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Abstract

Preeclampsia (PE) is a pregnancy complication characterized by elevated
blood pressure, proteinuria, and other laboratory abnormalities. PE affects
2–8% of pregnancies globally and can lead to preterm birth and other
complications for the mother and fetus. Successful pregnancy depends on
the ability of the mother’s immune system to tolerate the allogeneic fetus.
However, in PE, this immune tolerance is exacerbated by inflammation.
Transforming growth factor β (TGF-β) is important to retain an immune
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balance in healthy pregnancy. In PE, TGF-β level is reduced, with an imbal-
ance of the T-cell subset pool to favor inflammation. Omics studies by our
group reported an increase in TGF-β signaling when PE-derived placenta
mesenchymal stem cells (P-MSCs) were treated with low dose aspirin (ASA).
This correlated with increased cycling quiescence and epigenetic changes,
resembling healthy P-MSCs. This study tested the hypothesis that ASA could
restore the veto property of P-MSCs to mitigate inflammation. ASA (10 mM)
treated P-MSCs from PE and healthy placentas increased TGFβ1 and its
receptor. The ASA treated MSCs, when added as third-party cells to a one-
way mixed lymphocyte reaction, suppressed T-cell proliferation. Prediction
studies with omics data indicated that ASA-mediated TGFβ signaling could
explain ASA-induced blunting of cell apoptosis. Together, the findings sup-
port ASA-mediated expression of TGFβ1 and its receptor on P-MSCs from
PE to restore the ability to be licensed as immune suppressor to mitigate
PE inflammation. The findings provide new insight into the benefit of ASA
treatment for PE.

Introduction

Preeclampsia (PE), presented as a multisystem pregnancy complication, con-
tinues to be clinical problem. PE is reported in 2–8 % of global pregnancies,
and 5–8% in the United States. PE is the second most common cause of
maternal morbidity and mortality worldwide [1–3]. In its most severe form,
PE can cause fetal death, damage maternal end organs, and result in stroke or
death [4].

In the United States, PE accounts for 6% of medically indicated preterm
births [5, 6]. Maternal mortality from PE is generally higher in developing
countries, although the number of cases continues to rise in the United States,
reaching 18% in recent estimates [2, 6, 7]. The rate of PE increased by 25%
between 1987 and 2004 [2]. Treating PE and related morbidity and mortality
comes at great cost to the healthcare system. One study estimated that the
cost of PE within 12 months of delivery was over 2 billion dollars in which
most of the cost was attributable to preterm births [8].

PE is diagnosed with new onset elevated blood pressure after 20 weeks
gestation or postpartum, along with other laboratory test abnormalities. The
latter include proteinuria, thrombocytopenia, renal insufficiency, abnormal
liver function, and/or pulmonary edema. Additional symptoms include new
onset of headache and visual disturbances [8]. A prevailing view is that PE
could be due to immune imbalance with increased proinflammatory CD4(+)
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T-cells and cytokines, with concomitant decrease of anti-inflammatory cells
and mediators – regulatory T-cells (Tregs) and cytokines. Consequent to
this imbalance are chronic inflammation, oxidative stress, predominance of
proinflammatory cytokines, and autoantibodies [6].

The mechanisms leading to PE development are not entirely clear, but
various theories have been proposed. The literature reported on shallow tro-
phoblast invasion and inadequate spiral artery adaptation leading to hypoxia
and oxidative damage [6]. Other proposed theories involve immune mal-
adaptation and genetic imprinting, but more recent placental studies point
to a key role for transforming growth factor β (TGF-β) over-expression
during trophoblast invasion [9, 10]. As a result of placental dysfunction,
inflammatory mediators are released into the maternal circulation, including
free radicals, oxidized lipids, cytokines, and sFlt-1 (sVEGFR-1) [11]. These
factors can cause generalized endothelial dysfunction, leading to the clinical
symptoms of PE [12].

Although interventions such as medication, delivery, or magnesium sul-
fate can mitigate part of the associated complications and mortality of PE, the
definitive treatment is limited to delivery [3]. Acetylsalicylic acid (aspirin,
ASA) can reduce the risk of PE by 28% in women who are high risk and by
30% for women with average risk [13]. To date, the use of aspirin seems to
be well tolerated with no report of risk to the mother and fetus [1, 4, 13].
The American College of Obstetricians and Gynecologists recommends
ASA for women with more than one moderate risk factor or any high-risk
factors starting between 12 to 28 weeks of gestation but optimally before
16 weeks [13].

Aspirin is a cyclooxygenase inhibitor with anti-inflammatory and
antiplatelet properties, and used to prevent or delay the onset of PE [14].
Aspirin inhibits two cyclooxygenase isoenzymes (COX-1 and COX-2), which
are necessary for prostaglandin biosynthesis [13]. In the past ASA has been
used to prevent stillbirth, fetal growth restriction, preterm birth, and early
pregnancy loss [13]. However, more recent practice used ASA to reduced PE
incidence. However, there are insights into the benefits of ASA although its
use in clinical practice varies [13].

Healthy pregnancy requires the maternal immune system to tolerate the
fetus with a different major histocompatibility complex (MHC) [15–17]. This
occurs when the activated maternal immune effectors are triggered by the tro-
phoblast antigens to regulate the adaptive immune system [18]. Effectors in
this immune balance include T-helper (Th), T-cytotoxic, T-Tregs, and B-cells
[15, 16]. T-cell differentiation to specific subtypes is critical to the desired
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function to maintain immune balance during pregnancy. For instance, Th1
immunity is most crucial during peri-implantation to facilitate the invading
trophoblasts [19]. After implantation, the dominant cells are Th2 to elicit anti-
inflammatory response to protect the fetus and to facilitate fetal and placental
development [20]. Th17 cells contribute to protecting against extracellular
microbes during pregnancy [17]. In excess, Th17 immunity can lead to
inflammation at the maternal-fetal interface [17]. Overall, dysregulation of
Th cell immunity can result in complications to cause loss of pregnancy and
preeclampsia [17].

PE subjects are presented with proinflammatory responses [6, 21]. Thus,
it was assumed that treating PE subjects with ASA would mitigate the inflam-
matory response [4]. Studies have identified intracellular pathways associated
with ASA treatment, such as increased TGF-β signaling [6, 22, 23]. This
particular response to ASA would benefit the inflammation in PE subjects
since TGF-β could increase regulatory T-cells to maintain fetal-maternal
tolerance [24, 25]. The fetal-maternal surface has layers of placenta stem
cells (P-MSCs) that share properties with mesenchymal stem cells (MSC)
[14, 26]. The nomenclature used in this study to describe P-MSCs follows
guidelines by the International Council for Commonality in Blood Banking
Automation-International Society for Cell and Gene Therapy [27].

MSCs are multipotent cells found in various adult tissues such as bone
marrow, adipose tissue and dental pulp [26]. MSCs can differentiate into
cells of all germ layers [26]. MSCs, along with their secretome, can con-
tribute to tissue regeneration [28–30]. MSCs can mediate both pro- and
anti-inflammatory properties, depending on the milieu [31–33]. An inflam-
matory milieu could license MSCs to exert immune suppression with the
relevant skewing of the immune response such as increased Tregs [34–36].
Despite several layers of P-MSCs at the surface of the placenta, it is unclear
why the layers of P-MSCs cannot be licensed as immune suppressor to
mitigate the enhanced inflammation in PE subjects [14].

We previously reported on ASA restoring the function of PE-derived
P-MSCs (PE P-MSCs) by regulating cell cycle and resetting the epigenetic
program of P-MSCs [37]. This study showed ASA restoring PE P-MSCs
with the ability to respond to an inflammatory milieu for licensing into
immune suppressor cells. The change in immune suppressor function was
demonstrated with ASA-treated PE P-MSCs becoming veto cells when added
as third-party cells to an allogeneic immune response [31]. We showed that
ASA increased TGF-β1 production and its receptor on P-MSCs from PE
subjects, similar to healthy P-MSCs.
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Materials and Methods

Reagents, Antibodies, Cytokines

Dulbecco’s Modified Eagle Medium with High Glucose with Sodium Bicar-
bonate (DMEM), RPNI 1640, Triton X, Penicillin-Streptomycin, Fetal
Bovine Sera (FBS) and RPMI-1640, sodium heparin, dexamethasone,
β-glycerophosphate, silver nitrate, Ficoll Hypaque, and paraformaldehyde
were purchased from Sigma Aldrich (St Louis, MO), FBS were heat inac-
tivated for 45 min at 56◦C. L-Glutamine, 200 mM, 1x phosphate buffered
saline (PBS), and Trypsin/EDTA from Life Technologies (Carlsbad, CA);
4,6-diamidino-2-phenyl indole, dilactate (DAPI) from Molecular Probes-Life
Technologies.

The following antibodies were purchased from BD Pharmingen: APC –
mouse anti-human CD105, PerCP-Cy5.5 – anti-human CD90, FITC – anti-
human CD73, PE – anti-human CD105, FITC – anti-mouse IgG, PE –
anti-mouse IgG1, PerCP-CyTM5.5 – anti-mouse IgG1. PE-goat anti-rabbit
was purchased from Abcam (Waltham, MA); anti-TGFβR1 from Invitrogen
(Carlsbad, CA) and TGFβ1 from R&D Systems (Minneapolis, MN).

Cell Line

CCL-64 mink lung epithelial cell was purchased from American Type Culture
Collection. CCL-64 culture was previously described [38]. Briefly, the cells
were cultured in RPMI 1640 with 10% FBS, Hepes (0.015M), 1% Penicillin-
Streptomycin (stock = 5,000 U Penicillin and 5,000 µg Streptomycin), and
2 mM L-Glutamine.

Human Subjects

This study was approved by the Rutgers Institutional Review Board (Rutgers
University, NJ). All participants signed the informed consent.

Placenta Collection, Demographics

The study included subjects with singleton term gestations from normal
physiological control pregnancies and those complicated by PE. Individu-
als were recruited to the PE group if they met the traditional diagnostic
criteria for PE, including hypertension (greater than 140 mm Hg systolic
or 90 mm Hg diastolic blood pressure) on two instances at least 4 hours
apart, proteinuria, or indicators of severe disease outlined by the American
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College of Obstetricians and Gynecologists [8]. Women and fetuses with
unrelated comorbidities (e.g. diabetes, autoimmune disease; fetal congenital
or chromosomal abnormalities) were excluded.

Subjects with healthy physiologic pregnancies were included in the
control group. Individuals were excluded from recruitment based on the
following criteria: women with serious co-morbidities, such as pre-existing
hypertension, renal disease, diabetes, thyroid disorders, autoimmune or
collagen vascular disease, fetal congenital or chromosomal anomalies, pla-
cental abnormalities such as placenta previa, intrauterine infection such as
chorioamnionitis, and other notable infections such as HIV, hepatitis B/C,
or COVID.

Culture of P-MSC

P-MSCs were expanded from human placentas as described [14, 37]. Briefly,
placentas were obtained from term vaginal or cesarean delivery and then
immediately placed in a sterile container for transport to the laboratory for
processing under a laminar flow hood. The placentas were washed several
times with PBS containing P-S. We stopped washing when there was visually
negligible blood in the tissue. The placentas were manually dissected by peel-
ing apart the amniotic and chorionic membranes, after which the chorionic
membrane (CM) was minced into 2–5 mm pieces using sterile forceps and
surgical scissors. The minced pieces of tissue were placed into 100 mm tissue
culture-treated dishes (Falcon) containing P-MSC media (DMEM with 10%
FBS, P-S, and L-glutamine). The dishes were incubated at 37◦C with 5%
CO2. After 3 days, 50% of the media was removed and replaced with fresh P-
MSC media. After seven days, the minced tissues were removed. At this time,
there were adherent cells that were spindle shaped. At weekly intervals there-
after, approximately 50% of the culture media were replaced until 70–80%
confluence for continued passaging. The passaged cells contained media –
50% fresh and 50% from previous culture plates, as described [39]. After
three passages P-MSCs were characterized by multilineage differentiation
and flow cytometry for established P-MSC markers (Figure 1).

Flow Cytometry

At 70% confluence, P-MSCs were de-adhered with Trypsin-EDTA solu-
tion and then placed into DMEM with 10% FCS. The cells suspension
was incubated for 30 min at room temperature to allow for re-expression
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Figure 1 Characterization of P-MSCs. A) Representative morphology of passaged P-MSCs.
B) P-MSCs from healthy and PE placentas were analyzed by flow cytometry with anti- CD90,
CD73 and CD105. Top panels represent isotype control. Representative scatter images are
shown for ASA-treated P-MSCs (middle panels) and vehicle (lower panels). C) P-MSCs were
induced with adipogenic and osteogenic media. Shown are representative images for each
induction.
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of surface proteins that might have been destroyed by trypsin. The cells
were centrifuged and then resuspended in sera-free DMEM followed by
incubation with primary conjugated antibodies (CD73-FITC, CD90-PerCP-
Cy5.5, CD105-PE, CD34-FITC, CD45-PE) at 1/20 final dilution. Cells were
read immediately and analyzed by flow cytometry (FACS Caliber; Becton
Dickinson, Franklin Lakes, NJ).

Aspirin (ASA) Treatment

Freshly prepared ASA, diluted in media, was used in tissue culture assays.
P-MSCs (80% confluence) from placentas of PE or healthy pregnancies were
cultured for 24 h or 48 h in MSC media containing 1 mM or 10 mM aspirin.
These concentrations of ASA are consistent with literature to recapitulate
the physiologic range of low dose ASA while avoiding cell-death due to
aspirin’s acidity [14, 37, 40–43]. Furthermore, using these guidelines, our
group previously reported on this concentration in studies relevant to the
present study [14, 37].

Immunocytochemistry

P-MSCs were seeded in 6-well plates at 3 × 104 cells/well in MSC media
containing 10 mM ASA or vehicle. The cells were incubated at 37◦C. At 24
and 48 h, the media were aspirated followed by washing of the cells washed
with PBS. The cells were fixed with 3.7% PFA for 20 min at room temper-
ature, washed with PBS, and then permeabilized with 0.2% Triton-X 100
for 5 min at room temperature. The permeabilized cells were incubated with
blocking solution (0.5% Triton X-100, 0.5% BSA) for 1 h while shaking at
room temperature. After this, the cells were incubated overnight at 4◦C with
anti-TGFβR1 at 1:1000 in blocking solution. The cells were washed three
times with PBS with each wash occurring for five mins. The primary antibody
was detected with Alexa Fluor anti-rabbit IgG at 1:500. After 2 h at room
temperature, the cells were counterstained by incubating with DAPI at 1:1000
for 10 mins. The cells were washed with PBS and imaged immediately with
the EVOS FL Auto 2 microscope (Fisher Scientific).

Quantification of Bioactive TGF β1

Active TGF β1 quantification was based on growth inhibition of CCL-64
cells, as described [38]. The CCL-64 cells were plated in 24-well tissue
culture plates at 104 cells/mL in 500 µL of RPMI 1640 with 10% FCS.
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The plates were incubated at 37◦C and 5% CO2. The next day, standard TGF
β1 was added to the cells at concentrations ranging between 100 pM and
0.01pM. Test samples (500 µL) were added in triplicates to wells. The plates
were incubated at 37◦C and 5% CO2 for 72 h. The total number of viable
cells were assessed by trypan blue exclusion with counting on a hemacy-
tometer. Samples with TGF-β concentrations ≥20 ng/ml were retested with
neutralizing anti-hTGF-β to confirm specificity of the cytokine.

One-Way Mixed Lymphocyte Reaction (MLR)

Whole blood was obtained from two donors into heparinized tubes. The
peripheral blood mononuclear cells (PBMCs) were collected via Ficoll
Hypaque (Sigma Aldrich) density gradient centrifugation following the man-
ufacturer’s protocol. One donor’s PBMCs were designated as the stimulator
cells: these cells were resuspended at 10 × 106 in RPMI and irradiated with
5000 rads from a Cesium (137Cs) source prior to resuspending at 2 × 106/ml.
PBMCs from the second donor were designated as the responder cells and
resuspended at 2 × 106. PBMCs from the two donors were plated in equal
numbers with or without addition of P-MSCs and incubated at 37◦C and 5%
CO2 for 72 hours. At 72 h, the cells were pulsed with 1 µCi of tritiated thymi-
dine. After 16 h, the cells were harvested on a Cambridge Technology PHD
Cell Harvester. The filters were assessed for tritiated thymidine incorporation
on a Beckman Coulter LS6500 Liquid Scintillation Counter.

Multilineage Differentiation of MSCs

Adipogenic differentiation used the Differentiation Bullet Kit from Cambrex
BioScience (Walkersville, MD), following manufacturer’s instructions, and
previously described [31]. Briefly, MSCs (5 × 105), were added to 6-well
tissue culture plates. At confluence, adipogenic differentiation was performed
with 3 cycles of induction/maintenance media. Each cycle consisted of
3-day culture in Adipogenic Induction Medium followed by 1–3 days with
Adipogenic Maintenance Medium. Control wells were similarly cultured
except with Adipogeinc Maintenance Medium. After the 3 cycles, cells were
grown in Adipogenic Maintenance Media for 7 days, with the media replaced
every 3 days. After induction, cells were washed with PBS, fixed with 10%
formalin, and stained with Oil Red O and counterstained with hematoxylin.

Osteogenic differentiation was plated as for adipogenic differentiation.
The cells were induced in DMEM with 10% FCS, 100 nM Dexamethasome,
10 mM β-glycerophosphate, and 50 µM L-ascorbic acid-2-phosphate.
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Differentiation media was replaced every 3–4 days for 3 weeks. Controls
wells were similarly cultured in MSC media. Osteogenic differentiation was
assessed by mineral deposits with von Kossa stain. This was done by first
fixing with 10% formalin, stained for 10 min in the dark with 2% silver nitrate
solution, washed and exposed for 15 min to light.

Statistical Analyses

Experimental points were compared using Mann Whitney U test and Stu-
dent’s t-test.

Results

Characterization of P-MSCs from PE and Healthy Pregnancies

P-MSCs were cultured from the CM of healthy pregnancies or from sub-
jects with preeclampsia, shown in Table 1, and with P-MSCs from previous
studies [14, 37]. To eliminate residual hematopoietic cells and fibroblasts
from cultured P-MSCs, we characterized the cells after passage 3. At this
time, P-MSCs from healthy and PE subjects were uniformly plastic-adherent
and characteristically spindle-shaped (Figure 1A). Phenotypic studies by flow
cytometry indicated that the cells before and after ASA treatment were pos-
itive for MSC markers – CD73, CD90, and CD105, and negative for CD34,
and CD45 (Figure 1B). The cells were also negative for CD34 and CD45,
which eliminated contamination by residual hematopoietic cells. The MSCs
from both healthy and PE subjects showed multilineage differentiation to
osteogenic and adipogenic cells (Figure 1C).

Increased TGF β Receptor on ASA Treated PE-derived P-MSCs

RNA-Seq analyses supported increased TGFβ1 signaling in ASA-treated
PE-derived P-MSCs [14]. MSCs can mitigate inflammation by licensing as
immune suppressor cells [31]. We therefore asked if ASA can restore the

Table 1 Maternal demographics and gestational age
Healthy (N = 7) Preeclamptic (N = 6)

Maternal age (yrs) 32 (21–42) 25.2 (16–34)
Gestational age (wks) 39 (39–40.5) 39 (35.4–40.4)
Shown are the total number of placentas acquired for the study.
Also shown is the gestational age indicating term delivery.
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ability of P-MSCs from PE to become immune suppressor cells by enhanced
response to TGF-β1 [44]. First, we asked if ASA increase TGF-β1 recep-
tor expression on P-MSCs. We cultured P-MSCs from PE placentas with
10 mM ASA. After 24 h, we evaluated the cells for TGF β receptor by
immunocytochemistry (Figure 2). The results showed increased labeling with
ASA treatment, as compared to vehicle, indicating increased TGFβ receptor
expression.

Increased Production of Active TGF-β1 by ASA-treated P-MSCs

ASA induced the levels of membrane TGFβ1 receptor (Figure 2). We there-
fore asked if the P-MSCs could be stimulated with TGF-β1 through autocrine
mechanisms. This could be achieved if P-MSCs produce TGF-β1. To this
end, we stimulated P-MSCs from healthy and PE with 1 mM ASA or vehicle.
After 24 h, cell-free media were analyzed for active TGFβ1 in a bioassay
with CCL-64. We established a standard curve with known concentrations
of TGF-β1 (Supplemental Figure 1). To ensure that residual ASA in the
media did not affect the viability of CCL64, we conducted the assay with
media from vehicle supplemented with ASA. The addition of ASA to vehicle
media did not alter CCL 64 viability (Supplemental Figure 2). As compared
to baseline TGF-β1, ASA induced significant (p < 0.05) increase in the
production of active TGF-β1 (Figure 3A). TGF-β1 in the media was con-
firmed by performing the assay in parallel with neutralizing anti-TGF-β1
(Figure 3A, right bar). In summary, ASA induced the production of TGF-β1
in P-MSCs.

Figure 2 ASA-induced TGF β receptor on P-MSCs. P-MSCs from chorionic membrane
were treated with 10 mM ASA or vehicle for 24 h. The cells were labeled with anti-TGF-β
receptor (red) and then counter stained with DAPI (blue) for nuclear identification. The images
represent 3 biological replicates.
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Figure 3 ASA induced production of TGF-β1 in P-MSCs. A) P-MSCs were treated with
vehicle or 1 mM ASA. After 24 h, the media were collected and then quantitated for active
TGF-β in a bioassay with CCL64 cells. Parallel quantitation was performed in the presence of
neutralizing anti-TGF-β1. The data represent the mean level ±SD, n = 4. B) RNA-Seq data
from previous studies was analyzed by IPA, ASA vs. vehicle [14]. *p < 0.05 vs. media or
neutralizing antibody.

Predicted Signaling of TGF-β1 in ASA Treated P-MSCs

We used the published data in GEO to determine if the changes in gene
expression could predict TGF-β1 signaling using Ingenuity Pathway Analy-
ses, (IPA; Qiagen) [14]. IPA analyses of ASA vs. vehicle treatment indicated
an increase in TGF-β signaling with complexing of Smad4 and Smad
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2/3 (Figure 3B). Interestingly, the pathway also showed TGF-β signaling
inhibiting apoptosis. This correlated with Smad 4 showing increased anti-
apoptotic Bcl2 (Figure 3B). Overall, the predicted in silico analyses of
pervious RNA-Seq data, which showed consistency with the increased levels
of TGF-β1 production and its receptor (Figures 2 and 3A) [14].

ASA-mediated Veto Property of P-MSCs From PE Placenta

MSCs can be licensed to exert immune suppressor function as third party
cells in one-way and two-way MLR [31, 32]. We therefore asked if the
ASA-mediated transition of PE P-MSCs to cycling quiescent cells and epi-
genetic changes could also allow the PE P-MSCs to be licensed as immune
suppressor cells [14, 37]. If so, this could explain why ASA showed clinical
benefit for PE.

We established a one-way MLR with P-MSCs from PE that were treated
with vehicle or 1 mM ASA. The stimulation indices in the assay indicated
significant (p < 0.05) suppression when the PE P-MSCs were treated with
ASA, as compared to vehicle treated P-MSCs (Figure 4). The degree of
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146 K. A. Powell et al.

proliferative suppression was proportional to the number of MSCs. In sum-
mary, ASA enhanced the capacity of P-MSCs from PE placenta to inhibit
allogeneic responses of peripheral blood mononuclear cells.

Discussion

PE is generally considered an inflammatory disorder of pregnancy with ASA
provided to mitigate the response via its pan-anti-inflammatory property,
hence its widespread use in pregnancy. One of the indications for ASA
includes its use for recurrent pregnancy loss, systemic lupus erythematosus,
and preeclampsia [13]. However the mechanisms by which ASA elicits
positive clinical response is a subject of experimental investigations. Previous
work from our group has provided insights into the mechanisms by which
ASA could exert its clinical response in PE [14, 37]. These include reduced
proliferation, enhanced angiogenesis, and changes in the epigenetic land-
scape. There was also evidence of reduced inflammation based on analyses
of the omics studies [14]. Together, these studies led us to determine if the
effects of ASA treatment could act indirectly through P-MSCs; specifically
by restoring the ability of PE-derived P-MSCs to mitigate inflammation.
We report on a systematic set of studies showing ASA restoring PE-derived
P-MSCs to become veto cells, which exert immune suppression [31].

First, we showed ASA increasing TGF-β receptor and TGF-β1 pro-
duction (Figures 2 and 3). These findings were consistent with IPA analy-
ses of previous RNA-Seq data, showing an increase in TGF-β1 signaling
(Figure 3B). Previous studies predicted an increase in cell senescence in
vehicle treated P-MSCs from PE placenta [37]. We now showed ASA with
the potential to increase the anti-apoptotic Bcl2. These findings indicated that
P-MSCs could be restored to mitigate the inflammation linked to PE.

Using allogeneic the proliferative studies, we noted that ASA treated
P-MSCs from PE placentas could suppress the inflammation (Figure 4).
This was an interesting finding due to insights into how ASA could be able to
mitigate inflammation in PE. The MLR response indicated that ASA provided
P-MSCs from PE subjects with the ability to be licensed as immune suppres-
sor cells, as reported for veto activity [31]. TGF-β1 can induce regulatory
T-cells and this could occur from the release of this cytokine from MSC [44].
By extrapolation, it appears that ASA mitigation of PE could in part occur
by induced TGF-β1, which can change the immune landscape. Indeed,
ASA has been reported to change the immune cell balance in PE subjects
[45, 46]. Although not investigated, future studies could study the immune
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cell distribution in the MLR shown in Figure 4. Other studies include if TGF-
β1 is limited to autocrine activation on P-MSCs or if this cytokine could
influence T-cell differentiation to skew the reaction from pro-inflammatory to
immune suppressor cells.

As discussed in the previous paragraph, restoring P-MSCs from PE to
mitigate inflammation should result in their ability to increase regulatory
T-cells [44]. Furthermore, we previously reported on ASA mediating the
reorganization of the epigenetic program of PE P-MSCs through the base
excision repair (BER) and nucleotide excision repair (NER) pathways [37].
This study tested the hypothesis that ASA enhanced TGF-β signaling path-
way. Together, the findings, combined with the two previous cited reports
on RNA-Seq data, suggested that TGF-β1 signaling could be increased with
ASA treatment [14].

Prior studies of TGF-β in PE have shown mixed results [24, 47, 48].
In most cases, there are differences in the tissues used or the demographics of
the subjects. Many of these studies measured TGF-β including both the latent
and active forms of the cytokine. The present report clarifies the response of
ASA since we assessed the active cytokine from P-MSCs. These findings are
consistent with ability of ASA treated P-MSCs to act as veto cells. Indeed,
the MLR studies using ASA-treated P-MSCs from PE subject were important
to test if ASA can restore normal physiological pregnancy, which requires
tolerance between the maternal and fetal immune systems. The maternal
immune system undergoes many changes to adapt to the growing fetus which
may express paternal antigens. TGF β plays a role in this process because
it is involved in regulating immune cell function. In preeclampsia, TGF-β
expression was found to be significantly reduced in one study [24].

Further studies are necessary to gain a complete understanding of how
ASA mitigates PE pathology. Specifically, a deeper investigation into the
downstream effects of altered TGF-β signaling in PE-MSCs is imperative.
Additionally, it is essential to observe the role of SMAD4, a downstream
mediator of TGF-β signal transduction, to determine whether rescuing
TGF-β signaling is necessary and/or sufficient to restore PE-MSCs towards
healthy function. Overall, this study brings us closer to discerning how ASA
functions to mitigate PE.

Overall, the data support our hypothesis that the ASA-treated PE P-MSCs
can be licensed as third-party immune suppressing cells. These cells were
able to function as normal MSCs and effectively suppress cellular prolif-
eration in an inflammatory environment. These findings suggest that ASA
treatment can potentially enhance the therapeutic benefits of MSCs in the
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treatment of inflammation. These findings have potential utility in other
obstetric or non-obstetric diseases which are caused by inflammation.
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