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Preeclampsia and Inflammatory Preterm
Labor Alter the Human Placental
Hematopoietic Niche

Kathryn L. Ponder, MD', Alicia Barcena, PhD?, Frank L. Bos, PhD>,
Matthew Gormley, BSZ, Yan Zhou, MDZ, Katherine Ona, MSZ,
Mirhan Kapidzic, MDZ, Ann C. Zovein, MD"3,

and Susan ). Fisher, PhD?

Abstract

Background: The human placenta is a source of hematopoietic stem and progenitor cells (HSPCs). The RUNXI transcription
factor is required for the formation of functional HSPCs. The impact of preeclampsia (PE) and preterm labor (PTL, spontaneous
preterm labor [sPTL] and inflammatory preterm labor [iPTL]) on HSPC localization and RUNXI expression in the human pla-
centa is unknown. Methods: We compared the frequency and density of HSPC in control samples from sPTL (n = 6) versus PE
(n=6) and iPTL (n = 6). We examined RUNXI protein and RNA expression in placentas from normal pregnancies (5-22 weeks,
n = 8 total) and in placentas from the aforementioned pregnancy complications (n = 5/group). Results: Hematopoietic stem and
progenitor cells were rare cell types, associated predominantly with the vasculature of placental villi. The HSPC density was
greater in the chorionic plate (CP) compared to the villi (P <.001) and greater in PE and iPTL samples as compared to controls
within the CP (not significant) and overall (P <.05). During the fetal period, RUNXI was expressed in the mesenchyme of the CP
and villi. Inflammatory PTL samples were more likely to exhibit intraluminal RUNXI " cell populations (P <.001) and RUNXI cell
clusters attached to arterial endothelial cells. Conclusion: Placental HSPCs likely arise from hematopoietic niches comprised
RUNXI" mesenchyme and vascular endothelium. Pregnancy complications that result in preterm birth differentially affect pla-
cental HSPC localization and RUNXI expression. Our results support previous findings that inflammation positively regulates
hematopoiesis. We present new evidence that hemogenic endothelium may be active at later stages of human fetal development
in the context of inflammation.
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Inflammation and preeclampsia (PE) are common etiologies
of preterm birth that are associated with short-term hematolo-
gic dysfunction in the neonate. One of the most common
inflammatory exposures in utero is chorioamnionitis, an

Introduction

The human placenta is an extraembryonic site of definitive
hematopoietic stem cells (HSCs)'~ capable of engraftment.*>
There is evidence that a portion of these HSCs may develop de
novo from the endothelium.®

The density of placental HSC peaks in the embryonic period

and decreases after 9 weeks of gestation, whereas the total
number increases over gestation due to greater placental
mass."”” However, the effects of pregnancy pathologies on the
frequency, density, and localization of hematopoietic stem and
progenitor cell (HSPC) are not known. In this context, under-
standing the role of the stem cell niche, where HSPCs reside
during their development, is important. Previous studies sug-
gest that placental HSPCs reside in mesenchymal and endothe-
lial niches during normal pregnancy.>” The HSPC niche has
not been characterized in the setting of pregnancy complica-
tions associated with placental pathologies.
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inflammation of the fetal membranes, which is considered an
infection if clinical signs are present.® Neonates thus exposed
are at higher risk for sepsis, thrombocytopenia, and either neu-
trophilia or neutropenia.”'® Preeclampsia is a disorder of shal-
low placentation and hypoxic stress,'""'* which is associated
with short-term thrombocytopenia and neutropenia in the neo-
nate.'? Increased platelet and neutrophil consumption, as well
as bone marrow suppression, are involved in the underlying
pathophysiologies of both conditions. A possible contributing
role of the pathological placenta to neonatal hematopoietic
dysfunction has yet to be investigated.

The question of altered hematopoiesis is especially impor-
tant considering the evidence for longer term immune cell
dysregulation in preterm infants born due to infection or PE.
Chorioamnionitis confers an increased risk for disorders with
an underlying component of immune dysregulation, including
a 3.6-fold increased risk for cerebral palsy'*'> and a 4.4-fold
increased risk of asthma.'® Growth restriction is a common
neonatal consequence of PE, which increases an individual’s
risk for developing diabetes or hypertension in adulthood.'’
Evidence of hematologic dysfunction in the setting of placental
pathologies could provide insights into these enigmatic
associations.

The RUNXI transcription factor (also known as AMLI1 or
CBFAY) is required for the formation of functional HSCs'® and
is an important regulator of hematopoiesis in the mouse pla-
centa.® Aside from low expression levels in trophoblasts
reported in the Human Tissue Atlas, RUNX1 has not been
studied in the human placenta.'® This transcription factor is
critical for the developmental generation of HSPCs from hemo-
genic endothelium, which appear as cell clusters associated
with the vascular endothelium.®'®2°> RUNX1 is expressed
by multiple cellular compartments in human®® and mouse
embryos, which include HSPCs, endothelium, and subvascular
mesenchyme.”*?'** Similarly, placental RUNX-lacZ expres-
sion in mice is found in association with the intraluminal cells
of the labyrinth vasculature, in the endothelial cells lining the
chorioallantoic vessels, and in the subvascular mesench-
yme.%?> RUNX1-lacZ is also expressed in the chorionic
plate.”® Human placental expression of RUNX1 has yet to be
characterized in normal pregnancy, and it is unknown whether
its expression pattern changes with complications associated
with overt placental pathologies.

We hypothesized that RUNXI1, as a marker of definitive
hematopoiesis, would be expressed in the human placenta and
chorionic plate throughout gestation. Characterizing HSC for-
mation in the context of the niche is essential to harvesting
and expanding these cells ex vivo for further experimental or
clinical use. We also theorized that a subset of pregnancy
complications that result in preterm birth would affect the
frequency, density, and localization of RUNX1™" cells and
HSPCs in the placenta and chorionic plate. In turn, this infor-
mation could yield insights into the impact of these conditions
on the neonatal immune system. The placenta is a readily
available hematopoietic organ with tremendous potential for
this purpose.

Methods

Patient Population

Placental biopsy specimens were obtained from the University
of California, San Francisco (UCSF) tissue bank or at the time
of delivery from Moffitt-Long Hospital, UCSF. Samples were
from 3 groups of patients who delivered preterm: (1) sponta-
neous preterm labor with no clinical evidence of inflammation
(sPTL); (2) preterm labor with evidence of inflammation
(iPTL); or (3) PE.

The sPTL samples, which served as controls, were from
patients diagnosed according to previously published criteria.
They included regular uterine contractions after 20 weeks or
before 37 weeks of gestation that were <5 to 8 minutes apart
and accompanied by one or more of the following: (1) progres-
sive changes in the cervix, (2) cervical dilation of >2 cm,
and/or (3) cervical effacement of >80%. Preeclampsia and
iPTL samples comprised the experimental groups. Clinical
laboratory values and pathological findings (from amniocent-
esis, placental pathology, and reverse transcription/polymerase
chain reaction analyses; interleukin 1 and tumor necrosis factor
o) or a maternal diagnosis of clinical chorioamnionitis® were
used to differentiate between inflammatory and noninflamma-
tory PTL. Patients with PE were diagnosed with mild or severe
PE or HELLP (Hemolysis, Elevated Liver enzymes, Low Pla-
telet count) syndrome prior to 37 weeks of gestation as
described previously.?’

Samples from 5 to 22 weeks of gestation were from elective
pregnancy terminations at San Francisco General Hospital. The
gestational ages (GAs) of first-trimester specimens were esti-
mated based on crown-rump lengths, measured by ultrasono-
graphy. The GAs of second-trimester specimens were
estimated by foot length.

Informed Consent

Tissue bank collection was reviewed and approved by the
UCSF Committee on Human Research. The UCSF specimens
collected at the time of delivery were obtained using consent
forms and procedures that were approved by the same
committee.

Immunolocalization and Confocal Fluorescence
Microscopy

Freshly collected samples of the chorionic plate and placental
villi from UCSF and San Francisco General Hospital were
fixed in 4% paraformaldehyde for 90 minutes, infiltrated with
7.5% to 15% sucrose, followed by optimal cutting temperature
medium, frozen in an ethanol-dry ice mixture, and stored at
—80°C until they were processed. Tissue bank specimens were
processed using a similar protocol.

Sections (30 um) of the fixed/frozen tissue were stained
with combinations of the antibodies that are listed in Supple-
mentary Table 1. Dilutions and incubation times/temperatures
are also given.
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As controls, serial sections were stained with the secondary
antibody alone or mouse immunoglobulin G;-fluorescein iso-
thiocyanate (BD Pharmingen, San Jose, California). Staining
with Prolong Gold antifade reagent with 4 6-diamidino-2-
phenylindole (DAPI; Life Technologies, Rockford, Illinois)
was used to visualize nuclei. Slides were imaged on Leica
DM 6000 CS and Leica SPE confocal microscopes (Leica
Microsystems, Inc, Buffalo Grove, Illinois).

Because confocal microscopy does not afford the discrim-
ination enabled by flow cytometry, we identified HSPCs as
CD347CD45" rounded cells.” Frequency was calculated as
the number of HSPCs per field. For quantifying HSPC den-
sity, DAPI-stained nucleated cells were counted using Ima-
geJ,?® and the number of HSPCs relative to nucleated cells
was established. Endothelial cells were identified as
CD347CD45~, whereas mesenchymal cells were identified
as vimentinTCD34~CD45~. We profiled RUNX1 mean fluor-
escence intensity across images from the embryonic stage
using ImageJ software.?®

Detection of RUNXI RNA Expression by RNA-Seq
and Protein Expression by Immunoblotting

RNA-seq data were generated from human placental chorionic
villi and smooth chorion samples (n = 2/sample type and trime-
ster) processed in our laboratory as part of the National Institutes
of Health (NIH) Roadmap Epigenomics Consortium, as
described previously.?” For immunoblotting experiments, cells
from the human placental villous mesenchyme and chorionic
plate were isolated as described previously.' Proteins were
extracted into a lysis buffer containing proteinase inhibitors
(Thermo Scientific 1861281, Waltham, Massachusetts) diluted
1:100 in CelLytic (Sigma C2978, Saint Louis, Missouri), then
flash frozen in liquid nitrogen, and stored at —80°C until use.
Proteins were denatured with 5% B-mercaptoethanol in sodium
dodecyl sulfate loading buffer, transferred to nitrocellulose
membranes, and overlaid with an RUNX antibody (Clone
EPR3099; Abcam, Inc, Cambridge, Massachusetts) diluted
1:100 in blocking buffer (phosphate-buffered saline with
0.25% Tween and 10% nonfat milk) and incubated at 4°C over-
night. Binding of peroxidase-conjugated goat antirabbit
(1:5000) was used to detect binding of the primary antibody.
Actin (1:10 000) served as an internal control. Proteins were
visualized with Pierce enhanced chemiluminescence system 2
substrate (Thermo Scientific 80196). It should be noted that
although the RUNX antibody (EPR3099) is reported by Abcam
to detect overexpression levels of RUNX2 and RUNX3 in
immunoblots, hematopoietic niches and cells primarily express
RUNXI,ZO’24 and hence, we will refer to immunofluorescence
with this antibody as RUNX1.

Statistical Analysis

A power analysis was used to estimate the number of HSPCs
needed in each of the 3 pregnancy complication groups. To
detect differences in HSPC frequency with a 3 x 4 (group x
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Table I. Sample Characteristics.
sPTL(n=6) PE(h=6) iPTL (n=6)
GA at delivery, 33 +£19 303+ 21 283+ 27
mean + SD, weeks
No. HSPCs identified 49 43 48

Abbreviations: GA, gestational age; HSPC, hematopoietic stem and progenitor
cell; iPTL, inflammatory preterm labor; PE, preeclampsia; SD, standard
deviation; sPTL, spontaneous preterm labor.

placental compartment) x> test, we determined that a total
sample size of 112 HSPCs was needed to detect a medium
effect size of w = 0.35, with oo = .05, and 80% power.30 To
determine differences in HSPC density with a 3 x 4 (group x
placental compartment) 2-way analysis of variance (ANOVA),
we determined that a total sample size of 118 HSPCs was
needed to detect a medium effect size of f = 0.35, with
o = .05, and 80% power.30 Therefore, we aimed to identify
approximately 120 HSPCs (~40 HSPCs per preterm birth
group). Significant main effects detected by y” test or 2-way
ANOVA were further analyzed by the Fisher least significant
difference test. A P value of <.05 was considered statistically
significant. Statistical analyses were done using SPSS statisti-
cal software (version 17.0; SPSS Inc, Chicago, Illinois).

Results

Sample Characteristics

For HSPC localization, placentas from 18 participants were
collected (n = 6/group). Gestational ages were not significantly
different among the sPTL, PE, and iPTL groups, F, ;5) = 2.84,
P = .09 (Table 1). As planned a priori, a minimum number of
40 HSPCs were identified for each of the 3 groups (Table 1).
First- and second-trimester placentas were collected at 5, 6, 9,
12, 16, 17, 21, and 22 weeks of gestation (1 sample per GA).

Hematopoietic Stem and Progenitor Cell Localization:
Frequency

Ay test demonstrated a significant relationship between the type
of pregnancy complication (sPTL, PE, or iPTL, n = 6 samples per
group) and the frequency of HSPCs (n = 43-49 HSPCs per group)
within the 4 placental compartments tested (villous small vascu-
lature, villous large vasculature, villous mesenchyme, and chor-
ionic plate), 3 (6, N = 140) = 24.45, P < .001 (Figure 1A).

At the tissue level, we compared HSPCs in the chorionic
plates to the placental villous cores (Figure 1A). In all cases,
the cells were more frequently associated with the placental
villi ([villi: small vessel] + [villi: large vessel] + [villi:
mesenchyme]; sPTL = 87.7%, PE = 79.1%, and iPTL =
77.1%). In the PE and iPTL samples, there was an increased
frequency in the chorionic plate (20.9% and 22.9%, respec-
tively) as compared to the control sPTL samples (12.2%), but
this was not statistically significant by 3 test, x> (2, N = 140) =
2.05, P = .36.
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Figure |. Hematopoietic stem and progenitor cell (HSPC) frequency varied as a function of pregnancy complication and placental compart-
ment. There was a significant relationship between the type of pregnancy complication (spontaneous preterm labor [sPTL], preeclampsia [PE],
or inflammatory preterm labor [iPTL]) and the frequency of HSPCs within the 4 placental compartments analyzed (villous small vasculature,
villous large vasculature, villous mesenchyme, and chorionic plate [CP]). Hematopoietic stem and progenitor cells immunostained for CD34 and
CD45 and identified with a yellow arrow. A, At the tissue level, we compared HSPCs in the CPs to the placental villous cores. In all cases, the
cells were more frequently associated with the placental villi. In the PE and iPTL samples, there was an increased frequency in the CP as
compared to control sPTL samples, but this was not statistically significant. At the cellular level, within the villous cores, HSPCs in all the groups
were distributed between the mesenchymal and endothelial niches. The majority of HSPCs were associated with an endothelial niche. In
noninflamed samples, the majority of HSPCs were associated with small vessels. In iPTL samples, there was an increased association with the
large vasculature as compared to the sPTL and PE groups. B, Representative images of HSPC immunolocalization. In the sPTL group, HSPCs
were most frequently located in the villous small vasculature and villous mesenchyme. In the PE group, HSPCs were most frequently located in
the villous small vasculature and CP. In the iPTL group, HSPCs were most frequently located in the villous large vasculature, followed by the CP
and villous small vasculature. Scale bars = 25 pum.
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At the cellular level, within the villous cores, HSPCs in all
the groups were distributed between the mesenchymal and
endothelial niches. The majority of HSPCs ( ~ two-thirds) were
associated with an endothelial niche ([villi: small vessel] +
[villi: large vessel]; sPTL = 67.3%, PE = 65.1%, and iPTL
= 66.7%). In noninflamed samples, the majority of HSPCs
were associated with small vessels (defined as <2 cell widths
in diameter; SPTL = 55.1%, PE = 53.5% vs iPTL = 22.9%). In
iPTL samples, there was an increased association with the large
vasculature (43.8%) as compared to the sPTL (12.2%) and PE
(11.6%) groups. Thus, iPTL was associated with shifts in the
HSPC niche within the villi, which were statistically significant
by x* test, x> (4, N = 114) = 22.98, P < .001. Representative
images of HSPC localization are shown in Figure 1B. Addi-
tional representative images of HSPCs in each placental com-
partment and for each pregnancy complication are shown in
Figure S1.

A small percentage of HSPCs resided in a mesenchymal
niche in the villous core (sPTL = 20.4%, PE = 14.0%, and
iPTL = 10.4%), with the majority detected within the vascular
space (see above). This is in contrast to the chorionic plate,
where cells resided almost entirely within the mesenchymal
compartment (78%-83% for all groups, data not shown) and
rarely associated with the vasculature. This suggested that the
vessels and mesenchyme in the chorionic plate differed from
these regions of the villi in terms of their ability to support
HSPCs.

Hematopoietic Stem and Progenitor Cell Localization:
Density

The HSPC density (percentage of nucleated cells) was signif-
icantly affected by the type of pregnancy complication (sPTL,
PE, or iPTL, n = 6 samples per group) and the location within
the 4 placental compartments tested (villous small vasculature,
villous large vasculature, villous mesenchyme, and chorionic
plate), F(11.86) = 4.73, P < .001, partial n* = .38.

The type of pregnancy complication had a significant effect
on HSPC density, F(,g6) = 3.50, P < .05, partial n> = .08. In
Figure 2, bars for overall density represented the combined
HSPC percentage in the chorionic plate and villous compart-
ments, with a separate bar for each of the 3 pregnancy compli-
cations (sPTL, PE, and iPTL). Regardless of the placental
location, the overall HSPC density in all compartments com-
bined was significantly higher in the PE and iPTL specimens
compared to the sSPTL samples (both P < .05; Figure 2). There
was no significant difference in HSPC density between the PE
and iPTL samples (P = .80; Figure 2).

The location within either the chorionic plate or the villi also
had a significant effect on HSPC density, F(3 6 = 11.75,
P <.001, partial n* = .29. Regardless of the type of pregnancy
complication, HSPC density was significantly greater in the
chorionic plate as compared to the 3 placental villous compart-
ments (each P <.001; Figure 2). Within the chorionic plate, the
PE and iPTL samples had increased HSPC density compared to
the sPTL samples, but this interaction effect between the
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Figure 2. Hematopoietic stem and progenitor cell (HSPC) density
varied as a function of pregnancy complication and placental compart-
ment. The HSPC density (percentage of nucleated cells + standard
error of the mean [SEM]) was significantly affected by the type of
pregnancy complication (spontaneous preterm labor [sPTL], pree-
clampsia [PE], or inflammatory preterm labor [iPTL]) and the location
within the 4 placental compartments tested (villous small vasculature,
villous large vasculature, villous mesenchyme, and chorionic plate).
Bars for overall density represented the combined HSPC percentage
in the chorionic plate and villous compartments, with a separate bar
for each of the 3 pregnancy complications. Overall, the HSPC density
was significantly higher in PE and iPTL as compared to sPTL samples.
There was no significant difference in HSPC density between the PE
and iPTL samples. Additional analyses showed that HSPC density var-
ied by location, for example, the chorionic plate versus the villous
compartment. In every case, HSPC density was significantly greater
in the chorionic plate as compared to the villous compartments.
Within the chorionic plate, the PE and iPTL samples tended toward
increased HSPC density compared to the sPTL samples, but this inter-
action effect did not reach statistical significance. There was no signif-
icant difference among pregnancy complications in HSPC density
within the villous compartments.

location within the placenta and the type of pregnancy compli-
cation was not statistically significant, Fs g6y = 1.84, P = .10,
partial n? = .11 (Figure 2).

There were no significant differences in HSPC density
within each of the 3 villous compartments, including the villous
mesenchyme versus the villous large vasculature (P = .80), the
villous mesenchyme versus the villous small vasculature
(P = .88), or the villous large vasculature versus the villous
small vasculature (P = .88; Figure S2). Within the villous
compartments, there was a trend toward increased HSPC den-
sity in the large vasculature of iPTL samples compared to sPTL
and PE samples (Figure S2), which was reminiscent of the
effect of iPTL on HSPC frequency (Figure 1).

Placental RUNX| Expression

RNA-seq data generated from human chorionic villi and
smooth chorion samples (n = 2/sample type and trimester)
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Figure 3. RUNX| messenger RNA (mRNA) and RUNXI protein expression were detected in association with various compartments of the
human placenta. A, RNA-seq data generated from human chorionic villi and smooth chorion samples showed predominantly RUNX/ (vs RUNX2
or RUNX3) RNA expression, which was highest in the chorion where levels rose between second and third trimesters. RUNX2 and RUNX3
expression was minimal (<2 reads per kilobase of transcript per million mapped reads [RPKM]). B, A RUNXI antibody was used to probe blots
of electrophoretically separated control samples (second-trimester human fetal thymocytes) together with lysates of human placental villous
mesenchyme and chorionic plate (21 weeks gestational age [GA]). A 59-kDa band was common to the control and placental samples. Other
low-molecular-weight isoforms, in all the lysates, reacted less intensely with the antibody. C, The reactivity of this antibody was evaluated on
tissue sections of mouse aorta at El1.5. The results showed staining of cell aggregates within the vessel wall, presumably hematopoietic stem
cells (HSCs). Endothelial cells were positive for CD31. Nuclei were stained with 4’ 6-diamidino-2-phenylindole (DAPI). Scale bar = 20 um.

processed in our laboratory as part of the NIH Roadmap
Epigenomics Consortium®’ showed predominant RUNX]
(vs RUNX2 or RUNX3) RNA expression, which was highest
in the chorion where levels rose between second and third
trimesters (Figure 3A). The expression of RUNX2 and RUNX3
was minimal (<2 reads per kilobase of transcript per million
mapped reads [RPKM]). Thus, we used the RUNX1 antibody
to probe blots of electrophoretically separated control samples
(second-trimester human fetal thymocytes) together with
lysates of human villous mesenchyme and chorionic plates
(21 weeks GA). A 59-kDa band was common to control and
placental samples (Figure 3B). Other low-molecular-weight
isoforms, in all the lysates, reacted less intensely with the anti-
body. Additionally, the reactivity of this antibody was

evaluated on tissue sections of mouse aorta at E10.5 (data not
shown) and E11.5 (Figure 3C). The results showed staining of
cell aggregates within the vessel wall, presumably HSCs. In
accord with this result, RUNX1 immunoreactivity was reported
in association with the embryonic human aorta and other hemo-
genic vascular sites.”

In additional experiments, we used the same RUNXI1 anti-
body to immunolocalize reactive cells in placentas of various
GAs from the embryonic period (<9 weeks GA; Figure 4)
through the fetal stage (>9 weeks GA; Figure 5) of develop-
ment. Nuclear RUNX1 was identified in our earliest samples at
5 to 6 weeks of gestation (n = 2; Figure 4 and Figure S3).
Expression was localized to extravillous cytotrophoblasts
(Figure 4A-B). We profiled the mean fluorescence intensity
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Figure 4. During the embryonic period, extravillous cytotrophoblasts expressed RUNXI. A, Merged 3-color image of DAPI, CD34, and
RUNXI staining of the maternalfetal interface at 5 weeks of gestation. B, Black and white image of the RUNXI staining in panel A. Nuclear
RUNXI expression was localized to extravillous cytotrophoblasts that emigrated from the chorionic villi. C, Profiling the mean fluorescence
intensity of RUNXI| immunostaining confirmed increased intensity in the extravillous cytotrophoblasts as compared to the villi, which exhibited
a low level of nonnuclear background immunoreactivity. D, Colocalization of RUNXI with HLA-G, whose expression is detected in association
with extravillous cytotrophoblasts in columns and within the uterine wall. Cytokeratin staining identified all the trophoblast populations and
4’ 6-diamidino-2-phenylindole (DAPI) staining, the nuclei. The section encompassed floating chorionic villi (left box, enlarged in E) as well as
cytotrophoblast columns and invasive cytotrophoblasts within the uterine wall (right box, enlarged in F). Visualization of the individual channels
enabled a clearer depiction of the staining patterns of chorionic villi (G-J) and extravillous cytotrophoblasts (K-N). We failed to detect HLA-G or
RUNXI expression in association with floating chorionic villi (E, I, and J). Cytotrophoblasts in the distal portions of cell columns and within the
uterine wall immunostained with anti-HLA-G (F and M). RUNXI was expressed, in a nuclear pattern, throughout the columns and by
cytotrophoblasts inside the uterine wall (F and N). Scale bars = 25 um.
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Figure 5. During the fetal period, RUNXI was expressed by cells of the chorionic plate (CP) and mesenchymal cores of chorionic villi (CV).
Samples were analyzed in the fetal period (9-34 weeks of gestational age [GA]). Representative images from samples at (A) 9 weeks GA,
(B) 12 weeks GA, and (C) 29 weeks GA. Left panels, merged color image of DAPI, CD34, and RUNXI immunostaining. Middle panels, image of
RUNXI immunostaining in red. Right panels, image of RUNXI immunostaining in black. Scale bars = 25 pm.

of RUNXI1 across Figure 4A and confirmed increased intensity
in the extravillous cytotrophoblasts as compared to the villi,
which exhibited a low level of nonnuclear background immu-
noreactivity (Figure 4C).

Next, we colocalized RUNX1 with Human Leukocyte
Antigen G (HLA-G), which is detected in association with
cytotrophoblasts in columns and within the uterine wall.>!

Cytokeratin staining identified all the trophoblast populations
and DAPI staining, the nuclei. An example of the results is
shown in Figure 4D. The sections encompassed floating chor-
ionic villi (left box; enlarged in Figure 4E) as well as cytotro-
phoblast columns and invasive cytotrophoblasts within the
uterine wall (right box; enlarged in Figure 4F). Visualization
of the individual channels enabled a clearer depiction of the
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staining patterns of the chorionic villi (Figure 4G-J) and extra-
villous cytotrophoblasts (Figure 4K-N). We failed to detect
HLA-G or RUNXI1 expression in association with floating
chorionic villi (Figure 4E, I, and J). As expected, cytotropho-
blasts in the distal portions of cell columns and within the
uterine wall immunostained with anti-HLA-G (Figure 4F and
M). RUNX1 was expressed, in a nuclear pattern, throughout the
columns and by cytotrophoblasts inside the uterine wall (Figure
4F and N). This pattern of RUNX1 immunoreactivity in extra-
villous cytotrophoblasts was maintained in the second and third
trimesters of pregnancy (data not shown).

We also immunolocalized RUNXI in the regions where we
detected HSPCs. Because the chorionic plate is not well devel-
oped during the embryonic period, we examined samples in the
fetal period from 9 weeks through 34 weeks of GA (normal
pregnancies at 9, 12, and 16 weeks of GA, n = 3 total; sPTL, n
= 5; PE, n = 5; iPTL n = 5). RUNXI1 was expressed in the
chorionic plate, the mesenchymal cores of chorionic villi
(Figure 5A-C), and very infrequently within the CD34 ™ vessels
(data not shown).

Next, we examined the effects of pregnancy complications
on RUNXI1 expression in the placenta. The patterns were sim-
ilar among the 3 pregnancy complication groups. However,
compared to noninflamed samples (sPTL, n = 5, Figure 6A
and B; PE, n = 5, Figure 6C and D), the iPTL samples (n = 5,
Figure 6E and F) had increased numbers of RUNX1" cells
within the vessel lumens, F(, 19y = 12.77, P < .001, partial
n? = .57. There was no difference between the sPTL and
PE samples in the number of intraluminal RUNX1" cells
(P = .904). These intraluminal RUNX1" cells were heteroge-
neous in their coexpression of CD34 (43%-63% of intraluminal
RUNXI1™ cells were also CD34*; Figure 6G).

One of the 6 iPTL samples (GA = 26 weeks) contained
multiple RUNX1" cell clusters (Figure 7A) in arteries and
veins. Some were associated with the endothelial vessel wall
(Figure 7B), which we identified as arterial in a serial section
stained with SOX17 (Figure 7C). This transcription factor
works upstream of the Notch pathway to induce arterial speci-
fication and is expressed in arterial endothelial cells from the
embryonic period into adulthood.** We validated the SOX17
arterial specificity in human tissue using a 22-week GA umbi-
lical cord sample in which arterial and venous identities were
confirmed by gross visual inspection (n = 1; Figure S4). Upon
closer examination, other areas of clustered RUNX1™ cells, in
the same sample, were heterogeneous with regard to their
CD34 expression as well as their nuclear morphology (Figure
7D). This finding is congruent with the heterogeneous
RUNXI1™ cell clusters previously described in mouse dorsal
aorta.'®

Discussion

Hematopoietic stem and progenitor cells were rare cell types in
the placenta, making up <1% of nucleated cells identified by
microscopy. The fact that HSPCs were more likely to be found
in the placental villous compartment compared to the chorionic

plate is congruent with our laboratory’s previous analyses by
flow cytometry, which showed that (on average) there were 10
times more CD34 " "CD45'°Y HSCs in the placental villi than in
the chorionic plate.” Although HSPCs occurred at a decreased
frequency in the chorionic plate compared to the placental villi,
these cells were present at significantly higher densities in this
location. This finding suggests that the second- and third-
trimester chorionic plate and placental villi are sources of
HSPCs. The increased HSPC density in the chorionic plate was
exaggerated in the PE and iPTL samples, although this was not
statistically significant. Located just beneath the amnion layer
that is devoid of HSPCs,’ the chorionic plate, which is in close
contact with the fetal compartment, is an important barrier in
the immune defense of the fetus. We speculate that increasing
densities of HSPC:s at this barrier in the setting of PE or iPTL
may fuel the development of mature immune cells such as
macrophage-like Hofbauer cells, which are in abundance in the
placenta, or red blood cells to improve oxygenation.” Erythroid
and macrophage cell types have also been recently demon-
strated to either develop de novo or differentiate within placen-
tal compartments.**

At the microenvironmental level, we identified HSPCs in
both mesenchymal and endothelial niches but determined that
they are predominantly associated with the vascular endothe-
lium. This is congruent with placental studies in mice, where
the vascular endothelium also serves as an important niche for
HSCs.>** Also in mice, HSC emergence is noted from the
ventral portion of the dorsal aorta within the aorta—gonad—
mesonephros (AGM) region, the vitelline artery, and the umbi-
lical artery,'®> as well as the large vessels of the placenta.’®
The smaller vasculature in the mouse placenta provides a sup-
portive niche for hematopoietic cell proliferation/expansion.®
The shift in the HSPC villous niche from the small to the large
vasculature in the iPTL samples suggested different functional
roles for these niches in the human placenta, as well, which
may be affected by pregnancy complications. Further studies
are needed to determine whether human placental endothelial
cells regulate HSCs using cytokine and chemokine signaling
pathways similar to those described in mice.>*

We demonstrate the novel finding of RUNX7 RNA expres-
sion as determined by RNA-seq (second and third trimesters)
and RUNXI1 protein expression as determined by immunoblot
(second trimester) and immunolocalization (first through third
trimesters) in the human placenta. Runx/ placental RNA
expression has previously been identified by reverse
transcription-polymerase chain reaction in mice.>® Although
we cannot rule out RUNX2 or RUNX3 expression with the
antibody used, we believe this represents RUNX1-specific
expression in the placenta. All have similar predicted molecu-
lar weights (RUNX1: 49 kDa, RUNX2: 56 kDa, RUNX3:
44 kDa; Abcam). RUNX2 (AML3) is a transcription factor
involved in osteoblastic differentiation and skeletal morpho-
genesis.”” RUNX3 (AML2) plays a role in the development
of the gastrointestinal system,® dorsal root ganglia,*® and the
hematopoietic system.*’ There is some degree of overlap
between RUNX3 and RUNXI1 expression in the hematopoietic
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Figure 6. Preterm labor in the setting of inflammation was associated with increased numbers of RUNXI ™ cells within the placental vessels.
A-F, (Left) A merged 3-color image of 4 6-diamidino-2-phenylindole (DAPI), CD34, and RUNXI staining and (right) a merged 2-color image of
CD34 and RUNXI immunolocalization. A, A representative image of a spontaneous preterm labor (sPTL) sample at 30 weeks gestational age
(GA). B, A representative image of an sPTL sample at 29 weeks GA. C and D, Representative images of a preeclampsia (PE) sample at 28 weeks
GA. E, A representative image of an inflammatory preterm labor (iPTL) sample at 3| weeks GA. F, A representative image of an iPTL sample at
25 weeks GA. G, The mean number of intraluminal RUNXI™ cells (red bars) was significantly higher in iPTL as compared to sPTL and PE
samples. More than half (43%-63%) of intraluminal RUNXI ™ cells were also CD34" (green bars). Scale bars = 25 um.
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Figure 7. A 26 weeks gestational age (GA) inflammatory preterm labor (iPTL) placenta had multiple RUNXI ™ cell clusters in the vessels. A,
RUNXI™ cell clusters in arteries (a) and veins (v). B, Some were associated with the endothelial vessel wall, (C) which we identified as arterial in
a serial section stained with SOXI7. D, At higher magnification, other areas of clustered RUNXI ™ cells, in the same sample, were hetero-
geneous with regard to their CD34 expression and nuclear morphology (D). Scale bars, A to C = 25 pm; D = 10 um.
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system, although RUNX3 is not found in the dorsal aorta of
mice.*! An immunopositive band likely representing
RUNX1 was noted near the expected molecular weight of
49 kDa the second-trimester samples examined (Figure 3B).
The identity of the additional bands of lower intensity is
unclear, but they may be isoforms of this molecule, which
have previously been reported.** To support our hypothesis
of RUNXI1 expression in the human placenta, we stained a
28-week PE sample with a RUNXI-specific antibody
(Abcam 35962; Figure 6C). The results showed a similar
expression pattern to the RUNX antibody used in our other
experiments (Abcam 92336b; Figure 6D). In addition,
RNA expression of RUNX2 and RUNX3 was minimal
(<2 RPKM by RNA-seq) in second- and third-trimester
samples (Figure 3A).

It is interesting that RUNXI localized to extravillous cyto-
trophoblasts in the early embryonic period, given the important
role of these cells in placental vascular remodeling. Invasive
cytotrophoblasts replace endothelial cells and perivascular
smooth muscle cells early in gestation to allow for sufficient
placental perfusion and exchange of nutrients at the maternal—
fetal interface.* Previously, we showed that this cytotropho-
blast subpopulation expresses many endothelial-type mole-
cules,* and here, we add RUNX1 to this list.

Placental and chorionic mesenchyme may be supportive of
endothelial hematopoietic activity as has been noted at other
vascular hemogenic sites. At the onset of the fetal period of
development (starting at 9 weeks of GA), RUNXI localized
primarily to the mesenchyme of the chorionic plate and of the
placental villous core and very infrequently to the vascular
endothelium. We and others?*> have previously shown that
in mice, RUNX1™ cells are present in both the aortic endothe-
lium and subaortic mesenchyme. Through fate-tracing experi-
ments, we demonstrated that the aortic endothelium has HSC
activity, but later subaortic mesenchyme does not.** Interest-
ingly, an earlier mesenchymal population did transiently con-
tribute to the endothelium and subsequent HSC activity in the
aorta, yolk sac, and placenta, but this did not persist in later
mesenchyme.*® Data from chick embryos demonstrated that
mesenchyme was required for the formation of RUNX1" cells
and hematopoietic cell clusters, but was not itself a source of
HSCs, supporting the hypothesis that mesenchyme creates a
microenvironment that is favorable for hematopoiesis from
hemogenic endothelium.*® We propose that HSPCs may origi-
nate from placental hematopoietic niches comprised RUNX1+
mesenchyme and vascular endothelium.

Our observations of placental HSPCs in direct contact with
endothelial cells and the presence of RUNX1™ clusters in arter-
ial vessels within the midgestation placenta indicate that hemo-
genic endothelium may be active at later stages of human fetal
development. In contrast, RUNX17 cell clusters representing
definitive HSCs'®***” emerge from the endothelium of the
mouse embryonic AGM region during a specific developmen-
tal window, E10-E12,%° as demonstrated by live imaging tech-
niques.*® Transient clusters of HSPCs emerging from
hemogenic endothelium are also present in human aorta

between about 6 and 8 weeks of GA (4-6 weeks postconceptual
age).>* Our findings suggest that an increased window of
opportunity for endothelial-to-hematopoietic expansion may
exist in human placenta, particularly in the inflamed state.

Our results support the hypothesis that inflammation may
positively regulate placental/chorionic hematopoiesis. The
iPTL samples had an increased intraluminal predominance of
RUNXI1 cells, as well as an increased frequency and density
of HSPCs in the large vasculature, suggesting increased HSPC
mobilization into circulation in the setting of inflammation.
Currently, we are pursuing this hypothesis with further studies
of umbilical cord blood HSPCs. Hematopoietic stem cells can
respond directly to inflammatory cytokines.’®>! It is also
becoming increasing apparent that inflammatory processes (via
tumor necrosis factor o and interferon 7v) are involved in early
HSC emergence in the developing embryo, even in nonpatho-
logical states.™>> An increase in HSPC production may rep-
resent an advantageous evolutionary response for preterm
neonates, as higher HSPC levels in this population are associ-
ated with lowered risk for common morbidities of prematurity
including intraventricular hemorrhage, respiratory distress syn-
drome, anemia, and infection.”® Although we know that HSCs
are produced endogenously in the placenta,® it remains unclear
how much of a contribution this site has to hematopoiesis rela-
tive to the liver. In mice, the placental HSC contribution is
significant at midgestation, with expansion occurring prior to
and overlapping that of fetal liver HSCs, and before the appear-
ance of large numbers of circulating HSCs.>’

In addition to term placentas, preterm placentas and chor-
ionic plates are untapped reservoirs of HSPCs that could be
utilized in conjunction with umbilical cord blood stem cells
for transplantation purposes. The identification of a predo-
minantly endothelial niche in the placenta suggests that
HSPC isolation methods utilizing placental perfusion may
be optimal. We believe that the heterogeneous etiologies of
preterm birth may differentially affect HSPC development
and that continued investigation is necessary. Hematopoietic
stem and progenitor cells from preterm cord blood samples
have increased functional clonogenic potential compared to
term HSPCs, suggesting their possible increased therapeutic
potential.>*>® In the future, we will determine whether this
is also true for placental HSPCs. The evidence for the pos-
sible persistence of hemogenic endothelium in the inflamed
placenta has important implications for future attempts to
initiate or expand definitive, transplantable HSCs from pla-
cental tissue ex vivo. An understanding of both umbilical
and placental HSPCs in preterm neonates has critical impli-
cations for the use of autologous stem cell therapy in the
preterm population.
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