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Retinopathy of prematurity (ROP), a blinding condition affecting preterm infants, is an interruption of
retinal vascular maturation that is incomplete when born preterm. Although ROP demonstrates delayed
onset following preterm birth, representing a window for therapeutic intervention, there are no curative
or preventative measures available for this condition. The in utero environment, including placental
function, is increasingly recognized for contributions to preterm infant disease risk. The current study
identified a protective association between acute placental inflammation and preterm infant ROP
development using logistic regression, with the most significant association found for infants without
gestational exposure to maternal preeclampsia and those with earlier preterm birth. Expression analysis of
proteins with described ROP risk associations demonstrated significantly decreased placental high tem-
perature requirement A serine peptidase-1 (HTRA-1) and fatty acid binding protein 4 protein expression in
infants with acute placental inflammation compared with those without. Within the postnatal peripheral
circulation, HTRA-1 and vascular endothelial growth factor-A demonstrated inverse longitudinal trends for
infants born in the presence of, compared with absence of, acute placental inflammation. An agnostic
approach, including whole transcriptome and differential methylation placental analysis, further identify
novel mediators and pathways that may underly protection. Taken together, these data build on emerging
literature showing a protective association between acute placental inflammation and ROP development
and identify novel mechanisms that may inform postnatal risk associations in preterm infants.
(Am J Pathol 2023, 193: 1776e1788; https://doi.org/10.1016/j.ajpath.2023.02.003)
Supported by the National Eye Institute 1K08EY031800-03 (L.A.O.);
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York, NY) unrestricted grant (Department of Ophthalmology and Visual
Sciences, University of Utah).
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Retinopathy of prematurity (ROP) is a blinding condition of
prematurity characterized by disruption in normal retinal
vascular development, resulting in a spectrum of anatomic
aberrancy and visual impairment. ROP represents a signif-
icant health burden, collectively accounting for 40% of all
childhood blindness worldwide. More importantly, ROP
demonstrates increasing incidence with greater survival of
early preterm infants.1e3 Despite delayed disease onset
following preterm birth, representing a therapeutic window,
there are no curative or preventative measures available for
ROP. Although birth weight (BW) of <1500 g, prematurity
stigative Pathology. Published by Elsevier Inc
of <32 weeks, and postnatal oxygen exposure confer in-
dependent ROP risk, these factors are not sufficiently
modifiable to prevent ROP.4,5 Greater insight into risk
pathomechanisms and protective paradigms, particularly
those occurring before development of clinical disease, will
. All rights reserved.
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Placental Inflammation Reduces ROP
underly future efforts to facilitate normal retinal maturation
and prevent significant ocular and visual morbidity associ-
ated with ROP.

The in utero and placental environment is increasingly
recognized for contribution to both preterm infant disease
susceptibility and disease protection.6e10 While the under-
lying rationale is not clear, changes in blood flow and, thus,
nutrient and oxygen delivery are postulated, as is direct
modification of the inflammasome evidenced by differential
cytokine profiling in preterm infant cord blood samples
relative to placental histology.11,12 The role of placental
histopathologic diagnoses to ROP development is debated
in the literature. For example, early studies suggest that
acute placental inflammation in the setting of cho-
rioamnionitis is associated with increased ROP risk.13

However, recent work demonstrates no association14 or a
protective association within distinct preterm populations.15

Clarity on the relationship between acute placental inflam-
mation and preterm infant ROP development may allow for
improved disease stratification and screening as well as
insight into preclinical disease mechanisms.

The current study demonstrated a significant inverse asso-
ciation between acute placental inflammation and ROP using
logistic regression within a discovery placental histology
cohort. This association was evident when controlling for
confounding effects of known ROP risk associations [namely,
gestational age (GA), most marked at early gestations and
within preterm infants without preeclamptic gestations]. The
study explored potential molecular pathomechanisms under-
lying these associations within a second recruited preterm
infant replication cohort. A candidate approach was adopted
to demonstrate significant differences in placental high tem-
perature requirement A serine peptidase-1 (HTRA-1) and
fatty acid binding protein 4 (FABP4) protein expression be-
tween tissues characterized by acute inflammation compared
with those without. Inverse longitudinal trends were identified
for HTRA-1 and vascular endothelial growth factor (VEGF)-
A within the peripheral circulation of infants born preterm in
the setting of acute placental inflammation compared with
those without, within this same replication cohort. Finally,
Illumina-based whole transcriptome and methylation placental
tissue analysis was used to identify a subset of genes and
pathways that demonstrate differential expression and/or
modification relative to both ROP and placental inflammation
clinical outcomes.

These findings support recent work suggesting a protec-
tive relationship between acute placental inflammation and
preterm infant ROP risk, as well as a disparate ROP risk
association for preterm infants with or without gestational
exposure to maternal preeclampsia. Significant RNA, pro-
tein, and DNA modifications were observed within placental
tissues correlating with both acute placental inflammation
and ROP clinical outcomes using both a candidate approach
centered on established ROP risk mediators and an agnostic
approach, identifying novel associations. More importantly,
many identified placental associations remained associated
The American Journal of Pathology - ajp.amjpathol.org
within the preterm infant systemic circulation, adding rele-
vance to their roles in postnatal disease development. Taken
together, these data contribute to a framework of under-
standing toward informing the molecular pathobiology un-
derlying placental inflammatory protection from ROP and
eventual preventive therapies for ROP.

Materials and Methods

The discovery cohort consisted of 182 placental tissue
samples from preterm births (BW, �1500 g; and GA, �32
weeks’ gestation) at the University of Utah (Salt Lake City,
UT) between 2010 and 2020.

Clinical Biorepository Placental Histology Analysis

Placental tissue prepared on histologic slides and hematox-
ylin and eosin stained were identified within an existing
clinical biorepository at the University of Utah; all samples
meeting inclusion criteria (births with BW �1500 g and GA
�32 weeks’ gestation) were analyzed. Histologic samples
were independently reviewed for infectious acute placental
inflammation (chorioamnionitis) by an expert placental
pathologist (J.C.) using standardized criteria for presence,
absence, and severity of acute placental inflammation.16 The
severity of infectious acute placental inflammation histology
was characterized using gold standard Amsterdam consensus
grading criteria denoting acute maternal (less severe) versus
infant-level (more severe) inflammation.16 Inflammatory
features not consistent with infectious acute placental
inflammation, such as immune or idiopathic inflammatory
lesions, as defined by Redline,16 were excluded from anal-
ysis; infants were also excluded if full clinical data were not
available. Clinical data were collected from the medical chart
with appropriate institutional review board approval (insti-
tutional review board number 88171; Principal Investigator,
L.A.O.), including maternal preeclampsia diagnosis, infant
ROP diagnosis, BW, GA, and sex. The relationships between
inflammatory histology, presence or absence of ROP, GA,
sex, and BW were determined by univariate and multivariate
analysis, as indicated and as previously published.4

Replication Cohort Consisting of a Recruited Patient
Cohort Biorepository

Infants were recruited from two neonatal intensive care units
at the University of Utah or the Medical University of South
Carolina (Charleston, SC). Infants were included if they were
born at <31 weeks’ gestational age and <1250 g BW,
meeting ROP screening guidelines at their respective centers,
and were eligible for blood collection. All studies were per-
formed with institutional review board approval at either the
University of Utah or Medical University of South Carolina
and adhered to the Declaration of Helsinki. Patient recruit-
ment is as previously published.17 In brief, the parent or legal
guardian for eligible infants was provided with informed
1777
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consent before enrollment. Inclusion and exclusion criteria
for preeclampsia and ROP diagnoses are informed by
American Academy of Pediatrics, American College of Ob-
stetricians and Gynecologists, and International Classification
of ROP guidelines and assessed on the basis of clinical di-
agnoses made by the clinical care team.18e21 Placental tissue
was collected from University of Utah cohort patients only
within �1 hour following preterm delivery in a standardized
manner and flash frozen or paraffin embedded. Cord or pe-
ripheral blood was collected from infants at both institutions.
Infant cord blood was collected at the time of preterm de-
livery when deemed appropriate by the clinical care team.
Preterm infant peripheral blood was collected between 35 and
37 weeks’ gestational age. Per the standardized protocol, up
to 2 mL of infant blood was collected and plasma was
immediately separated, accessioned, and stored at �80�C.
Epidemiologic, demographic, and clinical data, including
preeclampsia, maternal age, preterm labor, maternal anti-
biotic or steroid administration, race/ethnicity, infant sex,
infant gestational age, and birth weight, were collected for
each enrolled patient and stored in a secure REDCap data-
base, as previously published.4,17

Outcome Measures for Human Studies

The primary outcome variables were presence or absence of
any ROP or placental inflammation, as previously
defined.16,19 The diagnosis and severity of infectious acute
placental inflammation were determined from the medical
chart and verified using gold standard diagnostic criteria by
an expert placental pathologist (J.C.).16 ROP zone, stage,
and severity were documented according to the international
classification of ROP.19e22 Secondary outcome measures
included ROP severity and need for treatment. ROP severity
was represented by the greatest degree of severity docu-
mented during the patient’s clinical course, as determined
by indirect ophthalmoscopy provided during clinical care.

Placental Immunofluorescence Analysis

Average integrated density was determined for six high-
power fields for paraffin-imbedded human placental tissues
obtained from the described replication cohort. Placental
villi (fetal tissue) within each high-power field were iden-
tified using DAPI nuclei labeling. Fluorescent staining from
either FABP4 (Novus Biologicals, Centennial, CO; catalog
number AF3150) or HTRA-1 (Thermo Fisher, Waltham,
MA; number PA5-11412) was measured using a standard-
ized gain on the EVOS imaging system (Thermo Fisher).
Fluorescence was measured using the Cy5 filter for both
proteins with an Alexa647 fluorophore-conjugated second-
ary. Average fluorescence was determined for six high-
power fields within fetal tissue (villi) per patient and then
normalized to background fluorescence using non-specific
channel fluorescence. The statistical relationship between
total fluorescence and clinical data, including presence,
1778
absence, or severity of placental inflammation and ROP
development, was done using a paired t-test.

Regression Analysis for Association

A univariate analysis was performed to determine the sig-
nificance of described and proposed ROP risk variables,
including BW, GA, maternal preeclampsia, sex, and acute
placental inflammation, with ROP development. Variables
with significance �0.3 in univariate analysis were analyzed
using logistic regression, as previously reported.4,23 Statis-
tical analysis was performed using R studio version
2022.07.1 (https://www.rstudio.com/products/rstudio/down
load). For variables with P � 0.05 in multivariate
analysis, the results are designated as statistically
significant. CIs were calculated to indicate the direction of
the effect. If the CI does not include the numerical term 0,
a statistically significant result is assumed. Effect size was
determined using odds ratio calculations.

HTRA-1 and VEGF-A Plasma Protein Analysis

Plasma from patients within the replication cohort described
above was analyzed and consisted of the following: acute
inflammation, n Z 13; control, n Z 17; ROP, n Z 14; and
control, n Z 16. Expression of each candidate protein was
measured in infant plasma using either enzyme-linked
immunosorbent assay (HTRA-1; LSBio, Seattle, WA; num-
ber LS-F11673) or Luminex (VEGF-A; Luminex, Austin,
TX) when a clinical test was available through the ARUP
clinical laboratory (Salt Lake City, UT; https://www.aruplab.
com; cited May 19, 2020). Measurement was performed at
two time points, within cord blood collected at the time of
preterm birth and within peripheral blood collected within
the GA window of 35 to 37 weeks. All enzyme-linked
immunosorbent assay samples were run in triplicate, and
concentrations (ng/mL) were calculated relative to standard.
Average values for each condition were compared for
statistical significance using a traditional two-tailed t-test.

Infinium MethylationEPIC BeadChip

DNA was extracted from fetal surface placental tissues
corresponding to patients within the replication cohort, as
described above (acute inflammation, n Z 9; and control,
n Z 7), using the Qiagen (Hilden, Germany) AllPrep sys-
tem. DNA quantity was assessed with the QuantiFluor
dsDNA System (Promega, Madison, WI) on the Synergy
HT plate reader (BioTek Instruments, Inc., Winooski, VT),
and the highest yield samples were normalized to 250 ng in
30 mL. The samples then underwent bisulfite conversion
using the Zymo EZ DNA Methylation Kit (Zymo Research
Corp., Irvine, CA) with a genomic DNA input of 250 ng.
The recommended modification to the protocol using
alternative incubation conditions for the Illumina, Inc. (San
Diego, CA), assays was performed. On bisulfite conversion
ajp.amjpathol.org - The American Journal of Pathology
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Placental Inflammation Reduces ROP
completion, samples were sent to the University of Utah
DNA Sequencing and Genomics Core Facility (Salt Lake
City, UT) for Infinium HD Methylation using the Illumina
MethylationEPIC kit scanning on the iScan instrument and
raw data export.
Whole Transcriptome Placental Analysis

Whole transcriptome expression analysis was performed on
fetal surface placental tissues using the Illumina Stranded
Total RNA Kit with Ribo-Zero Plus, per the standard pro-
tocol and as published previously24,25 in collaboration with
the University of Utah Huntsman Cancer Institute’s High-
Throughput Genomics and Bioinformatic Analysis Shared
Resource Core. Tissue was obtained from the replication
cohort for infants relative to ROP development (ROP,
nZ 14; and control, nZ 16) and presence of acute placental
inflammation (placental inflammation, n Z 13; and control,
n Z 17). RNA was extracted from a 5 � 5-mm fetal surface
placental tissue section, which was obtained within 30 mi-
nutes of delivery and flash frozen, as noted above, using the
Qiagen AllPrep RNA/DNA extraction system.
Bioinformatic Analysis

Differential Methylation Analysis
The samples were processed on an Infinium Methyl-
ationEPIC BeadChip Array, as described above. The IDAT
files were loaded into the minfi package in R and normalized
using the functional normalization algorithm.26 Differen-
tially methylated regions (DMRs) were identified relative to
placental inflammation using the bumphunter package.27 R
was used to further plot methylation differences and fold
changes from significant genes with DMRs.

Whole Transcriptome Analysis
Human genome and gene feature files were downloaded
from Ensembl release 104, (https://useast.ensembl.org/info/
genome/genebuild/index.html) and a reference database was
generated using STAR version 2.7.9a (https://www.
encodeproject.org/software/star) with splice junctions
Table 1 Placental Biobank Patient Characteristics

Characteristic Preterm infant cohort Pr

Total, N 182 66
Average gestational age, weeks 28 28
Average birth weight, g 988.5 99
Male sex, n (%) 85 (47) 34
ROP, n (%) 100 (55) 29
Type 1 ROP, n (%) 12 (7) 1
Placental inflammation, n (%) 66 (36) 3

Gestations characterized by preterm birth of <32 weeks and birth weight of <1
years 2010 and 2020. Clinical information was collected, including gestational a
placental inflammation histology was independently characterized by an expert p
ROP, retinopathy of prematurity.
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optimized for 150-bp reads.28 Optical duplicates were
removed from the paired end FASTQ files using clumpify
version 38.34, and reads were trimmed of adapters using
cutadapt 1.16.29 The trimmed reads were aligned to the
reference database using STAR in two-pass mode to
output a binary alignment map (BAM) file sorted by
coordinates. Mapped reads were assigned to annotated
genes using featureCounts version 1.6.3.30 Raw gene
counts were filtered to remove features with 0 counts and
<10 reads in every sample, and differentially expressed
genes (DEGs) were identified using a 5% false discovery
rate with DESeq2 version 1.30.1.31 Pathways were
analyzed using the fast gene set enrichment package32

(gene set enrichment analysis)33 to identify significantly
enriched pathways within DEGs from placental tissues
characterized by acute inflammation or from infants who
developed ROP using the Hallmark database.
Results

Characteristics of Discovery Cohort

The study identified births within the ROP GA and BW risk
window, including infants born before 32 weeks and
weighing <1500 g, in an existing placental biobank con-
sisting of deliveries between 2010 and 2020 (n Z 182)
(Table 1). Clinical data for included infants were collected
from the medial record, including BW, GA, sex, maternal
preeclampsia status, and infant ROP screening data. Given
prior studies demonstrating disparate ROP risk associations
for acute placental inflammation in preeclamptic compared
with non-preeclamptic gestations,15 the population was sub-
stratified by this gestational criterion. Identified samples were
independently reviewed for placental inflammation by an
expert placental pathologist (J.C.) using standardized criteria
for presence, absence, and severity of infectious acute
placental inflammation, as noted above.16 As demonstrated in
Table 1, GA but not BW differed significantly between these
subgroups, as did development of ROP, severity of ROP, and
presence of acute placental inflammation.
eeclamptic cohort Non-preeclamptic cohort P value

116
.9 27.1 <0.001
5 982 0.80
(51) 51 (44) 0.32
(44) 71 (61) 0.03
(2) 11 (9) 0.03
(5) 63 (54) 0.04

500 g were identified within an existing clinical biorepository between the
ge, birth weight, sex, preeclampsia, and ROP presence and severity. Acute
lacental pathologist (J.C.).
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Table 2 Univariate Analysis for Association with ROP
Development

Characteristic OR 95% CI P value

Birth weight 0.996 0.994e0.997 5.48�10�9

Gestational age 0.35 0.25e0.46 6.56�10�12

Preeclampsia 0.50 0.27e0.91 0.0253
Acute placenta inflammation 1.71 0.92e3.23 0.0931
Male sex 1.61 0.89e2.92 0.115

Univariate analysis was performed to determine association between
acute placental inflammation with ROP development. Established ROP risk
variables, including birth weight, gestational age, and preeclampsia, were
also queried; association with male sex was determined to assess for sex as
a biological variable.
OR, odds ratio; ROP, retinopathy of prematurity.

Table 3 Logistic Regression Demonstrates Significant Inverse
Associations for GA and Acute Placental Inflammation

Characteristic OR 95% CI P value

Birth weight 0.998 0.997e1.000 0.0917
GA 0.34 0.23e0.48 7.15�10�9

Preeclampsia 0.79 0.28e2.25 0.6626
Acute placenta inflammation 0.28 0.089e0.83 0.0251
Male sex 1.70 0.73e4.04 0.2251

Logistic regression was performed for all univariate factors with P � 0.3.
Only GA and acute placental inflammation maintained significance. Sig-
nificance was defined as P � 0.05 in multivariate analysis and CIs not
including the numerical term 0. Inverse association is determined by the
OR.
GA, gestational age; OR, odds ratio.

Owen et al
Acute Placental Inflammation Is Inversely Associated
with Presence and Severity of ROP

To determine the association between acute placental
inflammation and preterm infant ROP development, a uni-
variate analysis was performed (Table 2), consisting of
established and proposed ROP risk variables, followed by a
regression analysis that included all variables with P � 0.3
in univariate analysis. Regression analysis demonstrated
statistically significant inverse associations with preterm
infant ROP development for GA and acute placental
inflammation, as denoted in Table 3. Statistical significance
was defined as P � 0.05 in multivariate analysis with a CI
that does not include the numerical term 0. Effect size was
determined using odds ratio calculations.

The Inverse Association between Presence and Severity
of Acute Placental Inflammation Is More Marked at
Earlier Gestations

To determine whether there was a GA range for which ROP
risk was most significantly associated with the presence of
acute placental inflammation, the relationship between these
variables was examined within four GA quartiles. The first
GA quartile represented births <26 weeks; the second GA
quartile represented births <27.6 weeks; the third GA quar-
tile represented births <28.9 weeks; and fourth GA quartile
represented births >29 weeks. As indicated in Figure 1, the
inverse association between ROP development and acute
placental inflammation was present for all GA quartiles;
however, there was a trend toward a greater association for
preterm infants born at earlier gestational ages.

ROP Development Is Inversely Associated with Both
Maternal and Fetal Inflammatory Response and Most
Significant for Infants Without Gestational Exposure to
Preeclampsia

Acute placental inflammation represents an infectious etiology
originating within the cervical region and ascending to involve
the placental tissues. Thus, severity can be represented by the
1780
degree to which the infection has ascended within the placenta.
The maternal surface, anatomically closer to the infection
source, represents limited placental spread. Involvement of the
fetal surface represents advanced infectious spread within the
placenta. Using this metric for severity, the relationship be-
tween preterm infant development of ROP and the severity of
acute placental inflammation was examined. As noted in
Table 4, both maternal and fetal surface inflammatory re-
sponses were inversely associated with infant ROP develop-
ment, although this correlation was more significant with
increasing severity of inflammation. The study sought to
determine whether the association was present in all gestations
within the ROP risk window compared with those with the
absence of gestational preeclampsia. Although a significant
inverse association was observed between maternal and fetal
surface inflammatory response and preterm infant ROP
development within both cohorts, the associations were more
significant within the non-preeclamptic cohort (Table 4).
HTRA-1 and FABP4 Proteins Are Significantly
Decreased in Placenta from Infants with Placental
Inflammation Compared with Control

A candidate approach was adopted to examine the potential
biochemical etiology for the observed inverse association
between infant ROP development and acute placental
inflammation. Placental protein levels for the serine protease
HTRA-1 and FABP4 were measured using semiquantitative
immunofluorescence. These factors were selected as they
both play roles in placental inflammation, preeclampsia, and
ROP development in humans and animal models.17,34e42

Expression of each protein was examined independently
within a subset of placental specimens from the replication
cohort. Average villous tissue fluorescence from six high-
power fields was compared for infants with (n Z 25) and
without (n Z 25) acute placental inflammation, as noted
above. Protein levels of both HTRA-1 and FABP4 were
significantly decreased in placental tissues with acute
placental inflammation compared with those without
(Figure 2). Furthermore, as demonstrated in Figure 3, there
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 The presence of acute placental inflammation is associated with reduced preterm infant retinopathy of prematurity (ROP) development within all
gestational ages (GAs). ROP development within each of four gestational age quartiles was examined relative to presence or absence of acute placental
inflammation. First GA quartile, <26 weeks; second GA quartile, <27.6 weeks; third GA quartile, <28.9 weeks; and fourth GA quartile, >29 weeks. ROP
development is inversely associated (P Z 0.008) with the presence of acute placental inflammation within all quartiles. This was most marked for earlier GA
birth quartiles.

Placental Inflammation Reduces ROP
was a slightly more marked association between decreased
placental HTRA-1 protein expression for placental tissues
characterized by fetal surface inflammation (n Z 12) versus
maternal surface inflammation (n Z 13) when comparing
with control placental tissues without inflammation (nZ 25).

HTRA-1 and VEGF-A Longitudinal Postnatal Plasma
Protein Levels Are Significantly Different for Infants
with Acute Placental Inflammation Compared with
Those Without

Candidate mediators within the postnatal circulation were
examined for relevance to the period of ROP development.
Increased expression of both the serine protease HTRA-1 and
angiogenic growth factor VEGF-A has been associated with
pathomechanisms underlying ROP development post-
natally.17,43,44 Thus, the study sought to determine whether
there were significant differences in plasma expression of
these established risk mediators relative to the more novel
risk modifier, acute placental inflammation. Expression of
each protein was examined in preterm infant plasma at two
Table 4 Association between the Severity of Acute Placental Inflamm

Variable

Full cohort

OR 95% CI

Maternal inflammatory response 0.52 0.31e0.84
Fetal inflammatory response 0.45 0.25e0.77

The presence or absence of maternal inflammatory response (less severity) or
opment of ROP for infants while controlling for the significance of gestational age
and OR, all associations were inverse. Both severities of acute placental inflamma
there was a slight trend toward greater significance with increasing severity.
OR, odds ratio; ROP, retinopathy of prematurity.
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time points, at preterm birth within cord blood, and during
the gestational age window characterized by ROP patho-
genesis, GA 35 to 37 weeks. This was done in the replication
cohort, consisting of recruited preterm infants within the ROP
GA and BW risk window from two institutions, as noted
above. HTRA-1 expression was measured using enzyme-
linked immunosorbent assay, and VEGF-A expression was
measured using Luminex, as previously described.17 As
shown in Figure 4, A and B, both HTRA-1 and VEGF-A
expression were increased within cord blood from infants
born in the setting of acute placental inflammation compared
with those without. The inverse was true at GA 35 to 37
weeks as infants born preterm in the absence of placental
inflammation demonstrated elevated HTRA-1 and VEGF-A,
whereas those born in the presence of placental inflammation
demonstrated reduced VEGF-A and HTRA-1 plasma
expression (Figure 4). When analyzed relative to preterm
infant ROP development, as shown in Figure 4, C and D,
infants who developed ROP demonstrated a greater degree of
increase in both HTRA-1 and VEGF-A at 35 to 37 weeks’
GA than infants who did not develop ROP.
ation and ROP Development Differs by Gestational Preeclampsia

Non-preeclamptic groups

P value OR 95% CI P value

0.011 0.34 0.14e0.68 0.0060
0.0048 0.34 0.15e0.74 0.0039

fetal inflammatory response (greater severity) was correlated with devel-
within the full cohort or non-preeclamptic cohorts. As denoted by P value
tion were found to significantly associate with ROP development, although
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Figure 2 Placental fatty acid binding protein 4 (FABP4) and high temperature requirement A serine peptidase-1 (HTRA-1) proteins are decreased in tissues
with inflammation compared with those without. Placental sections from paraffin-embedded tissues corresponding to those from our placental biorepository
patient cohort were labeled with either HTRA-1 (left) or FABP (right) antibodies. Total fluorescence values were averaged over six high-power fields (HPFs)
and normalized to background fluorescence from a non-specific channel for the same HPF. HPFs were selected for villous and, therefore, fetal surface placenta
only. Statistical comparisons were performed using a two-tailed t-test. *P < 0.05, **P < 0.01.

Owen et al
Whole Transcriptome Analysis Identifies Significantly
Differentially Expressed Genes Relative to Placental
Inflammation

An agnostic analysis approach was adopted to identify novel
mediators underlying the inverse risk association between
infectious acute placental inflammation and ROP develop-
ment. Whole transcriptome gene expression analysis was
performed on fetal surface placental tissue from preterm in-
fants within the replication cohort [(acute inflammation,
n Z 13; control, n Z 17) (ROP, n Z 14; control, n Z 16)].
DEGs relative to placental inflammation or postnatal ROP
development were identified. DEGs were generated, as
1782
previously published, by filtering raw gene counts to remove
features with 0 counts and <10 reads in every sample and
identifying differentially expressed genes using a 5% false
discovery rate (false discovery rate, <5%) with DESeq2
version 1.30.1.24,31 After correction for multiple testing, 35
genes were identified with significant differential expression
relative to placental inflammation, and 234 genes were
identified relative to infant ROP development (adjusted P �
0.05). Furthermore, variance analysis identified 33 genes
within the transcriptome data that demonstrated expression
variance significantly related to placental inflammation rather
than other queried variables, including birth weight, gestation
age, sex, ROP development, or maternal preeclampsia
Figure 3 Placental high temperature require-
ment A serine peptidase-1 (HTRA-1) protein
expression is decreased for both fetal and
maternal surface inflammation compared with
tissue without inflammation. Placental tissues
were labeled with HTRA-1 antibodies, and total
fluorescence in six high-power fetal tissue fields
was averaged and then normalized to background
fluorescence. Statistical associations were deter-
mined using a two-tailed t-test. n Z 12 placental
tissues with fetal inflammation; n Z 13 placental
tissues with maternal inflammation; n Z 25
placental tissues with no inflammation.
*P < 0.05.
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Figure 4 Vascular endothelial growth factor (VEGF)-A and high temperature requirement A serine peptidase-1 (HTRA-1) plasma concentrations differ
longitudinally for preterm infants having gestations with or without acute placental inflammation or retinopathy of prematurity (ROP) development. Plasma was
isolated from cord or peripheral blood samples, and HTRA-1 (A and C) or VEGF-A (B and D) protein was analyzed using Luminex (VEGF-A) or enzyme-linked
immunosorbent assay (HTRA-1). Peripheral blood samples were collected between postnatal weeks 35 and 37, corresponding to the gestational age (GA)
range during which ROP disease typically is present. Data were stratified by presence or absence of acute placental inflammation or development of ROP, and
average values were plotted longitudinally for each outcome measure.

Figure 5 Genes with expression variance most related to placental inflammation. A: Variance analysis identified genes within the whole transcriptome data
set that demonstrated expression variance most significantly related to placental inflammation (denoted in blue) as opposed to other queried variables,
including birth weight, gestational age, retinopathy of prematurity (ROP), preeclampsia, or sex. B: Venn diagram modeling for significant placental
inflammationerelated differentially expressed genes (gray circle) and genes with variance most related to placental inflammation (black circle). Up-regulated
genes are denoted in red, and down-regulated genes are denoted in blue. As seen in the Venn overlap, six genes are both significantly related to placental
inflammation and gene expression is most significantly related to placental inflammation.
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Figure 6 Gene set enrichment analysis (GSEA) demonstrates inverse
pathway enrichment for placental tissues characterized by acute inflam-
mation compared with those associated with preterm infant retinopathy of
prematurity (ROP) development. GSEA was performed on differentially
expressed genes significantly associated with either the ROP or acute
placental inflammation clinical outcomes within whole transcriptome data.
Jak, Janus kinase; mTOR, mammalian target of rapamycin; PI3K, phos-
phatidylinositol 3-kinase; TGF-b, transforming growth factor-b.
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(Figure 5A). Venn overlap between genes with inflammation-
specific variance and inflammation DEGs demonstrated six
genes (Figure 5B) that account for inflammation variance, but
for which expression-level changes also significantly corre-
lated with acute placental inflammation. Finally, four sig-
nificant DEGs were identified, shared between placental
inflammation and infant ROP development, including LHX5,
ACAP1, SIGLEC14, and ADGRE3. Of these genes, LHX5
and ADGRE3 demonstrated inverse gene expression changes
relative to inflammation (increased expression for ADGRE3;
and decreased expression for LHX5) versus ROP develop-
ment (decreased expression for ADGRE3; and increased
expression for LHX5). ACAP1 and SIGLEC14 demonstrated
increased expression in both ROP and placental inflammation
clinical backgrounds.

Pathway Analysis Demonstrates Inversely Enriched
Pathways for Placental Inflammation Compared with
ROP Development

To examine the global differences in placental gene
expression, the pathway analysis was performed using fast
1784
gene set enrichment package32 (gene set enrichment anal-
ysis).33 The Hallmark database was used to identify
significantly enriched pathways within DEGs from placental
tissues characterized by acute inflammation or from infants
who developed ROP. As shown in Figure 6, several path-
ways were identified demonstrating inverse enrichment for
acute placental inflammation compared with ROP pheno-
types, including the following: coagulation, epithelial-to-
mesenchymal transition, E2F targets, G2M checkpoint,
and MYC targets version 2.

Differential Methylation Analysis Demonstrates DMRs
Corresponding to Placental Inflammation with
Relevance to Whole Transcriptome Data

To determine the role for DNA modification in placental
gene expression, DNA from fetal surface placental tissues
within the recruited patient cohort was analyzed (acute
inflammation, n Z 9; and control, n Z 7). This analysis was
based on the recent precedent for enriched differential
placental DNA methylation within inflammatory genes rela-
tive to preterm infant ROP phenotype.45 It identified 2209
differentially methylated regions with an area P < 0.1.
Plotting the distances to the 50 end of the nearest transcript
identified differentially methylated regions within promoter,
50 untranslated region, exonic, downstream, and intronic re-
gions; most regions were hypermethylated, as denoted in
Table 5. To determine the potential relevance of these data to
the whole transcriptome data set, 225 genes with a false
discovery rate <90% were identified. Combining the 2209
DMRs to the whole transcriptome data resulted in 1626
unique genes with DMRs, 1101 genes expressed in the whole
transcriptome data, and 62 DMRs associated with genes with
a false discovery rate <90%. Figure 7 denotes the over-
lapping DMR with greatest significance (Figure 7A) and
DMR within promoter or 50 untranslated regions that dem-
onstrates significant overlap in the whole transcriptome data
(Figure 7B).
Discussion

Herein, the study demonstrated an inverse association be-
tween preterm infant ROP development and the presence of
acute placental inflammation using logistic regression. This
inverse association was most significant for gestations
without maternal preeclampsia and was best measured when
controlling for the collinearity of GA. Finally, candidate
protein associations and identify novel potential mediators
were identified using a transcriptome-level agnostic
approach, which may underly decreased ROP risk in the
setting of placental inflammation.
Disparate associations have been reported between acute

placental inflammation and ROP development. The current
work demonstrating a protective relationship, more marked
within a non-preeclamptic population, supports recent
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Table 5 DMRs Correlating with Acute Placental Inflammation

DMR region DMRs hypomethylated, N DMRs hypermethylated, N % Hypermethylated

Upstream 85 219 72
Promoter 102 276 73
50 UTR 38 57 60
Exon 87 239 73.3
Intron 266 460 63.4
Downstream 123 257 67.6

Fetal surface placental DNA from the recruited patient cohort was analyzed for DMR using Infinium MethylationEPIC BeadChip. Both hypomethylated and
hypermethylated DMRs were identified, although hypermethylated regions were statistically more common, as evidenced in the percentage hypermethylated.
DMR, differentially methylated region; UTR, untranslated region.

Placental Inflammation Reduces ROP
findings within a fetal growtherestricted population, lacking
preeclamptic gestational exposure.15 Also consistent with this
group’s findings, the association between acute placental
inflammation and ROP development was best determined
when controlling for the confounding significance of GA, as
noted in the logistic regression. Indeed, as noted in Tables 2
and 3, a significant inverse association between ROP devel-
opment and acute placental inflammation was seen only
when accounting for the role of GA. Therefore, the current
work suggests that the disparate associations reported be-
tween placental inflammation and ROP development may be
related to confounding effects of GA, or different risk asso-
ciations based on gestational exposures, such as
preeclampsia.

The candidate approach herein examined differential pro-
tein expression within placental tissues as well as preterm
infant cord or peripheral blood. At the placental level, sig-
nificant protein expression differences were identified in
Figure 7 Differentially methylated DNA regions significantly correlating with
sponding to patients within our recruited patient cohort. Analysis for differenti
ationEPIC BeadChip; data were stratified by the presence or absence of acute pla
region (UTR), exonic, downstream, and intronic regions were identified; those wit
DMRs within promoter and 50 UTR regions and significant differentially expressed

The American Journal of Pathology - ajp.amjpathol.org
HTRA-1 and FABP4 within placental tissues with or without
acute inflammation using semiquantitative immunofluores-
cence. Specifically, decreased expression of both proteins
within acute placental inflammation was observed. Certainly,
reduced HTRA-1 and FABP4 have been associated with
reduced ROP risk in humans and in animal models.17,34 This
is the first time these changes have been found within the
placenta and relative to inflammatory histology. However, it
is possible that the relationship to placental inflammation and
preterm infant ROP risk is based on these established risk
relationships. Herein, the expectation when moving the
candidate analysis to the peripheral circulation was that the
cord blood would mirror protein changes identified within the
placenta. Therefore, it was surprising to see increased
HTRA-1 as well as VEGF-A within preterm infant cord
blood, as increased levels of each protein are associated with
ROP disease.17,44 However, longitudinal analysis demon-
strated that, for infants born in the setting of placental
placental inflammation. DNA was extracted from placental tissues corre-
ally methylated regions (DMRs) was performed using the Infinium Methyl-
cental inflammation. A: Significant DMRs within promoter, 50 untranslated
h greatest association are listed. B: There is significant interaction between
genes within whole transcriptome data.
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inflammation, plasma HTRA-1 and VEGF-A expression
decreased during gestational weeks 35 to 37, during which
time ROP disease typically develops. The opposite was true
for infants born in the absence of placental inflammation; in
these preterm infants, an increase in plasma HTRA-1 and
VEGF-A was observed. This suggests a differential risk
postnatal longitudinal course relative to gestational exposures
and supports the hypothesis that gestational environments
characterized by acute infectious placental inflammation
modify established ROP risk variables in a way that reduces
ROP development. Indeed, this is consistent with a protective
role for placental inflammation in ROP risk as infants who
developed ROP in this same cohort demonstrated a greater
degree of protein increase at 35 to 37 weeks than infants who
did not develop ROP. Thus, within this replication cohort,
decreased levels of plasma HTRA-1 and VEGF-A within the
35 to 37 weeks’ gestational age window correlated with
presence of placental inflammation in utero and absence of
ROP development postnatally.

The agnostic transcriptome-level analysis identified
numerous DEGs within placental tissues relative to both ROP
and acute placental inflammation outcome measures. There
was an overlap between these DEGs as well as within
enriched pathways represented by these DEGs. More
importantly, the pathways with inversely enriched signifi-
cance for placental inflammation compared with preterm in-
fant ROP development, including coagulation, epithelial-to-
mesenchymal transition, E2F targets, G2M checkpoint, and
MYC targets version 2, have been shown to play significant
roles in ROP pathogenesis46 and retinal function.47,48

Finally, the study identified numerous placental DNA
DMRs that were significantly associated with placental
inflammation. The vast majority of these were hyper-
methylated and, thus, expected to inhibit transcription and
silence expression. These findings build on recently pub-
lished work demonstrating significant DMR placental DNA
within inflammatory pathways correlating with ROP out-
comes.45 The analysis overlying the differentially methyl-
ated data set with the whole transcriptome analysis
supported these findings. For example, LIM homeobox
family 5 (LHX5) was identified within the DEG as signifi-
cantly associated with placental inflammation as well as
ROP development, notably with inverse expression that is
decreased in placental inflammation and increased in ROP
clinical outcomes. LHX5 gene was identified as a signifi-
cantly hypermethylated region relative to placental inflam-
mation. Thus, this analysis may have identified a novel
mediator of ROP risk as well as started to define the
mechanism for regulation within the placenta.

Limitations of this study lay the foundation for future
studies. Additional work is needed to clarify the effect of
antenatal maternal exposures (eg, to antibiotics and ste-
roids) on this described protective association. Within the
reported discovery and replication cohorts, an average of
83.2% of women received steroid and/or antibiotic treat-
ment antenatally. This is common in the setting of preterm
1786
labor or suspected infection. However, the role for these
interventions in shaping the placental microenvironment
and associated ROP risk is important and requires further
study. In addition, the candidate study suggested that
placental inflammation can influence expression of estab-
lished ROP risk mediators, although causation is not fully
elucidated. Further mechanistic interrogation of this hy-
pothesis as well as novel mediators identified within the
agnostic analysis is needed to determine the full comple-
ment of molecular mediators underlying the protective
relationship between acute placental inflammation and
ROP development.
Taken together, this work demonstrates a protective as-

sociation between infectious placental inflammation and
preterm infant ROP development. It also built on recent
work demonstrating that this protective association differs
relative to other gestational exposures, such as maternal
preeclampsia.15 This understanding may lead to improved
ROP risk stratification for preterm infants, although it also
may shed light on potential mediators of ROP risk or pro-
tection. Therefore, both a candidate analysis, examining
established ROP mediators within placental and peripheral
tissues with disparate placental inflammation, as well as an
agnostic analysis aimed at identification of novel molecular
mediators of preclinical ROP pathogenesis, were explored.
Notably, differing longitudinal courses were identified for
established risk factors within the peripheral circulation
relative to the presence or absence of placental inflamma-
tion. Additionally, novel placental gene expression changes
correlating with placental inflammation and ROP develop-
ment were identified. Although, going forward, individual
genes may be important mediators to study, this study
identified inverse pathway enrichment within placental tis-
sues characterized by acute inflammation or preterm infant
ROP development and DMRs with a role in placental
inflammation and overlap with ROP DEGs. The genes and
pathways identified herein have described roles in ROP and
retinal cell biology, indicating that they may have relevance
to ROP development. Future work will add to these findings
to clarify mechanisms underlying risk associations and work
toward utilizing this knowledge for advancement of pre-
ventive therapeutics.
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