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The placenta is a unique organ with various immunological and endocrinological

roles that modulate maternal and fetal physiology to promote maternal-fetal

tolerance, pregnancy maintenance, and parturition at term. During pregnancy,

the hormone prolactin (PRL) is constitutively secreted by the placenta and is

necessary for implantation, progesterone support, fetal development, and overall

immune modulation. While PRL is essential for pregnancy, studies suggest that

elevated levels of serum PRL (hyperprolactinemia) are associated with adverse

pregnancy outcomes, including miscarriage, preterm birth, and preeclampsia.

However, there is a lack of mechanistic studies to support these observations.

Here we investigated the impact of elevated levels of PRL on placental cells and

evaluated PRL effects on the JAK2/STAT5 inflammatory signaling cascade.

Elevated levels of exogenous PRL enhances PRL and PRL-receptor expression,

along with JAK2/STAT5 signaling in primary decidual mononuclear cells and the

placental trophoblast cell line, JEG-3. Following PRL exposure, the STAT5

isoform, STAT5B, is preferentially activated and there is a significant

upregulation in the secretion of pro-inflammatory cytokines, IL-6 and IL-1b.
This inflammatory cascade is supported via PRL-induced reduction of SOCS1 and

SOCS2. Furthermore, LPS exacerbates PRL expression and JAK2/STAT5 signaling,

leading to increased secretion of IL-6 and TNF-a. These results highlight the

inflammatory roles of elevated PRL at the maternal-fetal interface, underscoring

the need for further mechanistic studies to elucidate its functions in pregnancy.
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Introduction

Pregnant women are immunologically unique because their

immune system is influenced by signals originating from the

placenta (1). These signals promote homeostasis of hormones and

cytokines throughout gestation, which actively influence maternal

and fetal physiology including tolerance of the HLA-discordant fetus,

maintenance of pregnancy, and parturition at term (1). The placenta

is a dynamic endocrinologic organ, which secretes gestation-

dependent levels of prolactin and growth hormone family, steroid

hormones, and neuroactive hormones. In a normal, healthy

pregnancy the synthesis of T helper 2 (Th2) cytokines is

predominant, while immune cells that reside at the maternal-fetal

interface actively suppress Th1 responses (2). Disturbances at the

maternal-fetal interface that disrupt this balance can result in

pregnancy loss or pregnancy complications including preeclampsia

and fetal growth restriction (3, 4). Numerous studies have associated

elevated levels of prolactin in maternal serum (hyperprolactinemia),

amniotic fluid, or cervicovaginal secretions with pregnancy loss and/

or preterm birth (5–11). However, there is a lack of mechanistic

studies to support this observation.

Prolactin (PRL) is a pleiotropic hormone secreted in the pituitary

gland, through the hypothalamic–pituitary–adrenal axis. It is also

produced in extra-pituitary locations, such as the decidua, ovary,

prostate, mammary gland, adipose tissue, brain, and immune cells

(12). Extra-pituitary PRL has mainly autocrine and paracrine rather

than endocrine effects due to different bioactivity and molecular

weight from pituitary PRL (13). PRL has critical functions for

reproduction such as the support of progesterone production,

successful implantation, fetal development, and immunologic

modulation (14). Prolactin is best known for its role in inducing

and maintaining lactation, however during pregnancy, PRL plays an

important role for placental growth and angiogenesis (15, 16).

PRL acts through specific receptors belonging to the cytokine

receptor super-family, which are also receptors for leptin,

erythropoietin, colony-stimulating factor, interleukin-6 (IL-6)

among others (17–19). PRL receptors are broadly expressed in

different endocrine and target tissues as well as immune cells

including lymphocytes, monocytes, macrophages, granulocytes,

microglia, natural killer (NK) cells, and thymic epithelial cells for

controlling immune responses (20). The principal signaling pathway

activated by PRL receptor interaction is the JAK/STAT pathway. PRL

binding induces the dimerization of the receptor and activation of

Janus Kinase 2 (JAK2), a kinase constitutively associated with the

PRL receptor (21). The downstream signaling molecules activated by

this receptor family have not been completely elucidated. However, it

has been shown that JAK2 phosphorylates multiple tyrosine residues

of the PRL receptor and enables the binding of signal transducer and

activator of transcription (STAT) 5 proteins (22). Tyrosine-

phosphorylated STAT5 dissociates from the receptor, dimerizes,

and translocates into the nucleus where it binds to the promoters

of target genes. Along with JAK2/STAT5, PRL receptor binding can

activate downstream signaling cascades involving mitogen-activated

protein kinase (MAPK), extra-cellular signal regulated kinase 1/2

(ERK1/2), and phosphoinositide 3-kinase (PI3K) intracellular

pathways. The signaling of PRL through the JAK2-STAT5 pathway
Frontiers in Immunology 02
can be inhibited by several proteins. For example, cytokine signal

suppressor proteins 1 and 3 (SOCS1 and SOCS3) regulate PRL

signaling and its receptor. These proteins contain an Src-

homologous domain (SH2), and a C-terminal SOCS box. The SH2

domain allows these proteins to bind to phosphorylated tyrosine

residues, thereby inhibiting the JAK2 signaling pathway (23, 24).

However, the role of this process in the regulation of the STAT5

proteins is not clear (23, 25).

PRL has been hypothesized to function as a cytokine with tissue-

specific immunomodulatory activities. Studies suggest that prolactin

plays a key role in regulating the equilibrium between pro- and anti-

inflammatory modulators at the maternal-fetal interface. For

example, PRL treatment was shown to induce IL-1b, interferon
gamma (IFN-g) and tumor necrosis factor alpha (TNF-a) release

by murine peritoneal macrophages in vitro (26). In addition, studies

show that PRL can downregulate IL-1b and TNF-a in cultured

chorioamniotic membranes (27, 28). In contrast, other work suggests

that PRL can alter Th2 environments, promoting IL-6 and IFN-g
secretion (29, 30). In macrophages and dendritic cells, PRL has been

associated with abnormal innate and adaptive immune responses,

along with the increased production of IL-6, IL-12, TNF-a, and IL-1b
(31, 32). Taken together, PRL may have dual inflammatory and anti-

inflammatory effects depending on the underlying pathophysiological

conditions. However, the role of PRL at the maternal-fetal interface is

unclear and there is a lack of mechanistic studies to describe its role.

Here we evaluate the impact of PRL exposure and signaling on

primary decidual macrophages and the placental trophoblast, which

are key immunemediators at the maternal-fetal interface. Specifically,

we analyze the effects of different concentrations of PRL on JAK2/

STAT5 signaling and the secretion of TNF-a, IL-1b, IL-6, and IL-10.

We also use LPS to mimic an underlying inflammatory condition and

explored its ability to impact PRL gene expression and modulation of

the PRL receptor (PRLR) signaling pathway. Our data show that

exogenous treatment of PRL induces elevated expression of PRL and

PRL receptor in primary decidual macrophages and the placental

trophoblast cell line, JEG-3. This upregulation is associated with

robust JAK2/STAT5 signaling and increased secretion of pro-

inflammatory cytokines. Interestingly, PRL signaling preferentially

induced the activation of the STAT5B isoform, compared to

STAT5A. Our findings also suggest that LPS exacerbates PRL

expression and downstream activity in placental cells. In sum, we

show that elevated levels of PRL at the maternal-fetal interface may

promote an inflammatory milieu, associated with JAK2/STAT5B

signaling and underlying inflammatory conditions may exacerbate

PRL secretion in placental trophoblasts, associated with inflammation

and adverse pregnancy outcomes.
Materials and methods

Ethics statement

Human term placentae (>37 weeks gestation) were collected

from hepatitis B, HIV-1 seronegative women (>18 years of age)

immediately after elective caesarean section without labor from

Emory Midtown Hospital, Atlanta, GA and Grady Memorial
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Hospital, Atlanta, Georgia. This study was approved by the

Morehouse School of Medicine Institutional Review Board

(1964407-8) and the Emory University Institutional Review Board

(IRB 000217715). Written informed consent was acquired from all

donors before sample collection. Samples were de-identified before

primary decidual macrophage cell isolation.
Placental dissection and decidual
macrophage isolation

Decidual macrophages were isolated from the maternal side of

the placenta as previously described (33). Briefly, the decidual basalis

tissue was thoroughly washed and mechanically dispersed in Hank’s

balanced salt solution (HBSS) to minimize peripheral blood

contamination. The minced tissue was re-suspended in complete

medium containing 1 mg/ml collagenase A (Worthington

Biochemical, Lakewood, NJ, USA) and 0.2 mg/ml of DNAse I

(Sigma-Aldrich, St. Louis, MO, USA) and incubated in a shaking

water bath at 37°C for 1 hour. The digested tissue was washed with

PBS and passed through gauze and a 70 µm cell strainer (BD-Falcon

Biosciences, Lexington, TN, USA). The mononuclear cell population

was isolated by density gradient centrifugation on Histopaque-1077

(Sigma-Aldrich). CD14+ Magnetic Cell Sorting was performed using

anti-CD14 magnetic beads (Miltenyi Biotech, Bergisch Gladbach,

Germany) as recommended by the manufacturer. On average, the

purity was >95%. After isolation, decidual macrophages were

cultured in complete RPMI medium consisting of 1x RPMI

(Corning Cellgro, Corning, NY, USA), 10% FBS (Optima, Atlanta

Biologics, Atlanta, GA, USA), 2mM L-glutamine (Corning), 1mM

sodium pyruvate (Corning), 1x Non-essential Amino Acids

(Corning), 1x antibiotics (penicillin, streptomycin, amphotericin B;

Corning) at 37°C and 5% CO2.
Cell culture

The choriocarcinoma-derived JEG-3 cell-line (ATCC HTB-36,

Manassas, VA, USA), was grown as recommended by ATCC:

Minimum Essential Medium Eagle’s medium supplemented with

10% FBS, 2 mM of glutamine, 50 IU/ml of penicillin and 50 IU/ml

of streptomycin. Cells were detached using trypsin, counted, and

then seeded at 400,000 cells/mL in 24-well plates (500 mL by well).

The decidual macrophages and JEG-3 cells were treated for 15 min,

24 hours and 48 hours with the following as indicated, following

resuspension per the manufacturer’s instructions: 10ng/mL and

100ng/mL of Prolactin (R&D Systems, Minneapolis, MN, USA) and

5mg/mL of LPS (Invitrogen, Carlsbad, CA, USA).
RNA isolation and quantitative RT-PCR

Messenger RNA (mRNA) was extracted using the RNeasy kit

(Qiagen, Hilden, Germany). The complementary DNA was

transcribed using QuantiTect RT kit (Qiagen). JEG-3 and

decidual macrophage gene expression was quantified by qRT-
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PCR using QuantiTect SYBR Green PCR Kits (Qiagen) with

specific primers for host and integrated vira l genes

(Supplementary Table S1). Delta cycle threshold (DCt) values

from the calibrator and experimental groups were measured by

subtracting Ct values from target vs the housekeeping transcript, b-
actin. Gene expression data are represented as DCt values or as fold
change relative to paired, time-matched, untreated controls (gene

expression normalized to b-actin − DDCt method).
ELISA

IL-6, IL-1b, and TNF-a concentrations in the supernatants of

treated decidual macrophages, JEG-3 cells, and accompanying

controls were assessed in duplicate using ELISA MAX Deluxe Set

Human Kits (Biolegend, San Diego, CA, USA) according to the

manufacturers’ instructions. Plates were read on a BioTek Synergy

H1 plate reader and concentrations were determined by

comparison to a standard curve.
Immunoblotting

Cells were lysed in radio-immunoprecipitation assay buffer

(ThermoFisher, Waltham, MA, USA) with protease inhibitors

(Roche, Basel, Switzerland). Samples were subjected to denaturing

sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Gels

were blotted on nitrocellulose membranes (GE Healthcare, Chicago,

IL, USA). After blocking with buffer (Li-Cor; Lincoln, NE, USA),

the membrane was incubated with the following primary antibodies

overnight at 4°C (Supplementary Table S2): rabbit anti-STAT5A

(131791AP), rabbit anti-pSTAT5A (801151RR), rabbit anti-

STAT5B (510722AP), rabbit anti-pSTAT5B (ab52211), and rabbit

anti-GAPDH (D16H11) [Proteintech, Rosemont, IL, USA; Cell

Signaling Technology, Danvers, MA, USA; Abcam, Cambridge,

UK]. Next, the membrane was incubated with goat anti-rabbit,

HRP-linked secondary antibodies (7074S), washed, and then

incubated in ImmunoCruz Western blotting luminol reagent

(Santa Cruz Biotechnogy, Dallas, TX, USA). Images were

captured with the Invitrogen iBright CL1500 Imaging System.

Densitometry was performed using ImageJ software (34). Bands

of interest were normalized to GAPDH.
Statistical analysis

All figures are representative of at least 3 independent

experiments and 8 individual donors. For statistical testing and

graphical depiction, Prism10 (GraphPad Software, Boston, MA,

USA) was used. Data were analyzed using a parametric one-way

ANOVA using Dunnett’s multiple comparisons test or a two-way

ANOVA using Sidak’s multiple comparisons test. Analyses were

corrected for multiple comparisons by controlling the false

discovery rate. Discovery was determined using the two-stage

linear step-up procedure of Benjamini, Krieger and Yekutieli,

with Q = 5%, without assuming consistent SD (35). Differences
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were defined as significant when p ≤.05. Further experimental

statistical details are described in the figure legends. ****p ≤

0.0001; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05; ns, nonsignificant.

Results

Exogenous PRL induces PRL and PRL-
receptor mRNA expression in placental
trophoblasts and decidual macrophages

To study the paracrine activity of PRL in placental cells, we

measured the mRNA expression of PRL and PRL-receptor in JEG-3

trophoblast cells and decidual macrophages treated with increasing

concentrations of human PRL. At a basal level, decidual macrophages

exhibited significantly lower cycle threshold (Ct) values (± standard

error [SE]) for prolactin (5.2 ± 2.32) and prolactin-receptor (4.68 ±

2.03) transcripts compared to JEG-3 cells, which had higher Ct values

for prolactin (21.18 ± 1.07) and prolactin-receptor (17.584 ± 4)

(Figure 1A). These lower Ct values indicate higher basal expression

levels of PRL and PRL-receptor genes in decidual macrophages

compared to JEG-3 cells. Further analysis by quantitative reverse

transcription-PCR (qRT-PCR) showed a significant increase in PRL

expression in JEG-3 cells treated with 10 ng/mL (p<0.0033) and 100

ng/mL PRL (p<0.0010) (Figure 1B). In contrast, in decidual

macrophages, the lower concentration (10 ng/mL) of PRL induced

a downregulation in PRL mRNA expression, while 100 ng/mL of

exogenous PRL had no impact on PRL expression. In addition, PRL

treatment significantly increased PRL-receptor expression in both

JEG-3 cells and decidual macrophages (p<0.0001). These data suggest

that elevated levels of exogenous PRL induce the production of PRL

in trophoblast cells, which is associated with elevated PRL-receptor

expression and paracrine signaling at the maternal-fetal interface.
Frontiers in Immunology 04
Prolactin exposure induces JAK2/STAT5
signaling in placental cells

To characterize PRL-signaling in placental trophoblasts and

decidual macrophages, we measured mRNA concentrations of key

signaling molecules: JAK2, STAT5A, STAT5B, SOCS1, SOCS2, and

SOCS3. Our results demonstrate that exogenous treatment with PRL

robustly activates the JAK/STAT pathway in these cells. Specifically,

both low (10 ng/mL) and high (100 ng/ml) concentrations of PRL

significantly increased the expression of JAK2, STAT5A, and

STAT5B in JEG-3 cells. In decidual macrophages, only the higher

concentration of PRL (100 ng/ml) induced the upregulation of JAK2,

STAT5A, and STAT5B, while the lower concentration (10 ng/ml)

caused a significant downregulation of JAK2 and STAT5B mRNA

expression (Figure 2A).

We investigated expression of the suppressors of cytokine

signaling (SOCS) family, known inhibitors of the JAK2 signaling

pathway (23, 24), to explore their potential role at the maternal-fetal

interface. Our analysis revealed that at a constitutive level, decidual

macrophages exhibited significantly lower Ct values (± SE) for

SOCS1 (9.321 ± 0.17), SOCS2 (10.072 ± 0.04) and SOCS3 (6.847 ±

0.038) transcripts compared to JEG-3 cells (Figure 2B). These lower

Ct values indicate higher basal expression levels of SOCS proteins in

decidual macrophages. Additionally, we found that exogenous PRL

treatment (10 ng/ml and 100 ng/ml) significantly reduced mRNA

expression of SOCS1 (p<0.0001 and p=0.0009, respectively) and

SOCS2 (p<0.0001) in JEG-3 cells; with no effect on SOCS3

expression. Similarly, PRL significantly downregulated SOCS1

mRNA expression in decidual macrophages (p<0.0001). These

findings suggest that PRL robustly activates the JAK2/STAT5

pathway at the maternal-fetal interface, potentially through

targeted reduction of SOCS1 and/or SOCS2 expression.
FIGURE 1

Exogenous PRL induces PRL and PRL-receptor mRNA expression in placental trophoblasts and decidual macrophages. (A) JEG-3 trophoblast cells
were cultured and human decidual macrophages were isolated from freshly obtained placentae. Messenger RNA levels were measured by qRT-PCR
to determine the basal transcription of PRL and the PRL receptor. Gene expression data are represented as DCt (normalized to b-actin). Data shown
represent individual donors (n=8) analyzed by two-way ANOVA using Sidak’s multiple comparisons test. ****p < 0.0001 indicates significance
between JEG-3 and decidual macrophages. (B) JEG-3 trophoblast cells and decidual macrophages were treated with 10 ng/ml of PRL, 100 ng/ml of
PRL, or left untreated for 24 hours. Messenger RNA levels were measured by qRT-PCR to determine the relative expression of PRL and the PRL
receptor. Gene expression data are represented as fold change normalized to b-actin (DD cycle threshold method). ****p< 0.0001, ***p <.001, and
**p <.01 indicate significance between the untreated (NT) cells and the PRL treated cells.
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Exogenous treatment with PRL induces the
secretion of pro-inflammatory cytokines by
placental cells

Numerous hormones and cytokines signal via the JAK/STAT

pathway, which plays a crucial role in mediating inflammatory

responses and regulating diverse cellular processes, including cellular

proliferation, survival, development, and apoptosis (36). We measured

the release of inflammatory cytokines (IL-6, TNF-a, and IL-1b)
following exogenous treatment with PRL (10 ng/mL or 100 ng/mL)

in JEG-3 cells and decidual macrophages. Our findings show that

decidual macrophages constitutively secrete higher levels of IL-6

compared to JEG-3 cells (4193.29 ± 751.39 vs 13.96 ± 2.49 [pg/ml])

including at basal levels (25.53 ± 2.71 pg/ml) without any treatment,

while JEG-3 cells do not secrete IL-1b. Following PRL treatment, IL-6

secretion was significantly increased in decidual macrophages

(p=0.0443), with a more pronounced effect at the higher PRL

concentration (100 ng/ml, p<0.0001). In contrast, JEG-3 cells treated

with 100 ng/ml PRL significantly downregulated IL-6 secretion

(p=0.0228). PRL treatment inhibited IL-1b secretion in decidual

macrophages, while it significantly upregulated IL-1b secretion in

JEG-3 cells (Figures 3A, B). Interestingly, neither JEG-3 nor decidual

macrophages secreted TNF-a at basal levels or in the response to PRL

treatment. These data suggest that PRL exposure differentially regulates

the expression of proinflammatory cytokines by immune cells at the

maternal-fetal interface.
Frontiers in Immunology 05
LPS upregulates PRL-receptor expression
and signaling at the maternal-
fetal interface

Bacterial lipopolysaccharide (LPS) has been shown to enhance

serum prolactin levels in animal models (37). In addition, elevated

PRL levels and gram-negative bacteria that produce LPS have both

been independently linked to miscarriage and adverse pregnancy

outcomes (7, 38). Here we assess PRL production and signaling

following LPS exposure in JEG-3 cells and decidual macrophages.

Our findings reveal that LPS significantly upregulates PRL mRNA

expression in placental trophoblasts (p=0.0284) and PRL-receptor

expression in decidual macrophages (p<0.0001) (Figures 4A, B).

Furthermore, LPS was found to impact PRL signaling, by

upregulating JAK2 mRNA expression in both JEG-3 cells

(p=0.0022) and decidual macrophages (p=0.0002). In decidual

macrophages, LPS treatment also significantly increased the

mRNA expression of STAT5A and STAT5B, whereas in JEG-3

cells, only STAT5B was elevated.

SOCS proteins are key mediators in the negative regulation of

the JAK-STAT pathway. Interestingly, our study shows that LPS has

a differential impact on placental trophoblast cells compared to

decidual macrophages. In the JEG-3 cells, LPS treatment did not

significantly affect SOCS1 expression, but it did lead to a decrease in

SOCS2 mRNA expression (p=0.0034) and an upregulation of

SOCS3 (p=0.0001). In contrast , LPS-treated decidual
FIGURE 2

Prolactin treatment induces JAK2/STAT5 signaling in placental cells. (A) JEG-3 trophoblast cells and primary decidual macrophages were treated with 10 ng/
ml of PRL, 100 ng/ml of PRL, or left untreated for 24 hours. The JAK2/STAT5 signaling pathway was evaluated by measuring messenger RNA levels of JAK2,
STAT5A, and STAT5B by qRT-PCR. Gene expression data are represented as fold change relative to time-matched, untreated cells (gene expression
normalized to b-actin – DD cycle threshold method). Data shown are expressed as the mean ± standard error of biological triplicates from 8 individual
donors analyzed by two-way ANOVA using Sidak’s multiple comparisons test. ****p< 0.0001, ***p <.001, **p <.01, and *p <.05 indicate significance between
the untreated (NT) cells and the PRL treated cells. (B) Messenger RNA levels were measured by qRT-PCR to determine the basal transcription of the SOCS
family of proteins (SOCS1, SOCS2, and SOCS3), which are negative-feedback inhibitors of the JAK/STAT pathway. Gene expression data are represented as
DCt (normalized to b-actin). Data shown represent individual donors (n=8) analyzed by two-way ANOVA using Sidak’s multiple comparisons test. ****p <
0.0001 and *p <.05 indicate significance between JEG-3 and decidual macrophages. (C) JEG-3 trophoblast cells and primary decidual macrophages were
treated with 10 ng/ml of PRL, 100 ng/ml of PRL, or left untreated for 24 hours. SOCS1, SOCS2, and SOCS3 were evaluated by qRT-PCR. Gene expression
data are represented as fold change relative to time-matched, untreated cells (gene expression normalized to b-actin – DD cycle threshold method). Data
shown are expressed as the mean ± standard error of biological triplicates from 8 individual donors analyzed by two-way ANOVA using Sidak’s multiple
comparisons test. ****p< 0.0001 indicates significance between the untreated (NT) cells and the PRL treated cells.
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FIGURE 4

LPS upregulates PRL-receptor expression and signaling at the maternal-fetal interface. (A) JEG-3 cells and decidual macrophages were treated with 5 mg/ml
of LPS or left untreated for 24 hours. Messenger RNA levels were measured by qRT-PCR to determine the relative expression of PRL, PRL receptor, JAK2,
STAT5A, and STAT5B. Gene expression data are represented as fold change normalized to b-actin (DD cycle threshold method). ****p< 0.0001, ***p <.001,
**p <.01, and *p <.05 indicate significance between the untreated (NT) cells and the LPS treated cells. (B) Under similar conditions, the SOCS family of
proteins (SOCS1, SOCS2, and SOCS3), which are negative-feedback inhibitors of the JAK/STAT pathway, were evaluated by qRT-PCR. Gene expression data
are represented as fold change relative to time-matched, untreated cells (gene expression normalized to b-actin – DD cycle threshold method). Data shown
are expressed as the mean ± standard error of biological triplicates from 8 individual donors analyzed by two-way ANOVA using Sidak’s multiple
comparisons test. ****p< 0.0001, ***p <.001, and **p <.01 indicate significance between the untreated (NT) cells and the LPS treated cells.
FIGURE 3

Exogenous treatment with PRL induces the secretion of pro-inflammatory cytokines by placental cells. JEG-3 trophoblast cells and primary decidual
macrophages were treated with 10 ng/ml of PRL, 100 ng/ml of PRL, or left untreated. Quantification of inflammatory cytokines, IL-6 and IL-1b, were
determined in the supernatants by ELISA following 48 hours of in vitro culture. All values are represented as pg/mL. Data shown are expressed as the
mean ± standard error of biological triplicates from 8 individual donors analyzed by one-way ANOVA using Dunnett’s multiple comparisons test.
****p< 0.0001, **p <.01, and *p <.05 indicate significance between the untreated (NT) cells and the PRL treated cells.
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macrophages showed a significant upregulation in SOCS1

(p<0.0001) and SOCS3 (p=0.0005). Compared to PRL exposure,

LPS treatment in both JEG-3 cells and decidual macrophages

significantly enhanced SOCS expression, suggesting that SOCS1

and SOCS3 may play critical roles as negative regulators in response

to LPS-induced inflammation (Figure 4C).
LPS enhances the secretion of
proinflammatory mediators in
placental cells

The LPS-induced JAK2/STAT5 gene signature we observed

correlates with increased secretion of proinflammatory cytokines (IL-

6, IL-1b, and TNF-a) by both decidual macrophages and JEG-3 cells.

Our findings demonstrate that LPS treatment leads to elevated IL-1b
secretion in both decidual macrophages and JEG-3 cells, along with

increased TNF-a production in decidual macrophages. Additionally,

when cells were exposed to LPS either 3 hours before or after PRL

treatment, we observed a significant increase in IL-6 secretion by JEG-3

cells compared to LPS- or PRL-treated JEG-3 cells alone. In contrast,

PRL significantly downregulated IL-1b secretion in JEG-3 cells and

decidual macrophages co-cultured with LPS (Figure 5). These studies

indicate that while LPS triggers prolactin activity associated with

proinflammatory mediator secretion, PRL can modulate the LPS-

induced immune response through distinct mechanisms.
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Differential levels of STAT5 protein
activation at the maternal-fetal interface
may contribute to PRL-
associated inflammation

Engagement of the PRL-receptor complex triggers the

activation of STAT5 by tyrosine phosphorylation. Once activated,

STAT5A and STAT5B dissociate from the receptor, dimerize into

either heterodimer or homodimer, and translocate to the nucleus,

where they bind to the promoters of target genes, including those

for pro-inflammatory cytokines. This signaling pathway remains

relatively unexplored in the placenta. Our data indicate that

elevated PRL levels significantly upregulate the mRNA expression

of JAK2, STAT5A, and STAT5B in placental trophoblasts and

decidual macrophages. Additionally, LPS appears to enhance PRL

expression and PRL-induced signaling. To determine whether

increased mRNA transcription translates to protein expression,

we analyzed total protein levels and phosphorylation of STAT5A

and STAT5B in JEG-3 cells and decidual macrophages. We found

that untreated JEG-3 cells express higher levels of both total and

phosphorylated STAT5B compared to decidual macrophages

(Figure 6A). Both cell types expressed relatively low basal levels of

total STAT5A and showed little to no phosphorylation of STAT5A,

regardless of LPS or PRL treatment. However, following LPS

treatment, total STAT5A and STAT5B protein levels were

significantly upregulated in both JEG-3 cells and decidual
FIGURE 5

LPS upregulates PRL-receptor expression and signaling at the maternal-fetal interface. JEG-3 cells and decidual macrophages were treated with 5
mg/ml of LPS alone, treated with LPS 3 hours prior to PRL (100 ng/ml), treated with PRL (100 ng/ml) 3 hours prior to LPS, or left untreated.
Quantification of inflammatory cytokines, IL-6, IL-1b, and TNF-a, were determined in the supernatants by ELISA following 48 hours of in vitro
culture. All values are represented as pg/mL. Data shown are expressed as the mean ± standard error of biological triplicates from 8 individual
donors analyzed by one-way ANOVA using Dunnett’s multiple comparisons test. ****p< 0.0001, **p <.01, and *p <.05 indicate significance between
the untreated (NT) cells and the treated cells, and between the treated cells.
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macrophages, corresponding with a marked increase in STAT5B

phosphorylation (Figure 6B). Similarly, PRL treatment at 10 ng/ml

and 100 ng/ml significantly upregulated total STAT5A and STAT5B

in both cell types, along with increased phosphorylation of

STAT5B. These findings suggest that PRL signaling at the

maternal-fetal interface is likely mediated via STAT5B, and its

activation may play a key role in PRL-associated inflammation.
Discussion

Pregnancy is an immunologically unique period represented by a

delicate balance of endocrine and immune signals necessary to

tolerate and support the development and survival of the fetus. In

uncomplicated pregnancies, this balance is reflected by a Th-2

cytokine dominance. However, in pregnancies complicated by

maternal infections or chronic diseases, this balance may shift,

leading to an increase in the Th1:Th2 ratio, which is associated

with early pregnancy loss, preeclampsia, and fetal growth restriction

(3, 4). Prolactin (PRL), an essential endocrine mediator at the

maternal-fetal interface, plays a critical role in immunomodulation,

progesterone production, successful implantation, and fetal

development (16, 39). Despite its importance, elevated maternal
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PRL levels have been linked to implantation failure, miscarriage,

and preterm birth (40–43), however, the underlying mechanisms for

these outcomes remain poorly understood. We sought to fill this

knowledge gap by identifying the impact of elevated PRL on

trophoblast and macrophage function at the maternal-fetal

interface. Here we report that exogenous PRL triggers the JAK/

STAT signaling pathway in placental trophoblasts and decidual

macrophages, which induces a pro-inflammatory response,

characterized by differential production of IL-1b and IL-6.

Moreover, LPS exposure upregulates PRL and PRL-receptor

expression, exacerbating PRL signaling and potentially triggering an

inflammatory cascade at the maternal-fetal interface. Our data

suggest that STAT5B activity (independent of STAT5A), plays a

pivotal role in PRL- and LPS-induced inflammation. Defining

mediators and mechanisms associated with placental inflammation

and associated adverse pregnancy outcomes are critical to understand

for the development of specific therapeutics to mitigate

these consequences.

The placenta, a unique organ formed during pregnancy,

regulates the intrauterine environment and serves as the master

regulator of the intrauterine environment via nutrient transfer,

metabolism, gas exchange, neuroendocrine signaling, growth

hormone production, and immunologic surveillance (44–46). The
FIGURE 6

Differential levels of STAT5 protein activation at the maternal-fetal interface may contribute to PRL-associated inflammation. (A) JEG-3 cells and
primary decidual macrophages were treated with 5 mg/ml of LPS, 10 ng/ml PRL, 100 ng/ml PRL, or left untreated for 15 minutes or 24 hours. Lysates
were prepared and subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis. The gel was blotted, and the indicated proteins were
detected by immunoblotting with indicated antibodies. (B) The pixel intensities for pSTAT5A, STAT5A, pSTAT5B, and STAT5B of the untreated, LPS-
treated and PRL-treated JEG-3 cells and decidual macrophages were quantified using ImageJ software and normalized to the GAPDH signal. Data
shown are expressed as the mean ± standard error of biological triplicates from 8 individual donors analyzed by two-way ANOVA using Sidak’s
multiple comparisons test. **p <.01 and *p <.05 indicate significance between the untreated (NT) cells and the LPS or PRL treated cells.
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fetal portion of the placenta is the villous chorion, and the maternal

portion is the decidua basalis. Decidual stromal cells are a major

source of PRL and the fetal chorionic cells express the PRL-receptor

(15), suggesting a paracrine role for PRL at the maternal-fetal

interface. Our findings extended these observations by

demonstrating that placental trophoblast (JEG-3) upregulate PRL

mRNA expression in response to exogenous PRL. This positive

feedback loop has been previously demonstrated in endothelial cells

(47) and autocrine production of PRL was linked to STAT5

activation (48). Additionally, the upregulation of PRL-receptor in

placental trophoblasts and decidual macrophages suggests

enhanced sensitivity to PRL signaling, further supporting its role

as a paracrine hormone at the maternal-fetal interface. Paracrine

interactions between the trophoblasts and maternal decidual have

been shown to be important for successful embryonic implantation

and overall maintenance of pregnancy. Recent studies suggest that

that the during a healthy pregnancy, trophoblasts act to alter the

local immune environment of the decidua to ensure an Th2-

enriched cytokine/chemokine environment (49, 50). In addition,

trophoblasts constitutively release antiviral interferons that are

capable of restricting infection in both autocrine and paracrine

manners (51, 52). While these intra-network communications are

critical at the maternal-fetal interface, an imbalance between the

local and external autocrine/paracrine mediators may lead to

deleterious signaling and adverse pregnancy outcomes.

PRL is best known for its role in inducing and maintaining

lactation; in addition, it regulates the function of lymphocytes,

including exerting metabolic effects and stimulating immune

responsiveness (53, 54). Despite the de novo synthesis of PRL at the

maternal-fetal interface, which highlights its crucial role in

pregnancy, knowledge about PRL expression and its signaling is

very limited at the placenta. PRL has been shown to accumulate in

maternal serum, amniotic fluid, and intervillous blood during

pregnancy (55, 56) at concentrations substantially higher when

compared to non-pregnant women (57). At the placenta, PRL can

stimulate trophoblast migration and invasion (15) and may be key for

the establishment of placental circulation, necessary for normal fetal

growth and development. However, PRL may also be involved in a

variety of pathological conditions related to pregnancy (40–43, 58,

59). Studies have demonstrated an increase in antiangiogenic PRL

fragments in amniotic fluid and urine of women with preeclampsia

(58, 59) and in diabetic placentas, a significant increase in PRL gene

expression was observed (60). A positive correlation was found

between increases in PRL levels in early pregnancy and subsequent

risk of gestational diabetes (61). In addition, hyperprolactinemia, or

high levels of prolactin in the blood, has also been linked to an

increased risk of pregnancy loss, particularly those who have a history

of recurrent miscarriages (10, 11). Given the association between PRL

and adverse pregnancy outcomes, it is important to examine the exact

molecular mechanisms involved in PRL and PRLR expression and

signaling at the maternal-fetal interface.

The PRL-R is the only known receptor for PRL (17, 18) and its

binding activates the JAK/STAT intracellular pathways (62);

specifically JAK2, which recruits and phosphorylates STAT5.

STAT5 exists in two isoforms with high sequence homology,

STAT5A and STAT5B, which are encoded by two different genes.
Frontiers in Immunology 09
Studies have shown that STAT5A and STAT5B fulfill redundant

and non-redundant functions in orchestrating immunoregulation.

STAT5A alone is essential for mammary gland development and

prolactin signaling (63, 64). Alternatively, STAT5B is known to

mediate growth hormone signaling and mutations in the STAT5B

gene have been associated with stunted growth, autoimmunity and

immunodeficiency (65–69). To date, little is known of STAT5A- or

STAT5B-specific functions at the placenta. Activation of STAT5A

has been shown to increase over the course of pregnancy as levels of

PRL rise, which may be related to lactation. Studies have also shown

that the placental growth hormone (GH) can act on the JAK2/

STAT5 pathway in decidual cells, which is associated with uterine

receptivity for pregnancy (70). In addition, high levels of hormonal

stimulation has been shown increase STAT5 expression,

subsequently promoting the activation of the PRL promoter and

facilitating endometrial decidualization (71). Studies in

macrophages show that PRL can activate the JAK2/STAT

pathway, resulting in the release of pro-inflammatory cytokines,

including tumor necrosis factor alpha (TNF-a), IL-1b, IL-12, and
interferon gamma (IFN-g) (26, 72, 73). Here we demonstrate that

JEG-3 cells and decidual macrophages respond robustly to PRL via

the JAK2/STAT5 pathway. PRL-treated JEG-3 cells significantly

upregulated JAK2, STAT5A, and STAT5B, with JAK2 and STAT5B

exhibiting greater than 100-fold increases in transcription. This data

supports the notion that JEG-3 cells respond robustly to exogenous

PRL treatment and that JAK2 and STAT5B may be key mediators in

this signaling pathway. In contrast, PRL treatment of decidual

macrophages downregulated STAT5B transcription following

exposure to low levels of PRL, however treatment with elevated

levels of PRL induced a significant upregulation of STAT5B gene

expression, along with STAT5A and JAK2. These data indicates that

low levels of PRL may reduce STAT5B activity, while high levels of

PRL induces transcription of STAT5A and STAT5B similarly.

However, when we evaluated whether STAT5A and STAT5B

transcription following PRL exposure correlated with STAT5

protein levels and activation, in the decidual macrophages and

JEG-3 cells, we show that PRL treatment upregulated total protein

levels of STAT5A and STAT5B similarly. Nevertheless, in both cell

types, only STAT5B was phosphorylated. The impact of STAT5B

activity at the maternal-fetal interface is unknown, however

observations have linked aberrant activation of STAT5B to

autoimmunity, the development of certain cancers, and

interestingly, a syndrome of severe allergic inflammation (74, 75).

Evidence also suggests that STAT5B is involved in epithelial-

mesenchymal transition (EMT) of cancer cells (76). This cellular

transition mechanism is a key regulator of trophoblasts invasion

and placental development, however EMT dysregulation has been

associated with many placental disorders (77, 78).

The SOCS proteins are well established as inhibitors of JAK/

STAT function. The expression of SOCS can be induced by cytokine

stimulation, and they negatively regulate JAK–STAT signals by

binding to cytokine receptors and the activation loop of JAK

through their central SH2 domain. SOCS1 and SOCS3 have been

shown to inhibit STAT5 activation and/or target STAT5 for

degradation (79–83). SOCS1 and SOCS3 can directly bind to JAK,

thus inhibiting their kinase activity and ability to phosphorylate
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STAT5. In addition, the SOCS proteins can bind cytokine receptors,

preventing the recruitment of STAT5 to the receptor complex and

promotes ubiquitination of components in the JAK/STAT5 signaling

pathway. Interestingly, studies show that complete absence of SOCS1

in the mammary gland leads to precocious activation of STAT5A

(84). Studies have also shown that the SOCS proteins can balance

STAT5 activity through the PRL-receptor. SOCS1 and SOCS3 have

been shown to inhibit PRL signaling via distinct mechanisms, with

SOCS3 being the most potent inhibitor (85, 86). In contrast, SOCS2

has been shown to restore PRL signal transduction that has been

inhibited by SOCS1, but does not affect the SOCS3 inhibitory effect

(85). Overexpression of the SOCS proteins may lead to reduced

prolactin signaling, however, downregulation or mutations in SOCS

genes may also result in hyperactive JAK/STAT5 signaling,

promoting inflammation and unregulated cell proliferation and

differentiation. For example, a recent study demonstrated that

deletion of one Socs1 alleles restored normal levels of STAT5A

activity and corrected lactation failure in Prlr+/− mice (87). Here we

show that SOCS1, SOCS2, and SOCS3 are constitutively expressed in

placental cells, with decidual macrophages exhibiting overall higher

gene expression levels for each protein. This basal expression may

play an intrinsic protective role by limiting JAK/STAT-associated

inflammation. PRL exposure significantly downregulates SOCS1

expression in decidual macrophages and JEG-3 cells and SOCS2 in

JEG-3 cells. This downregulation is associated with increased JAK2/

STAT5 expression and signaling. SOCS1 is a key inhibitor of PRL-

STAT5 signaling, and if SOC-1 is inhibited or downregulated,

unchecked PRL signaling could lead to negative consequences at

the maternal-fetal interface. These results demonstrate that the SOCS

proteins are differentially expressed at the maternal-fetal interface and

that these proteins may serve as potential therapeutic targets in

conditions where PRL signaling is dysregulated.

Inflammation at the placenta could be related to infectious or non-

infectious causes, and in both cases, the resulting signaling is deleterious

for pregnancy and is associated with poor fetal outcomes (88, 89). In

humans, gram-negative bacterial infections are recognized as a

significant cause of fetal loss and preterm birth (90, 91).
Frontiers in Immunology 10
Lipopolysaccharide (LPS) is a toxic component of cell walls in gram-

negative bacteria and is widely used to establish bacterial infection

models, including mimicking in utero inflammation at the maternal-

fetal interface (92). In animal models, maternal LPS exposure in the

first trimester results in embryonic resorption and fetal death (93, 94)

and in the third trimester, maternal LPS exposure causes fetal death or

preterm delivery (95). In this study, the LPS endotoxin was used to

simulate an infectious scenario and to compare PRL-induced

inflammation to a known inflammatory mediator. As expected, we

show that LPS induces robust inflammation via JAK/STAT gene

expression and downstream activation, along with secretion of

inflammatory cytokines (IL-6, IL-1b, and TNF-a). Interestingly, we
also show that LPS promotes enhanced PRL expression in JEG-3 cells

and PRL-receptor expression in decidual macrophages, suggesting that

PRL elevation may be a potential biomarker for bacterial infection at

the placenta. Previous studies have demonstrated that LPS treatment of

monocytes and anterior pituitary explants enhances PRL expression

and secretion, and it is hypothesized that this effect of LPS could be

mediated by IL-6 which is known as prolactin-releasing factor (96, 97).

We also show that LPS significantly upregulates mRNA expression of

SOCS1 and SOCS3 the decidual macrophages, and SOCS3 in JEG-3

cells. The SOCS have been shown to participate in negative regulation

of LPS responses (98), and here we show that the SOCS may indeed be

essential negative regulators of LPS signaling in the maternal decidua

and chorionic villi to protect from overresponses to LPS. Overall, these

data suggest that LPS exposure at the maternal-fetal interface may

enhance and/or exacerbate PRL secretion and signaling, leading to

aberrant inflammatory responses associated with adverse outcomes.

In summary, our study provides mechanistic insights into the

role of PRL in placental inflammation and adverse pregnancy

outcomes (Figure 7). We show that elevated levels of exogenous

PRL activate the JAK/STAT signaling pathway in placental and

decidual cells, leading to a robust pro-inflammatory response. LPS

treatment further amplifies PRL signaling, potentially triggering an

inflammatory cascade at the maternal-fetal interface. Notably,

STAT5B appears to be a key mediator in PRL- and LPS-induced

inflammation. These findings are important in defining the
FIGURE 7

Schematic presentation of prolactin signaling at the maternal-fetal interface.
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mediators and mechanisms driving placental inflammation and

related adverse pregnancy outcomes and are critical for designing

targeted therapeutics to mitigate these effects.
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