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Decoding the amniotic membrane
transcriptome during equine
ascending placentitis
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Despite its critical role in protecting the fetus, the amniotic membrane remains poorly understood

in the context of disease response. The equine amniotic membrane is an important physical barrier
to the amniotic compartment, and there is evidence that it may contribute to surfactant synthesis.
Surfactants are essential for normal fetal lung development, and disruptions in its availability may
be linked to future neonatal complications. Therefore, understanding the molecular changes that
occur in fetal-maternal tissues during placentitis would clarify how this condition leads to abortion,
preterm delivery, and stillbirth, and identify new strategies to manage the adverse outcomes. Thus,
we used RNA sequencing, bioinformatic methods, and immunohistochemistry to characterize the
equine amniotic membrane gene expression during experimentally induced ascending placentitis
(placentitis group, n=6) compared to gestationally matched control groups (control group, n=6) at
288 days of gestation. We identified 288 differentially expressed genes (DEG) in the placentitis group
compared to the control group. Placentitis was associated with the upregulation of toll-like receptors
(TLR4), prostaglandin synthesis (PTGS2 and PTGES), apoptosis (MMP9 and CASP3), and hypoxia-
associated genes (SOD2, BNIP3, and HMOX1). Our RNA sequencing results were supported by the
visual identification of two of those proteins (TLR4 and PTGS2) in the immunohistochemistry analysis.
Functional annotation revealed significant enrichment between the DEGs and the toll receptor
signaling pathway, which may be a key factor negatively affecting placental functions. In conclusion,
our study revealed that the amniotic membrane is not only a physical barrier but also plays an active
role in immune response during ascending placentitis.
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Ascending placentitis affects approximately 1 to 5% of pregnancies in mares!2. This placental infection is
responsible for 9.8 to 33.5% of diagnosed abortions, stillbirths, late-term pregnancy losses, and neonatal deaths
in the equine industry®. It is believed to be the result of bacterial migration from the vagina to the cervix,
spreading between the uterus and chorioallantois, causing placental separation, myometrial contractility, and,
consequently, preterm delivery or abortion*?. The most commonly isolated bacteria in ascending placentitis
cases are Streptococcus equi ssp. zooepidemicus">*. Even when the neonate survives, placentitis can still critically
compromise the foal’s health due to exposure to an inflamed and infected intrauterine environment®.

The most common diagnostic method currently utilized for placentitis is measuring the combined thickness
of the uterus and placenta (CTUP) and assessing placental separation areas through transrectal ultrasound®.
Measuring steroid hormones® and acute-phase proteins such as serum amyloid A”~® can complement the
diagnosis. However, all current diagnostic methods have limitations. For instance, CTUP measurements may
lead to false positives, steroid hormones can vary throughout gestation, and acute-phase proteins are not specific
to placentitis!®. Current treatment protocols aim to decrease uterine contractions and eliminate inflammation
and bacterial infection!!. Although pharmacological strategies have been broadly investigated, their clinical
applications, effectiveness, and limitations are not yet fully understood. For example, there are inconsistent
therapeutic levels of antibiotics and anti-inflammatories within placental tissues, and limited effectiveness
of tocolytics that may even hasten delivery. Additionally, while synthetic progestagens are used, their exact
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mechanisms and efficacy in this context remain unproven!2. Therefore, understanding the molecular and gene-
level mechanisms underlying ascending placentitis is of great importance to develop better diagnostic methods
and more effective treatments to prevent preterm delivery and abortions.

Ascending placentitis in mares shares similarities with intra-amniotic infection (chorioamnionitis) in
women, which is also largely caused by bacterial migration from the vagina and further invasion of the
chorioamnion!?. To better understand the molecular mechanisms involved in intra-amniotic infection, studies
have utilized RNA sequencing as a discovery approach to evaluate gene expression in fetal membranes and fetal
fluids in humans'¥~17. Investigators identified inflammatory and immunological pathways that were upregulated
in human preterm delivery'®. Elevated expression of heat-shock proteins, such as HSPA5, has been observed
to play a role in human spontaneous preterm births, where it appears to promote proinflammatory cytokine
expression'®. Important genes involved in inflammation have also been identified in severe preterm birth in
women, including IL1B, TNF, IL24, and CXCL10'. In mares, similar results have been observed after evaluating
RNA sequencing of the chorioallantois membrane from ascending placentitis, characterized by inflammatory
and immunological responses, as evidenced by the upregulation of genes encoding key regulators such as toll-
like receptors (TLRs), NOD-like receptors (NLRs), and heat-shock proteins (HSPA6 and HSPA2)". However,
the overall structure and function of the placenta differ substantially between humans and horses. Humans have
a hemochorial placenta, while mares have an epitheliochorial placenta?®?!, These anatomical differences are
important when comparing mechanisms of infection and inflammation between species.

In addition to fetal membranes, other tissues also respond to placentitis in mares'*?*~2°. Upon experimentally
induced Streptococcus equi ssp. zooepidemicus infection, the cervix showed clear signs of remodeling, dominated
by inflammatory signaling?*~?°. In the cervix, the overrepresented pathways included toll-like receptor signaling,
interleukin signaling, T cell activation, and B cell activation, along with the upregulation of extracellular
matrix remodeling-related genes, which were also observed in normal prepartum mares such as ADAMTSI
and ADAMTS4%. In the myometrium, activation of contraction-associated genes (PTGER3, PTGS2, MMPI,
MMPS8, and GJA4) was observed, triggered by inflammatory and toll-like receptor signaling pathways?2. This
inflammatory response corresponds to changes in the chorioallantois membrane and endometrium that also
had overrepresented inflammatory and toll-like receptor signaling pathways'°.

The amniotic membrane is the closest membrane to the fetus, and transcriptomic dysregulations can
interfere directly with the amniotic fluid composition and, consequently, with the fetus’s health. However, there
are no previous reports that identified changes in the amniotic membrane during ascending placentitis in mares.
Therefore, the primary aim of this study was to characterize, for the first time, the transcriptomic profile of the
amniotic membrane in mares with ascending placentitis compared to those with healthy pregnancies, using RNA
sequencing. A secondary aim was to identify biological pathways associated with ascending placentitis through
functional annotation analysis. We hypothesize that ascending placentitis will affect the amniotic membrane
transcriptome, leading to the upregulation of inflammation-related genes and, consequently, a coordinated
immune response across the amniotic membrane.

Results

Reproductive parameters

Results of inflammation and placentitis were presented in a previous study'’. Briefly, placentitis was confirmed
by a histopathological analysis of the chorioallantois. Mild to marked inflammation with leukocytic infiltration
was identified in the chorioallantois membrane of mares in the placentitis group (Supplementary Table S1). In
addition, through transrectal ultrasound examination, a significant (P<0.01) increase in CTUP between the day
of inoculation and the day of euthanasia was characterized. Placental separation was present in all mares in the
placentitis group, while none was seen in the control group mares. During sample collection, all placentas from
the placentitis group were confirmed to have gross lesions consistent with placental infection. However, lesion
size was not assessed. Microbiological culture identified Streptococcus equi subsp. zooepidemicus as the only
bacterial isolate in all affected placentas, with no evidence of mixed bacterial growth. All fetuses appeared to be
viable at the time of euthanasia.

Differential gene expression

Based on counts per million, a total of 288 genes were considered differentially expressed (DEG)
(P-value <0.0024) in the amniotic membrane at 288 days of gestation, which is represented in Fig. 1. Within this
DEG list (Supplementary Table S2), 177 genes were upregulated and 111 downregulated in the placentitis group
compared to the non-placentitis group.

Comparison of DEGs across other tissues

Comparing the DEGs (FDR<0.05) across the amniotic membrane, chorioallantois, endometrium, and
myometrium, we identified eight genes that were upregulated in all the tissues during ascending placentitis
(AOAH, SOD2, LOC100053579, ITGAX, LOC100067491, CEBPD, IL2RG, OAF) (Supplementary Table S8 and
Supplementary Fig. S3). Some genes were only expressed in the amniotic membrane when compared to other
tissues, with 42 being upregulated and 43 being downregulated.

Weighted gene co-expression network construction (WGCNA) and module-trait
correlation with placentitis

All filtered genes (n=32,004) were utilized for the WGCNA network and module construction. Through
automated block-wise analysis, interconnected genes were assigned into 36 color-coded modules, excluding the
grey module, which represents uncorrelated genes (Fig. 2). The largest number of co-expressed genes was found
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Fig. 1. Volcano plot of the differentially expressed genes of the amniotic membrane between mares with
ascending placentitis and normal mares (control group). Each dot represents a gene. The y-axis represents
the -log10 of the FDR (adjusted p-value) value, and the x-axis represents the log2 FC (fold change) value.
Green dots are significantly downregulated genes (n=111), and pink dots are significantly upregulated genes
during ascending placentitis (n=177). Grey dots represent genes with an FDR greater than 0.1 that were not
considered significantly differentially expressed.
Q _
e
T r 117-
0 _
o
© _
- ©
L
f=2
QO
r ¥ _
o
N
o
o
o
Module colors

Fig. 2. Gene co-expression module dendrogram. Cluster dendrogram of 32,004 genes generated through
dissimilarity metrics (1-TOM) and hierarchical clustering. The module colors (x-axis) show the gene-module
assignment, and the height (y-axis) represents the dissimilarity between genes.
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in the brown module (n=2126), while the dark magenta module had the smallest number of co-expressed genes
(n=70) (Supplementary Table S3).

Additionally, a heatmap was generated to assess the relationship between modules and clinical traits
(inflammation and placentitis) using the Kendall correlation (Fig. 3). Within 36 modules, “brown” was positively
correlated with inflammation (R=0.81, p=0.001) and placentitis (R=0.74, p=0.006) score traits. Module “dark
magenta” was negatively correlated with inflammation (R=-0.7, p=0.01) and placentitis score traits (R=-0.7,
p=0.01).

Functional enrichment

Pathway overrepresentation analysis (PANTHER Overrepresentation Test - PANTHER Pathways and GO-slim
biological process)?® of DEGs demonstrated that genes were predominantly involved (FDR <0.05) in biological
processes linked with Toll-like receptor 4 signaling pathway, cytokine-mediated signaling pathway, and small
molecule metabolic process (Supplementary Table S4). Moreover, the overrepresented pathways were the toll
receptor signaling pathway (CDI4, TLR4, and PTGS2) and CCKR signaling map (MMP9, EIF4EBPI, CASP3,
FOXO03, PTGS2, TCF4, DNM1, NR4A1, and AKAPI) (Fig. 4, Supplementary Table S5).

Additionally, we also evaluated the genes of the two highly correlated modules, brown and dark magenta. The
PANTHER overrepresentation analysis (PANTHER Pathways and GO-slim biological process)? of the genes
in the “brown” module were significantly involved in biological processes associated with the Toll-like receptor
4 signaling pathway, canonical NF-«B signal transduction, cytokine-mediated signaling pathway, and others
(Supplementary Table S6). Additionally, the analysis revealed three significantly enriched pathways (FDR <0.05),
the toll-like receptor (TLRs) signaling pathway (IRAK4, MAP2KI1, CD14, ECSIT, RELA, NFKB1, TNFAIP3,
PTGS2, TLR4 and NFKB2), glycolysis (PFKL, GAPDH, PGKI, HK2, ENOI, ENO2, and GPI), and interleukin
signaling pathway (IL4R, FOXO3, IL12A, IL13RA1, IL16, IL10RB, and ELK1) (Fig. 4, Supplementary Table S7).

The PANTHER overrepresentation analysis of the genes in the dark magenta module did not yield any
significant (FDR <0.05) pathways or biological processes.

Protein-protein interaction
Hub genes from the “brown” module were identified by establishing a cutoff of MM > 0.6 and GS> 0.4, which
revealed 1,280 inflammation-associated hub genes. The hub genes list of the “brown” module was overlapped
with the list of genes of the Toll-like receptor signaling pathway generated by the overrepresentation analysis.
Hub genes of the “brown” module, which were included in the Toll-like receptor signaling pathway list, were
used to construct a physical subnetwork protein-protein interaction analysis.
The analysis revealed a significant PPI enrichment score of P=1.0e-16, comprising 14 nodes (genes) and
16 edges (interactions), with an average node degree of 2.29 and a local clustering coefficient of 0.631 (Fig. 5).
Additionally, the DEG list was used to construct another physical subnetwork protein-protein interaction
analysis. The analysis revealed a significant PPI enrichment score of P=1.0e-16, comprising 264 nodes and 42
edges, with an average node degree of 0.311 and a local clustering coefficient of 0.156 (Supplementary Fig. S1).

Immunohistochemistry
The protein staining for TLR4 and PTGS2 in the equine amnion from the placentitis and control groups is
shown in Fig. 6. According to our DEG findings, we observed an increased expression of TLR4 and PTGS2 in the
placentitis group compared to the control group. TLR4 was seen in the cytoplasm and nucleus of the epithelial
cells, and it also appears in the nucleus of the fibroblasts in the connective tissue. PTGS2 was mainly expressed in
the cytoplasm of the epithelial cells. The immunostaining intensity for the evaluated targets was relatively higher
in the equine amniotic membrane from the placentitis group than in the control group. In the current RNA
sequencing dataset, TLR4 and PTGS2 were significantly upregulated in the amniotic membrane (log2FC=1.0
and log2FC=1.9, respectively) during placentitis compared with the control (Fig. 6).

No immunostaining was observed in sections incubated with either normal rabbit IgG or the PU.1 antibody,
confirming the specificity of the staining observed with TLR4 and PTGS2 antibodies (Supplementary Fig. S4).

Discussion

The amniotic membrane is the innermost fetal membrane that delimits the amniotic cavity, which contains the
amniotic fluid that is in direct contact with the fetus. Changes to the amniotic membrane and the amniotic fluid
can negatively impact the fetus’s health when transcriptomic dysregulations occur during placentitis. Thus, the
current study characterized the gene expression of the amniotic membrane to improve our understanding of
the molecular mechanisms and critical regulators involved in ascending placentitis in mares. To perform this
study, the amniotic membrane was collected from experimentally induced ascending placentitis models and
healthy pregnant mares at 288 days of gestation. High-dimensional biology, specifically RNA sequencing, was
applied to characterize the transcriptome of the specific tissue. Combined with updated functional genomics,
the study reveals important key regulators and pathways contributing to a better understanding of placentitis’
pathophysiology. Our results indicated that the amniotic membrane functions not only as a physical barrier
but also actively participates in the immune response by engaging toll-like receptor signaling, promoting
inflammatory pathways, and activating glycolysis when challenged by ascending placentitis.

In mammals, healthy pregnancies are maintained by high concentrations of progesterone, downregulating
chemokines and blocking the inflammatory cascade at the feto-maternal interface?”~?°. These chemokines and
inflammatory factors are activated during normal labor, but they are also triggered by infection, which leads to
preterm delivery in mice, women®**'and mares!'®. Our study found that equine ascending placentitis leads to
the increased expression of genes involved in the inflammatory process in the amniotic membrane, particularly
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Fig. 3. Weighted gene expression co-expression network analysis (WGCNA) of 32,004 genes in the amniotic
membrane during ascending placentitis and the identified 37 color-coded modules. Module-trait heatmap
based on the relationships between co-expression modules and score traits (Inflammation and Placentitis).
The “brown” module was positively correlated with inflammation and placentitis. The “dark magenta” module
was negatively correlated with inflammation and placentitis. Each row represents the identified co-expression
modules, and each column represents a specific trait. The color yellow indicates a positive correlation between
the module and the trait, while the purple color indicates a negative correlation.
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Fig. 4. Gene ontology (GO) enrichment analysis using PANTHER was used to identify the overrepresented
pathways of the DEGs and the genes from the brown module, which was highly positively correlated with
placentitis and inflammation based on the WGCNA analysis. The y-axis contains the pathways with an
FDR <0.05, and the x-axis contains the number of genes assigned in each pathway.

those related to the toll-like receptor signaling pathway. Our findings align with previous studies that evaluated
different tissues during ascending placentitis in mares, which also demonstrated the upregulation of genes
involved in pathogen recognition and inflammation'®?%?%, Functional annotation analysis of our results revealed
that both DEGs and the brown module genes were enriched in the Toll receptor signaling pathway. Additionally,
the DEGs were enriched for inflammation-related processes, such as the CCKR signaling map, and the genes in
the brown module were enriched for glycolysis and the interleukin signaling pathway. The analysis of the genes
in the dark magenta module did not reveal any significant pathways.

Toll-like receptors (TLRs) are considered pattern recognition receptors (PRRs), which are essential
components of the innate immune system?*3%. They are responsible for recognizing molecular patterns associated
with microbial pathogens (Pathogen-Associated Molecular Patterns (PAMPs)) and molecules released by
damaged cells (Damage-Associated Molecular Patterns (DAMPs))*2 Thus, TLRs play an essential role in the
immune system. These PAMPs and DAMPs signal infections, activating both inflammatory and antimicrobial
responses34. In the present study, several TLRs signaling-related genes (CDI4, LY96, ECSIT, TLR4, TLRY,
NFKB2, PTGS2, NFKBI1, TNFAIP3, TLRS, RELA, ELK1, TLR2, and NFKBIA) were upregulated in the amniotic
membrane from mares with ascending placentitis, being hub genes in the “brown” module in the amniotic
membrane WGCNA dataset. IHC analysis confirmed the overexpression of TLR4 and PTGS2 in the amniotic
membrane of mares with ascending placentitis (Fig. 6). Although histological examination of the amniotic
membrane did not reveal inflammatory features (e.g., leukocyte infiltration, edema, or necrosis), transcriptomic
analysis identified DEGs related to inflammatory pathways. This finding may reflect an early immune response,
in which molecular signaling is activated before structural or cellular changes become histologically evident.
Moreover, although TLR4 is traditionally considered a transmembrane receptor’’studies have shown its
nuclear localization in certain cell types, such as glioblastoma and lung epithelial cells, particularly following
inflammatory stimulation®*®*”. In our study, the observed nuclear TLR4 staining in the amniotic membrane
may reflect an early immune response. However, further investigation into its functional significance is needed.
A recent study has also identified the upregulation of TLRs-related genes (TLRI, TLR2, TLR3, TLR7, MYD88,
IRAKI, and LY96) in the chorioallantois membrane of mares with ascending placentitisw. Similarly, in humans,
TLRs are expressed in the amniotic membrane cells and are involved in the active recognition and regulation
of intra-amniotic infection”?*3%. Specifically, TLR4, one of the genes present in the “brown” module and an
upregulated DEG, stimulates cytokine release and activates apoptosis pathways, triggering the immune response
in women with intra-amniotic infection®%. The predominant upregulation of TLR4 rather than TLR2 observed
in this study may suggest that the amniotic membrane is not directly exposed to the bacteria, which activates
TLR2 via PAMPs?. Instead, the inflammatory response may be driven primarily by DAMPs, which preferentially
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Fig. 5. Protein-protein interaction analysis with the STRING algorithm showing nodes (proteins) and edges
(protein-protein interactions) of proteins in the Toll-like receptor signaling pathway. A functional interaction
network represents the relationships between proteins encoded by genes present in the Toll-like receptor
signaling pathway. Thicker edges indicate stronger protein-protein interactions. Each node represents all the
proteins produced by a single protein-coding gene locus. Node colors represent query proteins, and the first
shell of interactors, and node content indicates known or predicted 3D structure.

activate TLR4, which can also be activated through co-receptors such as CD14 and LY96 that are shown to be
upregulated in our study*"*. This suggests that TLR4-mediated signaling in the amniotic membrane reflects the
downstream consequences of infection rather than direct bacterial recognition. Therefore, our data suggest that
TLRs play a crucial role in maintaining the inflammatory response activation during placentitis. In primates,
treating intra-amniotic infection using a TLR antagonist has been shown to delay or prevent preterm delivery
associated with the infection®’. Thus, inhibiting TLRs in combination with effective antibiotic therapy may be
a promising strategy for developing new therapies for equine ascending placentitis, potentially suppressing the
inflammatory response and preventing preterm delivery.

To improve our knowledge of the genes in the brown module most correlated with the TLR signaling
pathway (CD14, LY96, ECSIT, TLR4, TLR9, NFKB2, PTGS2, NFKB1, TNFAIP3, TLR8, RELA, ELKI, TLR2, and
NFKBIA), we performed a protein-protein interaction analysis. The functional network generated by STRING
revealed interesting interactions among the genes, with strong edges connecting RELA, NFKBI, and NFKB2.
It is known that RELA, NFKBI, and NFKB2 are essential components of the classic NF-kB family44which
needs to be suppressed in order to maintain pregnancy in humans*:. NF-kB is inhibited by certain important
cytokines, such as IL-10, and also by hormones like progesterone, which are elevated during pregnancy**-4. A
significant relationship between NF-«B activity, pro-inflammatory cytokines, and preterm birth in women has
been discussed, as demonstrated by an IL-10 knock-out (KO) mouse model***”. The KO of the IL-10 resulted in
increased expression of IL-6 and TNF-a, which promoted preterm labor?”. In our study, IL-6 was identified as
a hub gene in the “brown” module. Other studies conducted in mares with experimentally induced ascending
placentitis, which have analyzed various samples, including the chorioallantois, endometrium, cervix, and fetal
fluids, have shown an increase of IL-6 in all these tissues>!**4*8, The increased expression of IL-6 in various
tissues during ascending placentitis may be evidence of the coordinated immune response across the tissues
directly involved in pregnancy. Moreover, in mares with placentitis, the chorioallantois membrane shows a
significant downregulation of transcripts involved in the synthesis of 5a-dihydroprogesterone (5aDHP) and
several glucocorticoid/steroid hormone receptors'®. The consequent lower concentration of these important
progestins and their function will lead to the activation of the NF-«xB pathway, amplifying the inflammatory
process involved in the disease!**. Therefore, our study demonstrated that NF-kB plays an important role in
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Fig. 6. Representative photomicrographs of the equine amniotic membrane retrieved from control and
placentitis mares and immunostained for Toll-like Receptor 4 (TLR4) and Prostaglandin-endoperoxide
Synthase 2 (PTGS2). The immunostaining intensity for the evaluated proteins was higher in the equine
amniotic membrane from the placentitis group than in the control group. Scale bar =100 ym.

activating the inflammatory cascade during ascending placentitis, and it may be a promising target for developing
new therapies.

The glycolysis pathway was enriched when analyzing the genes in the brown module. This pathway has also
been overrepresented in the chorioallantois and endometrium of mares during ascending placentitis'®. However,
there is no currently known direct correlation between those specific glycolytic genes and ascending placentitis.
This finding may indicate metabolic adaptations during the disease.

The brown module analysis has also revealed an enrichment in the interleukin signaling pathway. This
pathway has also been overrepresented in the myometrium, cervix, and chorioallantois of mares during ascending
placentitis!®?>%, In our data, the genes driving the pathway were STAT3, CSF2RB, FOX03, IL13RA1, SPII,
IL4R, CDKNI1A, MKNK1, IL16, ILI0RA, ILI0RB, MAP3K4, ELK1, LOC100069576, IL12A, IL6, and MKNK2.
This pathway is known for mediating inflammatory and immune responses, which may contribute to the
pathological changes observed during placentitis. The gene FOXO3 is part of the family Forkhead box transcript.
FOXO3 expression was higher in the myometrium of women in labor compared to nonlaboring women®’. In
addition, its overexpression increased cytokine synthesis and secretion, prostaglandin production, and MMP9
expression®*which we have found to be a DEG upregulated in the amniotic membrane during placentitis.
Interleukin 10 Receptor Subunit Beta (ILIORB), also known as ILIOR2, plays a crucial role in the immune system
and has been linked to recurrent pregnancy loss in women®’. The gene STAT3 is a signal transducer and activator
of transcription 3. It is one of the downstream genes activated by IL6 via the JAK/STAT pathway. It has been
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shown that IL6 plays an important role as a pro-survival agent during ascending placentitis®2. However, STAT3,
one of the triggered genes activated by IL6, is expressed in the myometrium as an upstream regulator during the
prepartum period in mares, indicating its involvement in labor signals??. Thus, it raises the question of whether
IL6 might accelerate labor by activating the myometrium through STAT3 signaling. Overall, genes involved in
the interleukin signaling pathway may not only have a role in triggering the inflammatory response but also
in producing further signals that might continuously stimulate the inflammation process and, consequently,
signal parturition. Thus, it is an important pathway that warrants further investigation as a potential target
for developing new therapeutic strategies to prevent preterm delivery in mares when in conjunction with an
antimicrobial therapy.

When evaluating the overrepresentation analysis for the DEGs, we observed an enriched pathway known
as the CCKR signaling map. While there is no published correlation between this pathway and ascending
placentitis, several genes within this pathway are associated with the inflammatory process during placentitis in
mares in other tissues, including MMP9, CASP3, FOXO3, PTGS2, and NR4A1'?223 The gene MMP9 is a potent
coding gene for proteinases, which may be involved in extracellular matrix degradation and has been identified
as being involved in cervical remodeling during ascending placentitis in mares?*?%. This elevated protease
transcript can be associated with apoptosis®*. In support of this, the gene CASP3, an important apoptosis-related
gene, was identified as a hub gene (“brown” module) and overexpressed in the amniotic membrane of mares
with placentitis. CASP3 is a major member of the caspase family and plays an active role in apoptosis, acting as
a high-risk factor for premature membrane rupture in women®. In line with our findings, CASP3 has shown
up as an upstream regulator in the chorioallantois of mares with ascending placentitis and is upregulated in the
cervix of mares during the disease!®?>?%, Data suggests that genes related to apoptosis may be involved in the
observed placental separation during equine placentitis'®. Thus, controlling apoptosis-related genes may prevent
premature placental separation and cellular apoptosis in mares.

A recent study has characterized the downregulation of factors involved in progestin synthesis and function
during placentitis in mares'®. In accordance with their data, our study has also identified the downregulation
of an important glucocorticoid/steroid hormone receptor, the NR4A1, in the amniotic membrane of mares
with placentitis. It implicates progestin functional withdrawal, which may contribute to the activation of
inflammatory cascades'®. Moreover, El-Sheikh Ali and colleagues have demonstrated that placentitis is associated
with angiogenesis dysregulation due to the downregulation of angiogenesis-related genes (VEGFA, VEGFR2,
and VEGFR3) in the chorioallantois of mares with placentitislg. In line with their observations, we have also
identified hypoxia-related genes (SOD2, BNIP3, and HMOX1) upregulated in the amniotic membrane of mares
with placentitis. Consequently, these findings may elucidate the occurrence of placental insufficiency in cases of
ascending placentitis.

Additionally, the functions of the amniotic membrane remain to be fully understood. A recent study found
a similar structure to lamellar bodies inside epithelial cells in the amniotic membrane®®. Lamellar bodies are
lamellated structures that store surfactants. They are commonly produced by type II pneumocytes in the fetal
lung and then are secreted in the amniotic fluid®”>. This possible function of the amniotic membrane suggests it
might be a potential source of pulmonary surfactant in the amniotic fluid®**. Thus, it raises the hypothesis that
any disturbance in the amniotic membrane, such as we have shown that happens during ascending placentitis,
could lead to direct harm to the fetus. Even though foals from chronic placentitis tend to be precociously mature
and are more likely to survive, their future health and athletic performance might be compromised, leading to
significant economic consequences®.

Compared to the most recent reports that evaluated the transcriptome in other reproductive tissues, the
amniotic membrane presented fewer DEGs (288 genes) than the cervix (5310 DEGs)****myometrium (596
DEGs)*?endometrium (805 DEGs), and chorioallantois (2953 DEGs)'® from mares with placentitis. We
hypothesize that the smaller list of DEGs in the amnion can be correlated with the relatively fewer cell types
and presumed reduced vascularization compared to other placental tissues, which may contribute to this
tissue’s lower metabolic activity and immune response®®. Indeed, the amniotic membrane expresses genes with
similar patterns to other tissues. An inflammation-driven remodeling was observed in the cervix, characterized
by the upregulation of important PRRs, interleukins, and proteases that contribute to extracellular matrix
degradation®>?*. Similar results were observed in the myometrium, including genes involved in prostaglandin
synthase and apoptosis?2. The endometrium and chorioallantois followed the same patterns, additionally showing
the downregulation of progestin functional withdrawal'®. Most of these previously published DEGs and patterns
were also observed in the amniotic membrane during ascending placentitis (Fig. 7). Additionally, a more in-
depth comparison (Supplementary Table S8 and Supplementary Fig. S3) revealed eight genes upregulated in
all the tissues during ascending placentitis (AOAH, SOD2, LOC100053579, ITGAX, LOC100067491, CEBPD,
IL2RG, OAF). Together, these genes reflect a coordinated inflammatory response across all placental tissues
and myometrium, including innate immune response activation, redox imbalance, and cytokine signaling®®°!.
Moreover, some genes were only expressed in the amniotic membrane when compared to other tissues, with 42
being upregulated and 43 being downregulated (Supplementary Fig. S3).

A few limitations must be considered. The relatively small sample size (n=6 per group) may limit the
statistical power to detect subtle changes. However, previous research has demonstrated that six biological
replicates per experimental group for bulk RNA sequencing is an adequate minimum threshold for estimating
gene-level dispersion, biological coefficient of variation, and differential expression, particularly when the
average sequencing depth surpasses 20 million reads per sample®*~%. Moreover, the methodology and
subsequent delineation of differential gene expression used in this work are considered somewhat conservative,
intentionally controlling for the apparent false positive rate. Another limitation of our study is that it did not
explore single-cell RNA sequencing. However, this approach would be valuable for identifying which amnion
cell types drive the observed transcriptomic changes. Therefore, future studies that implement single-cell RNA
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Fig. 7. Graphical representation of the gene expression throughout the tissues mainly involved in pregnancy.
Inflammation-driven remodeling, interleukins, and apoptosis-related genes were observed in the cervix, and
pattern recognition receptors, oxidative stress, apoptosis, decreased angiogenesis, and progestin functional
withdrawal-related genes were affected in the myometrium, endometrium, and chorioallantois. Those genes
were also expressed in the amniotic membrane, showing a coordinated immune response across all the
tissues'*?2-24, Created in BioRender. Marchio, S. (2025)https://BioRender.com/6nfo956.

sequencing, complementary quantitative methods, and a larger sample size may be worthwhile to further
elucidate transcriptomic alterations or disruptions caused by ascending placentitis in mares. Lastly, the use of an
experimentally induced model of ascending placentitis is a valuable tool for controlling variables and the timing
of infection. However, it may not fully replicate the complexity and variability of naturally occurring disease.
Despite these limitations, it is worth noting that this experimentally induced model of ascending placentitis
currently represents the most suitable model for studying the disease’s mechanisms under controlled conditions.
It has been previously validated and widely used, generating relevant biological evidence!®!%2223,

In conclusion, this is the first study that elucidated the changes in the equine amniotic membrane during
ascending placentitis (Fig. 8). Our study highlights that the amniotic membrane is not only a physical barrier
but also plays an active role in the immune response during ascending placentitis. We observed an inflammatory
response triggered mainly by TLRs, which may subsequently activate genes involved in prostaglandin synthesis
(PTGS2 and PTGES), apoptosis (MMP9 and CASP3), and hypoxia (SOD2, BNIP3, and HMOX1). The expression
of all these factors in the amniotic membrane can be a consequence of the immune response in other tissues.
Still, more importantly, it will contribute to the perpetuation and exacerbation of the inflammatory response
in various tissues, leading to placental insufficiency, premature placental separation, and preterm delivery. The
amniotic membrane participates in immune crosstalk with the surrounding tissues mentioned above, including
the myometrium, endometrium, and chorioallantois. However, further studies will be necessary to elucidate the
role of the amniotic membrane in contributing to the composition of amniotic fluid and fetal health. Altogether,
this study revealed the amniotic membrane transcriptome during ascending placentitis and contributed to
understanding the pathophysiology of placentitis. Additionally, our results can also serve as a consistent source
for testing new hypotheses.

Materials and methods

Ethics

All experimental protocols and sample collections were approved by the Institutional Animal Care and Use
Committee at the University of Kentucky (IACUC protocol number 2014 —1341). All methods were carried
out in accordance with relevant guidelines and regulations in the manuscript. All methods are reported in
accordance with the ARRIVE guidelines.

Animals

Healthy mares (Equus caballus), from the University of Kentucky, Maine Chance Farm, with no detectable
abnormalities in the reproductive tract, were enrolled in the study. Animals were maintained at the University
of Kentucky Maine Chance Farm in pastures with ad libitum access to water, hay, and trace minerals. They were
4.39 £ 0.18 years old (mean + SEM; range: 4-6 years). Mares were housed with a fertile 4-year-old stallion for 45
days to allow live cover. Between 18 and 35 days of gestation, pregnancy diagnoses were made with a transrectal
ultrasonographic exam, and subsequent embryo measurements were used to predict pregnancy length®’.
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Fig. 8. Graphical representation explaining the possible mechanisms associated with equine placentitis in light
of the current study. Created in BioRender. Marchio, S. (2025)https://BioRender.com/6nfo956.

Experimental design

At approximately 280 days of gestation age, mares were randomly divided into two groups: placentitis (n=6
mares) and control (n=6 mares) groups. An intracervical inoculation of Streptococcus equi ssp. zooepidemicus
(1x10° CFU) diluted in 0.5 ml of Todd Hewitt broth, using a semiflexible artificial insemination pipette, was
done to experimentally induce placentitis. No inoculation was performed on the mares in the control group.
All mares were monitored daily thereafter by transrectal ultrasonographic examination to evaluate the CTUP
(Supplementary Fig. S2) and to assess the degree of placental separation, which indicated the progression of
disease™’.

Euthanasia and placental tissue collection and preparation

Eight days after inoculation, mares in the placentitis group presented measurable placental separation and a
noticeable increase in CTUP (CTUP increase of 3 mm and > 50% of original thickness)>!? and were euthanized as
described elsewhere!®. Briefly, an overdose of sodium pentobarbital reccommended by the American Veterinary
Medical Association (AVMA) was utilized®®. Mares in the control group were euthanized at corresponding
gestational ages with the same protocol recommended by the AVMA (sodium pentobarbital overdose).
Immediately after euthanasia, the uteroplacental unit was retrieved. Swabs from active placentitis lesions were
taken and cultured on blood agar plates (incubated at 37 °C) to confirm the isolation of Streptococcus equi ssp.
zooepidemicus from the lesion.

Since there were no gross lesions in the amniotic membrane, small tissue fragments were randomly collected
from each mare and stored in RNAlater (#AM7021; Invitrogen) at 4 °C overnight, followed by freezing at
-80 °C until RNA isolation. Samples of amniotic membrane and full-thickness uterus, including chorioallantois
(CA), were fixed in 10% formaldehyde for 24 h and then transferred to 100% methanol for histopathological
examination of the full-thickness uterus with CA and immunohistochemistry (IHC) of the amniotic membrane.

Scientific Reports |

(2025) 15:30714 | https://doi.org/10.1038/s41598-025-16671-5 natureportfolio


https://BioRender.com/6nfo956
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The histopathological examination of the full-thickness uterus and CA was used only to identify inflammation
and confirm placentitis.

Total RNA extraction

The RNA extraction was done as previously described!®. In brief, total RNA was isolated using the RNeasy
Mini Kit (#74104; Qiagen), and DNA digestion was done on-column utilizing RNase-free DNase I (#79254:
Qiagen), followed by cleanup. All procedures were performed according to the manufacturer’s instructions. The
RNA purity was evaluated with the NanoPhotometer spectrophotometer (IMPLEN, CA, USA), and its integrity
and quantification were assessed with the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). All samples had a 260/280 ratio > 2.0 and RNA integrity number (RIN) > 6 (6.47 £0.29,
mean +SEM).

RNA sequencing

All amniotic membrane samples were submitted for RNA sequencing, which was performed at the Novogene
Experimental Department as described elsewhere®~72. A total of 1 pg of RNA per sample was used as input
material for the RNA sample preparations. Sequencing libraries were generated by the NEBNext Ultra RNA
Library Prep Kit for Illumina (NEB, USA) according to the manufacturer’s protocol, and index codes were
added to attribute sequences to each sample. Poly-T oligo-attached magnetic beads were employed to purify
mRNA from the total RNA. Fragmentation was done by applying divalent cations under elevated temperature
in NEBNext First Strand Synthesis Reaction Buffer (5x). The first strand of complementary DNA (cDNA) was
synthesized with random hexamer primers after the fragmentation, followed by the second strand of cDNA
synthesis. The directional library was ready after end repair, A-tailing, adapter ligation, size selection, USER
enzyme digestion, amplification, and purification. Furthermore, the library was checked using Qubit, while real-
time PCR was used for quantification, and a bioanalyzer was used for distribution detection. Quantified libraries
were pooled and sequenced on the Illumina NovaSeq 6000 platform (Illumina), generating 150 bp paired-end
reads.

RNA sequencing data normalization

The quality of the sequence read files was assessed by FastQC v0.12.0, and the data was trimmed with
Trimmomatic v0.397>74. Reads were mapped to EquCab3.07%, and a gene-level assembly was performed via
an HISAT?2 and StringTie2 workflow’®””. The gene-level count matrix was constructed utilizing prepDE.py’s.
Raw gene counts were imported to R v4.1.2 and filtered for zero-counts, normalized with the trimmed mean of
M-values method (TMM), and then converted into log2-counts-per-million values (log2CPM). A total of 32,004
genes were identified and utilized for weighted network analysis. The RNA sequencing data was deposited in the
National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database under the
number GSE295055.

Differentially expressed genes

Following normalization with the TMM method, normalized gene count values were used to test for differentially
expressed genes (DEGs) in the amniotic membrane between the placentitis and control groups. This evaluation
was performed using the R package edgeR v4.0.3 with the function exactTest, which is an exact test based on
the negative binomial model. Genes were considered significantly differentially expressed if the raw P-value was
<0.00247°.

Comparison of DEGs across other tissues

Using the supplementary materials of previously published papers that were performed with the
same experimentally induced placentitis model as our study, we compared the DEGs across the
chorioallantois'’endometrium'”myometrium*’and amniotic membrane. Only DEGs with FDR<0.05 were
selected (Supplementary Table S8) and compiled to construct the Venn diagrams (Supplementary Fig. S3).

Weighted gene co-expression analysis (WGCNA)

First, we evaluated the samples for potential outlier data utilizing canonical Euclidean distance-based network
adjacency matrices based on standardized connectivity®®. Samples with a standardized connectivity >-5.0 were
considered outliers and to be removed; no samples were considered outliers for this study. Weighted gene co-
expression network analysis was performed with the R package WGCNA v.1.71 for expression network and module
construction®!. According to signed biweight midcorrelation coefficients, the 32,004 genes were constructed into
co-expression modules using the blockwiseModules function in the WGCNA R package with the parameters:
corType = “bicor; TOMType = “signed,” networkType = “signed,” maxBlockSize = 32,004, minModuleSize =30,
mergeCutHeight=0.25, and pamRespectsDendro=FALSE, power=22, numericLabels=TRUE; prior soft
thresholding allowed for the calculation of the power parameter () required to exponentially raise the adjacency
matrix, targeting a scale-free topology fitting index (R2) of >90% (B =22). Each module was assigned to have
unique color identification, and genes that did not assemble into a specific module were placed in the “grey”
module. Independent module-trait Kendall’s Tau correlation coefficients were calculated across all modules and
clinical metadata (clinical metadata is available in Supplementary Table S1) components, which were considered
significant at |R|>0.6 and p-value < 0.05.

After identifying modules strongly positively and negatively correlated with inflammation, we determined
their hub genes. Hub genes are highly connected genes within a co-expression network module that often
serve as key regulators of biological processes due to their strong association with clinical traits®2. As such, we
calculated the module membership (MM; Kendall’s Tau correlation coeflicients between gene expression and
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module eigengenes as a parameter of intramodular connectivity)®* and gene significance (GS; Kendall’s Tau
correlation coefficients between individual gene expression level and clinical trait (inflammation score) as a
measure of biological relevance)®* using the WGCNA R package. Genes that presented MM > 0.6 and GS>0.4
were considered hub genes within the module.

Genes identified as intramodular hub genes in the brown module, which drive the toll receptor signaling
pathway, were further analyzed for protein-protein interactions using the Search Tool for the Retrieval of
Interacting Genes database (STRING) with annotations specific to the equine (Equus caballus) species. A
physical subnetwork was generated in which edges only display protein interactions with evidence of forming a
physical complex. No interactions with a confidence score below 0.4 were included, and the disconnected nodes
were removed from the network.

Functional enrichment analysis

Overrepresentation analysis using PANTHER v18.0 was employed to functionally annotate genes based on Gene
Ontology (GO) terms, specifically biological processes and pathways. First, we evaluated the list of differentially
expressed genes. Then, we evaluated the genes of the “brown” and “dark magenta” modules, which were
respectively considered positively and negatively correlated with inflammation (|R|>0.6 and p-value <0.05).
Only pathways with false discovery rate (FDR) adjusted P value <0.05 were considered.

Tissue preparation for histopathological examination and immunohistochemical staining

For the histological examination, fixed full-thickness uterus and CA samples were dehydrated, embedded in
paraffin, sectioned at 5 pum, and stained with hematoxylin and eosin. The inflammation score was calculated
based on the level of inflammation present in the placenta and was graded as 0 (no inflammation; no
inflammatory cells), 1 (mild inflammation; few inflammatory cells infiltration), 2 (moderate inflammation;
moderate inflammatory cells infiltration), and 3 (marked inflammation; large numbers of inflammatory cells)®.
Three different high-power fields were utilized to calculate the average score for each sample.

For THC, fixed amniotic membrane samples were dehydrated, embedded in paraffin, and sectioned at a
thickness of 5 um. The genes of interest were selected based on the results of the RNA sequencing analysis.
Briefly, the DEGs list was overlapped with the hub genes (MM >0.6 and GS>0.4) list of the “brown” module,
which showed a high correlation with placentitis (cor =0.69 and P-value < 1e-200). This correlation was enriched
for the Toll-like receptor pathway in the over-representation analysis in PANTHER. Two genes with a P-value of
less than 0.0024 were selected for IHC analysis related to inflammation: TLR4 and PTGS2.

The formalin-fixed samples were dehydrated, embedded in paraffin using standard methods, and sectioned
at a thickness of 5 um. The immunostaining of sectioned tissues was conducted with rabbit anti-human TLR4
(1:200; #PA5-23284, ThermoFisher Scientific) or rabbit anti-human PTGS2 (1:100; MA5-14568, ThermoFisher
Scientific). Paraffin sections were processed by the Leica BOND-MAX system (Leica Microsystems, Buffalo
Grove, IL), as described elsewhere®. Slides were evaluated at 100x and 200x magnification.

Negative controls included an omission control using normal rabbit IgG (sc-2027, Santa Cruz Biotechnology)
and a substitution control using SPI1 (PU.1) antibody (1:100, PA5-17505, Thermo Fisher Scientific), both applied
to equine amnion sections following the same immunohistochemistry protocol as the experimental antibodies.

Data availability

The RNA sequencing data were deposited in the National Center for Biotechnology Information (NCBI) Gene
Expression Omnibus (GEO) database under the number GSE295055, or contact Dr. Yatta Boakari at yboakari@
tamu.edu.
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