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ABSTRACT

Problem: We sought to investigate whether maternal inflammatory cytokines during pregnancy are associated with histologic
inflammatory or vascular lesions in the placenta and/or correlated with gene expression patterns in the placenta.

Method of Study: We leveraged data from a large randomized controlled trial (RCT) at a single site. Maternal serum was collected
in the second and third trimesters, and a composite inflammatory score was created using five measured biomarkers (CRP, IL-6,
IL-1ra, IL-10, and TNF-). Placentas were collected at delivery for histological analysis and four major patterns of placental injury
were characterized. Fresh small chorionic villous biopsies were collected for placental genome-wide mRNA profiling. Transcripts
showing >2-fold differential expression over the 4-SD range of circulating inflammatory biomarkers were reported, adjusting for
potential confounders.

Results: The primary analysis included 601 participants. A one standard deviation increase in the third-trimester inflammatory
composite was associated with increased odds of chronic inflammation in the placenta (OR: 1.23, 95% CI 1.01, 1.51;). This was
driven primarily by elevations in IL-10 (OR: 1.37; 99% CI: 1.06, 1.77). Higher maternal IL-10 in circulation was associated with
bioinformatic indications of reduced pro-inflammatory gene regulation pathways in the placenta (AP1 decreased 25%, p = 0.003;
NF-kB decreased 53%, p = 0.003) and indications of increased STAT family signaling pathways which mediate signaling through
the IL-10 receptor (increased 73%, p = 0.002).

Conclusions: Our results indicate that elevated maternal circulating IL-10 during pregnancy is associated with chronic
inflammatory lesions in the placenta at delivery. Additionally, higher levels of circulating IL-10 are associated with upregulated
STAT signaling pathways in placental tissues.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work
is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). American Journal of Reproductive Immunology published by John Wiley & Sons Ltd.
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1 | Introduction

Inflammatory cytokines in maternal circulation during
pregnancy have been strongly associated with adverse outcomes
including preterm birth [1-8], preeclampsia, and neurologic
impairment in offspring [9, 10]. Furthermore, maternal race and
socioeconomic status have recently been shown to be associated
with inflammatory biomarkers during pregnancy [11], possibly
related to structural racism [12, 13] and life course stressors
[14]. Chronic, low-grade, subclinical maternal inflammatory
status may affect placental development and fetal tolerance,
and additionally, may lead to histologically visible placental
inflammation. However, few studies have examined the placenta
to test this hypothesis. Circulating maternal biomarkers of
stress, particularly C-reactive protein (CRP) and Epstein Barr
virus antibody have been shown to be associated with chronic
inflammation (CI) characterized by lymphocytes and plasma
cells in the placenta [14].

Although there is evidence that chronic placental inflammation
is associated with preterm birth [15-17], the etiology of chronic
placental inflammation remains unclear [18, 19] and its correla-
tion with the maternal inflammatory milieu is understudied. It
is also not clear how a chronic low-grade maternal inflammatory
state might affect placental vascular development and contribute
to maternal and/or fetal vascular disease in the placenta. There is
evidence that CI affecting chorionic villi, such as chronic villitis
of unknown etiology, can have secondary effects on the fetal
vasculature of the villi [19], leading to thrombosis and avascular
villi which can affect placental function. The combination of
chronic placental inflammation and fetal vascular malperfusion
(FVM) changes have been reported in a subset of patients with
clinical features of preeclampsia [20], as well as with intrauterine
growth restriction and neurological injury in neonates [19, 21].

In addition to circulating biomarkers, placental gene expression
can provide a unique opportunity to understand upstream mech-
anistic pathways of placental injury, including upstream tran-
scription factors potentially associated with alterations in placen-
tal function. To date, studies have examined transcription profiles
in placental development, pregnancy complications, and expo-
sures during pregnancy [22, 23], but to our knowledge, no studies
have examined the relationship between differentially expressed
genes, circulating maternal cytokines, and placental pathology.

Therefore, our primary aim was to investigate whether inflam-
matory biomarkers in maternal circulation during pregnancy
are associated with histologically visible inflammatory and/or
vascular lesions in the placenta. Then, our secondary aim was to
identify inflammatory biomarkers most associated with placental
lesions and test their associations with placental gene expression
patterns.

2 | Materials and Methods
2.1 | StudySample
This study leverages materials and data from the Psychosocial

Intervention and Inflammation in Centering (PIINC) study.
The PIINC study collected additional data from a randomized

controlled trial (RCT) of group prenatal care (described elsewhere
[24]) and enrolled 1256 participants at a single study site in
Greenville, South Carolina. PIINC participants were enrolled
between August 2018 and March 2020. Eligibility criteria included
those 14-45 years old with a singleton pregnancy <24 weeks ges-
tation, prenatal care initiation <21 weeks gestation, and English
or Spanish proficiency. Those with known medical or preg-
nancy complications, including pregestational diabetes, chronic
hypertension requiring medication, conditions requiring chronic
immunosuppression, body mass index >50 kg/m?, planned
preterm delivery, and planned history-indicated cerclage, were
excluded. Those with conditions that would preclude group
prenatal care participation were also excluded (e.g., active tuber-
culosis, current incarceration, severe uncontrolled psychiatric
illness). Participants were recruited and consented at their first
prenatal care visit or during their dating ultrasound and randomly
assigned to group or individual (traditional) prenatal care. Partic-
ipants completed two blood draws, one in the second trimester
(12-24 weeks gestation) and one in the third trimester (32-36
weeks gestation). Following delivery, placental specimens were
collected for histologic review and analysis of mRNA expression.

2.2 | Circulating Cytokine Measures

Antecubital blood was drawn into a Serum-Separator Tube
(Becton-Dickinson), which was centrifuged for 10 min at 1200 x
g following venipuncture. The serum was harvested and divided
into aliquots, then frozen at —80°C until the study ended. Five
biomarkers of low-grade inflammation, most consistently related
to both economic hardship and adverse pregnancy outcomes [25,
26], were measured in batch: CRP, and the cytokines interleukin-
6 (IL-6), interleukin-1 receptor antagonist (IL-1ra), interleukinl0
(IL-10), and tumor necrosis factor-a (TNF-a). All were measured
in triplicate using a multiplex immunoassay protocol on an
automated microfluidic platform (Simple Plex, Protein Simple)
[27]. The lower limit of detection for CRP was 1.24 pg/mL, and for
the cytokines ranged from 0.11 pg/mL (IL-6) to 0.28 pg/mL (TNF-
«). Across runs, the average intra-assay coefficients of variation
for triplicate samples were 2.4% (CRP), 2.6% (IL-6), 2.1% (IL-1ra),
4.5% (IL-10), and 1.7% (TNF-«). The inter-assay coefficients of
variation were 6.0% (CRP), 3.0% (IL-6), 3.2% (IL-1ra), 4.5% (IL-10),
and 1.3% (TNF-a).

For analysis, biomarkers were log-transformed and standardized.
To minimize false discovery, the five standardized biomarkers
were summed to create a composite measure of inflammation
for each trimester. Additionally, to evaluate individual biomark-
ers, the second and third-trimester biomarkers were averaged
(Cronbach’s alpha range: 0.62-0.82). Biomarkers with scores
>3 standard deviations (SD) above the mean were considered
outliers and excluded.

2.3 | Placenta Histologic Assessment

Following delivery, four large biopsies (2 in®) of full-thickness
placental tissue were collected from distinct areas of the placenta.
In addition, a segment of umbilical cord (2 in) and a membrane
roll (2 in x 7 in) were collected. Tissue specimens were fixed
in formalin and shipped to a perinatal pathologist (LME)
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for histologic review. Tissue specimens were processed into
hematoxylin and eosin-stained slides and the following placental
compartments were evaluated: membranes, umbilical cord,
chorionic plate, basal plate, and villous parenchyma. For placen-
tas that were not collected, medical records were reviewed and if
the placenta was submitted for clinical pathological examination,
placental histology slides from the clinical examination were
obtained and reviewed by a single pathologist (LME).

Placental lesions were categorized into four major categories:
acute inflammation (AI), CI, and two vascular: maternal vascular
malperfusion (MVM), and FVM, using accepted, standardized,
and current terminology [28, 29]. Briefly, Al included neutrophilic
infiltration in either maternal and/or fetal compartments of
acute: subchorionitis, chorionitis, chorioamnionitis, chorionic
vasculitis, umbilical phlebitis, arteritis, funisitis. CI included
the presence of lymphocytes, histiocytes, or plasma cells in
placental tissue: chronic chorionic and/or chorioamnionitis of
the membranes or chorionic plate, chronic villitis, chronic basal
villitis, chronic deciduitis with plasma cells, chronic decidual
perivasculitis, chronic intervillositis, and eosinophilic/T-cell vas-
culitis. MVM included decidual vascular lesions: fibrinoid necro-
sis/acute atherosis, muscularized basal plate arterioles, mural
hypertrophy of membrane arterioles, basal decidual vascular
thrombosis, and chorionic villous lesions: infarction, increased
syncytial knots, villous agglutination, increased intervillous fib-
rin deposition, and distal villous hypoplasia. FVM included
thrombosis of >1 fetal vessel (chorionic, stem villous, umbilical)
and/or avascular villi. For Al, CI, and FVM, if any lesion within
the pathology type was present then the pathology was considered
present. Consistent with our prior work, a single lesion of MVM
alone was not considered MVM [28]. Thus, the presence of MVM
was determined based on the identification of >2 MVM lesions.

2.4 | Placental mRNA Expression

For gene expression, a small biopsy (0.5 cm?) of fetal chorionic
villous tissue was collected from four distinct cotyledons within 2
h of birth. Biopsies were rinsed in phosphate-buffered saline and
stored in a stabilizing agent (AllProtect Tissue Reagent, Qiagen)
at —80°C until the end of the study, at which time they were
thawed, pooled, and then dissociated and homogenized on a
gentleMACS (Miltenyi Biotec). Total RNA was extracted using
Qiagen RNeasy Mini Kits. Genome-wide transcriptional profiling
was conducted on 200 ng of total RNA. Samples were tested
for suitable mass (>10 ng by NanoDrop One spectrophotometry)
and integrity (RNA Integrity Number >3 by Agilent TapeStation
electrophoresis), converted to cDNA libraries using the Lexogen
QuantSeq 3 FWD enzyme system and sequenced in multiplex
on an Illumina NovaSeq instrument, targeting >5 million single-
strand 65-nt sequence reads per sample. Samples yielded an
average of 5.3 million sequence reads (SD: 1.1 million), each
mapped onto the GRCh38 human transcriptome sequence with
STAR aligner [30]. Counts were standardized to transcripts per
million mapped reads, floored at one normalized transcript per
million mapped reads to minimize spurious variability, and
log2-transformed for analysis.

As asecondary analysis, placental mRNA expression analysis was
performed on a subset of the placental biopsies collected (n =

[ 1,256 enrolled in RCT ]
—'[ 466 serum not collected ]
[ 790 with 21 serum sample

133 placental histology not
collected
76 incomplete sampling

/ \

Primary Analysis
Sample: 601
with complete
placental histology

Secondary Analysis
Sample: 428
with placental
mRNA expression

Sensitivity Analysis Subsample:
381 with serum, complete
placental histology, and
placental mMRNA expression

FIGURE 1 | Study inclusion flowchart.

428). Samples were selected to include all those in the cohort
with adverse pregnancy outcomes, defined as preterm delivery
(<37 weeks gestation) or small for gestational age infant (SGA;
birthweight <10 percentile for gestational age and sex [31]), and
a random sample of the remaining biopsies.

2.5 | Statistical Analysis

Associations between placental inflammatory and/or vascular
pathology (AI, CI, FVM, MVM) and composite inflammatory
biomarkers during pregnancy were estimated using logistic
regression. Separate models evaluated each placental pathology
type. Models were adjusted for gestational age at blood draw,
maternal age, race/ethnicity, body mass index, infant sex, and
prenatal care type (RCT assignment). A p value <0.05 was consid-
ered statistically significant. Models did not include adjustment
for pathology co-occurrence. However, in a post-hoc analysis, we
additionally evaluated whether any statistically significant associ-
ations between placental pathology and composite inflammatory
biomarkers were influenced by the presence of co-occurring
pathology. This analysis was parameterized using logistic regres-
sion with interaction terms between the composite inflammatory
biomarker and the co-occurring pathology of interest to evaluate
whether the association differed based on co-occurring pathol-
ogy. In a follow-up analysis, we tested associations between
placental pathology and individual biomarkers (averaged across
trimesters). To account for multiple testing in this analysis, a p
value <0.01 was used to determine statistical significance (0.05/5
biomarkers) and 99% confidence intervals (CI) were reported.
Analyses were conducted using SAS version 9.4 (SAS Institute
INC., Cary, North Carolina).

Any individual inflammatory biomarker significantly associated
with placental pathology in the primary analysis was included
in the secondary analysis of inflammatory biomarkers and pla-
cental gene expression. Placental genome-wide mRNA profiles
were analyzed to identify transcripts showing >2-fold differ-
ential expression over the 4-SD range of serum inflammatory
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TABLE 1 | Descriptive characteristics for the cytokine, pathology, and mRNA study samples.

Primary analysis Secondary analysis
Placental pathology/cytokine mRNA/cytokine

N (%) or mean + SD (n=601) (n = 428)
Demographic characteristics
Maternal age, years 253 +5.5 254 +5.5
Race

Black 208 (34.6) 149 (34.8)

Hispanic 138 (23.0) 95(22.2)

White 234 (38.9) 163 (38.1)

Other 21(3.5) 21 (4.9)
Education, high school, or more 412 (71.9) 300 (73.4)
Employed, full, or part-time 320 (56.3) 223 (55.5)
Married 410 (75.7) 295 (76.2)
Annual household income®

<$10 000 110 (27.6) 80 (27.9)

$10 000-$19 999 163 (40.8) 124 (43.2)

$20 000-$49 999 120 (30.1) 77 (26.8)

>$50 000 6 (1.5) 6(2.1)
Nulliparous 263 (43.8) 191 (44.6)
Pre-pregnancy BMI, kg/m? 292+73 29.4 +7.3
Pregnancy characteristics
Gestational age at 2nd-trimester serum 16.2 +2.7 16.3+2.9
Gestational age at 3rd-trimester serum 343 +1.6 343 +1.6
Smoked during pregnancy 112 (19.0) 85(20.2)
Preterm birth (<37 weeks gestation) 66 (11.0) 64 (14.9)
SGA birth 73 (12.2) 80 (18.7)
Infant sex, male 284 (47.4) 203 (47.4)
Mode of delivery, C-section 163 (27.2) 117 (27.3)
Placenta characteristics
Acute inflammation 359 (59.7) 256 (60.1)
Chronic inflammation 294 (48.9) 202 (47.4)
Maternal vascular malperfusion 158 (26.3) 126 (29.6)
Fetal vascular malperfusion 96 (16.0) 65 (15.3)
Inflammatory biomarkers®
CRP, mg/L 16.2 +16.8 159 +16.4
IL-10, pg/mL 22+14 22+15
IL-1Ra, pg/mL 554.2 +273.9 555.4 + 269.0
IL-6, pg/mL 34+6.0 3.6+7.0
TNF-a, pg/mL 10.0 + 2.4 10.0 £ 2.5

Abbreviations: BMI, body mass index; SD, standard deviation.

#Missing 202 in the primary analysis sample and 141 in the secondary analysis sample.

b Average of 2"- and 3"-trimester serum measures.
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TABLE 2 | Descriptive characteristics for the study sample (n = 1256), stratified by inclusion in the primary analysis (n = 601) versus excluded due

to serum and/or placental pathology not collected (n = 655).

Analytic sample Excluded

N (%) or mean + SD (n=601) (n = 655) p value
Demographic characteristics
Maternal age, years 253 +55 248 +5.1 0.06
Race 0.08

Black 208 (34.6) 223 (34.0)

Hispanic 138 (23.0) 119 (18.2)

White 234(38.9) 279 (42.6)

Other 21(3.5) 34(5.2)
Education, high school, or more 412 (71.9) 469 (74.8) 0.26
Employed, full or part-time 320 (56.3) 322(52.9) 0.44
Married 410 (75.7) 432 (75.7) 0.99
Annual household income?® 0.01

<$10 000 110 (27.6) 142 (31.4)

$10 000-$19 999 163 (40.8) 207 (45.8)

$20 000-$49 999 120 (30.1) 91(20.1)

>$50 000 6 (1.5) 12 (2.7)
Nulliparous 263 (43.8) 299 (45.6) 0.50
Pre-pregnancy BMI, kg/m? 29.2+73 28.9 +7.4 0.50
RCT assignment, group prenatal care 292 (48.6) 317 (48.4) 0.95
Pregnancy characteristics
Gestational age at 2nd-trimester serum 16.2 +2.7
Gestational age at 3rd-trimester serum 343 +1.6
Smoked during pregnancy 112 (19.0) 118 (18.6) 0.85
Preterm birth 66 (11.0) 39 (6.1) <0.01
SGA birth 73(12.2) 80 (13.1) 0.64
Infant sex, male 284 (47.4) 344 (53.8) 0.02
Placenta characteristics
Acute inflammation 359 (59.7)
Chronic inflammation 294 (48.9)
Maternal vascular malperfusion 158 (26.3)
Fetal vascular malperfusion 96 (16.0)

Abbreviations: BMI, body mass index; RCT, randomized controlled trial; SD, standard deviation.

#Missing for 405 (32.2%).

biomarkers, adjusting for potential confounders (maternal age,
body mass index at first prenatal visit, race/ethnicity, infant
sex, gestational age at delivery, and mode of delivery). These
transcripts served as input into the Transcription Element Lis-
tening System (TELiS) to complete bioinformatic analysis of
transcription factors [32], focusing on a priori-defined tran-
scription control pathways involved in regulating inflammation,
hypoxia, interferon response or neural signaling, as represented
by TRANSFAC position-specific weight matrices for NF-xB, AP1,
STAT, HIF, IRF, and CREB transcription factors. As a sensitivity
analysis, we replicated the primary analysis in the subset of
study participants that are included in both analyses (i.e., have

complete data on inflammatory biomarkers, placental pathology,
and placental gene expression).

3 | Results
3.1 | Inflammatory Biomarkers and Placental
Pathology

The analysis included 601 participants who completed >1 blood
draw and whose placentas were fully and adequately sampled for
histology (Figure 1). Of these, 381 participants also had mRNA
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TABLE 4 | Prevalence of individual chronic inflammatory lesions and levels of IL-10 by lesion presence (n = 601).

N (%) IL-10, pg/mL?
Chronic inflammatory lesion Lesion present  Lesion absent  Lesion present Lesion absent p value
Chronic villitis 47(7.8) 554 (92.2) 23(1.2) 2.2(1.4) 0.55
Chronic basal villitis 69 (11.5) 532 (88.5) 2.6(2.8) 21(L1) 0.15
Chronic deciduitis with plasma cells 262 (43.6) 339 (56.4) 2.3(1.4) 21(1.4) 0.04
Chronic marginating choriodeciduitis 38(6.3) 563 (93.7) 2.4(0.8) 22(1.4) 0.16

2 Average of 27d_ and 3rd-trimester serum measures, presented as mean (standard deviation).

data. The mean age of the 601 participants was 23.5 years (SD:
5.5), the sample was racially and ethnically diverse, and 19%
reported smoking during pregnancy (Table 1). 11.0% delivered
a preterm infant and 12.2% delivered a SGA infant. The mean
gestational age at serum collections was 16.2 weeks for the second-
trimester sample (SD: 2.7) and 34.3 weeks for the third-trimester
sample (SD: 1.6) (Table 1). The most prevalent placental pathology
category was Al (59.7%), followed by CI (48.9%), MVM (26.3%),
and FVM (16.0%). Amongst all the PIINC participants (N = 1256),
those excluded from the primary analysis for lack of serum or
placental samples had generally lower household income and
were less likely to deliver preterm (Table 2).

In the adjusted model, a one SD increase in the third-trimester
inflammatory composite was associated with increased odds of
CI in the placenta (odds ratio [OR]: 1.23, 95% CI: 1.01, 1.51;
Table 3). This was driven primarily by elevations in IL-10 (OR:
1.37; 99% CI: 1.06, 1.77). The observed association between the
third-trimester inflammatory composite and CI also did not differ
by the presence of co-occurring lesions of AI, MVM, or FVM (all
interaction p values > 0.10). In an exploratory analysis evaluating
differences in IL-10 by individual types of CI lesions, IL-10 levels
were consistently higher among placentas with the CI lesions of
interest (Table 4) The inflammatory composite and individual
biomarkers were not significantly associated with any other
placental pathology (AI, FVM, or MVM) in adjusted analyses.
Results were consistent in the sensitivity analysis restricted to the
subset of 381 included in both the pathology (primary analysis)
and mRNA (secondary analysis) samples (Table 5).

3.2 | Inflammatory Biomarkers and Placental
Gene Expression

For the secondary analysis, maternal circulating biomarkers
and placental mRNA data were available for 428 participants,
the vast majority (n = 381, 89%) of whom also had complete
placental histology and were included in the primary analysis.
Demographic and placental characteristics of those included
in the secondary analysis were similar to the primary analysis
sample (Table 1), except that, as expected, due to sampling
selection, those in the secondary analysis had a higher prevalence
of preterm birth (14.9%) and SGA infant (18.7%).

In gene expression analyses, 180 transcripts were differentially
expressed in placental tissues as a function of circulating IL-
10 levels (146 upregulated, 34 downregulated). See Table SI.

Furthermore, the TELIS analysis revealed that higher maternal
IL-10 in circulation was associated with bioinformatic indications
of reduced activity in key pro-inflammatory signaling pathways
in placentas (AP1 decreased 25%, p = 0.003; NF-xB decreased
53%, p = 0.003) and indications of higher activity of the STAT
family signaling pathways that mediate signaling through the IL-
10 receptor (increased 73%, p = 0.002) (Figure 2). There were
no differences in pathways related to tissue hypoxia, immune
response, or neural signaling.

4 | Conclusions

Our results indicate that elevated maternal inflammatory
biomarkers in circulation, particularly IL-10, are associated
with the development of chronic inflammatory lesions in the
placenta, detectable at delivery. Additionally, relatively higher
levels of circulating IL-10 in maternal blood in pregnancy
are associated with differential gene expression in placental
tissues at delivery, with promoter sequence-based bioinformatic
analyses implicating AP-1, STAT, and NF-xB in particular. Other
placental pathologies did not associate with the circulating
inflammatory cytokines interrogated in this study. In particular,
acute inflammatory lesions in the placenta at delivery were not
associated with these inflammatory biomarkers. This might
be explained by the fact that blood for biomarker analysis was
collected many weeks prior to delivery and acute inflammatory
lesions usually develop in the hours to days prior to delivery.

IL-10 is an anti-inflammatory, immunoregulatory cytokine that
is produced by immune cells such as monocytes/histiocytes,
T-helper lymphocytes, mast cells, and regulatory T cells [33].
Its expression can be triggered by immune activation from
endotoxin, TNF-alpha, and catecholamines [34]. IL-10’s main
function is to tamp down the immune response by suppressing
MHC class II expression and CD80/86 expression [34], thereby
reducing inflammation. This response has an important role in
maintaining immune tolerance [34] and dysregulation of the IL-
10 response has been described in autoimmune diseases, COVID-
19 infection, and cancer [35]. In pregnancy, dysregulation of the
IL-10 pathway has been described in preeclampsia, preterm birth,
miscarriage, and fetal growth restriction [36-40]. Our findings of
a correlation between higher levels of IL-10, an anti-inflammatory
cytokine, and the presence of histologic CI in the placenta seem
counterintuitive at face value. However, elevations in serum IL-
10 without a concomitant elevation in other pro-inflammatory
cytokines and in the face of chronic inflammatory infiltrates may
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FIGURE 2 | Results of TELIS analysis. The X-axis displays the log2
ratio of transcription factor-binding motifs (TFBMs) in core promoter
sequences of differentially expressed genes with >2-fold variation in
expression over a 4-SD range of IL-10 levels in maternal serum. Error bars
reflect the standard error.

be a sign of the attempt to clear up a previously more robust
inflammatory response or may represent dysregulation of the
inflammatory response leading to persistent CI.

CI in the placenta is defined as the presence of an abnormal
histiocytic, lymphocytic, or plasma cell response in any placen-
tal compartment. The classic chronic inflammatory placental
lesion is chronic villitis of unknown etiology (CVUE) which
is believed by many to represent an abnormal immune attack
on fetal chorionic villous cells by maternal immune cells [19,
41]. Immunohistochemical studies of CVUE have confirmed
that lesions are composed of histiocytes, regulatory T-cells and
that phosphorylated STAT-1 protein is expressed on trophoblast
cells, suggesting activation of the STAT pathway [42, 43]. In our
analysis, higher levels of IL-10 in maternal serum were associated
with (1) activation of the JAK-STAT pathway in placental tissues
at delivery and (2) histologic chronic placental inflammation in
the placenta at delivery. It is worthy of note, that in this study
chronic inflammatory lesions in the placenta included not only
the classic CVUE, but also chronic inflammatory infiltrates in
other compartments of the placenta such as the membranes,
chorionic plate, decidua, and intervillous space. Interestingly, our
gene expression analysis also showed that higher IL-10 levels
were associated with down-regulation of two major inflammatory
pathways AP1 and NF-xB, which is likely the effect of IL-10
inhibition on these inflammatory pathways. IL-10 activation is
known to inhibit NF-xB signaling [34] and the upregulation of
the STAT pathway has been shown to have inhibitory effects on
the transcription of multiple genes involved in the inflammatory
cascade including the genes of cytokines such as TNF-a, IL-1,
and IL-6, genes involved in cell-mediated immunity such as MHC
class II molecules and CD80/CD86, and IL-4-inducible genes
such CD23 and IL-1 receptor [44].

Interestingly, many of the studies of IL-10 in poor pregnancy out-
comes show that a deficiency of IL-10 is associated with adverse
outcomes due to the loss of immunoregulation and the presence
of a proinflammatory state at the maternal-fetal interface [34, 45,
46]. Our data, which was not concentrated on adverse pregnancy
outcomes, indicate that high IL-10 levels in maternal serum
are associated with chronic placental inflammation at delivery
and both up and down-regulation of specific inflammatory gene
transcription pathways expected in an IL-10 upregulated state.
Therefore, our data indicate that the histologic appearance of
chronic placental inflammation is correlated with a state of IL-
10 upregulation, and suggest that circulating IL-10 in maternal
serum may be a marker of chronic placental inflammation.

This study’s strengths include its large sample size and the
correlation of placental pathology as assessed by histology, mater-
nal serum cytokines at two time points during pregnancy, and
placental gene expression. To our knowledge, this is the first
study to combine these three modalities. Furthermore, this is a
prospectively collected sample and thus not subject to the biases
inherent in studies restricted to placentas with clinical indications
for pathologic examination. There was also a comprehensive
pathologic analysis performed by an expert perinatal pathologist
using current terminology and classifications. Relatedly, our
prevalence of acute (59.7%) and chronic (48.9%) inflammation is
different from that reported by Romero et al. (2018), who found
rates of 42.3% and 29.9%, respectively in a cohort of 944 term
pregnancies without obstetric complications [47]. Importantly,
the higher prevalence in our sample may reflect the inclusion
of obstetric complications, such as preterm birth. Additionally,
our prior research suggests that CI may be under-identified,
particularly by general surgical pathologists [48].

Despite these strengths, our analysis does have weaknesses.
Placental pathology and serum cytokines were not available for
all study participants, and thus selection bias may be a limitation.
However, there were minimal sociodemographic and clinical
differences in the included and excluded participants. Although
preterm births were more likely to be included in our analytic
sample, the prevalence of preterm births in the analytic sample
(11%) remained consistent with national statistics. Further, our
results were consistent in a sensitivity analysis among partici-
pants with complete serum and placental data. Another limita-
tion of our analysis is the inability to assess the directionality of
the associations. Although IL-10 was assessed during pregnancy
and chronic placental inflammation was assessed following deliv-
ery, chronic inflammatory lesions may have developed earlier in
pregnancy. We cannot be certain if higher IL-10 is the cause or
effect of chronic placental inflammation. Additionally, IL-10 had
the lowest concentration of the cytokines evaluated. However,
the low inter- and intra-assay coefficients of variation (both
4.5%) indicate reliable and consistent quantification. Further,
minor fluctuations in measurement would likely result in random
error and bias results toward the null. Finally, we did not
have detailed information on labor characteristics that could
influence inflammatory processes [49]. However, our models of
inflammatory cytokines and placental gene expression included
mode of delivery as a proxy to account for potential differences.

In summary, we show that elevated maternal serum inflamma-
tory biomarkers in the second and third trimester of pregnancy,
particularly IL-10, are associated with the development of chronic
inflammatory lesions in the placenta, detectable at delivery and
that relatively higher levels of circulating IL-10 in maternal
blood associate with upregulated STAT signaling pathways in
placental tissues at delivery. Caution is needed in interpreting this
correlation, but these data are consistent with the hypothesis that
maternal IL-10 serum levels are related to placental CI.
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