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Abstract

Spontaneous preterm birth is a serious medical condition responsible for substantial perinatal morbidity and mortality. Its
phenotypic characteristics, preterm labor with intact membranes (PTL) and preterm premature rupture of the membranes
(PPROM), are associated with significantly increased risks of neurological and behavioral alterations in childhood and later
life. Recognizing the inflammatory milieu associated with PTL and PPROM, here, we examined expression signatures of
placental tryptophan metabolism, an important pathway in prenatal brain development and immunotolerance. The study
was performed in a well-characterized clinical cohort of healthy term pregnancies (n=39) and 167 preterm deliveries (PTL,
n=38 and PPROM, n = 129). Within the preterm group, we then investigated potential mechanistic links between differential
placental tryptophan pathway expression, preterm birth and both intra-amniotic markers (such as amniotic fluid
interleukin-6) and maternal inflammatory markers (such as maternal serum C-reactive protein and white blood cell count).
We show that preterm birth is associated with significant changes in placental tryptophan metabolism. Multifactorial
analysis revealed similarities in expression patterns associated with multiple phenotypes of preterm delivery. Subsequent
correlation computations and mediation analyses identified links between intra-amniotic and maternal inflammatory
markers and placental serotonin and kynurenine pathways of tryptophan catabolism. Collectively, the findings suggest that
a hostile inflammatory environment associated with preterm delivery underlies the mechanisms affecting placental
endocrine/transport functions and may contribute to disruption of developmental programming of the fetal brain.
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Introduction

Preterm birth is defined as delivery before 37 weeks of gestation,
and the latest data (from 2014) indicate an incidence of 10%
of live births globally (1). Two main categories of preterm birth
are iatrogenic (health provider-initiated) preterm delivery and
spontaneous preterm birth. The latter may further be catego-
rized as labor with intact membranes (hereafter PTL) or preterm
premature rupture of membranes (PPROM) (2). Although the eti-
ology remains unclear, multiple mechanisms have been related
to spontaneous preterm delivery, including prenatal infec-
tion/inflammation, vascular disorders, breakdown of maternal-
fetal tolerance and stress (2,3). Preterm delivery is also often
complicated by the presence of microbial invasion of amniotic
cavity (MIAC) and/or intra-amniotic inflammation (IAI), or
subsequently histological chorioamnionitis (HCA), further
contributing to the pathogenesis (4).

Importantly, preterm births are associated with approxi-
mately 75% of perinatal mortality cases and increased long-
term morbidity (2). Of particular concern are strong associations
with diverse neurodevelopmental, psychiatric, cognitive and
behavioral sequelae, including cerebral palsy, mental and
cognitive deficits, sensory impairments, attention deficit
hyperactivity disorder, schizophrenia, autism spectrum disorder
and epilepsy (5,6). In response to stressful stimuli, intrauterine
programming of neurological processes is now recognized as
the prime modulator predisposing the developing fetus to
adult-onset disease. As a central element of the maternal-
fetal interface, the placenta has been shown to play a crucial
role in feedback responses to pathological insults, and thus
developmental origins of disease (7). By investigating the
transcriptional differences between term and preterm placentas,
we may help identify mechanisms contributing to preterm
etiology and long-term consequences.

In recent years, placental catabolism of L-tryptophan has
been identified as a plausible mechanistic link between dis-
turbance of the prenatal environment and predisposition to
mental health disorders in later life (8,9). In the placenta, trypto-
phanis metabolized via the serotonin and kynurenine pathways,
generating metabolites with neuroactive, immunosuppressive,
vasoactive and redox properties (10-12). Tryptophan homeosta-
sis in the fetoplacental unit is fine-tuned by a network of genes,
protein and transcription factors (13) and is crucial for proper
placental function, fetal development and programming. How-
ever, several pathological conditions, including inflammation
(14,15), preeclampsia (16-19), fetal growth restriction (20,21) and
gestational diabetes (22), affect the expression and activity of
enzymes involved in tryptophan metabolism and thus may dis-
turb tryptophan metabolite levels in the fetoplacental unit and
affect pregnancy outcomes.

A large body of evidence has characterized the kynurenine
pathway as particularly susceptible to immune activation and
stress, which reportedly induce increases in levels of kynure-
nine metabolites in the fetal brain following perinatal exposure
(23,24). Moreover, the expression of several kynurenine pathway
enzymes is upregulated in placentas exposed to infection, ulti-
mately leading to neurotoxic quinolinic acid (QUIN) production
and increased levels of QUIN in cord blood (15). Equally signif-
icant, maternal inflammation reportedly upregulates placental
serotonin synthesis in mice (25). Understanding these alter-
ations and modifications is crucial as disturbance of the sero-
tonin balance in pregnancy has been shown to be embryotoxic
and teratogenic (26).

Recognizing the hostile in utero environment associated with
PTL and PPROM, an intuitive hypothesis is that tryptophan

metabolism may be transcriptionally altered in placentas from
preterm birth. To test this hypothesis and determine the nature
and extent of these alterations, we analyzed the expression
of relevant genes in a well-characterized cohort of term
(n=39) and preterm (n=167) placentas. Using robust statistical
analysis, we reveal putative relationships between maternal
inflammation, preterm delivery, the placental tryptophan
pathway and gestational age at delivery. Elucidating these
associations will help efforts to understand the complex
processes linking maternal/intrauterine inflammatory events
and poor neurodevelopmental outcomes.

Results
Characteristics of the cohort

Table 1 shows the demographic and clinical characteristics of
pregnant women (n=206) enrolled in this study. Samples were
divided into placentas from term (n=39), PTL (n=38) and PPROM
(n=129) pregnancies. As per definition, significant differences
were observed in gestational ages at sampling and delivery, and
birth weight between term, PPROM and PTL deliveries (q < 0.001).
Moreover, BMI at admission was significantly higher for the term
group than the PTL group (q=0.0332). No significant between-
group differences in fetal sex distribution were detected.
Preterm deliveries were associated with administration of
corticosteroids, antibiotics and tocolytics. Within the preterm
group, PTL samples were associated with significantly higher
amniotic fluid IL-6 levels at admission (q=0.0060; Roche dataset)
and maternal serum CRP concentration at delivery (q=0.0075),
compared with PPROM.

Placental expression of tryptophan pathway genes
differs between preterm births and term deliveries

As shown in Figure 1, there were significant differences in
gene expression between the preterm and term placentas.
Thirteen genes encoding enzymes involved in the serotonin and
kynurenine metabolic pathways and three encoding tryptophan
and serotonin transporters were analyzed. Evaluation of the
expression of two, ASMT and TPH2, by gPCR analysis was
restricted by the detection limits, a feature independent of
the clinical categorization. The expression of 12 genes signif-
icantly differed between preterm and term placentas. Relative
expression of two kynurenine pathway genes was significantly
upregulated in placentas from preterm births compared with
placentas from term deliveries—IDO1 (log2(FC)=1.37, q <0.0001)
and HAAO (log2(FC)=0.26, q <0.01)—and expression of one
(KYNU: log2(FC)=—0.51, q <0.001) was downregulated (Fig. 1A).
The serotonin pathway (Fig. 1B) was more strongly affected.
Relative expression of three genes of this pathway was upregu-
lated in preterm placentas: PTS (log2(FC)=0.91, q <0.0001), SPR
(log2(FC)=2.12, q < 0.0001) and MAOB (log2(FC) =0.72, q < 0.01). In
addition, three of the genes were significantly downregulated:
ASMT (log2(FC)=—1.82, q <0.0001), TPH2 (log2(FC)=—0.94,
q <0.05) and MAOA (log2(FC)=-0.15, q <0.05) in preterm
placentas. Relative expression of three tested transporters was
also upregulated in preterm placentas: tryptophan transporter
SLC7A5 (log2(FC)=0.57, q <0.01) and serotonin transporters
SLC6A4 (log2(FC)=1.07, q <0.0001) and SLC22A3 (log2(FC) =1.45,
q <0.0001) (Fig. 1C). The volcano plot (Fig. 1D) further highlighted
the genes with the highest fold-changes (FC > 2 or log2(FC) > 1):
IDO1, SPR, ASMT, SLC6A4 and SLC22A3. In summary, genes
involved in placental tryptophan metabolism/transport were
mainly more strongly expressed in placentas from preterm
births than in term samples.
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Table 1. Characteristics of the women included in the study. Presented data are medians with interquartile ranges or percentages

TERM (n =39)

PTL (n=38)

PPROM (n=129)

Maternal BMI prepregnancy (kg/m?)

Maternal BMI at admission (kg/m?)

Newborn weight (kg)

Gestational age at delivery (weeks)

Fetal sex (male %)

Delivery mode (VD:CS)

Primipara (%)

Administration of corticosteroids (%)

Administration of antibiotics (%)

Administration of tocolytics (%)

Induction (%)

Amniotic fluid IL-6 conc. at admission (ng/ml; measured by Milenia)?
Amniotic fluid IL-6 conc. at admission (ng/ml; measured by Roche)?
Maternal serum CRP conc. at delivery (mg/1)

Maternal serum WBC count at delivery (x10° L)

Apgar score at 5 min <7 (%)

Apgar score at 10 min <7 (%)

22.20 (20.40-26.30)
28.20 (25.20-32.40)
3.47 (3.20-3.82)
40.00 (39.30-40.60)
61.54

22.25 (19.73-25.55)
25.05 (23.00-28.58)
1.74 (0.92-2.11)
31.40 (27.05-33.45)
57.89

23.00 (19.95-27.10)
26.80 (23.60-32.00)
2.22 (1.85-2.53)
34.30 (32.80-35.60)
58.14

22:17 317 94:35
43.59 63.16 54.26

0 82.05 83.72

0 76.62 96.90

0 52.63 15.50

0 7.89 17.05

NA 0.31 (0.050-5.55) 0.16 (0.074-0.42)
NA 2.54 (0.82-13.47) 0.95 (0.40-2.41)
NA 10.25 (3.93-40.33) 5.3 (3.00-10.05)
NA 13.93 (11.61-16.26)  13.62 (11.08-16.89)
0 13.16 1.55

0 5.26 0

aSince two methods of measuring amniotic fluid IL-6 were used, the dataset was divided into two subsets: one pertaining to 45 samples (5 PTL and 40 PPROM: 40) and
the other pertaining to 111 samples (26 PTL and 85 PPROM) for which the Milenia and Roche techniques were, respectively, used. Amniotic fluid IL-6 concentrations

were not determined in 11 samples

Phenotype of preterm delivery (PLT, PPROM) does not
affect the placental expression of genes involved in
tryptophan metabolism

To identify gene expression signatures within the preterm
group, we performed pairwise comparisons of specific groups
of preterm placentas, specifically PTL and PPROM versus
term placentas. Differences in expression were considered
significant if q<0.05 and absolute log2 fold-change >1. The
respective volcano plots displayed differences in upregulation
of several genes between these two types of placentas. As shown
in Figure 2A, two genes were more strongly upregulated in
PPROM placentas than in PTL placentas: SLC6A4 (log2(FC)=1.09,
q<0.0001 in PPROM; log2(FC) =0.93, q < 0.0001 in PTL) and IDO1
(log2(FC)=1.49, q <0.0001 in PPROM; log2(FC)=0.97, q <0.05 in
PTL). In addition, as shown in Figure 2B, TPH2 was more strongly
upregulated in PTL placentas (log2(FC) = —0.92, q < 0.05 in PPROM;
log2(FC)=—-1.35, q < 0.05 in PTL). Subsequent heatmap analysis
of differentially expressed genes with hierarchical clustering
was applied to group samples with similar expression levels.
The resulting dendrogram (Fig. 2C) identified several clusters
of samples, with the term placentas clearly differing from
the PTL and PPROM tissues. However, no clear clustering of
phenotypes of preterm placentas was observed, suggesting
that overall expression of the placental tryptophan metabolic
pathway is similarly affected in PTL and PPROM. ANOVA further
confirmed the lack of significant differences in the expression
of tryptophan pathway genes between PTL and PPROM after
FDR correction (Supplementary Material, Table S3). In summary,
no significant difference in the expression of genes involved in
tryptophan metabolism was observed between PTL and PPROM
placentas. Moreover, the differences in gene expression patterns
relative to term placentas of the two groups were very similar.

The placental tryptophan pathway gene expression
profile of preterm delivery placentas is not affected by
MIAC and/or IAI and HCA grades

To identify whether concomitant inflammatory diagnosis asso-
ciated with preterm deliveries affects placental expression of
tryptophan pathway genes, relative gene expression data were
subjected to PCA, focusing on possible effects of MIAC and/or

IAI and HCA grades (Fig. 3). The first three principal components
of this model accounted for high percentages of the overall
variance (MIAC and/or 1Al 68.6%; HCA, 69%). About 95% confi-
dence ellipses of all groups overlapped, showing no significant
differences in the placental gene expression pattern. ANOVA
corroborated the lack of significant difference in placental gene
expression between the groups (Supplementary Material, Tables
S4 and S5). In summary, no interaction was observed between
presence of MIAC and/or IAI and HCA grades and the expression
of genes involved in tryptophan pathways.

Unsupervised clustering of preterm delivery placentas
shows links between intra-amniotic and maternal
inflammation, placental tryptophan pathway gene
expression and gestational age at delivery

Unsupervised clustering of 167 placentas based on their gene
expression profiles (without ASMT and TPH2) identified two
main clusters (Fig. 4A): one composed of 125 placentas, and the
other composed of 42, designated Clusters 1 and 2, respectively.
The two clusters had highly differential gene expression. Clus-
ter 1 was associated with high SLC6A4 (P <0.0001) and IDO1
(P <0.01) relative expression, while Cluster 2 was linked to upreg-
ulation of KYAT1 (P <0.0001), HAAO (P < 0.0001), IDO2 (P < 0.01),
KYNU (P < 0.0001), MAO-A (P < 0.0001), MAO-B (P < 0.0001), SLC7A5
(P <0.001), SLC22A3 (P < 0.0001), SPR (P < 0.0001), TDO2 (P < 0.0001)
and TPH1 (P <0.0001) (Fig. 4B). Stepwise comparison of the two
clusters, corrected for fetal sex and maternal BMI at admission,
revealed that placentas in Cluster 2 were associated with higher
gestational age at delivery (34.3 versus 33.7 weeks, P =0.03) with-
out differences in birth weight (Fig. 4C). Interestingly, Cluster 1
was associated with higher amniotic fluid IL-6 (Roche dataset,
n=111) and maternal serum CRP concentrations (Fig. 4D). In con-
trast, there was no difference in placental IL6 gene expression
between the two clusters.

Characteristics of samples in the two clusters are shown
in Figure 5. The fetal sex of placentas in Clusters 1 and 2 was
predominantly male and female, respectively (P=0.03) (Fig. 5A).
However, despite Cluster 1 including most of the samples,
there were no significant differences between clusters in
diagnosis (i.e. proportions of PPROM and PTL), HCA grade, parity,
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Figure 1. Differentially expressed genes involved in placental tryptophan homeostasis in preterm versus term deliveries. Relative expression of several key enzymes
of the kynurenine (A) and serotonin pathways (B), as well as genes encoding tryptophan and serotonin transporters (C), was significantly altered in preterm samples.
Data presented in A-C are relative levels of transcripts of indicated genes, normalized with respect to the geometric mean expression of f2-microglobulin (B2M) and
TATA-binding protein (TBP) after log2 transformation, and median values with IQR. Asterisks indicate significance according to type IIl ANOVA with an FDR correction:
**(q <0.01), ¥**(q < 0.001), ****(q < 0.0001). (D) Volcano plot summarizing the intensity of differential expression between preterm and term placentas. The horizontal
axis denotes log?2 fold-change, and the vertical axis —1og10 transformed corrected P-values (q-values). Red and blue dots represent significantly differentially expressed
genes with absolute log2 fold-change higher than 1.0 and g-value of <0.05 (red upregulation and blue downregulation). Gray dots indicate genes with an absolute log2
fold-change less than 1.0 but g-value of <0.05, and black dots indicate genes with unaltered expression in preterm births.

delivery mode and pregnancy weight gain (Fig. 5B-F). Moreover, between antibiotic/tocolytic treatment of the placental donors
although placentas in Cluster 2 were associated with lower BMI between Clusters 1 and 2, although more donors of Cluster 1
prepregnancy (P=0.03) and at admission (P=0.03) than those placentas received corticosteroids than Cluster 2 donors (87.20
in Cluster 1, these differences disappeared when fetal sex was versus 73.81%, respectively, P=0.04) and more Cluster 1 donors

added in the model. There were also no significant differences had IAI (53.3 versus 26.4%, respectively, P < 0.01) (Supplementary
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Material, Table S6). In summary, unsupervised clustering of Placentas in Cluster 2 were associated with higher gestational
PCA-separated samples distinguished two clusters that differed age at delivery, but lower amniotic fluid IL-6 and maternal serum
in placental gene expression among the preterm samples. CRP concentration.


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab169#supplementary-data

2058 | Human Molecular Genetics, 2021, Vol. 30, No. 22

A - MIAC and/or 1Al

Dimensions 1 and 2 Dimensions 1 and 3

6-

Dim2 (20.5%)
Dim3 (10.9%)

'
'
'
|
0

2
Dim1 (37.2%)

B - HCA grades

Dimensions 1 and 2 Dimensions 1 and 3

IDO1 !

4-

SLC7A5

'
'
'
'
'
'
"
'
'
It
h
'

Dim2 (17.2%)
Dim3 (11.1%)

'
'
*a '

'

—2- A

I
'
'
'
'
'
'
|

0.0 2'5
Dim1 (40.7%)

D02, KYATY/

5
Dim1 (37.2%)

0 2ls
Dim1 (40.7%)

Dimensions 2 and 3

stosad Amniotic

B infection/

SLE2243. Sy s inflammation
* 1 >

TPH1 4 2 002 k JPH; 4 | i stovas o]

i e T

SLC/ZZAS =

| 4] miac
KYNU [ =] miac_mn
NONE

@

]
Dim2 (20.5%)

Dimensions 2 and 3

HCA grades
| FETAL
[A] marernaL

| m | NONE

2
Dim2 (17.2%)

Figure 3. Principal component analysis (PCA) biplots visualizing placental tryptophan pathway gene expression in preterm delivery placentas. (A) Positions of individual
and subgroups of placentas in the first, second and third dimensions (accounting for 37.2, 20.5 and 10.9% of explained variance, respectively) in biplots [MIAC
(colonization), MIAC and IAI (intra-amniotic infection), IAI (sterile IAI), and none (neither MIAC nor IAI)] and vectors of expression of indicated genes (black arrows).
(B) Positions of placentas associated with indicated HCA grades [fetal (fetal inflammatory response), maternal (maternal inflammatory response) or none (absence of
HCA)] in the first, second and third dimensions (accounting for 40.7, 17.2 and 11.1% of explained variance, respectively) in biplots and vectors of expression of indicated
genes variables (black arrows). A 95% confidence ellipse was drawn around the barycenter for each group. The gene expression data were log2 transformed prior to

analysis.

Relationships between intra-amniotic and maternal
inflammation markers, placental tryptophan
metabolism and gestational age at delivery

As Cluster 2 was associated with higher gestational age at
delivery than Cluster 1, we applied the Pearson correlation test
to identify genes whose expression correlated with gestational
age in the preterm birth samples. Of the genes tested, relative
expression of IDO2 (r=0.33, P <0.0001), KYAT1 (r=0.20, P=0.01)
and TPH1 (r=0.17,P =0.02) was moderately correlated with gesta-
tional age at delivery (Fig. 6A). Expression of one of these genes,
KYAT1, also correlated with amniotic fluid IL-6 (Roche dataset;
n=111, r=-0.23, P=0.01) and maternal serum CRP (whole
dataset; r=—0.21, P < 0.01) concentrations, while concentrations
of both inflammatory markers correlated with gestational age at
delivery (r=-0.26,P <0.001 and r = —0.39, P < 0.0001, respectively)
(Fig. 6B and C). Intercorrelations between gestational age at
delivery, inflammatory marker concentrations and gene
expression data presented in Figure 6D confirm that both IL-
6 amniotic fluid and maternal serum CRP concentrations were
negatively correlated with gestational age at delivery, and KYAT1
expression was most strongly correlated with both maternal
CRP concentration and gestational age at delivery.

To complete the investigation, we performed a mediation
analysis, which confirmed that maternal serum CRP concentra-
tion, and to a lesser extent, amniotic fluid IL-6 concentration
(Roche dataset, Supplementary Material, Table S6), significantly
mediated the relationship between placental gene expression
and gestational age at delivery (Fig. 6E). Linear regression models
were adjusted for the delivery mode and pregnancy weight
gain, which were consistently highly significant (P <0.0001 for
both covariates). The mediation effect of amniotic fluid IL-6
concentration was complete for both adjusted and non-adjusted
models. In contrast, the mediation effect of maternal serum CRP
concentration was complete for the unadjusted model, but the
direct effect of KYAT1's relative expression on gestational age at
delivery was no longer statistically significant when adjusted for
covariates.

Globally, KYAT1 gene expression and concentrations of
inflammatory markers were directly and significantly linked
to gestational age at delivery, and significantly associated
with each other. The mediation effect (ab) was consistently
significant, confirming that concentrations of inflammatory
markers significantly mediated the effect of gene expression on
gestational age at delivery. Complete results of the mediation
analysis are displayed in Supplementary Material, Table S7.
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Figure 4. Unsupervised clustering of placentas from preterm births based on expression of genes involved in tryptophan metabolism. (A) Analysis of 167 placentas
identified two main clusters: Cluster 1 represented in red (n=125) and Cluster 2 in blue (n=42). (B) Cluster 1 was positively linked with high relative expression of IDO1
and SLC6A4 gene expression, while Cluster 2 was positively associated with high relative expression of KYAT1, HAAO, IDO2, KYNU, MAO-A, MAO-B, SLC7A5, SLC22A3, SPR,
TDO2 and TPH1. (C) Cluster 2 was associated with higher gestational age at delivery, but lower concentrations of inflammatory markers, specifically amniotic fluid IL-6
(Roche dataset, n=111), and maternal serum CRP (D). The significance of differences between the clusters was assessed using the chi-square test (B) or type IIl ANOVA
(C and D) with fetal sex and maternal BMI at admission treated as covariates. Gene expression data were log2 transformed, while amniotic fluid IL-6 and maternal
serum CRP concentrations were log transformed before analysis. *(P < 0.05), **(P < 0.01).

In summary, amniotic fluid IL-6 concentrations at admis-
sion and maternal serum CRP levels at delivery were negatively
correlated with gestational age at delivery. Expression of one
gene (KYAT1) also correlated with gestational age at delivery
and both intra-amniotic and maternal inflammatory marker
concentrations. Mediation analysis showed that concentrations
of inflammatory markers mostly mediated the effect of pla-
cental gene expression on gestational age at delivery, but this
mediation was weakened by the delivery mode and pregnancy
weight gain.

Correlations between placental IL6 gene expression and rela-
tive expression of genes involved in the tryptophan pathway and
metabolism were also analyzed (Fig. 7). We found that placental
IL6 gene expression was weakly to moderately correlated with
the relative expression of HAAO (r=0.20, P=0.01), IDO1 (r=0.24,
P <0.01), IDO2 (r=0.38, P <0.0001), SLC22A3 (r=0.16, P=0.04),
SPR (r=0.20, P=0.01), TDO2 (r=0.25, P<0.01), TPH1 (r=0.20,
P=0.01), KYNU (r=—-0.18, P=0.02) and MAO-A (r=—0.18, P=0.02),
suggesting a relationship between IL6 and placental tryptophan
pathway. We also evaluated the relation between amniotic fluid
IL-6 concentration and placental IL6 relative expression in the

subgroup of placentas from pregnancies in which the time
between admission and delivery was <72 h but detected no
significant correlation (data not shown).

Discussion

We examined transcriptional profiles and inflammatory mark-
ers in placentas from healthy and preterm birth pregnancies.
Using robust multivariate statistical methods, we detected clear
systematic differences in their expression of tryptophan path-
way genes (mostly upregulated in preterm pregnancies). More-
over, we found that this effect is statistically associated with
the intra-amniotic and maternal inflammatory markers. In addi-
tion, unsupervised clustering of samples from the preterm birth
cohort identified two molecular placental subtypes.

The dominant subtype was characterized by a lower gesta-
tional age at delivery, higher amniotic fluid IL-6 and maternal
serum CRP concentrations, and differential placental tryptophan
pathway expression (Fig. 8). Such segregation of placentas asso-
ciated with preterm delivery, based on levels of inflammatory
and chemokine markers, has also been previously reported,
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suggesting that although PTL and PPROM have distinct clinical
presentations they may share common inflammatory etiolo-
gies (27). Notably, concentrations of amniotic fluid IL-6 and
maternal CRP were negatively correlated with gestational age at
delivery, suggesting that inflammatory processes are involved
in preterm delivery. Accordingly, prenatal inflammation often
results in preterm delivery, which is, regardless of infection,
associated with elevated maternal serum and amniotic fluid
IL-6 concentrations (28,29). Previous research has shown that
increased maternal CRP levels are significantly associated with
schizophrenia (30) and autism (31) in offspring. Similarly, ele-
vated maternal IL-6 concentrations, especially maternal IL-6
concentrations in the third trimester, are predictive of impaired
working memory outcome (32). Moreover, exogenous adminis-
tration of IL-6 to pregnant mice induces behavioral changes in
the offspring, which are prevented by IL-6 knockout or anti-
IL-6 antibodies (33). Thus, CRP and IL-6 are apparently cru-
cial immunological mediators linking maternal immune acti-
vation with poor neurobehavioral development. However, the
mechanisms involved in fetal neuroprogramming remain to be
elucidated.

Elevated maternal IL-6 has been shown to increase placental
IL-6 content (34,35); however, in this study, we did not observe
any correlation between placental IL6 gene expression and IL-6

concentrations in the amniotic fluid. Nonetheless, we show that
placental IL6 expression is correlated to expression of several
genes involved in serotonin and kynurenine pathways of tryp-
tophan metabolism. Indeed, maternal IL-6 has been shown to
enter the placenta (36), where it activates the placental JAK/S-
TAT3 pathway and affects expression of acute-phase genes (35).
Further research is necessary to understand the mechanisms
involved and their physiological relevance. On the other hand,
maternal CRP is not transported across the placenta to the fetus
(37), possibly due to its deposition in the placenta (38), where it
may interfere with placental functions or act as a proxy for IL-6
(30). Collectively, our results and previous findings indicate that
in pregnancies associated with preterm birth IL-6, and poten-
tially CRP, act in concert with several essential placental genes,
including those involved in tryptophan metabolism/transport,
thereby perturbing normal placental functions.

The major route of tryptophan catabolism is via the
kynurenine pathway, generating kynurenines, which have anti-
inflammatory and immunosuppressive actions (12). In our study,
we found that KYAT1 expression was negatively correlated
with intra-amniotic/maternal inflammatory markers. We thus
speculate that the kynurenine pathway may be altered in
pregnancies associated with preterm birth and involved in
placental protection against inflammation. However, further
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Figure 6. Relationships between placental gene expression, gestational age at delivery and inflammatory markers in preterm samples. Significant correlations (P < 0.05)
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log transformed. *(P <0.05), **(P <0.01), ***(P <0.001), ****(P <0.0001).
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Figure 8. Graphical representation of the dominant molecular placental subtype associated with preterm delivery, identified by unsupervised clustering analysis.
This cluster is characterized by a highly inflammatory environment with upregulated amniotic fluid IL-6 and maternal serum CRP levels. Compared with the low
inflammation subtype, this high inflammation profile is associated with differentially expressed placental expression of tryptophan metabolism pathways (red

upregulation, blue downregulation).

research is needed to confirm whether kynurenine metabolites
participate in buffering the inflammatory response (39). It
would also be interesting to compare the neurodevelopment
of children with preterm births linked to Clusters 1 and 2
to assess potential protective effects of the differences in
concentrations of inflammatory markers, gestational age
at delivery and expression of placental genes involved in
tryptophan metabolism.
In placentas associated with preterm deliveries, we detected
significant upregulation of SLC7A5, encoding a transporter of
large, neutral amino acids including tryptophan, compared with
placentas associated with term births, suggesting that they may
obtain more maternal tryptophan. Previous research has also
shown that in utero inflammation in mice significantly increases
tryptophan levels in the amniotic fluid and fetal brain (40) and
maternal inflammation in midpregnancy leads to a transient
increase in placental tryptophan content (25). Upregulation
of IDO and increased rates of tryptophan metabolism via
the kynurenine pathway may directly or indirectly lead to
exposure of the developing fetal brain to neuroactive kynurenine
metabolites. Indirectly, placental kynurenine metabolism
ultimately leads to the generation of neuroactive QUIN and
kynurenic acid (KYNA) (12). Although scarce, reports have
also associated upregulation of QUIN-producing enzymes with
inflammatory cytokines (14). Accordingly, increased levels
of QUIN in umbilical venous blood have been detected in
PPROM pregnancies compared with pregnancies leading to
healthy term deliveries (15). Moreover, prenatal inflammation
has been shown to increase KYNA levels in the fetal brain
(40). We observed a negative relationship between KYAT1
expression and prenatal inflammation, suggesting that it may
be a placental-independent effect or an alteration affecting
the downstream protein production and/or enzyme activity. A
previous report that KYNA output is not affected in pregnancies
with intrauterine infection provides further support for our

findings (15). Thus, it is likely that placental IDO induction can
directly increase kynurenine output to the fetus via SLC7AS,
which is also capable of transporting kynurenine (41). This may
result in increased fetal brain kynurenine concentrations and
local production of KYNA. However, this hypothesis remains to
be confirmed.
Regarding the serotonin pathway, we have previously shown
that at term the placental role in serotonin homeostasis is
mainly maintained by the coordinated activity of serotonin
uptake transporters (SERT/SLC6A4 and OCT3/SLC22A3) and
serotonin-degrading enzyme (MAO-A) (42). Here we observed
that expression of both SLC6A4 and SLC22A3 transporters
is upregulated in placentas associated with preterm birth
compared with those associated with term births, in accordance
with previous findings of cytokine-upregulated SERT expression
(43). The alterations in expression of transport systems
(but not the metabolizing enzyme) could lead to serotonin
accumulation in the placenta. As a potent vasoconstrictor,
serotonin could affect placental vascularization. This hypothesis
is consistent with reported associations between placental
vascular abnormalities and preterm birth (44), and effects of
cytokines on expression of vascularization factors (45). Moreover,
apart from its direct vasoconstrictive effect, serotonin can also
indirectly affect expression of vascularization factors through
hypoxia (46). Unfortunately, to our knowledge, no previous
study has measured maternal/umbilical artery or placental
serotonin concentrations in preterm and term pregnancies.
We can only speculate from the results presented here that
serotonin concentrations in the fetoplacental unit might be
higher in pregnancies associated with preterm deliveries.
Whether MAO-B upregulation can contribute to serotonin
degradation is yet to be determined. MAO-B expression is report-
edly expressed consistently (at low levels) in mitochondrial

preparations of human placenta (47,48); thus, its activity cannot
be excluded.



Taken together, our findings show that preterm birth is
associated with significant changes in placental tryptophan
metabolism that may be involved in fetal programming of
neurodevelopmental disorders. Importantly, we show that in
this respect PTL and PPROM placentas do not significantly differ
and we did not identify substantial differences based on MIAC
and/or IAI and grades of HCA.

A key strength of this study is the inclusion of placental
samples from a large and well-characterized cohort of women
who had preterm deliveries, with thoroughly defined specific
phenotypes, allowing application of multiple statistical methods
to interpret the findings. As with other studies on preterm
birth, this study is limited by the lack of normal age-matched
controls making it difficult to distinguish gestational age differ-
ences from those associated with the pathology. Likewise, since
none of the healthy term deliveries were administered corticos-
teroids, this effect could not be controlled in our statistical anal-
ysis. Thus, further research is required to determine a potential
causal relationship between corticosteroid administration and
differential placental tryptophan pathway expression in preterm
delivery. Lastly, while we provide insights into transcriptional
mechanisms contributing to alterations in placental function
and perhaps developmental processes in the fetal brain, further
studies are required to examine the functional extent of these
changes.

Materials and Methods
Placenta sample collection

Samples were collected at the Department of Obstetrics and
Gynecology, University Hospital in Hradec Kralove, Czech
Republic. Human term, PTL and PPROM placentas were obtained
immediately after delivery, upon obtaining the women’s written
informed consent. The study was performed in accordance
to the ethical standards laid down in the 1964 Declaration of
Helsinki and was approved by the Research Ethics Committee
of the University Hospital in Hradec Kralove, Czech Republic
(Approval No. 201006 S15P). Samples were collected between
August 2015 and June 2020. Samples from healthy term
pregnancies were snap-frozen in liquid nitrogen and stored
at —80°C until analysis. The samples from PTL and PPROM
pregnancies were stored in RNAlater™ (Invitrogen, Carlsbad,
CA) at —80°C until analysis. Women with preeclampsia, diabetes
mellitus, gestational diabetes mellitus, gestational hypertension
and complications such as structural malformations or chromo-
somal abnormalities of the fetus, fetal growth restriction, vaginal
bleeding and/or signs of fetal hypoxia were excluded from the
study.

Clinical definitions and diagnostic pathology

Gestational age was established by first-trimester fetal biometry.
PTL was diagnosed as the presence of regular uterine contrac-
tions (at least two every 10 min), along with cervical length,
measured using transvaginal ultrasound, shorter than 15 mm
or within the 15-30 mm range with a positive PartoSure test
(Parsagen Diagnostics Inc., Boston, MA) (49). PPROM was diag-
nosed by examining the women, using a sterile speculum, for
pooling of amniotic fluid in the posterior fornix of the vagina.
If there was clinical uncertainty in diagnosing PPROM, amniotic
fluid leakage was confirmed by the presence of insulin-like
growth factor-binding proteins using an Actim PROM test kit
(Medix Biochemica, Kauniainen, Finland) in the vaginal fluid.
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Women with PTL received a course of corticosteroids
(betamethasone) and tocolytic therapy with either intravenous
atosiban (for gestational age <28 weeks) or nifedipine, adminis-
tered orally, for 48 h. Patients with proven intra-amniotic inflam-
mation received treatment with intravenous clarithromycin for
7 days, unless delivery occurred earlier. Antibiotic treatment was
modified if microbial invasion of the amniotic cavity occurred.
Women with PTL who were positive for group B Streptococcus
(GBS), determined from vaginal-rectal swabs, or had unknown
GBS status, received intravenous benzylpenicillin (clindamyecin,
in case of penicillin allergy) during an active labor (50).

Women with PPROM were treated with antibiotics. Those
with intra-amniotic inflammation received first-line treatment
with intravenous clarithromycin for 7 days. Unless delivery
occurred earlier, the antibiotic treatment was modified if
microbial invasion of the amniotic cavity occurred; the women
without intra-amniotic inflammation received benzylpenicillin
(or clindamycin, for women allergic to penicillin). Women with
PPROM with gestational age <35 weeks received corticosteroids
(betamethasone) to accelerate fetal lung maturation and
reduce neonatal mortality and morbidity. Women with PPROM
were managed expectantly, except those with intra-amniotic
infection and gestational age >28 weeks, for whom labor was
induced or an elective cesarean section was performed within
72 h of admission (50).

Ultrasound-guided transabdominal amniocentesis was per-
formed on admission to all women with PTL and PPROM, prior
to administration of corticosteroids, antibiotics or tocolytics, to
investigate the intra-amniotic environment. Amniotic fluid was
used for interleukin-6 (IL-6) assessment and determination of
MIAC, as previously described (51). At the time of delivery, mater-
nal blood samples were obtained via venipuncture of the cubital
vein and sent to the laboratory to determine their white blood
cell (WBC) count and levels of C-reactive protein (CRP) imme-
diately following sampling. After delivery, tissue-block sections
of placenta, umbilical cord and fetal membranes were placed in
paraffin and stained with hematoxylin and eosin for standard
histological examination. This examination was performed by
a single perinatal pathologist who was blinded to the clinical
status of the samples.

Amniotic fluid IL-6 levels were assessed, in the samples
obtained from August 2015 to November 2018, using a Milenia
QuickLine IL-6 lateral flow immunoassay kit and Milenia POC-
Scan Reader (Milenia Biotec, GmbH, Giessen, Germany) (51).
Samples obtained between December 2018 and June 2020
were evaluated using an automated electrochemiluminescence
immunoassay method with a Cobas e602 immunoanalyzer,
which is part of the Cobas 8000 platform (Roche Diagnostics,
Basel, Switzerland).

IAI was defined as a concentration of IL-6 in amniotic
fluid >745 pg/ml, measured using a lateral flow immunoassay
point-of-care test (52,53), or >3000 pg/ml measured using an
automated electrochemiluminescence immunoassay method
(54). MIAC was determined based on a positive PCR analysis of
Ureaplasma species, Mycoplasma hominis, Chlamydia trachomatis or
a combination of these species, or positivity for the 16S rRNA
gene, aerobic/anaerobic cultivation of the amniotic fluid or a
combination of these parameters. Based on the MIAC and/or
IAI test results, women were divided into four groups: intra-
amniotic infection (both MIAC and IAI), sterile IAI (IAI alone),
colonization (MIAC alone) and negative (neither MIAC nor IAI).
Finally, the degree of neutrophil infiltration was evaluated as
previously described (55) and according to well-established
criteria (56). Diagnosis of acute histological chorioamnionitis
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(HCA) was based on presence of histological grades of chorion—
decidua 3-4, chorionic plate 3-4, umbilical cord 1-4 and/or
amnion 1-4 (56). The following HCA grades were used to
describe the intensity of placental inflammatory response:
maternal inflammatory response (presence of histological
grades of chorion-decidua 3-4 and/or chorionic plate 3 and/or
amnion 1-4) and fetal inflammatory response (presence of
histological grades of chorionic plate 4 and/or umbilical
cord 1-4).

RNA isolation and reverse transcription

Total RNA was isolated from weighed tissue samples using Tri
Reagent (Molecular Research Center, Cincinnati, USA) following
the manufacturer’s instructions. Concentrations of RNA were
determined from measurements of absorbance (A) at 260 nm,
and its purity was evaluated by determining A260/280 and
A260/230 ratios using a NanoDrop™ 1000 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). Samples were
not included in subsequent analysis if their Ayso/Ass ratio < 1.60
and Ajeo/Assp ratio < 1.80.

RNA integrity was confirmed by electrophoresis on a 1.5%
agarose gel. Portions (1 pg) of total RNA were reversely tran-
scribed to cDNA in reaction mixtures with a total volume of 20 ul
using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA)
and a Bio-Rad T100™ Thermal Cycler (Hercules, CA, USA) with
the following conditions: 5 min at 25°C, 20 min at 46°C and 1 min
at 95°C. Obtained cDNA was stored at —20°C until use.

Quantitative PCR analysis

Samples of the collected placentas were subjected to quan-
titative PCR (qPCR) gene expression analysis using a CFX384
Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). cDNA (12.5 ng/pl) was amplified in a 384-well plate, with
total reaction volumes of 5 pl per well, using SsoAdvanced™

Universal SYBR® Green Supermix (Bio-Rad, Hercules, CA,
USA) and predesigned intron-spanning PrimePCR™ assays
(listed in Supplementary Material, Table S1). Each sample
was amplified in triplicate, with the following conditions:
2 min at 95°C followed by 40 cycles of 5 s at 95°C and 30 s
at 60°C, then a final 5 s at 95°C. For melt curve analysis, the
temperature was raised from 65 to 95°C, with 0.5°C increments
at 5 s/step.

gPCR analysis was performed with CFX Maestro™ Software
(Bio-Rad, Hercules, CA, USA). Before the quantitative analysis, we
assessed the stability of candidate reference genes’ expression
in our samples using the RefFinder web-based analysis tool (57),
which implements four algorithms: Delta Ct (58), BestKeeper
(59), geNorm (60) and NormFinder (61). Commonly used refer-
ence genes tested included genes encoding B2-microglobulin
(B2M), ubiquitin (UBQ), glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein zeta (YWHAZ), 18 s ribosomal
RNA (18 s rRNA) and TATA-binding protein (TBP). Finally,
target gene expression was normalized against the mean
quantification cycle of B2M and TBP using the Bio-Rad CFX
Maestro 1.1 software.

Minimum information for publication of real-time quanti-
tative PCR experiments (MIQE) guidelines (62,63) were followed
during all steps in efforts to ensure accuracy, correct interpre-
tation and repeatability of the results obtained from this study.
The MIQE checklist is provided in Supplementary Material, Table
S2.

Statistical analysis

Differential gene expression analysis. Relative gene expression
results obtained using Bio-Rad CFX Maestro 1.1 software were
log2 transformed before analysis. Statistical analyses and
graphical representation were performed using Rstudio (version
1.3.1093, R software version 4.0.3) and GraphPad Prism (version
8.2.1). Results were considered statistically significant when
P <0.05.

Preterm versus term and PPROM versus PTL placentas. Differ-
ences in relative gene expression between preterm and healthy
term placentas were explored by type III ANOVA, using the
car package (64). Covariates, such as fetal sex, delivery mode
(vaginal delivery versus cesarean section) and maternal preg-
nancy weight gain, were considered in the model when sta-
tistically significant. To account for multiple analyses, P-values
were adjusted using false discovery rate (FDR) correction and
are presented as g-values. Graphical representation was per-
formed using GraphPad Prism; results are shown as median and
interquartile ranges (IQR).

The same methods were applied to analyze the differences
between PPROM versus term and PTL versus term placentas.
Corrected P values were subsequently used to generate volcano
plots using the ggplot2 package (65) after calculating log2 fold-
changes (log2(FC)) and -log10 transformation of the g-values.

Finally, a heatmap of the differentially expressed genes was
generated using the pheatmap package (66). Within-gene and
between-individual (row) data scaling was applied. Hierarchical
clustering (Euclidian distances) was applied to individuals only.
Missing data were imputed using principal component analysis
(PCA) with the missMDA package (67). ASMT and TPH2 expres-
sion was not included in these analyses as it was not detected
in a large number of samples by gPCR analysis, so it could not be
imputed.

Principal component analysis: preterm placentas. PCA was used
to explore and interpret patterns in the multivariate interrelated
datasets by reducing the dimensionality of the high-dimensional
data to a low-dimensional format while preserving the relevant
information. Samples were grouped based on the grades of HCA.
In addition, data regarding placentas of the subset of women
with PPROM and a period <72 h between amniocentesis and
delivery were used to create a PCA plot of patterns associated
with MIAC and/or IAL

Log2-transformed relative gene expression data were ana-
lyzed, after scaling, using the PCA function in the FactoMineR
package (68). Positions of individuals and variables along the first
three principal components were graphically displayed in biplots
using the fviz_pca_biplot function of the factoextra package (69).
Then, a 95% confidence ellipse was drawn around the barycenter
of each group.

Unsupervised clustering: preterm placentas. PCA was applied to
the whole dataset of preterm placentas to reduce its dimension-
ality. Unsupervised clustering was then applied, using the hcpc
function of the FactoMineR package (68), in the resulting model’s
first five dimensions (accounting for 81% of the total variance).
Differences in clinical maternal and fetal variables (gestational
age at delivery, birth weight, maternal prepregnancy BMI and BMI
at admission, and pregnancy weight gain) and concentrations
of inflammatory markers (amniotic fluid IL-6, log-transformed;
maternal serum CRP at delivery, log-transformed; and maternal
white blood cells count at delivery) between clusters were
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explored using type IIl ANOVA with the car package. For amniotic
fluid IL-6 concentration, the dataset was divided according to
the measurement method (Milenia or Roche system). Graphical
representation was performed using GraphPad Prism; results
are shown as median and interquartile ranges (IQR). The
significance of differences in proportions of individuals in
each pregnancy category such as fetal sex, diagnosis (PTL/P-
PROM), parity, delivery mode (vaginal delivery versus cesarean
section), antibiotics, tocolytics and corticosteroids treatment
was assessed by chi-squared tests implemented in GraphPad
Prism.

Correlations between gene expression, inflammatory markers and
gestational age at delivery: mediation analysis. Correlation anal-
yses were performed to establish associations between placental
tryptophan pathway, gestational age at delivery and concen-
trations of intra-amniotic and maternal inflammatory mark-
ers. First, Pearson correlations between gene expression levels
and gestational age at delivery were calculated using the rcorr
function of the Hmisc package (70). Correlations between genes
whose expression was significantly associated with gestational
age at delivery and concentrations of the intra-amniotic and
maternal inflammatory markers were then examined, followed
by correlations between concentrations of intra-amniotic and
maternal inflammatory markers and gestational age at delivery.
Significant correlations were represented in focus graphs or
correlation plots displaying the interrelations between all the
variables tested using the correlate and network plot functions
of the corrr (71) and ggplot2 (65) packages.

For mediation analysis, direct effects of genes’ expression
(‘treatment’) on concentrations of intra-amniotic and maternal
inflammatory markers (mediators) and these mediators on ges-
tational age at delivery (‘the outcome’) were estimated using
regression analyses. Bootstrap permutations (P = 1000) were used
to estimate the total effect (direct effect of treatment on the out-
come), the direct effect of treatment on outcome after adjusting
for the mediators and the mediation effect using the function
mediate in the mediation package (72). Models were adjusted for
maternal parity and pregnancy weight gain for amniotic fluid
IL-6 concentration and kept non-adjusted for maternal serum
CRP concentration. Beta-coefficients and SDs or 95% confidence
intervals were calculated and are presented in the Results sec-
tion.

Finally, Pearson correlation tests were applied to assess
relationships between expression of all the tested tryptophan
pathway genes and inflammatory markers/placental IL6 gene
expression using the rcorr function of the Hmisc package (70).
Significant correlation coefficients were represented using
an adapted version of the corrplot function of the corrplot
package (73).

Supplementary Material

Supplementary Material is available at HMGJ online.
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