with minimal contamination with desmin* decidual cells. (D) Immunoprecipitation and Western blot of purified EVs
and EV-clarified supernatants from mouse primary trophoblast cultures from placentas of BALB/c females impregnated by mOVA B6 (on the left) or control
WT B6 males (on the right). Samples were immunoprecipitated with a polyclonal Ab against OVA and analyzed by Western blot for detection of OVA with a
monoclonal Ab, the sEV-associated marker CD63, and the ER marker gp96. Results representative of 2 independent experiments. (E) IEM of primary cultures
of trophoblast cells from placentas (E12.5-E17.5) of BALB/c females impregnated with mOVA B6 males. Images show multivesicular bodies with intraluminal
vesicles expressing OVA labeled with 6 nm gold. (F) IEM of primary cultures of trophoblast cells from placentas of BALB/c females impregnated with control
WT B6 males (E12.5-E17.5) depicting multivesicular bodies with intraluminal vesicles on which OVA was not detected. In E and F, images are representative of
3 samples. Original magnification, x40,000.

proteins of the Golgi apparatus, ER, or nuclear membrane, all considered EV exclusion markers (Figure 8C)
(48). Quantitative analysis revealed that of a total of 3,382 proteins detected by LC-MS, 157 were upregulated,
1,887 were downregulated, and 744 were absent in trophoblast SEVs compared with those found in the parent
cell extracts (Figure 8D). The content of several proteins with recognized antiinflammatory or immunosup-
pressive effects was substantially enriched in trophoblast SEVs as compared with parent cells (Figure 8, D and
E, and Supplemental Table 2). These included pigment epithelium-derived factor that prevents DC maturation
and promotes Tregs’ function and neuropilin-1 that maintains Tregs and sensitizes CD4* T cells to the inhibi-
tory function of semaphorin 3A at the APC-T cell synapse (Figure 8, D and E, and Supplemental Table 2). In
comparison with trophoblast cells, trophoblast sEVs carried considerably higher content of apolipoproteins M
and E, thrombospondin 1 and 2, antithrombin IIT, and mannose receptor 2, which, through different pathways,
prevent NF-kB activation and the subsequent secretion of the pro-inflammatory cytokines IL-1p, IL-6, and
TNF-a, while promoting secretion of IL-10 by DCs and Tregs (Figure 8, D and E, and Supplemental Table 2).
Thus, trophoblast sEVs carry a cargo of antiinflammatory and immunosuppressive proteins that are selectively
enriched in the vesicles as compared with the parent trophoblast cells.

Effect of release of conceptus sEVs on recognition of paternal Ag by maternal T cells. To validate the link between
systemic release of SEVs by the conceptus and detection of fetoplacental Ags by maternal T cells in the maternal
spleen in vivo, we used a pregnancy model deficient in Rab27a, a protein previously reported to be critical for exo-
some release in several cell types (49). Indeed, we verified that primary cultures of Rab274~'- B6 mouse trophoblast
released approximately 70% fewer SEVs than WT B6 trophoblast cultures (Figure 9A). Rab27a~~ B6 females were
impregnated by Act-mOVA Rab27a~'~ B6 males, and on E15.5 they were i.v. injected with CFSE-labeled CD90.1
OT-I T cells. Analysis of the maternal spleens by FACS on E17.5 revealed that OT-I cells divided significantly
less compared with those transferred to control WT B6 females impregnated by Act-mOVA males (Figure 9B).

Lack of Rab27a in DCs has been shown to limit delivery of the NADPH oxidase NOX2 in phagosomes,
increasing phagosome acidification and Ag degradation, which could affect OVA crosspresentation by CD8*
T cells (50). However, there was no significant difference in OT-I proliferation between WT and Rab27a'~ B6
virgin female mice i.v. injected with CFSE-labeled OT-I cells and then exposed to trophoblast sEVs carrying
mOVA and injected i.v. (Figure 9C). This indicates that Rab27a deficiency in the host’s APCs, or maternal
APCs in our pregnancy model, did not decrease presentation of mOVA-derived peptides to the OT-I cells.
In summary, reduction of sEVs released by the fetoplacental unit directly correlates with decreased prolifer-
ation of CD8" T cells specific for conceptus-derived Ag.

Retention of fetoplacental SEV's in the maternal spleen. Next, we assessed how long conceptus-derived sEVs and
the paternal Ags they carry are retained postpartum (PP) by the maternal immune cells in the maternal spleen.
PP retention of paternal mOVA Ag by the mother’s spleen was assessed by transferring CFSE-labeled CD90.1
OT-I CD8* T cells in WT CD90.2 B6 females previously impregnated by Act-mOVA B6 or by control WT B6
males. OT-I cell division assessed by CFSE dilution by FACS 2 days after OT-I cell administration revealed
that OT-I cells proliferated up to a follow-up of 30 days PP, with decreasing percentages of dividing cells over
time (Figure 9D). Microscopy analysis of spleens of CMV*** B6 females impregnated by Exomapl B6 males
revealed CD81-mNeonGreen in maternal FDC networks up to 30 days PP (Figure 9E), and IEM of spleens B6
females impregnated with mOVA B6 males verified the presence of sEVs carrying OVA in maternal FDCs 7
days PP (Figure 9F). Thus, fetoplacental sEVs are retained PP by maternal immune cells in SLTs.

Human trophoblast sEVs target human APCs in the spleen. To evaluate if our findings have a correlation in
human pregnancy, we investigated whether sEVs released by the human placenta in the maternal peripheral
blood are captured in vivo by human leukocytes in the host’s lymphoid tissues. We conducted this in vivo with a
human surrogate model in which sEVs purified from culture supernatants of primary human trophoblast (PHT)
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Figure 6. An i.v. injection of sEVs from cultures of trophoblasts mimics the traffic of endogenous fetoplacental sEVs in the mother’s spleen. (A) Flow
cytometry analysis of EV-bead complexes containing sEVs isolated from primary cultures of trophoblasts from placentas (E14.5-E17.5) of CMV<e* B females
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and CD81 Ab. SSC, side scatter. (B-F) Detection of sEVs purified from cultures of trophoblasts from placentas (E14.5-E17.5) of CMV‘* B6 females x Exomap1
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phages (E), or cDCs (F). Images are representative of 4 mice. Original magnification, x200.

cells were labeled red with CM-Dil dye and injected i.v. in humanized mice (huMice) (Figure 10A). The size of
the PHT EVs was measured by nanoparticle tracking analysis (Figure 10A). The presence of the EV-associated
markers Tsgl101, CD63, and CD81 and absence of the EV exclusion markers Hsp90B1 (ER), calnexin (ER), and
GM130 (Golgi apparatus) were assessed by Western blot (Figure 10A). The huMice had an average of 80% *
7.9% of human chimeric leukocytes at the time of the experiments (Figure 10B). Eighteen hours after sEV injec-

tion, analysis by microscopy of huMice tissues revealed CM-Dil content in human CD169* MZ macrophages
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Figure 7. T cells in the maternal spleen recognize paternal Ag on trophoblast sEVs. (A) Flow cytometry of proliferation of i.v. injected, CFSE-labeled OT-I
CD8 T cells (CD90.1) in spleens of WT virgin female B6 mice (CD90.2) i.v. injected 24 hours later with EV-cleared supernatants or intact or lysed sEVs from
cultures of trophoblast cells from BALB/c females impregnated with mOVA B6 or control WT B6 males. On the dot plot on the right, each dot represents 1
mouse. (B) Representative flow cytometry of splenocytes of B6 virgin females (CD90.2) i.v. injected with CFSE-labeled OT-1 CD8* T cells (CD90.1) and treated
i.v. 24 hours later with sEVs from primary trophoblast culture supernatants from BALB/c females impregnated with mOVA B6 males or control WT B6 males.
As a positive control of OT-I cell activation, a group was injected i.p. with soluble OVA + agonistic CD40 Ab + poly I:C, 24 hours after the OT-I cell transfer.
Experiments were analyzed 2 days after sEV injection. (C) Quantification of the results shown in B; each dot represents 1 mouse. (B) FACS analysis of i.v.
administered OT-1 T cells (CD90.1) in spleens of females (CD90.2) mated with mOVA or WT B6 male mice. OT-1 T cells were i.v. infused on E13.5, and spleno-
cytes were FACS-analyzed 2 days later. (E) Quantification of the results in D; each dot represents 1 mouse. In A and €, comparisons by 1-way ANOVA with
multiple comparisons. In E, comparisons by 2-tailed Student’s test. Error bars: means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001.

and human CD163* red pulp macrophages in the spleens and in human CD163* macrophages of liver and
bone marrow (Figure 10C). Importantly, the Abs against human CD169 and CD163 used did not cross-react
with their mouse analogs, which validates that the human PHT-derived sEVs were indeed captured by human
leukocytes and not by residual macrophages of mouse origin (Supplemental Figure 7A). ImageStream analy-
sis of single-cell suspensions of splenocytes of huMice injected systemically 18 hours prior with PHT-derived
sEVs labeled with CM-Dil showed the presence of CM-Dil in dotted areas on human B cells, human ¢cDCl1s
(HLA-DR*CD141*CD1c), and human cDC2s (HLA-DR*CD141"CD1c") and its absence on human T cells
(Figure 10, D and E, and Supplemental Figure 7, B and C). We were unable to analyze traffic of the PHT sEVs
to human FDCs in SLTs because huMice do not generate human FDCs. Thus, the human trophoblasts release
sEVs that, through peripheral blood, reach human APCs and macrophage subsets in the spleen and human
macrophages in liver and bone marrow.

Discussion

Multiple immunoregulatory mechanisms operate at the fetomaternal interface and in maternal lymphoid
tissues to silence the innate and adaptive immunological attacks on the fetus while preserving the capacity
of the mother to mount effector responses against pathogens (51-57).

However, an unanswered question in the immunology of pregnancy is how fetoplacental Ags are
relayed to maternal APCs in the mother’s SLTs, in a manner that the conceptus-derived native Ags
can be internalized, processed, and presented as Ag peptides in maternal MHC molecules to maternal
T cells. This mechanism is of clinical relevance, since its dysregulation may lead to immune-medi-
ated pregnancy disorders. The physical properties in which fetoplacental Ags are shed systemically
could be key to rendering fetoplacental Ags nonimmunogenic against the conceptus or, alternatively,
to channel the Ags to a maternal APC subset(s) that controls the maternal T cell response against the
fetoplacental unit (7). Ag transfer could occur through fetoplacental microchimeric cells that migrate
to maternal SLTs. However, during gestation, fetoplacental cells have been detected at extremely low
numbers in maternal blood and peripheral organs (15, 16, 58). Alternatively, embryonic and paternal
Ags could be delivered systemically to the maternal SLTs via a cell-free platform by blood circulating
free Ag proteins or transported in EVs.

Previous work by others and us has shown that human trophoblast sEVs transport placenta-specific
microRNAs that confer viral resistance to the EV-acceptor cells and that fetoplacental EVs play multiple
roles in the pathogenesis of pregnancy disorders (34, 36, 59). Although the surrogate paternal Ag mOVA
has been reported on sEVs from plasma of pregnant mice, and release of fetoplacental sEVs in maternal
blood has been suggested as a mechanism of transfer of paternal and placental Ags to the mother’s SLTs,
to our knowledge this idea has not been formally investigated (7, 10).

To determine the anatomical location of the trophoblast cells that release sEVs in relation to the
maternal blood spaces, we developed mouse models in which sEVs generated by the fetoplacental unit
are identified by their expression of fluoroprobes linked to tetraspanins enriched in SEVs shed from the
cell surface (i.e., CD81) or generated in endosomal compartments (i.e., CD63). In our system, mOVA was
targeted to the plasma and sSEV membranes via the transmembrane sequence of the mouse H-2DP mole-
cule (10, 60). It is unknown to which extent free mOVA is released from trophoblast cells or their sSEVs by
proteolytic cleavage. This effect or the presence of nonpelleted sEVs could explain the presence of OVA in
the 10,000g and 100,000g centrifugation supernatants of plasma of pregnant mice and trophoblast culture
supernatants. To our knowledge, it is unknown whether OVA or the H-2D transmembrane domain in
mOVA are targets of ADAMI10 and ADAM17, 2 metalloproteinases described in sEVs (61, 62).

JCl Insight 2025;10(10):e186335 https://doi.org/10.1172/jci.insight.186335 14



A

Mouse placenta

e

Trophoblast cell
culture

>

Trophoblast | @,

s Trophoblast cells
sEVs °
do)\&Y g
g 98
Proteins '
¥

Peptides P P

4
& 5%%"

LC-MS
C
800~ @ Trophoblast sEVs
= ® Trophoblast cells heddk
= o
x
$ 6004 il
M
T
E
<]
=
= 400+
o
w
§ *kkk
Q‘ hkkk m
o 200 —
£
@
g ]
a
0 — T e R ,m—
N Q N N 2
& K O o &
=) [©) < =
OO C§ Q/Q' @Q& \}!\
E 15+
o
° —
2
25 104 B
=
880G
;O
29
) —
w b
w
0 T 1 L) T T T T
f S FSS S
L€ LEE &

~log,, (P value)

RESEARCH ARTICLE

B 108+
° 5 .
é 106+ 5
E e - e
o = 105+
€2 B C A S
_5 .% 10% .
@ c
go? 10°+
5<
c 1024
L
nEj 104
100 T T T T T T T
> & HFE e F L
S ¢ & &L T8 &e}‘\
_@'
S
D
DEGs: 3,382
Upregulated in sEVs: 157
Downregulated in sEVs: 1,887
Absent in SEVS : 744
18+
161 . .
14 : :
: . MRC2
27 © |\ TSP
ATII
104
Apo E
8
6 *——PEDF
4 ’a . g
4 e—— Apo M
24FDR P < 0.05 % / o TSP2
c I T 1 T 1 T I : T T 1 T 1 T 1 T T 1
18 416 14 12 10 -8 6 4 -2 0 2 4 6 8 10 12 14 16 18

sEVs vs. cell lysate log, (FC)

Figure 8. Characterization by high-resolution LC-MS of protein cargo in mouse trophoblast sEVs and the parent trophoblast cells. (A) Approach used
for comparative analysis by high-resolution LC-MS of the proteome of mouse trophoblast sEVs and their parent cells. (B) Normalized expression of SEV
biomarkers in trophoblast sEV samples analyzed by LC-MS. Each dot represents an independent trophoblast sEV sample. (€) Comparative quanti-
tative expression of sEV exclusion proteins in trophoblast cells versus trophoblast sEVs. Each dot corresponds to 1independent trophoblast sEV or
trophoblast cell sample. GOSR1, Golgi SNAP receptor complex member 1; gPAPP, Golgi-resident PAP-specific 3'-phosphatase-coupled sulfotransferase;
ERCGIC1, endoplasmic reticulum-Golgi intermediate compartment 1 protein; ERLEC1, endoplasmic reticulum lectin 1; LMNB2, Lamin B2. (D) Volcano

plot obtained by quantitative analysis by LC-MS of the proteome of trophoblast sEVs versus trophoblast cells. The horizontal dotted line indicates the
FDR cutoff line set at P < 0.05. The vertical dotted lines represent 2-fold change cutoff. DEGs, differentially expressed genes; FC, fold-change. (E) FC
increase of individual proteins in trophoblast sEVs versus trophoblast cells indicated in the volcano plot in E. (A) Created in BioRender. Powell, J. 2025.

https://BioRender.com/go3g2fu. ****P < 0.0001.
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Figure 9. Reduction of release of fetoplacental sEVs decreases maternal T cell recognition of paternal Ag. (A) Assessment by NTA of sEVs per trophoblast
cell in supernatants of cultures of B6 mouse trophoblasts, WT or Rab27a*°. Each dot represents sEVs from a different culture. (B) Proliferation of CFSE-labeled
OT-1CD8* T cells (CD90.1) in spleens of WT or Rab27a*° B6 females (CD90.2) mated with mOVA B6 or mOVA Rab27a*° B6 males. OT-I cells were i.v. injected

on E15.5 and splenocytes analyzed by FACS on E17.5. Dot plot (right): percentages of dividing OT-I cells, where each dot represents 1 mouse. (C) Division of
CFSE-labeled OT-I cells (CD90.1) in spleens of WT or Rab27a*° B6 virgin females injected iv. with sEVs from trophoblast cultures of E17.5 placentas from
BALB/c females impregnated with mOVA B6 males. Dot plot (right): percentages of proliferating OT-I cells, where each dot represents 1 mouse. Splenocytes
were analyzed by FACS 2 days after transfer of OT-I cells and injection of trophoblast sEVs. (D) Percentages of proliferation of CFSE-labeled OT-I cells (CD90.1)
in spleens of B6 females impregnated with WT or mOVA B6 males, assessed by FACS on successive days PP. Each dot represents 1 mouse. (E) Microscopy of
CD81-mNeonGreen in FDCs in B cell follicles on cryosections of spleens of CMV®/* or CMV- B6 females, impregnated with Exomap1 B6 males and analyzed PP.
Original magnification, x200, x400. (F) IEM showing OVA-bearing sEVs in maternal CD21/35* FDCs on an ultrathin cryosection of a spleen of a WT B6 female
impregnated with a mOVA B6 male and analyzed on day 7 PP. Representative of 2 spleens analyzed. Original magnification, x20,000, x80,000. In A, compari-
sons by 2-tailed Student’s test. In B-D, comparisons by 1-way ANOVA with multiple comparisons. Error bars: means + SD. *P < 0.05, **P < 0.01.

Previous studies in pregnant mice demonstrated that the surrogate paternal Ag mOVA, released
systemically, is detectable by microscopy on tissue sections in FDCs of the maternal spleen and lymph
nodes (LNs) (1, 47). The format in which mOVA is retained by FDCs and if other maternal immune
cells in SLTs capture fetoplacental Ags in amounts previously undetected by fluorescence microsco-
py have not been explored. Our analysis by IEM indicates that maternal FDCs concentrate mOVA
through internalization of clusters of sEVs bearing mOVA, though other alternative mechanisms of
retention of conceptus-derived mOVA by FDCs cannot be ruled out. In this regard, human tonsil
FDCs have been shown to bind endogenous exosomes likely secreted by neighboring B cells (63).
FDCs internalize HIV in cycling endosomes (64), an interesting fact considering enveloped viruses
share biogenesis, size, and mechanisms of adsorption and cell entry with sEVs (65). In addition, our
ultrastructural analysis of the maternal spleen during gestation also detected conceptus-derived sEVs
carrying mOVA crossing MZ CD169* macrophages by transcytosis and in proximity to cDCs. Interest-
ingly, by a similar mechanism, graft-derived sEVs carrying donor allogeneic Ags cross recipients’ MZ
macrophages in the spleen and subcapsular sinus CD169* macrophages in graft-draining LNs (22).

The finding that sEVs bearing mOVA reach maternal immune cells in the spleen suggested that the
vesicles are transferred locally from fetoplacental cells that traffic to the mother’s spleen or systemi-
cally via maternal blood, since the spleen lacks afferent lymphatics. However, migratory fetoplacental
cells secreting mScarlet-CD63 sEVs and identifiable by their BFP-tagged nuclei were not detected
in the mother’s spleen. By contrast, conceptus-derived sEVs bearing mOVA were found in plasma
taken between E12.5 and E17.5 from WT BALB/c female mice impregnated with Act-mOVA B6
males, indicating that fetoplacental sEVs are disseminated mainly via maternal blood. Accordingly,
i.v. administration of sEVs purified from cultures of CD81-mNeonGreen mouse trophoblasts recapit-
ulate the relay of endogenous CD81-mNeonGreen sEVs to the maternal immune cells in spleens of
CMV*’* B6 females impregnated with td Tomato*s* mNeonGreen B6 males.

We used primary mouse trophoblast cultures to generate sufficient trophoblast sEVs to test, in vivo, their
capacity to systemically deliver the paternal Ag mOVA to APCs in the spleen of virgin mice and analyze
the subsequent CD8" T cell response ex vivo. Although a single bolus i.v. injection of trophoblast SEVs
bearing mOVA in virgin female mice led to OT-I cell proliferation, this was associated with lesser activation,
increased percentage of apoptotic cells, and decreased expression of the effector markers granzyme B and
IFN-y, as compared with controls in which optimal T cell stimulation was induced. These findings mimic, to
some extent, the response that takes place on i.v. transferred OT-I cells or OVA-specific endogenous CD8* T
cells during gestation in WT B6 females impregnated by Act-mOVA B6 males (1, 7, 9).

Previous studies in mice revealed that primary pregnancies elicit expansion of fetal OVA-specific endog-
enous polyclonal T cells that are hypofunctional and with increased expression of T cell exhaustion markers
(11-14). These exhausted T cells remained elevated after parturition and increased in percentage in secondary
pregnancies sired by OVA-expressing males (11). It is likely that in our model, the transient stimulation of the
host’s immune system by a single 1.v. injection of trophoblast sEVs carrying mOVA was insufficient to recapitu-
late the prolonged exposure to fetoplacental Ags of the mother’s T cells during gestation. This could also explain
why, in our hands, we could not detect an increase of expression of Lag3, TIM-1, and PD-1 on the adoptively
transferred OT-I cells that proliferated in response to systemically infused trophoblast SEVs bearing mOVA.

In the mOVA pregnancy model used in the present study, others have shown that the maternal cDCs are
the main APCs that present the OVA-peptides to OT-I cells in the mother’s spleen (66). Accordingly, using
2 mouse models that enable us to track the fate of fetoplacental SEVs in the mother’s SLTs, we found that
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Figure 10. Human trophoblast sEVs are captured by human immune cells in vivo. (A) Diagram depicting the generation of PHT cultures and purification
of sEVs from PHT culture supernatants. The CM-Dil-labeled PHT-derived sEVs were i.v. injected in huMice, and the traffic of the injected EVs to spleen,
bone marrow, liver, lung, and thymus was analyzed 18 hours later. (B) Percentages of human leukocyte chimerism in huMice analyzed in the spleen by flow
cytometry at the endpoint of the experiments (14-16 weeks after injection of human CD34 hematopoietic stem cells). Each dot represents 1 huMouse. (C)
Detection by fluorescence microscopy in human macrophages of spleen, liver, and bone marrow of CM-Dil (red) PHT sEVs injected i.v. in huMice. Represen-
tative of 6 huMice. Original magnification, x200. (D) Representative ImageStream images of human B cells, cDC2s, and cDC1s carrying CM-Dil PHT sEVs,
likely as SEV clusters detectable by the ImageStream analyzer. Original magnification, x60, out of 20,000 cells analyzed per huMouse spleen. Image-
Stream analysis was done 18 hours after i.v. injection of the sEVs. (E) Pooled data from the ImageStream analysis shown in D with percentages of human T
cells, B cells, and cDCs with CM-Dil content in splenocytes of huMice untreated or i.v. injected with CM-Dil PHT sEVs. Each dot represents 1 huMouse. In E,
comparisons by 2-tailed Student’s test. Error bars: means + SD. *P < 0.05, **P < 0.01.

the mother’s cDCs in the spleen capture CD81-mNeonGreen sEVs or mScarlet-CD63 sEVs released by the
fetoplacental unit. It is known that DCs efficiently process Ags carried by internalized sEVs into peptides
that are presented to T cells in the context of the MHC molecules expressed by the acceptor cells (67, 68).

A caveat of our study is that because of technical reasons, we compared the effect of a single
injection of trophoblast sEVs in virgin females with the continuous release of sEVs by the fetoplacen-
tal unit during gestation. Thus, our mouse model did not allow us to test for OT-I cell exhaustion PP
because the relay of mOVA to the maternal spleen was transient, unlike the continuous delivery of
conceptus-derived mOVA to the mother’s spleen during middle and late gestation. Another limitation
is that the OT-I cell response to the infused trophoblast SEVs was analyzed in virgin females, in which
only the intrinsic effect(s) of the trophoblast SEVs on the OT-I cell response can be tested. Moreover,
the high fixed affinity of the TCR-transgenic OT-I cells may not exactly reproduce the response of
endogenous polyclonal CD8* T cells throughout gestation.

A relevant question is whether the trophoblast sEVs carry immunoregulatory mediators that affect
the APC function of the maternal immune cells targeted by the vesicles in SLTs. Comparative analysis
by high-resolution LC-MS of trophoblast SEVs and their parent trophoblast cells revealed that several
proteins with antiinflammatory or immunosuppressive function are highly enriched in trophoblast
sEVs. Importantly, some of these proteins, such as pigment epithelium-derived factor and neuropil-
in-1, suppress DC maturation and promote Treg function, while others, such as apolipoproteins M and
E, thrombospondins 1 and 2, antithrombin III, and prolactins, prevent activation of NF-«B and secre-
tion of IL-1pB, IL-6, and TNF-a via different pathways (Supplemental Table 2). Other proteins signifi-
cantly enriched in trophoblast sEVs included mannose receptor 2, carcinoembryonic Ag, insulin-like
growth factor receptor 2, and galectin-3-binding protein, which via different mechanisms induce
DCs to secrete IL-10, suppressing the release IL-12 and therefore preventing type 1-biased immunity.
Some of these proteins have been shown to inhibit CD8" T cells and suppress the immunostimulatory
function of NK cells (Supplemental Table 2). Interestingly, neuropilin-1 and apolipoprotein E have
recently been described in EVs released by the human syncytiotrophoblast (69, 70). Thus, trophoblast
sEVs constitute an efficient vehicle to deliver fetoplacental Ags together with antiinflammatory and
immunosuppressive mediators to target maternal immune cells in SLTs. This phenomenon mimics, to
some extent, the constant relay of self-Ags from peripheral tissues to immature/semimature DCs in
SLTs, which participates in maintenance of T cell peripheral tolerance in steady-state conditions (71).

The role of sEVs as a platform to deliver fetoplacental Ags to the maternal APCs in SLTs was vali-
dated in pregnancies carrying concepti deficient in Rab27a, from which primary cultures of trophoblasts
secreted significantly lower numbers of SEVs compared with WT controls (Figure 9A). The role of Rab27a
in release of SEVs remains controversial. Rab27a deletion, Rab27a mRNA knockdown, or elevated degra-
dation of Rab27a protein reduces sEV release in vitro and in vivo (49, 72, 73); nevertheless, in certain cell
lines, lack of Rab27a does not decrease sEV secretion (43). Cell type—specific differences or compensatory
mechanisms may explain these differences. Rab27a may also have functions other than sEV release, includ-
ing control of intracellular membrane trafficking (74-76).

It is well established in vaccine design that nanoparticles carrying multiple copies of the immu-
nogen deliver Ags to SLTs more efficiently than monomeric Ag and that particles in the range of
50-100 nm in diameter are the most effective (77, 78). Thus, fetoplacental SEVs (~100 nm) are within
the optimal size for delivery of conceptus Ags to maternal SLTs and can carry multiple copies of the
same Ag on their surface or in the vesicle lumen. Indeed, trophoblast SEVs administered i.v. induced
more OT-I cell proliferation in the spleen than that elicited by lysed sEVs. Also, fetoplacental Ags on
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the surface of sEVs can be recognized in their native form by maternal B cells. Fetoplacental sEVs
were detected in the maternal spleen up to 30 days PP, which agrees with previous data on retention
of conceptus Ags by maternal SLTs (9). PP presentation of fetoplacental sEVs held in the mother’s
SLTs may contribute to maternal sensitization against conceptus Ags after delivery.

Further studies will be necessary to determine if sEVs shed by the conceptus function simply as vehi-
cles to deliver fetoplacental Ags to the mother’s SLTs in the pro-tolerogenic environment of gestation.
Alternatively, conceptus-derived EVs could be intrinsically immunosuppressive and deliver fetoplacen-
tal Ag in combination with mediators that downregulate or bias the Ag-presenting ability of maternal
APCs. In this regard, we found that mOVA on sEVs from trophoblast cultures and plasma of pregnant
mice were glycosylated with N-linked glycans. Trophoblast-derived mOVA bearing N-glycosylated a2,6
and 02,3 sialic acids have been recently shown to suppress maternal B cells by binding the inhibitory
receptor CD22 and Siglec-G (66), though the relevance of this phenomenon is not well understood, since
pregnancy also induces humoral sensitization in humans and mice (14).

Importantly, the ability of sEVs secreted by the human placenta to reach human immune cells in
SLTs was validated in huMice, a model in which PHT sEVs injected i.v. targeted human cDCls, cDC2s,
and B cells in the spleen. This agrees with our findings in pregnant mice and with the previous observa-
tion in mice in which ¢cDCs and B cells are the maternal APCs that present fetoplacental mOVA Ag to
CD8" and CD4* T cells, respectively (66). We were unable to analyze the relay of human placenta sEVs
to human FDCs, since FDCs are of stromal origin and therefore do not develop in huMice generated
with human CD34* hematopoietic stem cells.

In conclusion, our findings unveil an sEV-based mechanism for the fetoplacental unit to commu-
nicate with maternal immune cells in the mother’s SLTs. Importantly, these SEVs carry fetoplacental
Ags that are processed and presented by the mother’s APCs to T cells. Delivery of multiple copies of
Ags on nanoparticles with the size of naturally occurring sEVs is an efficient system to deliver Ag to
SLTs (77, 78). Here, we showed that the fetoplacental unit does precisely that by releasing sEVs sys-
temically. Our study does not preclude the relay of fetoplacental Ags via other cell-free pathways, since
it is likely that not all embryonic or parental Ags are sorted into EVs. Changes in the Ag repertoire or
content of immunoregulatory mediators in fetoplacental EVs could participate in the pathogenesis of
immune-mediated pregnancy disorders.

Methods

Further information can be found in Supplemental Methods. Resources can be found in Supplemental Table 3.
Sex as a biological variable. In vivo pregnancy experiments were carried out on female mice impregnated

by male mice. Primary cultures of mouse trophoblasts were generated from placentas of male and female

concepti. All human donors of cord blood were anonymous (i.e., ethnicity and age are unknown).

Mice and reagents. NSG-SGM3, Act-mOVA C57BL/6 (mOVA B6), B6.CTg (CMV-Cre)1Cgn/J (CMV-
Cre), and BALB/c mice were purchased from Charles River Laboratories. CD90.1 Ragl~~ OT-I B6 (OT-I)
were provided by F. Lakkis (University of Pittsburgh). Exomapl B6 mice were generated by The Johns
Hopkins University. Rab27a%° B6 mice were generated by The Scripps Research Institute. Mice were bred
and maintained in the pathogen-free animal facility of the University of Pittsburgh School of Medicine.

Generation of primary cultures of mouse trophoblast cells. Placentas were removed with fine forceps from eutha-
nized pregnant mice (E12.5-E17.5) and immediately placed in ice-cold PBS. Ten to 25 placentas were minced
and digested with Medium-199 supplemented with sodium bicarbonate (0.01 M), HEPES, Liberase (0.25
‘Wunsch units/mL), and DNase I (0.2 mg/mL), for 1 hour at 37°C. After digestion, cell suspensions were passed
through a 100 pum strainer and centrifuged at 500g, at 4°C, for 5 minutes. Supernatant was removed and the cell
pellet was resuspended in 5 mL RBC lysis buffer (MilliporeSigma) for 10 minutes at room temperature. RBC
lysis buffer was removed by adding an excess of PBS followed by centrifugation at 500g, at 4°C, for 5 minutes.
Next, the cell pellet was resuspended in 10 mL of ice-cold 0.01 M EDTA/PBS and centrifuged (500g, at 4°C,
5 minutes). For isolation of mouse trophoblast cells with a Percoll gradient, the placenta cell suspensions were
resuspended in 3 mL of PBS and mixed with 14.4 mL of Percoll, 20 mL of 1x Medium-199, and 1.6 mL of
10x Medium-199, followed by centrifugation at 30,000, at 4°C, for 30 minutes. Trophoblast cells were collected
from the gradient and washed with 30 mL of ice-cold PBS and centrifuged at 500g, at 4°C, for 5 minutes. Prima-
ry mouse trophoblast cells were cultured on Matrigel-coated, 6-well plates (10,000,000 cells/well) for 2 days in
NCTC-109 medium supplemented with 5% EV-free FBS.
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Statistics. GraphPad Prism was used for statistical analyses. Results are expressed as means + SD. Com-
parisons between 2 groups were performed with 2-tailed Student’s ¢ test. Comparisons of more than 2
groups were performed with 1-way ANOVA, followed by Tukey-Kramer multiple comparisons test. In all
experiments, P < (.05 was considered significant.

Study approval. Animal care and handling were performed in accordance with institutional guidelines
and procedures approved by the IACUC, University of Pittsburgh, Pittsburgh, Pennsylvania, USA, protocol
numbers 22091764 and 23043086. Whole placentas and cord blood from the umbilical cord and placenta of
anonymous, healthy pregnant women were used according to the guidelines of the IRB of the University of
Pittsburgh, which waived the need for informed consent. Studies on huMice were approved by the ITACUC
(protocol number 20067566) and the IRB (number PRO13120232) of the University of Pittsburgh.

Data availability. Data are available in the Supporting Data Values XLS file or from the corresponding
author upon request.
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