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ABSTRACT

The placenta releases large quantities of extracellular vesicles (EVs)
that likely facilitate communication between the embryo/fetus and the
mother. We isolated EV's from second trimester human cytotrophoblasts
(CTBs) by differential ultracentrifugation and characterized them using
transmission electron microscopy, immunoblotting and mass
spectrometry. The 100,000 g pellet was enriched for vesicles with a
cup-like morphology typical of exosomes. They expressed markers
specific to this vesicle type, CD9 and HRS, and the trophoblast proteins
placental alkaline phosphatase and HLA-G. Global profiling by mass
spectrometry showed that placental EVs were enriched for proteins that
function in transport and viral processes. A cytokine array revealed that
the CTB 100,000 g pellet contained a significant amount of tumor
necrosis factor oo (TNFo). CTB EVs increased decidual stromal cell
(dESF) transcription and secretion of NF-xB targets, including IL8, as
measured by gqRT-PCR and cytokine array. A soluble form of the
TNFo receptor inhibited the ability of CTB 100,000 g EVs to increase
dESF secretion of IL8. Overall, the data suggest that CTB EVs
enhance decidual cell release of inflammatory cytokines, which we
theorize is an important component of successful pregnancy.

KEY WORDS: Human, Placenta, Cytotrophoblast, Extracellular
vesicle, TNFao, Decidua

INTRODUCTION

Pregnancy presents unique physiologic and immunologic
challenges to the mother and the embryo/fetus. The placenta
mediates their physiologic integration. At a molecular level, this is
accomplished by diverse molecules, including hormones and
specialized placental proteins. At an immunologic level, the
molecules and mechanisms are less clear, but likely include
numerous chemokines and cytokines produced at the maternal-
fetal interface and the cytotrophoblast MHC class I molecule HLA-
G (Ellis et al., 1986; Hemberger, 2013; Kovats et al., 1990).
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The placenta also mediates the physical integration of the
embryo/fetus with the uterus and the maternal circulatory system. Its
functional units are termed chorionic villi, which are classified as
either floating or anchoring (Robinson et al., 2017). Most of the
placental surface is composed of floating villi, which are suspended
in maternal blood (Maltepe and Fisher, 2015). Their surface is
formed by syncytiotrophoblasts (STBs) — multinucleated cells
covered in microvilli, which increase the surface area and
consequently diffusion, promoting nutrient and waste exchange
(Smith et al., 1977). Beneath the STB layer lie progenitor
mononuclear cytotrophoblasts (CTBs), which fuse to form the
syncytium (Robinson et al., 2017). The stromal core lies deep to the
CTB layer and contains the villous vascular tree and connective
tissue elements, including a specialized population of macrophages
(Hoffbauer cells) (Gaw et al., 2019; Red-Horse et al., 2005). In
anchoring villi, the CTB progenitors aggregate into columns that
leave the placenta and invade the decidua, where they remodel spiral
arteries, redirecting blood flow to the floating villi (Red-Horse et al.,
2005). The commingling of placental cells from the embryo/fetus
and maternal immune, decidual and muscle cells within the uterus
requires fine tuning tolerizing and inflammatory mechanisms
(Hemberger, 2013).

The placenta produces large numbers of extracellular vesicles
(EVs) that increase in concentration throughout gestation (Germain
et al., 2007; Knight et al., 1998; Salomon et al., 2014; Sarker et al.,
2014). EVs are an emerging form of intercellular communication
(Kalluri and LeBleu, 2020). Functions of these vesicles have been
most intensively studied in the context of cancer, in which they
promote angiogenesis, metastasis, remodeling of the pre-metastatic
niche at distal sites, and immune suppression (Costa-Silva et al.,
2015; Hoshino et al., 2015; Huang and Feng, 2017; Peinado et al.,
2012; Poggio et al., 2019). The component processes of human
placentation have many parallels with tumorigenesis and metastasis.
CTBs invade the uterus, breach the vasculature and modulate the
maternal immune system to promote tolerance of the feto-placental
unit (Hemberger, 2013; Maltepe and Fisher, 2015). This implies
that placental EVs might have functions in common with those
produced by cancer cells.

Initial studies of placental EVs focused on the subset generated
by STBs (reviewed by Tannetta et al., 2017). Fewer studies have
explored the functions of EVs produced by primary CTBs. In
general, they too have immunomodulatory roles. For example, term
CTB exosomes confer viral resistance to recipient non-placental
cells, including human umbilical vein endothelial cells (HUVECsS),
human uterine microvascular endothelial cells (HUtMVECs:),
placental fibroblasts and foreskin fibroblasts (Delorme-Axford
et al., 2013; Ouyang et al., 2016). This activity was attributed to
miRNAs from the placenta-specific chromosome 19 cluster
(C19MC) that are found in trophoblasts and their vesicles
(Donker et al., 2012). Transfection of this cluster into recipient
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cells also attenuates viral replication (Delorme-Axford et al., 2013).
In addition, primary term villous CTB 100,000 g EVs suppress
secretion of Thl cytokines — IL2, TNFo, and IFNy — in activated
Jurkat T cells and peripheral blood mononuclear cells (PBMCs);
this activity is blocked by inhibition of syncytin-2 (also known as
ERVFRD-1) (Lokossou et al., 2019). The function of CTB EVs at
mid-gestation has not been studied.

Here, we describe the size, morphology and protein contents of
two types of second trimester CTB EVs. We profiled their proteome
using a targeted immunoblot approach and more globally by mass-
spectrometry. Through a cytokine array, we identified significant
levels of TNFo in the 100,000 g EVs. As CTB-conditioned medium
amplifies decidual stromal cell expression and secretion of NF-xB
target pro-angiogenic cytokines (Hess et al., 2007), we investigated
the role of CTB 100,000 g EVs and TNFa in this context.

RESULTS

CTBs produced extracellular vesicles that contained
exosomal and placental markers

We isolated two populations of EVs from the conditioned medium
of second trimester CTBs by ultracentrifugation. As the source was
primary cells, the limited amount of material precluded additional
purification steps, such as density gradient centrifugation and/or
immunoaffinity isolation. We expected the 16,500 g EV pellet to be
enriched for microvesicles and the 100,000 g EV pellet to be
enriched for exosomes. Transmission electron microscopy (TEM)
of grid areas with high concentrations of vesicles revealed that the
lower speed pellet was comprised of a heterogeneous population
that included larger, crenulated structures and smaller exosome-like
EVs (Fig. 1A). The majority (61%) were less than 150 nm (Fig. 1B).
In contrast, the higher speed pellet was enriched for vesicles with a
cup-like morphology typical of exosomes (Fig. 1C). The majority of
these EVs were smaller in size; 86% were less than 150 nm
(Fig. 1D). As microvesicles and exosomes overlap in size, this
heterogeneity was expected for EVs isolated by ultracentrifugation.

Initially, we used immunoblotting methods to compare the
protein contents of 16,500 g and 100,000 g EVs to CTB lysates.
The results are shown in Fig. 2. Representative immunoblots
(upper panels) are paired with densitometry analyses, in which the
relative intensity of bands was normalized to the 100,000 g lane
(lower panels). With regard to exosomal markers, tetraspanin
(CD9) was only detected in the 100,000 g EVs (Fig. 2A), which
also contained the ESCRT-0 component HRS (HGS) (Fig. 2B).
These results were consistent with the TEM, reinforcing the
conclusion that the 100,000 g pellet was enriched for exosomes
and the 16,500 g pellet was a heterogeneous population that also
contained these vesicles.

With regard to placenta-specific markers, we were interested in
whether these EVs contained the human trophoblast-specific
nonclassical MHC class I molecule HLA-G (Kovats et al., 1990;
McMaster et al., 1995). As expected, the monomer, which appeared
as a diffuse band owing to complex glycosylation, was the major
form associated with CTB lysates (Fig. 2C) (McMaster et al., 1998).
The 16,500 g EVs contained both the monomer and dimer. In
comparison, the 100,000 g EVs were significantly enriched for
dimeric HLA-G. Importantly, this form of the molecule has a higher
affinity for its receptors, LILRB1 and LILRB2, suggesting
enhancement of inhibitory signals (Kuroki et al., 2019; Shiroishi
et al., 2006). Placental alkaline phosphatase (PLAP; ALPP) had a
similar expression pattern in both EV fractions, with the highest
relative abundance in the 100,000 g EVs (Fig. 2D).

We immunoblotted for other molecules, the functions of which in
exosomes are relevant to the biology of pregnancy. Placental EVs
contained the adhesion-promoting extracellular matrix (ECM)
molecule fibronectin (FN; Fig. 2E), the expression of which was
strikingly higher in 100,000 g EVs compared with the 16,500 g
fraction. PDL1 (CD274), a suppressor of T cell activation (Poggio
et al., 2019), was detected in CTB lysates and both populations of
vesicles (Fig. 2F), suggesting that these EVs could have immune
inhibitory properties.

B Fig. 1. CTB EVs analyzed by TEM displayed the expected

morphology and size. (A) TEM of the 16,500 g fraction
150 demonstrated that they are a heterogeneous population that

included larger crenulated vesicles and smaller exosome-like EVs
with a cup-like morphology. (B) A histogram of this fraction showed

‘g 100 a range of sizes, with most vesicles (61%) less than 150 nm in

8 diameter. (C) TEM revealed that the 100,000 g pellet was
enriched for vesicles with a morphology typical of exosomes.

50 (D) A histogram of this fraction showed that it was composed of
mainly smaller EVs, with the majority (86%) less than 150 nm in
diameter. n=3 biological replicates. Scale bars: 200 nm.

0
0 1000 2000 3000
Diameter (nm)
D
90
2 £ 60
8 (5]
S
= 30
0
0 100 200 300 400

Diameter (nm)

DEVELOPMENT



HUMAN DEVELOPMENT

Development (2020) 147, dev187013. doi:10.1242/dev.187013

kDa

76—

38—

1.00
0.75

Imer

0.50

ofd

0.25

Relative Intensity

0.00

© Fig. 2. CTB 100,000 g EVs were enriched for exosomal and
placental markers. (A-F) Representative immunoblots
comparing CTB lysate, 16,500 g EVs and 100,000 g EVs are
displayed. Relative intensity was measured by densitometry.

(A) The exosomal marker CD9 was only detected in the
100,000 g fraction. (B) Both EV pellets contained the ESCRT-0
component HRS. (C) CTB lysate primarily expressed monomeric
HLA-G, an invasive CTB marker. The dimer was detected in the
16,500 g pellet, whereas the 100,000 g fraction was enriched for
both forms of the molecule. (D) Placental marker PLAP was
enriched in both EV fractions. (E) Fibronectin (FN) levels were
variable in the cell lysate and only detected in the 100,000 g
fraction. (F) Likewise, cell-associated levels of PDL1 varied, but
were consistently detected in both EV pellets. n=5 biological
replicates. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 (one-way
ANOVA with Dunnett’s test).
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Global proteomic analysis of CTB EVs

We performed mass spectrometry profiling of the protein contents
of second trimester CTB EVs. We identified 811 proteins in
16,500 g EVs and 427 proteins in 100,000 g EVs (Fig. 3A,
Tables S1 and S2). Of these, 377 were components of both vesicle
types, 434 were unique to the 16,500 g fraction, and 50 were found
only in the 100,000 g pellet. More proteins may have been identified
in the 16,500 g samples owing to EV heterogeneity and/or the larger
size of the component vesicles.

Multiple exosomal markers were detected in CTB EVs: CD9 and
CDS81 were identified in both vesicle types, whereas CD63, TSG101
and CD82 were only found in the 100,000 g fraction (Raposo and
Stoorvogel, 2013). In both EV populations, we identified molecules
with immune functions, including CD47, CD59, CD276, and
galectin 3 (LGALS3). In addition, HLA-G was only detected in the
100,000 g pellet, reflecting the enrichment of this molecule that was
observed by immunoblot (Fig. 2C). Both EV types contained

multiple proteasome subunits, which process antigens for peptide
presentation by class I MHC molecules (Vigneron et al., 2017),
suggesting that this process might be occurring.

Proteins involved in iron transport, such as HLA-H, transferrin
receptor protein 1 (TFRC) and serotransferrin (TF), were identified
in both vesicle fractions (Garrick, 2011; Pascolo et al., 2005). We
also detected proteins previously associated with placental EVs,
such as the retrotransposon-derived protein PEG10, endoglin,
DPPIV and trophoblast glycoprotein (Abed et al., 2019; Alam et al.,
2018; Kandzija et al., 2019; Tannetta et al., 2013). Both vesicle
types contained multiple CTB adhesion-related molecules:
fibronectin; Eph family members; integrins ol, a5, a6, B1, and
B4; and laminin subunits (Damsky and Fisher, 1998; Red-Horse
et al., 2005). In other systems, these molecules are crucial for
vesicles homing to target cells (Hoshino et al., 2015). We also
detected components of prostaglandin pathways, including
15-hydroxyprostaglandin dehydrogenase, prostaglandin E synthase
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Fig. 3. Global profiling of CTB EVs revealed
their protein contents. (A) Mass
spectrometry profiling identified 811 proteins in
CTB 16,500 g EVs and 427 proteins in CTB
100,000 g EVs. Of the identified proteins, 377
were shared between both populations, 434
were unique to the 16,500 g pellet, and 50
were only found in the 100,000 g fraction.

(B) The proteome of each vesicle type was
matched to GO terms. The most significant 25
biological processes for each EV type mainly
fell into three categories: localization and
transport, viral pathways and metabolism.
Cellular organization, antigen processing/
presentation and regulation of RNA stability
were also represented. n=2.
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3 and prostaglandin F2 receptor negative regulator. CTB EVs also
contained proteins with cancer-related functions: neuroblast
differentiation associated protein AHNAK, present in both vesicle
populations, promotes tumor migration, invasion and EV release
(Shankar et al., 2010; Silva et al., 2016), whereas glia-derived nexin,
detected in the 100,000 g fraction, mediates tumor vascular mimicry
(Wagenblast et al., 2015). Overall, the EV proteome contained an
interesting protein repertoire with functions that are highly relevant to
placental processes.

The proteome of each vesicle type was matched to Gene
Ontology (GO) terms. Statistical significance was greater for
16,500 g pathways compared with that of 100,000 g, likely because
of the fact that the former contained approximately twice the
number of proteins. The top biological processes that were
represented by EV contents mainly fell into three categories:
localization and transport, viral pathways, and metabolism
(Fig. 3B). Viral processes were highlighted because of many

proteins in these pathways with membrane budding functions.
Cellular  organization, vesicle-mediated transport, antigen
processing and presentation, and regulation of RNA stability were
also enriched. The number of highly related processes identified
suggested that these could be important EV functions.

CTB 100,000 g EVs contained TNFa

Given that proteins with immune functions were a significant
component of CTB EVs, we performed a cytokine array (Luminex
High Sensitivity T Cell panel) to identify cargo that may be present
at biologically active concentrations too low to be detected by mass
spectrometry. In these experiments, we compared the contents of
CTB 16,500 g and 100,000 g EVs. As a control for placenta-
specific vesicle functions, we included 100,000 g EVs isolated from
the K562 erythroleukemic cell line, an abundant source of vesicles
(Rivoltini et al., 2016; Savina et al., 2002). Most analytes were
below the threshold of detection, but low levels of IL6 (~0.2 pg/pg;
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P<0.05) and MIP-3a (CCL20; ~1 pg/ug; P<0.001) were detected in
the 100,000 g EV fraction (Fig. S1). In contrast, relatively high
levels of TNFo (~5 pg/ug protein) were associated with these
vesicles (P<0.001; Fig. 4A).

To confirm this finding, we examined CTB TNFo expression
in situ. Immunolocalization at the maternal-fetal interface showed
expression among cytokeratin-positive invasive CTBs (Fig. 4B,C).
This staining was consistent with previously reported results
(Phillips et al., 2001; Pijnenborg et al., 1998).

CTB EVs induced decidual cell transcription and secretion

of cytokines

Our previous work showed that CTB-conditioned medium
amplifies decidual cell expression and secretion of angiogenic and
immune-modulating factors (Hess et al., 2007). Specifically, GO
analysis suggested the mechanism involved activation of the NF-xB
cascade. Given that fibroblast exosomal TNFa activates NF-xB
signaling in target cells, including other fibroblasts and T cells
(Zhang et al., 2006), we asked whether TNFa-containing CTB
100,000 g EVs induced expression and secretion of NF-xB targets
in decidualized endometrial stromal fibroblasts (dESFs), the
predominant cell in the decidua, over 24 h of culture (Fig. 5A).
As in the cytokine analyses above, 100,000 g EVs from the K562
cell line were used as controls.

Changes in gene expression were measured using a chip-based
qRT-PCR method (Fluidigm). Of the 40 analytes for which mRNAs
were quantified, 12 genes were significantly upregulated by CTB
100,000 g EVs compared with PBS control, with the most
significant changes at 3 h (Fig. 5B). They included /L8 (CXCLS),
IL6, CXCLI (GROI), CCL2 (MCP-1), CSF1, ICAMI, NFKBI,
NFKB2, RELB, TNFAIP2 and TNFAIP3, which are known targets
of NF-kB activation, and /RAK2 (Anisowicz et al., 1991; Brach
etal., 1991; Bren et al., 2001; Hohensinner et al., 2007; Kang et al.,
2007; Kunsch and Rosen, 1993; Libermann and Baltimore, 1990;
Lombardi et al., 1995; Son et al., 2008; Ten et al., 1992; Ueda et al.,
1994; van de Stolpe et al., 1994; Zhou et al., 2003). Previous work
described above identified /L8, IL6, CXCLI and CCL2 as among
the genes most highly upregulated by CTB-conditioned medium
(Hess et al., 2007); the data for these molecules are shown in Fig. 6,

>
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invasion

2.501

1.251

TNF-a. Concentration (pg/ug)

0.001

and the corresponding data for the remainder of the upregulated
analytes are in Fig. S2. Compared with the PBS control, treatment
with CTB 100,000 g EVs increased mRNA levels of /L8 by 4.8-fold
(Fig. 6A), IL6 by 2.8-fold (Fig. 6B), CXCLI by 5.2-fold (Fig. 6C)
and CCL2 by 5.4-fold (Fig. 6D) at the 3 h time point. With the
exception of /L6, CTB 16,500 g EV treatment increased mRNA
levels of LIF and most NF-xB targets upregulated by the 100,000 g
fraction at 3 h (Fig. 5B and Fig. S2). Compared with PBS controls,
transcription returned to baseline levels at 12 h and 24 h. K562
100,000 g EVs did not significantly change mRNA levels of target
genes compared with PBS controls (Fig. 5B).

We calculated that EVs in the above experiments contained
~10 pg of TNFa based on the data shown in Fig. 4. To determine
whether this cytokine alone could recapitulate the effects of CTB
100,000 g EVs, we treated dESFs with the recombinant version of
this molecule [recombinant human TNFo (thTNFo)] at an
equivalent concentration and a 10-fold lower amount over the
course of 24 h. A 10-fold higher concentration was omitted owing to
obvious cell death. The transcriptional response was similar to that
of CTB 100,000 g EV treatment, but upregulation of many target
genes was sustained at each time point analyzed (Fig. S3). For
example, we observed upregulation of /L8, IL6, CXCLI and CCL2
(Fig. S4). Additional targets included: JUNB, RELB, EGFR, LIF,
IRAK2, ICAM1, NFKB2, TNFAIP3, CSFI and NFKBI (Fig. S3). A
few genes had different expression patterns. TNFAIP2 was
upregulated at 3 h and 24 h. Other genes (RELA, IL7, FZDI1, FZD2
and JUN) were modulated at only one time point. Overall, the
number, magnitude and duration of transcriptional changes were
greater in dESFs treated with an equivalent concentration of thTNFo
compared with CTB EVs, possibly because these vesicles contained
other molecules that constrain the response to this cytokine.

We extended the CTB EV mRNA data to the protein level by
performing another Luminex cytokine array for upregulated
targets. Compared with PBS controls, CTB 100,000 g EVs
increased dESF secretion of a number of chemokines/cytokines.
However, the kinetics were different for each analyte. Levels of
IL8 increased at 3 and 12 h (Fig. 7A). Similarly, CTB 100,000 g
EVs increased CXCL1 secretion, particularly at 3 h (Fig. 7B). In
contrast, their effects on CCL2 peaked at 12h (Fig. 7C).

Fig. 4. TNFa was detected in association with CTB 100,000 g EVs produced in vitro and invasive CTBs in situ. (A) As measured by a high-sensitivity
cytokine array, CTB 100,000 g EVs contained ~5 pg TNFa per 1 ug total. n=3 biological replicates. ****P<0.001 (one-way ANOVA with Bonferroni correction).
(B,C) Tissue sections of the basal plate were stained for the CTB marker cytokeratin (CK, red), TNFo (green) and DAPI (blue) and imaged at 20x (B) and
63x (C, magnification of boxed area in B). CK-positive CTBs immunostained for TNFo. in a vesicular pattern. AV, anchoring villi; CC, cell column; Ut, uterus. n=3

biological replicates. Scale bars: 200 um in B; 10 pm in C.
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Fig. 5. CTB 100,000 g EVs increased expression of NF-kB targets (3 h) before returning to baseline (12 and 24 h). (A) Schematic of the in vitro

assay used to determine the effects of CTB EVs on dESFs. Three sets of human primary dESFs were treated with three batches of CTB 16,500 g EVs, CTB
100,000 g EVs, K562 100,000 g EVs or PBS (control). EVs were added to dESF medium to a final concentration of 2 ug/ml and 1 ml was added to each tissue
culture well. The cells were cultured for 3, 12 or 24 h. Then conditioned medium was collected for analysis by a cytokine array (Fig. 7) and cell pellets were
harvested for gRT-PCR. (B) Heat maps of gene expression changes in dESFs as measured by a Fluidigm 96.96 Dynamic Array (left) and P-values compared with
the PBS control (right). CTB EVs transiently increased transcription of NF-xB target genes at 3 h. n=3 biological replicates (EV batches and dESFs).

EV-induced IL6 secretion did not significantly change at any
individual time point, but in the aggregate, the EVs had a
significant positive effect (Fig. 7D). Likewise, a generalized linear
model showed that CTB 100,000 g EVs increased dESF secretion
of the other three factors shown in Fig. 7 over the 24 h course of the
experiment (P<0.001).

Next, we asked whether the CTB 100,000 g EV effects on dESFs
were unique. Compared with the PBS control, CTB 16,500 g EVs
had a similar effect on dESF secretion of the chemokines/cytokines
we analyzed. All four factors significantly increased over the course
of the experiment as determined by a generalized linear model.
However, the observed increases were smaller in magnitude
(Fig. 7A-D). K562 100,000 g EVs did not significantly increase

secretion of the four factors compared with the PBS control at any
individual time point, but IL8 secretion was increased over the
course of the experiment (Fig. 7A-D).

Finally, we asked whether the addition of rhTNFo at a
concentration comparable with that of CTB 100,000 g EVs could
mimic their effects at the protein level. Here, we focused on IL8, the
dESF chemokine/cytokine with the most robust response to CTB
EVs. The addition of thTNFo at 1 and 10 pg/ml induced dESF
secretion of IL8 at all time points analyzed in a dose-dependent
manner as measured by ELISA (Fig. S5). This increase was much
greater than the effects of CTB 100,000 g EV treatment, likely
because the vesicles contain other immunomodulatory contents that
may constrain the response to TNFo.
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Fig. 6. Quantification of CTB EV effects on dESF expression of mRNAs encoding NF-kB targets. (A-D) Relative mRNA expression of selected NF-xB

targets IL8 (A), IL6 (B), CXCL1 (C) and CCL2 (D). Data for the remaining upregulated analytes (Fig. 5) are displayed in Fig. S2. Compared with the PBS control,
CTB 100,000 g EVs increased dESF transcription of IL8, IL6, CXCL1 and CCL2 at 3 h. Similarly, CTB 16,500 g EVs increased expression of /L8, CXCL1 and
CCL2 at the same time point. K562 100,000 g EVs had no effect. n=3 biological replicates (EV batches and dESFs). *P<0.05, **P<0.01, ***<0.005, ****P<0.001

(one-way ANOVA with Bonferroni correction).

TNFa associated with CTB 100,000 g EVs increased dESF IL8
secretion

Next, we investigated whether TNFo. was required for the observed
effects of the CTB 100,000 g EVs on dESF secretion of the NF-xB
target IL8. Initially, we used neutralizing anti-TNFo antibodies as
inhibitors, but those experiments were unsuccessful. Thus, we asked
whether the vesicle contents included receptors for the fragment
crystallizable (FC) region of antibodies, which trophoblast cells are
known to express (Saji et al., 1999; Simister et al., 1996).
Immunoblotting revealed that CTB 100,000 g EVs included bands
of the appropriate molecular weight that reacted with an antibody
against the neonatal FC receptor (FcRn; Fig. S6) (Simister and
Mostov, 1989).

As an alternative to neutralizing antibodies, we asked whether a
soluble form of the TNFa receptor TNFR1 (TNFRSF1A), referred
to as STNFR1, could inhibit the effects of CTB 100,000 g EVs on
dESF IL8 secretion (Fig. 8A). As the vesicles were isolated from
primary CTBs and their quantity was limited, we focused on the
12h time point. CTB 100,000 g EV treatment increased IL8

secretion by 2.1-fold compared with PBS (P<0.05), whereas pre-
incubating the vesicles with sSTNFR1 returned IL8 secretion to
baseline (P<0.005; Fig. 8B). Thus, the observed effects of CTB
100,000 g EVs on enhanced dESF secretion of IL8, and likely other
NF-«B targets, were attributable to TNFo.

DISCUSSION

Here, we characterized second trimester CTB EVs using TEM,
immunoblotting, mass spectrometry and cytokine array. The
100,000 g fraction was enriched for exosomal markers and both
EV populations immunoblotted for the placental proteins HLA-G
and PLAP. However, the vesicles that were isolated by high-speed
centrifugation were unique in their association with fibronectin.
Recently, Jeppesen et al. (2019) described this ECM molecule as a
contaminant rather than a component of small EVs isolated from
certain cell types (Jeppesen et al., 2019). Whether or not this is true
for the CTB 100,000 g fraction, which also contained integrins that
bind this molecule, remains to be determined. In either case, as we
had too little starting material to implement additional purification

7

DEVELOPMENT


https://dev.biologists.org/lookup/doi/10.1242/dev.187013.supplemental
https://www.genenames.org/data/gene-symbol-report/&num;!/hgnc_id/HGNC:11916
https://dev.biologists.org/lookup/doi/10.1242/dev.187013.supplemental

HUMAN DEVELOPMENT

Development (2020) 147, dev187013. doi:10.1242/dev.187013

A oh 3h 12h 24h
— *% *kk
E rm —
B’ *%kk%k [}
o | — |
E’ *kk
o r
% 10000 .
=
8 °
c
o
(&)
[ee]
3 ﬁ
S 5000
-
(@)
x
o o L]
@ o
&% -
O - -0 -0 -0 -
00O D000 D000 50 30
QZ QJ; ; > Qq; Q+ oy QJ; XX ‘22@1@*@*
S ,@«QQ«QQ« ,\b*QQ*QW LTSS

C oh 3h 12h 24h
L]
6000
*%
*
rm

4000

2000 Efﬂ
, T

A

CCL2/MCP-1 Concentration (pg/ml)

(=)

- -0 -0 -0

O 940 o
PP !
\Q)‘QQ‘QQ* \"O‘QQ‘QQ‘

RS RSN
O Cf{ﬁbb O C'}{ﬁJQ)

q q S N
X QQy AP Q+Q°+ e
‘O Q N o° Q
TP \%*QQ*QU
‘%b\ng /&& &
O O

B oh 3h 12h 24 h

E4ooo .

[o)]

2

C

53000 1

s

=

[0

o

5

82000 .

2 —

Q

- .

3 1000 . b

>< L]

o %é .

AN

QQ:D 2. WP L QJ; XX Q@ Q+ vy QZQQJ;Q&Q&
OGS ,\b*\QQ*QW 0 ) 0(» LIS

0h 3h 12h 24h
500 .
£ 400
>
£
5300
s
2
[0
© 200
o
(@) ° >
©
=100 . . é
b
0o o -o -o
9 9 O O 9O 40 o O 40 O & % 0 O
QQy N QQ;Q P S +Q0+Q°+ & +Q 1
NN 3 Q Q RN ©° Q
OSSO OIS ,\‘b*QQ*QQ*
Qog Lod R0 Lo
A NS N NS

Fig. 7. Treatment with CTB 100,000 g EVs enhanced dESF secretion of cytokines. (A-D) Conditioned medium collected at 0, 3, 12 and 24 h

from dESFs treated with CTB 16,500 g EVs, CTB 100,000 g EVs, K562 100,000 g EVs and PBS was analyzed by cytokine array. All analytes were significantly
increased by CTB EV treatment over the course of the experiment using a generalized linear model (P<0.001). (A) CTB 100,000 g EVs significantly increased
dESF IL8 secretion at 3 and 12 h compared with the PBS or K562 controls. CTB 16,500 g vesicles significantly increased this cytokine at 3 h. (B) CTB 100,000 g
EVs significantly increased dESF secretion of CXCL1 at 3 h compared with the PBS or K562 controls. (C) CTB 100,000 g EVs enhanced dESF release of CCL2 at
12 h compared with the controls. (D) IL6 levels in the conditioned medium were not significantly different from the PBS control at any individual time point.
n=3 biological replicates (EV batches and dESFs). *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 (one-way ANOVA with Dunnett’s test).

steps beyond centrifugation, these EVs likely included other
associated rather than intrinsic components.

We also report the discovery of TNFo in CTB 100,000 g EVs.
These vesicles increased decidual cell transcription and secretion of
NF-«B target cytokines: IL8, IL6, CCL2 and CXCL1. However, not
all targets upregulated by CTB-conditioned medium were
significantly increased by EVs (Hess et al., 2007). thTNFa
mimicked the ability of EVs to enhance transcription of NF-xB
target genes and secretion of IL8. A soluble form of the TNFa
receptor inhibited the ability of CTB 100,000 g EVs to increase
dESF secretion of IL8, linking TNFo. with decidual cell release of
this chemokine. These results suggest that CTBs have several ways
of communicating with uterine cells, which include direct (e.g. cell-
cell contact) and indirect (e.g. soluble factors and EVs) means. If the
vesicles are transported in a retrograde manner back to the fetus,
they could also have effects, most likely on the vasculature that is in
direct contact with the blood in which they would be carried.

The interior of 100,000 g EVs is a non-reducing environment, in
which protein disulfide-isomerases catalyze formation of disulfide
bonds and multimerization of molecules, which can enhance their
activity (Bulleid and Ellgaard, 2011; Lynch et al., 2009). Compared
with the cytoplasm, these vesicles contain lower levels of
glutathione, which prevents formation of these bonds (Lynch
et al.,, 2009). Other groups have found dimerized molecules in
vesicles — a human EBV-transformed B cell line produces
100,000 g EVs enriched for dimerized classical MHC class I
molecules (Lynch et al., 2009). Mouse neuraminidase 1-null
myofibroblasts secrete exosomes containing TGF-1 dimers (van
de Vlekkert et al., 2019). In this study, immunoblotting for anti-
TNFo demonstrated that the CTB 100,000 g pellet contains a
protein consistent in size with the trimeric form of this molecule
(data not shown). We also identified HLA-G dimers in CTB EVs at
much higher levels than seen in cell lysates (Fig. 2C). Dimerization
of this CTB MHC class I molecule increases its affinity for the
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Fig. 8. CTB 100,000 g EV stimulation of dESF IL8 secretion was abolished
by TNFa inhibition. (A) Schematic of the experimental design. CTB 100,000 g
EVs were pre-incubated with a soluble form of the TNFa. receptor (sTNFRI) for
20 m at 37°C before addition to dESFs. After 12 h culture, conditioned medium
was collected and analyzed by an ELISA for IL8. (B) sSTNFRI pre-treatment of
CTB 100,000 g EVs abolished increased dESF IL8 secretion after 12 h of
culture as measured by ELISA (*P<0.05, **P<0.005; one-way ANOVA with
Dunnett’s test). n=3 biological replicates (EV batches and dESFs).

inhibitory receptors LILRB1 and LILRB2 and, consequently, their
signaling strength (Boyson et al., 2002; Kovats et al., 1990;
Shiroishi et al., 2006; Yelavarthi et al., 1991). We detected multiple
protein disulfide-isomerases in both CTB EV types using mass
spectrometry, suggesting that they promote dimerization of
vesicular proteins. Furthermore, CTB HLA-G is heavily
glycosylated with polylactosamine chains, which are composed
of N-acetylglucosamine-galactose dimers (McMaster et al.,
1998). These residues are recognized by CD206 (MRC1), an
inhibitory mannose receptor present on decidual macrophages
(Co et al., 2013). Thus, CTB EV expression of dimeric HLA-G
may be a key component of the mechanisms that mediate maternal
tolerance to the fetus.

TNFa, IL8, CCL2, CXCL1 and their receptors are present at the
maternal-fetal interface at early and mid-gestation in humans,
bolstering the in vivo relevance of this study. Anti-TNFo
immunolocalizes to first and second trimester invasive and
endovascular CTBs and decreases to only weak staining in spiral
arteries at term (Pijnenborg et al., 1998). In situ hybridization
revealed that the decidual stroma uniformly expresses CXCLI,
whereas CCL?2 localizes strongly to isolated patches of these cells,
with other areas exhibiting a diffuse signal (Red-Horse et al., 2001).
In terms of receptors, CTBs immunostain with anti-CXCR1 (IL8
receptor) by immunohistochemistry and variably express mRNAs
for CXCR2 (IL8 and CXCL] receptor) and CCR2 (CCL2 receptor),
indicating that dESF cytokines may be part of a network of paracrine
signals that can influence CTBs (Drake et al., 2004; Hanna et al., 2006).

Decidual leukocytes express mRNAs for CCR4 (CCL2 receptor)
consistently and for CYCR! and CXCR?2 variably (Red-Horse et al.,
2001), suggesting a role for recruitment of immune cells to the
maternal-fetal interface.

CTB EV-induced dESF cytokine secretion may play important
roles in CTB migration. IL8 increases first trimester primary CTB
migration, whereas CCL2 has no effect (Hanna et al., 2006).
Another study found that IL6 secreted by endometrial cells is
partially responsible for promoting migration of trophoblast cell
lines in vitro (Dominguez et al., 2008). CTB EV-induced dESF
cytokine secretion may also play a role in immune cell recruitment
to the decidua. For example, CCL2 is a chemoattractant for
monocytes, NK cells and T cells (Allavena et al., 1994; Carr et al.,
1994; Matsushima et al., 1989; Valente et al., 1988). Thus, the CTB
EV-dESF interactions have effects on other cell types that play
important roles in pregnancy outcomes.

Based on studies of the biological activities of CTB-conditioned
medium, EVs likely have broader functional effects on the uterine
environment. CTBs secrete factors that promote lymphangiogenesis
via a mechanism that partially depends on TNFa (Red-Horse et al.,
2006). First trimester CTB-conditioned medium induces peripheral
monocyte differentiation into macrophages and alters their ability to
secrete cytokines (Aldo et al., 2014). CTB-secreted factors induce
apoptosis of smooth muscle cells in spiral arteries via Fas ligand, a
transmembrane protein that has been identified in CTB EVs
(Abrahams et al., 2004; Harris et al., 2006). Thus, although we
focused on the function of TNFa in the context of CTB EVs, we
believe that this molecule is one of many that can play important
roles in modulation of the uterine environment, with possible
systemic effects.

Although an inflammatory response at implantation is conserved
across mammalian species (Griffith et al., 2017), inhibition of most
cytokines does not prevent implantation in mice and humans,
suggesting redundant pathways. Individual genetic deletions of
TNF, IL6, CXCLI or CCL2 result in fertile mice with normal litter
sizes (Boisvert et al., 2006; Lu et al., 1998; Marino et al., 1997;
Pasparakis et al., 1996; Robertson et al., 2010). However,
suppression of uterine NF-xB activity with an inhibitory subunit
of the complex delays implantation by 1 day in mice (Nakamura
etal., 2004). TNFo and IL6 inhibitors are prescribed to treat human
autoimmune diseases, and women on these biologic therapies have
live births. However, even transient treatment with TNFa inhibitors
during pregnancy may increase the risk of birth defects and preterm
labor, but it is difficult to separate TNFa effects and those of
underlying maternal diseases (Johansen et al., 2018). Data on IL6
inhibition during pregnancy are more limited and drawn from
smaller sample sizes. Results to date suggest an increased risk of
preterm birth but not fetal anomalies (Hoeltzenbein et al., 2016).
Overall, these findings suggest redundant mechanisms;
simultaneous blockade of multiple cytokines may be required to
negatively impact implantation and maintenance of pregnancy.

In addition to implantation, parturition is associated with an
inflammatory response across species. Genetic deletion of /L6 in
mice results in a 24 h delay in birth, which is restored to normal with
administration of recombinant IL6 (Robertson et al., 2010). In
humans, IL8 is upregulated at parturition in the myometrium and the
decidua, where it localizes to the stroma and may have a role in
cervical dilation (Osmers et al., 1995; Sakamoto et al., 2004).
Microarray analyses showed that labor increases term decidual
expression of TNFAIP3, IL6, NFKBIA and other NF-xB targets
(Rinaldi et al., 2017). In addition, labor increases decidual
expression of IL8, while decreasing that of CCL2 (El-Azzamy
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et al,, 2017). Thus, the ability of CTB EVs to modulate the
expression of NF-kB targets across gestation could have important
effects at many stages of pregnancy.

Compared with STB EVs, those released by CTBs are likely to
have different effects. One factor is sheer numbers. STBs form the
entire surface of the placenta, estimated to be ~12 m? at term (Boyd,
1984), making them an abundant source of EVs. In contrast, CTBs,
which fuse to form STBs or differentiate into the extravillous
subpopulation, are depleted as pregnancy advances. Thus, we
believe CTBs likely release, in total, fewer EVs than STBs,
especially towards term. In addition, they have substantially
different proteomes. Comparison of the mass spectrometry data
for CTB 100,000 g EVs (Table S2) and an equivalent STB fraction
(Baig et al., 2014) showed an overlap of ~30%, supporting the
theory that there are also substantial functional differences.

Preeclampsia increases circulating levels of placental EVs
(Germain et al., 2007; Knight et al., 1998; Lok et al., 2008).
Perfusion-derived STB EVs from preeclamptic and normal
placentas differ in contents and function. For example, in
preeclampsia, STB EVs contain increased levels of Fltl and the
percentage of endoglin-containing vesicles decreases (Tannetta
et al,, 2013). These molecules with angiogenic effects may
contribute to the perturbation of maternal vasculature responses
that are the hallmark of this pregnancy complication (Tannetta et al.,
2013). These EVs also contain reduced levels of endothelial nitric
oxide synthase and nitric oxide (Motta-Mejia et al., 2017). In
addition, preeclampsia STB EVs have an increased ability to
activate platelets (Tannetta et al., 2015). Overall, it is unclear
whether vesicles contribute to the pathology of the disease or are a
compensatory mechanism for a failing placenta.

As CTBs are in direct contact with maternal blood, they likely
secrete EVs into circulation to mediate pregnancy associated
changes throughout the mother’s body. For example, many organs
enlarge during pregnancy. Blood volume expands by almost 50%
(Hytten, 1985). The liver increases in size to meet the enhanced
demands of the embryo/fetus (Hollister et al., 1987). In mice,
pregnancy stimulates neurogenesis in the maternal olfactory bulb
via a prolactin-mediated mechanism (Medina and Workman, 2018;
Shingo et al., 2003). Pregnant women develop insulin resistance,
increasing glucose availability for the growing embryo/fetus and
requiring the maternal pancreas to secrete higher levels of insulin
(Lain and Catalano, 2007). The mechanism underlying pancreatic
adaptation to pregnancy is unknown. Thus, placental EVs may play
a role in a subset of these maternal responses to pregnancy.
Additional studies will focus on a role for CTB EVs in mediating
distant physiologic changes required for reproductive success.

MATERIALS AND METHODS

Tissue collection

The University of California, San Francisco (UCSF) Institutional Review
Board approved this study. All donors gave informed consent. Second
trimester placentas were collected immediately following elective
terminations and placed in cytowash medium, containing DME/H-21,
12.5% fetal bovine serum (FBS; Hyclone), 1% glutamine plus (Atlanta
Biologicals), 1% penicillin/streptomycin and 0.1% gentamicin. Tissue
samples were placed on ice before dissection.

Isolation and culture of human primary CTBs

CTBs were isolated from second trimester human placentas as previously
described (Hunkapiller and Fisher, 2008). Single cells were counted using a
hemocytometer and immediately plated on Matrigel (BD Biosciences)-
coated 6-well plates in 1.5ml serum-free medium containing DME/H-21,
2% Nutridoma-SP (Roche), 1% sodium pyruvate, 1% HEPES buffer, 1%

glutamine plus, 1% penicillin/streptomycin and 0.1% gentamicin. CTBs
were cultured at a density of between 8x103 and 1.5%10° cells/well. CTBs
were incubated at 37°C in 5% CO,/95% air. After 1 h, the medium with
unattached immune and other cells was removed and replaced with another
3 ml serum-free medium before returning the cells to the incubator.

K562 cell culture

Erythroleukemic K562 cells were previously grown in the Fisher lab (Co
etal., 2013) and tested negative for mycoplasma. K562 cultures were seeded
with 1x10° cells per ml Iscove’s Modified Dulbecco’s Medium containing
10% FBS. They were grown in 15 cm dishes at 37°C in 5% CO,/95% air.
For EV isolation, K562 cells were pelleted at 400 g and resuspended
(1x10° cells/ml) in AIM-V serum-free medium (Gibco).

Isolation of EVs

EVs were isolated by differential centrifugation at 4°C using previously
published methods (Théry et al.,, 2006). After culturing for 36-38 h,
conditioned medium was centrifuged at 400 g for 5 min to pellet the cells.
The supernatant was sequentially centrifuged at 2000 g and 16,500 g, each
for 20 min. The liquid fraction was passed through a 0.22 pm filter before
ultracentrifugation at 100,000 g for 70 min. The supernatant was removed
by aspiration. The 16,500 g and 100,000 g pellets were resuspended in
35 ml PBS and re-centrifuged under the original conditions with which they
were collected. The pellet was isolated by aspiration of the liquid phase.
Typically, 5 ul was reserved to determine the protein concentration and
the remaining 70 pl was used in experiments. Both aliquots were stored at
—80°C. Samples for protein determinations were lysed in an equivalent
volume of buffer containing 100 mM ammonium bicarbonate and 0.2%
SDS. Quantitation was accomplished using a Micro BCA Protein Assay kit
(Thermo Scientific Pierce).

TEM

TEM was performed as previously described (Théry et al., 2006). In brief,
EVs were adsorbed onto a glow discharged 400 mesh Formvar-coated copper
grid (Electron Microscopy Sciences) for 1 min. Samples were negatively
stained by dipping four times in 1% aqueous uranyl acetate. Excess liquid was
blotted with filter paper. Grids were air dried and imaged in a Tecnai 12
transmission electron microscope (Field Electron and Ion Company).

Immunoblotting and immunofluorescence
EVs or cell lysates were lysed as described above. For all targets except
FcRn, 2 pg protein was dissolved under non-reducing conditions with
NuPAGE LDS Sample Buffer (Invitrogen). For FcRn, 10 pug protein was
solubilized in NuPAGE LDS Sample Buffer containing 0.1 M dithiothreitol
(DTT). Samples were boiled for 10 min, separated on a NuPAGE 4-12%
Bis-Tris gel (Invitrogen) and transferred to a 0.45 um nitrocellulose
membrane (Bio-Rad). Blocking was accomplished with 5% powdered
nonfat dry milk reconstituted in PBS-T (0.1% Tween in PBS). Membranes
were incubated in primary antibody diluted in blocking buffer at 4°C
overnight. The isotype, dilution and source for each of the primary and
secondary antibodies is summarized in Table S3. Immunoreactive bands
were visualized with ECL2 Western blotting substrate (Thermo Scientific
Pierce), and Amersham Hyperfilm ECL (GE Healthcare).
Immunofluorescence was performed as previously described (Robinson
et al,, 2017). Briefly, tissue was fixed in 4% paraformaldehyde and
dehydrated by passing through sequential solutions containing increasing
sucrose concentrations before embedding in OCT (Thermo Fisher
Scientific). Sections (15 um) were incubated with rat anti-cytokeratin 7
(Damsky et al., 1992) to label CTBs and another primary antibody diluted at
1:100 (vol/vol) in blocking buffer (PBS with 3% bovine serum albumin) for
1 h at room temperature. Primary antibodies were detected with species-
specific secondary antibodies. Primary and secondary antibodies and their
sources are described in Table S3. Sections were washed in PBS and
mounted with Vectashield containing 4'6-diamidino-2-phenylindole
(DAPI; Vector Biolabs). Samples were visualized with a Leica SP5
confocal microscope or a Leica DM5000 B inverted microscope. Tissue
sections from three placentas were evaluated.
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Mass spectrometry analyses

EV samples were lysed as described above. Lysates were prepared that
contained a minimum of 25 pg protein, sometimes achieved by pooling.
Samples were reduced with tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) added to a final concentration of 5 mM at 60°C for 1 h and
immediately alkylated with freshly prepared iodoacetamide (IAA) at a final
concentration of 10 mM for 15 min at room temperature. Digestion was
performed by incubating samples overnight with 3 pug sequencing-grade
trypsin (Promega) at 37°C. SDS was removed with 2 ml Detergent Removal
Columns (Pierce). Samples were stored frozen at —80°C before analysis.

Samples were analyzed by reverse-phase HPLC-ESI-MS/MS using the
Eksigent Ultra Plus nano-LC 2D HPLC system combined with a cHiPLC
system directly connected to an orthogonal quadrupole time-of-flight
SCIEX TripleTOF 6600 mass spectrometer (SCIEX). Typically, mass
resolution in precursor scans was ~45,000 (TripleTOF 6600), whereas
fragment ion resolution was ~15,000 in ‘high sensitivity’ product ion scan
mode. After injection, peptide mixtures were transferred onto a C18 pre-
column chip (200 umx6 mm ChromXP C18-CL chip, 3 um, 300 A,
SCIEX) and washed at 2 pl/min for 10 min with the loading solvent
(H,0/0.1% formic acid) for desalting. Peptides were transferred to the
75 umx15 cm ChromXP C18-CL chip, 3 um, 300 A, (SCIEX), and eluted
at 300 nl/min with a 3 h gradient using aqueous and acetonitrile solvent
buffers (Schilling et al., 2015).

All samples were analyzed by data-independent acquisitions (DIA),
specifically using variable window DIA acquisitions (Collins et al., 2017).
For these acquisitions, windows of variable width (5 to 90 m/z) were passed
in incremental steps over the full mass range (m/z 400-1250). The cycle time
of 3.2 s included a 250 ms precursor ion scan followed by a 45 ms
accumulation time for each of the 64 DIA segments. The variable windows
were determined according to the complexity of the typical MS1 ion current
observed within a certain m/z range using a SCIEX ‘variable window
calculator’ algorithm. Narrower windows were chosen in ‘busy’ m/z ranges;
wider windows were chosen in m/z ranges with few eluting precursor ions
(Schilling et al., 2017). DIA tandem mass spectra produced complex MS/
MS spectra, which were a composite of all the analytes within each selected
Q1 m/z window.

Processing, quantification and statistical analysis of MS data
DIA acquisitions were quantitatively processed using the proprietary
Spectronaut v12 (12.020491.3.1543) software from Biognosys (Bruderer
et al., 2015). A pan-human spectral library that provided quantitative DIA
assays for ~10,000 human proteins was used for Spectronaut processing
(Rosenberger et al., 2014). Quantitative DIA MS2 data analysis was based
on extracted ion chromatograms (XICs) of 6-10 of the most abundant
fragment ions in the identified spectra. Relative quantification was
performed comparing different samples to assess fold changes.

GO analyses

Redundancies were collapsed according to the total number of peptides. We
performed functional enrichment of GO Biological Processes (Level 4) of
the EV proteomes as defined by gene symbols using DAVID (Huang et al.,
2007).

Profiling EV cytokines

To identify cytokine contents, 2 pug of EV protein was diluted to 1 ml with
ESF medium containing 2% charcoal-stripped FBS, DMEM, insulin 0.5%,
and MCDB 105 medium. The samples were profiled with the
MILLIPLEXyap Human High Sensitivity T Cell Panel (Millipore,
HSTCMAG-28SK) on a Luminex LX 200 analyzer using Bio-Plex
manager software 6.1.1 (Bio-Rad).

Endometrial stromal fibroblast culture and decidualization

Human endometrial samples were collected from the UCSF/National
Institutes of Health Human Endometrial Tissue and DNA Bank after written
informed consent. Endometrial stromal fibroblasts (ESFs) were isolated
from endometrial biopsies (n=20). They were washed in PBS and digested
with collagenase IV for 1 h at 37°C with constant shaking. The digests were

size fractionated by passing through a 40 pm filter. The primary cells present
in the filtrate and subsequent passages were cultured in stromal cell medium:
10% charcoal-stripped FBS-containing medium, DMEM, 1 mM sodium
pyruvate, 5 pg/ml final concentration insulin and MCDB 105 medium
(Irwin et al., 1989). Only morphologically homogenous ESF cell cultures as
determined by microscopic examination were used in experiments. Before
decidualization, cultured ESFs were serum-starved for 24 h in 2% charcoal-
stripped FBS-containing medium without insulin. Then they were treated
with 10 nM E2 and 1 uM P4 (E2P4 medium) or the vehicle control for
14-21 days (Houshdaran et al., 2014). Decidualization was assessed using
an ELISA to quantify IGFBP1 secretion into the medium (Alpha Diagnostic
International, 0900) and by microscopic examination to assess morphologic
changes. The three ESF cell lines exhibiting the most robust decidualization
were used in the initial screens. The subsequent functional assays also
employed the same three ESF lines, which were frozen, thawed and
decidualized for each set of experiments.

EV effects on the ESF secretome and the role of TNFu

In these experiments, the effects of EVs from three CTB cultures established
from different placentas were analyzed. A portion of each EV fraction that
was aliquoted in PBS was added to the hormone-containing ESF medium to
a final concentration of 2 ug per ml. Typically, 10 ml batches were prepared.
A portion (500 pul) was reserved as a control for downstream analyses and
1 ml was added to each dESF well. The cells were cultured for 3, 12 or 24 h,
at which point conditioned medium was collected and centrifuged at 400 g.
The supernatant was stored at —80°C. The cells were washed with PBS,
detached from the plate by treatment with 0.25% trypsin with EDTA in PBS
(Ca**/Mg""-free) and pelleted by centrifugation at 400 g. The pellets were
flash frozen in a dry ice-ethanol slush and stored (—80°C).

Samples of dESF RNA were prepared for analysis using a chip-based
method of qRT-PCR using a 96.96 Dynamic Array integrated fluidic circuit
(IFC; Fluidigm) according to the manufacturer’s protocol. Total RNA was
isolated from frozen cell pellets with a NucleoSpin RNA isolation kit
(Machery-Nagel). The concentration and quality were estimated using a
Nanodrop spectrophotometer (Thermo Fisher Scientific). cDNA libraries
were prepared with 150 ng RNA using Reverse Transcription Master Mix
(Fluidigm) and pre-amplified with Preamp Master Mix (Fluidigm) and
pooled delta gene assay mix (500 nm; Fluidigm). The samples were
digested with exonuclease I (New England BioLabs), and diluted 1:10 (vol/
vol) in 1x DNA suspension buffer (TEKnova). Delta gene assay primer
sequences are listed in Table S4. Samples were prepared with 2x SsoFast
EvaGreen Supermix with low ROX (Bio-Rad) and 20x DNA Binding Dye
(Fluidigm). Primer mixes contained 2x Assay Loading Reagent (Fluidigm),
1x DNA Suspension Buffer, and Delta gene assay combined forward and
reverse primers (100 uM). After priming and loading the 96.96 chip using
an IFC Controller HX (Fluidigm), qRT-PCR data were collected on a
Biomark instrument (Fluidigm). Statistics were performed on dCt values,
calculated as the difference in Ct values between the gene of interest and the
average of two housekeeping genes: HSP90ABI and G6PD. Differential
expression between EV treatments and controls was calculated viathe AACT
method: normalized to the mean of housekeeping genes and adjusted to the
PBS control for each ESF line, EV batch and time point.

We measured changes in dESF NF-xB target secretion in response to EV
treatment using a custom MILLIPLEX yap Human Cytokine/Chemokine
Magnetic Bead Panel (Millipore, HCYTOMAG-60K) to assay conditioned
medium for IL8, IL6, CCL2 and CXCLI1. These experiments employed a
Luminex LX 200 analyzer and the data were generated using Bio-Plex
manager software 6.1.1 (Bio-Rad).

To determine the effects of thTNFa, the lyophilized protein (R&D
Systems, 210-TA-005) was reconstituted in PBS to a concentration of
0.1 mg/ml. This working solution was serially diluted to a final
concentration of 1 pg/ml, 10 pg/ml or 100 pg/ml in E2P4 medium.
rhTNFo-containing medium (1 ml) was added to each well of dESFs. As
a control, some wells contained E2P4 medium alone. Conditioned medium
and cell pellets for RNA isolation were collected after 3, 12 or 24 h of culture
as described above.

IL8 levels were measured using a Quantikine ELISA Kit (R&D Systems,
S8000C) according to the manufacturer’s instructions. Samples were diluted
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1:20 in calibrator diluent RD5P. According to the manufacturer’s
instructions, a face mask was worn during the assay to prevent ILS8
contamination from saliva.

For TNFa inhibition experiments, STNFR1 (R&D Systems, 636-R1-025)
was reconstituted in PBS. EVs diluted in E2P4 medium as described above
were incubated with or without STNFR1 (1 pg/ml) for 20 min at 37°C. An
aliquot (1 ml) was added to each dESF well. After 12 h, conditioned
medium was collected as described above.

Statistics

Statistical analyses were performed using SPSS version 24 (IBM). The high-
sensitivity T cell cytokine array and mRNA data were analyzed using a one-
way ANOVA with Bonferroni correction. The immunoblot densitometry
measurements, the ESF cytokine array data at individual time points and the
IL8 ELISAs were analyzed using a one-way ANOVA with Dunnett’s test.
We also used a generalized linear model of cytokine secretion for the time
course experiment with time, cell line, EV batch and treatment as
independent variables.
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Fig. S1. Cytotrophoblast (CTB) extracellular vesicles (EVs) lacked detectable levels of most
analytes measured by cytokine array. EVs (2 ug protein) were analyzed by a high sensitivity
cytokine array. Most analytes were below the threshold of detection. In the CTB 100,000 xg pellet, IL-
6 was present at ~0.2 pg/ug and MIP-3a was detected at ~1 pg/pg. n=3 biological replicates. *
p<0.05, **** p<0.001.
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Fig. S2. Quantification of cytotrophoblast (CTB) extracellular vesicle (EV) effects on
decidualized endometrial stromal fibroblast (dESF) expression of mMRNAs encoding additional
NF-xB targets. Data augment that shown in Fig. 6. n=3 biological replicates (EV batches and
dESFs). * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001.
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Fig. S3. Recombinant human TNF-a (rhTNF-a) sustained increased decidualized endometrial
stromal fibroblast (dESF) expression of the mRNAs encoding NF-kB targets for the duration of
the 24 h time course. Heat maps of gene expression changes (left) and p-values (right) compared to
the PBS control. dESFs were treated with rhTNF-a. and high throughput qRT-PCR was performed
using a Fluidigm 96.96 Dynamic Array IFC. Enhanced transcription of NF-xB targets was sustained
over the course of the experiment. n=3 biological replicates (dESFs).
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Fig. S4. rhTNF-a increased decidualized endometrial stromal fibroblast (dESF) expression of
mRNAs encoding CXCL8/IL-8, IL-6, CXCL1/GRO, and CCL2/MCP-1 for the duration of the 24 h
time course. Changes in gene expression were measured with a Fluidigm 96.96 Dynamic Array IFC.
The addition of rhTNF-a (1 or 10 pg/ml) increased transcription of (A) CXCLS8/IL-8, (B) IL-6, (C)
CXCL1/GRO, and (D) CCL2/MCP-1 at the time points indicated. n=3 biological replicates (dESFs). *
p<0.05, ** p<0.01, *** p<0.005, **** p<0.001.
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Fig. S5. Recombinant human TNF-a (rhTNF-a) increased decidualized endometrial stromal
fibroblast (dESF) IL-8 secretion. Over the course of the experiment (24 h), rhTNF-a treatment (1 or
10 pg/ml) induced dESF secretion of IL-8 in a concentration dependent manner as measured by
ELISA. n=3 biological replicates (dESFs). * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001.
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kDa

Fig. S6. Inmunoblot analysis showed that cytotrophoblast (CTB) lysate and the 100,000 xg
fraction contained proteins of the expected molecular weight that reacted with anti-neonatal
Fc receptor (FCRn). n=1.
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Table S1. 16,500xg Extracellular Vesicle Fraction
Click here to Download Table S1

Table S2. 100,000xg Extracellular Vesicle Fraction

Click here to Download Table S2
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http://www.biologists.com/DEV_Movies/DEV187013/TableS1.xlsx
http://www.biologists.com/DEV_Movies/DEV187013/TableS2.xlsx
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Table S3. Antibodies for immunoblotting and immunofluorescence

Primary Antibodies Secondary Antibodies

Target Clone Supplier Catalog# Host Dilution Antibody Conjugate Supplier Dilution

Jackson
BD Donkey ImmunoResearch
CD9 KMC8 Biosciences BDB553758 rat 1:250 anti-rat  Peroxidase Labs, Inc. 1:5000
Jackson
Laboratory of Donkey ImmunoResearch
CK 7D3 S.J. Fisher N/A rat 1:100 anti-rat Rhodamine Labs, Inc. 1:100
Donkey Jackson
Clone 10/ BD anti- ImmunoResearch
FN Fibronectin Biosciences 610077 mouse 1:1000 mouse Peroxidase Labs, Inc. 1:5000
Donkey Jackson
Laboratory of anti- ImmunoResearch
FcRn Polyclonal N.E. Simister N/A mouse 1:200 mouse  Peroxidase Labs, Inc. 1:5000
Donkey Jackson
Laboratory of anti- ImmunoResearch
HLA-G 4H84 S.J. Fisher N/A mouse 1:250 mouse  Peroxidase Labs, Inc. 1:5000
Donkey Jackson
Cell Signaling anti- ImmunoResearch
HRS D7T5N Technology 15087 rabbit  1:1000 rabbit Peroxidase Labs, Inc. 1:5000
Donkey Jackson
Cell Signaling anti- ImmunoResearch
PD-L1 E1L3N Technology 13684 rabbit  1:1000 rabbit Peroxidase Labs, Inc. 1:5000
Donkey Jackson
Millipore anti- ImmunoResearch
PLAP EPR6141 Sigma MABC644  rabbit 1:750 rabbit Peroxidase Labs, Inc. 1:5000
Donkey Jackson
anti- ImmunoResearch
TNF-a 2C8 Abcam ab8348 mouse 1:100 mouse  FITC Labs, Inc. 1:100
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Table S4. gRT-PCR primers

Target Forward Primer Reverse Primer

ACTA2 AAGGCCAACCGGGAGAAAA CGCCTGGATAGCCACATACA

ANGPT1 TCCAAAGAGGCTGGAAGGAA CCTCTGACTGGTAATGGCAAAA

ANGPTL4 TCCACTTGGGACCAGGATCA AATGGCTGCAGGTGCCAAA

APOE CCCAGGTCACCCAGGAAC TGTTCCTCCAGTTCCGATTTGTA

BMP2 ACTGTGCGCAGCTTCCA ACTCCTCCGTGGGGATAGAA

CCL2 TAGCAGCCACCTTCATTCCC CCTCTGCACTGAGATCTTCCTA

CCND3 CGACAGGCCTTGGTCAAAA ATCATGGATGGCGGGTACA

CSF1 GGAGACCTCGTGCCAAATTA TGCCTTCTTAAGGTAGCACAC

CXCLA1 CTTGCCTCAATCCTGCATCC AGCCACCAGTGAGCTTCC

CXCL12 GCTGGTCCTCGTGCTGAC GAATCGGCATGGGCATCTGTA

CXCL8 ACACTGCGCCAACACAGAAA CAGTTTTCCTTGGGGTCCAGAC

EGFR AGTGTAAGAAGTGCGAAGGG TCGTAGCATTTATGGAGAGTGAG

FGF1 TCTGCCTCCAGGGAATTACA CCTGTCCCTTGTCCCATCC

FN1 GTGTGTGTGTCTTGGTAATGGAAA AGTCCCAGCAGCATGATCAA

FOSLA1 ATTGAGGAGCTGCAGAAGCA CCCTCCTTGGCTCCTTCC

FZD1 GCTTCGTGGGGCTTAACAAC ACGTGCCGATAAACAGGTACA

FZD2 CCTTCTTCACTGTCACCACGTA TGTAGCAGCCCGACAGAAAA

FzZD7 TCCGCACCATCATGAAACAC GTGTAGAGCACGCTGAAGAC

G6PD GCCGTCACCAAGAACATTCA CTCCCGAAGGGCTTCTCC

HSP90AB1 TCCTTCGGGAGTTGATCTCTA GGGTCTGTCAGGCTCTCATA

ICAM1 CCCCTACCAGCTCCAGACC TGCGTGTCCACCTCTAGGAC

IFIT1 AGGCTGTCCGCTTAAATCCA TCAGCTTCCTGTCCTTCATCC

IL6 AGAGCTGTGCAGATGAGTACAA GTTGGGTCAGGGGTGGTTA

IL7 ATTGAAGGTAAAGATGGCAAACA TCATTATTCAGGCAATTGCTACC

IRAK2 GTCTGGAGATCATCCACAGCAA TGAGCCATTGGGTGAGCAA

JUN AAGAACTCGGACCTCCTCAC TGGATTATCAGGCGCTCCA

JUNB TGGCCCAGCTCAAACAGAA AGAAGGCGTGTCCCTTGAC

KDR AGTGGGCTGATGACCAAGAA CCATGCCACTTCCAAAAGCA

LIF CTCGGGTAAGGATGTCTTCCA ACACGGCGATGATCTGCTTA

MMP1 CACCTTCAGTGGTGATGTTCA GCTGGACAGGATTTTGGGAA g

MMP10 TGAGCCTAAGGTTGATGCTGTA GGCATTGGGGTCAAACTCAA '-lg

MMP7 TGTATGGGGAACTGCTGACA ATGAGCCAGCGTGTTTCC g

NFKB1 CTACCTGGTGCCTCTAGTGAAA ACCTTTGCTGGTCCCACATA qg

NFKB2 TACCTGGTGATCGTGGAACA GCCTTCACAGCCATATCGAA ;

OLFM2 GGCTCCTGGATGACTGACA GGCGGCCTTTGTAATAGCC E

RELA GCATCCAGACCAACAACAACC AGAGCCGCACAGCATTCA 5

RELB TGCTTTCCGAGCCCGTCTA CGGCCCGCTTTCCTTGTTAA g

TNFAIP2 AAGAGCCACGGCTTTGACA GTGTGCGTGAACCTCTTGAAC TQJ-_

TNFAIP3 GAAGCTTGTGGCGCTGAAAA CCTGAACGCCCCACATGTA U:)

WNT5B ATTGCAGCACAGCGGACAA CTCACCGCGTGGGTGAA _.'_,
o
£
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a




