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BACKGROUND: Infants born extremely premature are at increased risk for health complications later in life for which neonatal
inflammation may be a contributing biological driver. Placental CpG methylation provides mechanistic information regarding the
relationship between prenatal epigenetic programming, prematurity, neonatal inflammation, and later-in-life health.
METHODS: We contrasted CpG methylation in the placenta and neonatal blood spots in relation to neonatal inflammation in the
Extremely Low Gestational Age Newborn (ELGAN) cohort. Neonatal inflammation status was based on the expression of six
inflammation-related proteins, assessed as (1) day-one inflammation (DOI) or (2) intermittent or sustained systemic inflammation
(ISSI, inflammation on ≥2 days in the first 2 postnatal weeks). Epigenome-wide CpG methylation was assessed in 354 placental
samples and 318 neonatal blood samples.
RESULTS: Placental CpG methylation displayed the strongest association with ISSI (48 CpG sites) but was not associated with DOI.
This was in contrast to CpG methylation in blood spots, which was associated with DOI (111 CpG sites) and not with ISSI (one
CpG site).
CONCLUSIONS: Placental CpG methylation was strongly associated with ISSI, a measure of inflammation previously linked to later-
in-life cognitive impairment, while day-one neonatal blood methylation was associated with DOI.
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IMPACT:

● Neonatal inflammation increases the risk of adverse later-life outcomes, especially in infants born extremely preterm.
● CpG methylation in the placenta and neonatal blood spots were evaluated in relation to neonatal inflammation assessed via

circulating proteins as either (i) day-one inflammation (DOI) or (ii) intermittent or sustained systemic inflammation (ISSI,
inflammation on ≥2 days in the first 2 weeks).

● Tissue specificity was observed in epigenetic–inflammatory relationships: placental CpG methylation was associated with ISSI,
neonatal blood CpG methylation was associated with DOI.

● Supporting the placental origins of disease framework, placental epigenetic patterns are associated with a propensity for ISSI in
neonates.

INTRODUCTION
Infants born extremely preterm have an increased risk for neonatal
complications, including respiratory distress, necrotizing enter-
ocolitis (NEC), sepsis, chronic lung disease, and perinatal
brain injury.1–3 Later in life, they also have higher rates of
neurodevelopmental disorders including cerebral palsy, cognitive

impairment, epilepsy, and a variety of psychiatric disorders
compared to those born at term.1,4,5 Many of these later-in-life
health outcomes have been associated with neonatal inflamma-
tion, providing mechanistic insight into the connections between
extreme prematurity, neonatal inflammatory processes, and later-
life health outcomes.2,6–11 In the Extremely Low Gestational Age
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Newborn (ELGAN) Study, increased levels of neonatal
inflammation-related proteins have been tied to attention
problems and cognitive impairment later-in-life.6–8,11 Furthermore,
these associations were found to be significantly stronger for
neonates with intermittent or sustained inflammation (ISSI) over
the first 2 weeks of life compared to those with inflammation
observed on a single day, for example, “day one inflammation”
(DOI).6,7,9,11 These findings highlight the importance of distin-
guishing between ISSI, which reflects either persisting or recurrent
inflammation, versus DOI, which likely reflects inflammation
initiation prior or very soon after birth, when evaluating the role
of epigenetic signatures in prematurity-related developmental
outcomes.
Among potential antecedents of neonatal inflammation,

placental functioning warrants consideration.12 The placenta is a
temporary organ that is critical for fetal growth and survival as it is
responsible for providing nutrients, removing waste, and serving
as a conduit for neuroendocrine and immunologic signaling from
the mother.1,13 The placenta is considered the master regulator of
the intrauterine environment, and as a result, it sets the
foundation for early and later-in-life health trajectories.1,13

Mounting evidence suggests that placental characteristics are
associated with developmental health outcomes, such as child-
hood body mass index (BMI) and neurodevelopmental
impairment.1,14–19 It has been suggested that the placenta may
be linked to later-in-life outcomes by playing a role in a “first hit”
of inflammation, sensitizing the fetus for neonatal inflammation
and adverse outcomes.20 The concept of in utero factors
influencing disease risk in childhood and adulthood constitutes
the developmental origins of health and disease (DOHaD)
framework.21 We, and others, hypothesize that the placental
epigenome may orchestrate prenatal programming, as posited by
DOHaD, either by directly influencing fetal physiology or by
altering placental functioning.1,17,21

One form of epigenetic modification is CpG methylation, which
can influence the signaling of key biological pathways. CpG
methylation suppresses or activates gene expression depending
on its location within the genome.22 Placental CpG methylation is
posited as a major mechanism through which the placenta
dynamically responds to prenatal exposures and transduces their
effects onto the growth and development of the fetus.23 For
example, placental CpG methylation has been tied to environ-
mental chemical exposures, such as toxic metals and air
pollution,24–27 maternal distress during pregnancy,28 and maternal
drug exposure.29 In addition, ELGAN researchers have shown that
CpG methylation patterns in the placenta are associated with
childhood cognitive impairment, underscoring the long-lasting
programming effect of the placenta.14–16 While ISSI in the neonate
and placental epigenetics have been individually tied to later-in-
life cognitive impairment within the ELGAN study, relationships
between these two early life processes have not been studied.
In many epigenetic association studies, neonatal blood is

evaluated as a measure of early-life CpG methylation.30 For
example, neonatal blood methylation, assessed through the
collection of dried blood spots, has been linked to childhood
BMI and autism.31–34 However, methylation patterns are known to
vary across tissue and time, and thus CpG methylation signatures
are likely distinct between blood and placenta.30,35–37 Analyzing
both placental CpG methylation and neonatal blood spot CpG
methylation, each of which represent likely different epigenetic
profiles, will provide additional insight into the tissue specificity of
CpG methylation signatures as they relate to neonatal
inflammation.
In the present study, we contrasted the epigenome-wide CpG

methylation patterns in placenta and neonatal blood samples as
they related to DOI, a single-day measure of inflammation, and
ISSI, a multi-day measure of inflammation over the first 2 postnatal
weeks. Inflammation during postnatal days 1–14 was assessed in

neonatal blood by measuring six targeted pro-inflammatory
proteins previously found within the ELGAN cohort to be
associated with later-life cognitive impairment.6–8 Based on
existing literature, we hypothesized that we would observe
tissue-specific associations of placental and neonatal blood CpG
methylation with neonatal inflammation and that these associa-
tions would vary in relation to DOI versus ISSI.

METHODS
The ELGAN cohort
The ELGAN study is a prospective cohort study designed to examine the
risk of structural and functional brain disorders in extremely preterm
children (birth at <28 weeks of gestation).38 Between 2002 and 2004,
women delivering before 28 weeks of gestation were asked to enroll in the
study from 14 participating institutions across 5 states (North Carolina,
Massachusetts, Michigan, Illinois, Connecticut). Gestational age was
estimated using fetal ultrasound before the 14th gestational week for
most participants (62%), followed by later fetal ultrasound, self-reported
last menstrual period, and neonatal intensive care unit records. At delivery,
demographic and clinical information was gathered using structured data
collection forms. The study was approved by the Institutional Review Board
at each participating ELGAN site.
A summary of the study population selection is provided in Fig. S1.

Overall, 1249 mothers of 1506 infants were enrolled. Of these infants, 996
children had neonatal blood samples for measurement of inflammation-
related proteins and survived to age 10 years. At age 10 years, out of these
996 children, 889 (92%) of them were reached for follow up. Conse-
quently, the relationship between neonatal inflammatory proteins and
later-life neurological impairment has been studied in this sample
population.8,39 Given the established relationships in this population,
these 889 participants were the starting cohort for our analysis.
Of the 889, 415 participants had placenta biospecimens analyzed for

CpG methylation (detailed further below). All 415 participants with
placental CpG methylation characterized had available data for circulat-
ing inflammation-related proteins in neonatal blood. Of the 415 subjects
with placental specimens available, 390 also had neonatal blood available
for CpG methylation analysis. Of the 415 participants in the placental
methylation group, 411 passed quality assessment and quality control (QA/
QC) steps for the methylation data (described in detail below). Of the 390
participants in the neonatal blood methylation group, 368 passed QA/QC
steps.
The ELGAN cohort has a large proportion of multiple pregnancies, given

the higher risk of preterm birth in multiple pregnancies. Since the presence
of multiple infants from the same mother within the cohort violates the
independence of observations, an assumption required for later statistical
modeling, all singletons were selected for inclusion and, among multiples,
one infant was randomly selected to be included. This resulted in the final
sample for the placental methylation group being 354 and the final sample
for neonatal blood methylation group being 318.

Neonatal blood collection
Peripheral blood spots were collected at multiple time points in the first
2 weeks of participating infants’ lives: day-1 (range, 1–3 days), day-7 (range,
5–8 days), and day-14 (range, 12–15 days). Blood spots were collected on
filter paper (Schleicher & Schuell 903, GE Healthcare, Chicago, IL) and
stored at −70 °C in sealed bags with desiccant until processing.
Day-1, day-7, and day-14 blood samples were assessed for circulat-

ing inflammation-related proteins (described in further detail below). The
proteins were measured in the Laboratory of Genital Tract Biology,
Brigham and Women’s Hospital. Because the volumes of blood on the filter
paper varied, each fixed spot area was eluted in the same volume of
elution buffer and the concentration of each protein was normalized to
total protein concentration. All samples were quantified twice and the
mean was used for subsequent analyses. Detailed description of protocols
for protein elution, procedures for measuring concentrations, as well as
absolute values and ranges of proteins quantified have been described
elsewhere.8,39–42

Day-1 neonatal blood spots were further assessed for CpG methylation.
To extract DNA from the dried blood spots, 3 mm diameter spots were
punched from the filter paper, lysed in Proteinase K solution from the EZ1
DNA Investigator kit (Qiagen, Germantown, MD), and shaken in a
thermomixer. The resulting supernatant was processed using the Qiagen
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EZ1 Advanced instrument according to the manufacturer’s protocol. The
quantity of DNA was assessed using a DropSense 96 Spectrophotometer
(Trinean, Pleasanton, CA), with a minimum of 20 ng DNA considered
acceptable for methylation analysis.

Placental tissue collection
Placental tissue collection within the ELGAN cohort has been described in
detail elsewhere.29,43,44 In summary, at delivery, placentas were collected,
placed in a sterile basin, and biopsied. During biopsy, the amnion was
pulled back to expose underlying chorion and a sample (<1 g) of tissue
was extracted from the base of the chorion by applying traction to the
chorion and underlying trophoblast tissue. Samples were placed into a
sterile 2 mL cryovial, submerged in liquid nitrogen, and stored in a −80 °C
freezer. To process the placenta samples for DNA extraction, banked
samples were kept on dry ice and sectioned into approximately 0.025 g
segments with a sterile disposable dermal curette, washed in sterile 1×
phosphate-buffered saline (PBS) (Fisher Scientific, Waltham, MA) to reduce
any potential blood contamination, and immediately refrozen in homo-
genization tubes. Tissue segments were homogenized with a sterile
stainless-steel bead (Qiagen) in RLT Plus lysis buffer (Qiagen) using the
TissueLyserII instrument (Qiagen). Homogenized samples were centrifuged
to pellet cellular debris and the bead and clarified lysates were transferred
to a new microfuge tube and stored at −80 °C until nucleic acid extraction.
The ALLPrep DNA/RNA/miRNA Universal Kit (Qiagen) was used to isolate
DNA. A total of 250–500 ng of input DNA was bisulfite treated using the
Zymo EZ DNA Methylation Kit (Zymo Research, Irvine, CA).

Placental and neonatal blood methylation quantification
For both neonatal blood and placenta, genome-wide DNA methylation
was profiled using Infinium MethylationEPIC BeadChips (Illumina, San
Diego, CA). This platform simultaneously measures DNA methylation at
over 850,000 sites at single-nucleotide resolution. Placental and neonatal
blood DNA samples were analyzed separately as both tissues were not
available at the same time. Within tissue type, samples were randomly
allocated to different plates and chips to minimize confounding. Raw
methylation image files were processed, including annotation to genes
and genomic location, using the minfi (v1.26.0) package in R.45

Methylation data processing and QA/QC
For both the placental and neonatal blood methylation data, β values (the
ratio of methylated to unmethylated signal intensities) were calculated for
each locus. To generate final β values, sex mismatches, failed probes, and
outliers were removed, the data were normalized, and batch effects were
assessed. Sex mismatches were identified as samples in which the male/
female sex empirically estimated from the methylation data differed from
that recorded in the demographic data. Estimation of sex was based on the
median values of measurements on the X and Y chromosomes,
respectively. Failed probes were identified using detection p values
comparing the total DNA signal (methylated+ unmethylated) for each
position to the background signal level, estimated using negative control
positions. A probe was considered a failed probe if the detection p value
was >0.01. Two threshold filters were employed based on failed probes.
First, a probe-based filter was applied in which probes that failed for >10%
of samples were removed. Second, a sample-based filter was employed in
which samples with >5% failed probes were removed from the placenta
data and samples with >15% failed probes were removed from the dried
blood spot data. Different stringencies were applied based on balancing
maximal data quality of the included data with maximal data point
inclusion. Sex mismatches and failed probes were identified using theminfi
(v1.26.0) package in R.45 For the placental methylation data, these steps
removed 4 samples for sex mismatches and removed zero samples based
on the sample-based filter, resulting in a total 411 samples. For the dried
blood spot methylation data, these steps removed 18 samples for sex
mismatches and 4 samples based on the sample filter, resulting in a total
368 samples. Additionally, 1597 (of 850,000) probes from the placental
methylation data and 79,458 (of 850,000) probes from the dried blood spot
methylation data were removed through the probe-based filter. The
ShinyMethyl (v.1.26.0) package in R was used simultaneously to the above
steps to visually verify and check for outliers.46

The data were then normalized utilizing normal-exponential out-of-band
(noob) correction method and functional normalization within the minfi
package. This normalization procedure is a between-array normalization
method, initially designed for the Illumina Infinium HumanMethylation450

platform, although validated to work for the HumanMethylationEPIC
platform.47 Batch effects were identified using principal components
analysis in combination with visualizing data using plate position, chip,
array, and date covariates. Plate position was determined to potentially be
inducing batch effects in the placenta methylation data and plate number
was determined to potentially be inducing batch effects in the dried blood
spot methylation data. Potential batch effects were removed utilizing the
ComBat function within the sva (v3.38.0) R package.48,49 Following batch
effect correction, final β values were generated and then converted to M
values ([log2(β/(1− β)]), as these are more statistically valid for subsequent
differential expression analysis.50

Cell-type estimation
As different cell types have variation in DNA methylation levels, this may
confound associations. To control for this effect, cell-type proportions were
empirically estimated in both the placental and neonatal blood methyla-
tion data. Cell-type estimation for neonatal blood samples was conducted
utilizing the flowsorted.blood.epic R package (v1.8.0) for neonatal blood
data utilizing the cord blood-derived reference library.51,52 Cell-type
estimation for the placental data was conducted utilizing the planet R
package (v0.99.4),53 calculating an average of the estimation from the first
and third trimester placenta reference library. We averaged between first
and third trimester libraries in order to best capture the cell-type variation
present in the second trimester placenta samples used in this study
(samples ranged from 161 to 191 gestational days or 23–28 weeks).

Definition of DOI and ISSI
In the ELGAN study, 27 inflammatory and neurotrophic proteins were
previously selected for measurement based on their roles as cytokines,
cytokine receptors, chemokines, adhesion molecules, metalloprotei-
nases, other markers of inflammation, or as potential endogenous
protectors against inflammation-related injury.54,55 Of these 27, 6
inflammation-related proteins have been associated most consistently
with neurologic outcomes in previous ELGAN studies and were thus the
focus of this study.6,8,39,56,57 These six proteins are: interleukin-6 (IL-6),
tumor necrosis factor-alpha (TNF-α), intercellular adhesion molecule-1
(ICAM-1), interleukin-8 (IL-8), serum amyloid A (SAA), and C-reactive
protein (CRP). As protein levels varied with gestational age and postnatal
day of collection, protein levels were normalized within groupings of
gestational age category (23–24, 25–26, and 27 weeks) and day of blood
collection (1, 7, and 14).42

To generate variables that captured the data on protein levels well but
reduced the dimensionality of the multiple days of measurements for six
different inflammation-related proteins, we followed definitions used in
previous studies by ELGAN investigators. Specifically, we used: (1) DOI and
(2) ISSI.6,8,39,56,57 These were generated in the following steps. First, for
each protein on each day, a dichotomous variable was generated whereby
a subject was assigned as having a high level of a protein if the level was at
or above the 75th percentile for a particular gestational age and day of
sampling; otherwise, samples were considered to have a low-to-normal
level. Participants were classified as having DOI if they had a high level of
≥3 of the 6 proteins (listed above) in the day-1 neonatal blood sample.
Participants were classified as having ISSI if they had a high level of ≥3 of
the 6 proteins in at least 2 of the blood samples collected during the first 2
postnatal weeks (on days 1, 7, and 14). Thus, ISSI can represent
inflammation profiles in which inflammation is sustained or there are
multiple intermittent episodes.9 The categories of DOI and ISSI were not
mutually exclusive, whereby infants with DOI could go on to also have ISSI,
or not.

Statistical analysis
For the assessment of both placental and neonatal blood CpG methylation,
two epigenome-wide association studies (EWAS) models were fit: (1)
evaluating the association between CpG methylation and ISSI, and (2)
evaluating the association between CpG methylation and DOI. For each of
these, separate robust linear regressions were fit to estimate the
relationships between inflammation status and M values at each CpG loci.
Based on a direct acyclic graph analysis, the following confounders were
selected a priori: fetal sex (male/female), maternal smoking during
pregnancy (yes/no), pre-pregnancy BMI (<18.5, 18.5–<30, 30+), and
socioeconomic status (Fig. S2). Dagitty (v3.0) was used to define the
minimally sufficient set of covariates.58 Socioeconomic status (SES) was
operationalized as a summative count/"score" of: less than college
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education, single marital status, eligibility for the Supplemental Nutrition
Assistance Program (SNAP), and public health insurance, as has been
previously associated with placental DNA methylation by our team.59 For
the selected covariates, 7 (2%) subjects were missing data on maternal
smoking, 13 (4%) subjects were missing data for maternal pre-pregnancy
BMI and 5 (1%) subjects were missing data on the cumulative SES score
variable. When missing, these covariates were imputed utilizing random
forest modeling within the missForest R package (v1.4).60 In addition to the
above listed confounders, the first two eigenvectors based on principal
components analysis of the cell-type proportions were included as
covariates in each model in order to account for methylation variance due
to different cell-type proportions. To control for multiple testing, p values
were adjusted utilizing the false discovery rate and Benjamini–Hochberg
(B-H)-adjusted p values/q-values <0.1 were considered statistically signifi-
cant.61 This cut-off was chosen in order to balance Type I/Type II error trade-
offs and to maximize the identification of all positive hits, given the novel
nature of this research question. In all presentations of EWAS model results,
we also detail if the CpG site is significant at q-value < 0.05, a stricter cut-off,
or p value < 9 × 10−8, an even more stringent cut-off proposed by Mansell
et al.62 Q–Q plots for all models are shown in Fig. S3. As a comparison, EWAS
models utilizing the same covariates were fit to day-7 only inflammation
as well.

Pathway enrichment analysis
To further understand the biological implications of the inflammation
associated CpG sites, the loci were annotated to their respective genes
using the MethylationEPIC beadchip annotation file provided by Illumina
and accessible online.63 All genes that were annotated to an inflammation-
associated CpG site (B-H-adjusted p < 0.1) were used as input data, with
the results from each model being analyzed separately. Canonical pathway
and network enrichment analyses were then carried out based on the
annotated genes utilizing the Ingenuity Knowledge Database (Ingenuity
Pathway Analysis, Qiagen, Redwood City). Over-represented canonical
pathways were defined as those containing more differentially methylated
genes than expected by random chance, as based on q-values calculated
from a right-tailed Fisher’s Exact Test (significance defined at <0.05).61

Networks were constructed based on known protein–protein interactions
and other molecular interactions and were ranked based on right-tailed
Fisher’s Exact test p values, indicating the likelihood of observing a
network containing at least the same number of proteins encoded by
differentially methylated genes by chance, in comparison to random
selections of other genes within the genome.

Overlap and correlation between inflammation-associated
methylation in placental and neonatal blood samples
To evaluate persistence of inflammation-associated methylation signa-
tures, we examined whether any CpG sites were associated with either ISSI
or DOI in both tissues. We additionally calculated Pearson correlation
coefficients and associated p values for methylation β values between
placental and neonatal blood for ISSI- or DOI-associated CpGs in either
tissue. Significant correlations were considered as p < 0.05.

RESULTS
Study subject characteristics
General characteristics of the study participants are described in
Table 1. A total of 354 subjects were included in the analysis of
placental DNA methylation, and of these, 318 (87.9%) were also
included in the analysis of neonatal blood methylation. Distribu-
tions of key maternal demographic characteristics and
inflammation-related protein levels did not vary substantially
between the placenta sample and the neonatal blood subset.
Most mothers did not smoke during pregnancy (307, 88.5%) and
most either self-identified their race as non-Hispanic white (209,
59.7%) or Black (105, 30%). Most mothers were between the ages
of 21 and 35 years and had at least 12 years of education. Just
over half of mothers were married and just over a third received
public health insurance (i.e., Medicaid). Of the placenta samples,
181 (51.1%) were from male offspring, and of the neonatal blood
samples, 172 (54.1%) were from male offspring. When comparing
the analytical cohort used in this study (n= 354, or the n= 318
neonatal blood subset) to the ELGAN parent cohort (n= 889),

there were no notable differences in distributions of key
covariates or the inflammation measures, other than for marital
status. The analytical cohort used in this study had a lower
percentage of married women represented than the parent study,
55.1% versus 78.3%, respectively.

Placental CpG methylation is associated with ISSI
No CpG sites in the placenta were associated with DOI. However,
48 CpG sites were differentially methylated in relation to ISSI
(Table 2, Manhattan plot: Fig. 1, and Volcano plot: Fig. S4). Of these
48 CpG sites, 32 were annotated to genes. The top three most
significantly differentially methylated CpG sites were annotated to
Derlin 1 (DERL1), Aspartyl Aminopeptidase (DNPEP), and ATP/GTP
binding carboxypeptidase 1 (AGTPBP1), respectively. The asso-
ciated CpG sites for these genes had varied genomic locations
relative to the gene including being located in the 5′ untranslated
region (UTR) between the transcription start site (TSS) and the ATG
start site (5′UTR) (DERL1, DNPEP), first exon (LINC01107), between
the stop codon and poly A signal (3′UTR) (LINC01107), 0–200 bases
upstream of the TSS (TSS200) (DNPEP), and 200–1500 bases
upstream of the TSS (TSS1500) (DNPEP). Table 2 details the top 25
most significant CpG sites, and all significant CpG sites are detailed
in Table S1. Of these 48 CpG sites, the majority (40, 83.3%)
demonstrated increased methylation in relation to higher ISSI
(BetaDiff > 0). No CpG sites that were differentially methylated in
relation to ISSI were located within genes encoding for the
inflammation-related proteins measured.
The top upstream regulators for these 32 annotated genes

included A-Kinase Anchoring Protein 13 (AKAP13) (p= 1.51 ×
10−03), MAGE family member 11 (MAGEA11) (p= 3.02 × 10−03),
and Autocrine Motility Factor Receptor (AMFR) (p= 6.03 × 10−03).
Furthermore, a significant biological network among these genes
was identified with Tumor Protein 53 (TP53) as a central node, as
well as Transforming Growth Factor-Beta (TGF-β) Receptor Type 2
(TGFBR2), and Epidermal Growth Factor Receptor (EGFR) as other
nodes, and cellular development and proliferation as network-
associated functions (Fig. 2 and Table S5). Notably, cancer and
neurological disease were among top diseases and biological
functions identified as enriched among these genes (p= 4.88 ×
10−2 and p= 4.63 × 10−2, respectively). Top enriched canonical
pathways included Calcium Transport I and Antigen Presentation
Pathway. A summary of all pathway analysis findings can be found
in Table S5.

Neonatal blood spot CpG methylation is associated with DOI
rather than ISSI
A total of 111 CpG sites (annotated to 77 genes) were differentially
methylated in neonatal blood in relation to DOI (Table 3,
Manhattan plot: Fig. 3, and Volcano plot: Fig. S4). The most
significantly differentially methylated CpG sites were annotated to
the following genes: Transmembrane Protein 260 (TMEM260),
Monofunctional C1-Tetrahydrofolate Synthase (MTHFD1L), and
Myeloid Cell Nuclear Differential Antigen (MNDA). For each of
these genes, the CpG site that was differentially methylated was
located either 200–1500 bases upstream of the TSS (labeled as
TSS1500) (MNDA) or within the 5′UTR (TMEM260, MTHFD1L).
Table 3 details the top 25 most significant of these CpG sites, and
all the significant CpG sites are detailed in Table S2. Of the 111
CpG sites, 39 (35.1%) demonstrated increased methylation levels in
relation to higher DOI levels (BetaDiff >0). No inflammation-
associated CpG sites were annotated to genes corresponding to
the inflammation-related proteins used to define DOI. The 77
annotated genes were evaluated for enriched biological pathways
and networks. Krueppel-like Factor 5 (KLF5) (p= 3.18 × 10−03),
Immunoglobulin Heavy Constant Gamma 3—Immunoglobin
Heavy Constant Gamma 1 (IGHG3–IGHG1) Readthrough (p=
3.37 × 10−03), and Signal Transducer and Activator of Transcription
1 and 3 (Stat 1/3) (p= 3.37 × 10−03) were identified as upstream
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Table 1. (A) Demographic data for the ELGAN subjects with placenta and neonatal blood spot samples used in the present analysis (“Analytical
cohort”); (B) demographic data for the ELGAN subjects in the parent study that assessed neonatal inflammation proteins and later-in-life cognitive
outcomes (“Parent ELGAN cohort”).

(A) Analytical cohort (B) Parent ELGAN cohort
(n= 889)

Placenta sample
(n= 354)

Neonatal blood sample
(n= 318)

Frequency Mean (SD) or
%

Frequency Mean (SD) or
%

Frequency Mean (SD) or
%

Gestational age (days) 182 (9) 182 (9) 183 (9)

Missing 0 0 0

ISSI No 280 82.8% 261 82.9% 690 83.4 %

Yes 58 17.2% 54 17.1% 137 16.4 %

Missing 16 3 62

DOI No 244 74.2% 237 74.8% 607 75.2%

Yes 85 25.8% 80 25.2% 200 24.8%

Missing 25 1 82

Infant sex Female 173 48.9% 146 45.9% 434 48.8%

Male 181 51.1% 172 54.1% 455 51.2%

Missing 0 0 0

Maternal age <21 49 13.8% 43 13.5% 115 12.9%

21–35 237 66.9% 213 67.0% 594 66.8%

>35 68 19.2% 62 19.5% 180 20.2%

Missing 0 0 0

Maternal race White 209 59.7% 192 61.1% 554 63.0%

Black 105 30.0% 88 28.0% 227 25.8%

Asian 5 1.4% 5 1.6% 19 2.2%

Native American 3 0.9% 3 1.0% 8 0.9%

Mixed race 13 3.7% 11 3.5% 25 2.8%

Other 15 4.3% 15 4.8% 46 5.2%

Missing 4 4 10

Maternal smoking in
pregnancy

No 307 88.5% 274 88.1% 750 86.2%

Yes 40 11.5% 37 11.9% 120 13.8%

Missing 7 7 19

Maternal pre-
pregnancy BMI

Underweight (<18.5) 26 7.6% 24 7.8% 68 7.9%

Normal (18.5–<30) 240 70.4% 214 69.9% 595 69.4%

Overweight (30+) 75 22.0% 68 22.2% 194 22.6%

Missing 13 12 32

Maternal education (years) <12 49 14.2% 49 15.9% 126 14.6%

12 93 27.0% 75 24.4% 229 26.5%

13–15 82 23.8% 71 23.1% 202 23.4%

16 68 19.8% 65 21.1% 167 19.4%

>16 52 15.1% 48 15.6% 139 16.1%

Missing 10 10 26

Maternal marital status Married 195 55.1% 174 54.7% 696 78.3%

Single 159 44.9% 144 45.3% 193 21.7%

Missing 0 0 0

Medicaid Insurance No 225 64.3% 199 63.4% 568 64.9%

Yes 125 35.7% 115 36.6% 307 35.1%

Missing 4 4 14

SES “score”a 0 159 45.6% 146 46.6% 403 46.2%

1 61 17.5% 49 15.7% 175 20.0%

2 70 20.1% 64 20.4% 141 16.2%

3 43 12.3% 39 12.5% 115 13.2%

4 16 4.6% 15 4.8% 39 4.5%

Missing 5 5 16

ISSI intermittent or sustained systemic inflammation, as defined in text, DOI day-one inflammation, as defined in text.
a0–4 Summative count of: less than college education, single marital status, food and nutritional service assistance, and public health insurance.
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regulators (Table S5). Top canonical pathways included Histidine
Degradation III (2.87 × 10−04), Integrin Signaling (5.38 × 10−04),
and Phagosome Formation (1.06 × 10−03) (Table S5). Only 1 CpG
site was associated with ISSI in neonatal blood (Table 3 and Fig. 3)
and this CpG site was not annotated to a gene.

Overlap in differentially methylated CpG sites across models
There was no overlap in the annotated genes between the DOI-
and ISSI-associated CpG sites in either placenta or neonatal blood
samples. Furthermore, the majority of DOI- or ISSI-associated CpG
sites did not exhibit significant correlation between placental and
neonatal blood β values (Table S6). Note that for the 48 CpG sites
associated with ISSI in placental tissue, 23 were removed in the
neonatal blood methylation QA/QC, therefore 25 were assessed
for correlation between tissues. Of the 25, 4 (17.3%) were
significantly correlated between placental and neonatal blood
tissues, with 3 being positively correlated. The single CpG site
associated with ISSI in neonatal blood was significantly positively
correlated across both tissues. Of the 111 DOI-associated CpGs in
neonatal blood, 24 (21.6%) were significantly correlated between
tissues, 18 of which were positive correlations.
We also evaluated for an association between placenta and

neonatal blood methylation with day-7 inflammation. A total of 4
CpG sites were differentially methylated in neonatal blood and
287 in placenta in relation to day-7 inflammation. Complete
results of the EWAS models for day-7 inflammation can be found
in Table S3 for neonatal blood and Table S4 for placenta.
Interestingly, there was also minimal overlap in the day-7 findings
with both the DOI and ISSI results. Specifically, only two genes,

namely, Transcription Elongation Regulator 1 (TCERG1) and
Synaptotagmin Like 3 (SYTL3), were differentially methylated in
the placenta in relation to both ISSI and day-7 inflammation. For
TCERG1, this corresponded to the same CpG site, cg23554212,
whereas for SYTL3 this corresponded to two different CpG sites.
Two other genes, Long Intergenic Non-Protein Coding RNA 299
(LINC00299) and Translocation Associated Membrane Protein 2
(TRAM2), contain CpG sites that were differentially methylated in
neonatal blood in relation to DOI and in placenta in relation to
day-7 inflammation. However, the specific CpG sites within the
genes differentially methylated were not the same. Thus, striking
tissue specificity was observed in the relationship between CpG
methylation, DOI, and ISSI (Fig. 4).

DISCUSSION
Neonatal inflammation, assessed through elevated levels of
circulating inflammatory proteins early in life, has been associated
with increased risk of neurodevelopmental disabilities later-in-life
among those born extremely preterm.2,6,8,39,40,64–66 These later-in-
life outcomes have also been tied to altered placental epigenetic
modifications, suggesting a prenatal programming effect.1,14–16

However, the underlying mechanisms that connect extreme
prematurity, placental epigenetic regulation, and neonatal inflam-
mation remain understudied. In the present study, we sought to
compare and contrast the associations between CpG methylation
signatures in the placenta and neonatal blood as they relate to
DOI and ISSI, based on circulatory pro-inflammatory proteins
previously tied to cognitive impairment in ELGANs.6–8 Our results

7
Placental CpG methylation and day-1 neonatal inflammation

Placental CpG methylation and intermittent or sustained neonatal inflammation
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Fig. 1 Manhattan plots showing the results of EWAS models identifying CpG methylation sites in the placenta associated with neonatal
inflammation (DOI or ISSI). a Placental CpG sites associated with day-one inflammation (DOI); b Placental CpG sites associated
with intermittent or sustained inflammation (ISSI). The red horizontal line indicates q < 0.05 cut-off and the blue horizontal line indicates the
q < 0.1 cut-off. There is no red line in plot (a) as no CpGs reached close to this significance level.
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show striking tissue specificity in the relationship between CpG
methylation and neonatal inflammation. Specifically, placental
CpG methylation was primarily associated with ISSI while neonatal
blood CpG methylation was primarily associated with DOI.
In the placenta, methylation levels of 48 CpG sites were

associated with intermittent or sustained neonatal inflammation,
or ISSI. These 48 CpG sites mapped to 32 genes that, when
analyzed for enriched biological pathways, displayed a network
with nodes including TP53, TGFBR2, and EGFR, each of which is
known for their roles in cellular proliferation, including tumor
development/suppression and signaling. The most significantly
differentially methylated gene was DERL1, which contained a
hypermethylated CpG site in the 5′UTR in relation to ISSI.
Hypermethylation of sites in the 5′UTR has been previously
shown to have a significant negative correlation with gene
expression in cord blood, underscoring this methylation mark’s
potential gene-silencing effect.67 Increased DERL1 expression is
linked with cellular proliferation, thus an epigenetic downregula-
tion in DERL1 may have implications for proper cellular prolifera-
tion.68–70 The finding that epigenetic regulation of placental genes
involved in cellular proliferation is tied to neonatal inflammation is
notable, as cellular proliferation is critical to proper placental
development and formation.71 This reinforces the links between
placental dysfunction and inflammation, the interplay of which
has been linked to preterm birth pathogenesis, including within
the ELGAN study.72,73 These findings further suggest that
disordered placentation and/or placental dysfunction, tied to
preterm birth, may also be involved in transducing a propensity
for continued inflammation beyond birth to the neonate.
The finding that placental CpG methylation is associated with

neonatal ISSI, which is known to increase risk for several
neurodevelopmental disorders, gives further weight to the
prenatal programming, or DOHaD, hypothesis.6–8,56,65 Genes in
the ISSI-associated enriched biological network, specifically TP53
and the TGF-β family, have each been tied to regulation of
neuronal differentiation, development, and function.74,75 In
particular, the TGF-β family is involved in the early formation of
the nervous system in embryogenesis and also plays a critical role
in modulating inflammatory responses.74 Furthermore, calcium

signaling was identified as an enriched canonical pathway among
differentially methylated genes in relation to ISSI. Interestingly,
dysregulated calcium signaling has been tied to altered neuronal
signaling and subsequent neurodegeneration.76 Antigen presen-
tation pathway—the vital process through which antigens are
presented to immune cells to initiate adaptive immune system
responses—was another enriched canonical pathway, suggesting
potential epigenetic dysregulation of a critical function of
immunity. In turn, prenatal immune activation has been shown
to alter fetal brain development.77–80 Lastly, in addition to
enriched pathways, specific differentially methylated genes have
been linked to neurocognitive outcomes, including AGTPBP1,
which has been found to be involved in neuropathology and
behavioral deficit in animal models and human studies, and
DNPEP, methylation of which has been linked to autism spectrum
disorder.81,82 These pathways and genes provide potential
biological links between placental epigenetic alterations asso-
ciated with ISSI and neurodevelopment that warrants further
research.
By showing that placental CpG methylation is linked to

neonatal ISSI, the present study also lays the foundation for
further investigation into the mediating role of ISSI in transdu-
cing prenatal insults to later-in-life neurodevelopmental out-
comes. Our team has previously established that placental
epigenetic variation is associated with later-in-life outcomes.
Specifically, we have shown that methylation levels of critical
hypothalamic–pituitary–adrenal (HPA) axis genes in the placenta
are predictive of cognitive function at age 10 years.15 We also
recently identified a placental multi-omics signature predictive of
intellectual and social impairment at age 10 years.14 Interestingly,
when we compare the 32 genes with differentially methylated
sites in relation to ISSI in this study, we did not find any overlap
with the genes reported in these previous two studies. This
suggests that there are multiple pathways through which
placental epigenetics influences neurodevelopment. For exam-
ple, Meakin et al. focused on methylation of genes within a
critical endocrine pathway (HPA axis), which may represent a
pathway that can respond to initiators (e.g., psychological stress)
other than inflammation. The current study provided initial
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L.A. Eaves et al.

1079

Pediatric Research (2023) 93:1072 – 1084



Ta
bl
e
3.

To
p
25

m
o
st
si
g
n
ifi
ca
n
tl
y
d
iff
er
en

ti
al
ly
m
et
h
yl
at
ed

C
p
G
si
te
s
w
it
h
in

n
eo

n
at
al
b
lo
o
d
sp
o
ts
in

re
la
ti
o
n
to

(A
)d

ay
-o
n
e
in
fl
am

m
at
io
n
(D
O
I)
an

d
(B
)i
n
te
rm

it
te
n
t
o
r
su
st
ai
n
ed

in
fl
am

m
at
io
n
(IS

SI
).

In
fl
am

m
at
io
n

va
ri
ab

le
C
p
G

G
en

e
C
h
r

G
en

om
ic

lo
ca
ti
on

R
el
at
io
n
to

C
p
G

Is
la
n
d

Lo
g
FC

A
ve

M
B
et
aD

if
f

t
p
va

lu
e

B
-H
-

ad
ju
st
ed

p
va

lu
e

Si
g
n
ifi
ca
n
t

at
B
-H
-

ad
ju
st
ed

p
va

lu
e
<
0.
05

Si
g
n
ifi
ca
n
t

at
p
<
9
×

10
[−

8
6
2

(A
)
D
O
I

cg
03

36
12

94
TM

EM
26
0

14
5′
U
TR

−
0.
33

8
6.
32

3
−
0.
01

8
−
6.
02

6
4.
67

E−
09

0.
00

3
Y

Y

cg
15

25
38

92
M
TH

FD
1L

6
5′
U
TR

−
0.
33

4
2.
28

6
−
0.
05

1
−
5.
95

7
6.
83

E−
09

0.
00

3
Y

Y

cg
05

30
47

29
M
N
D
A

1
TS

S1
50

0
0.
29

9
1.
04

3
0.
03

5
5.
88

2
1.
03

E−
08

0.
00

3
Y

Y

cg
17

96
83

22
RI
C1

9
5′
U
TR

So
u
th

Sh
el
f

−
0.
48

5
1.
37

8
−
0.
05

8
−
5.
69

6
2.
82

E−
08

0.
00

6
Y

Y

cg
17

05
19

05
CL
N
8

8
5′
U
TR

−
0.
78

0
12

.3
42

−
0.
00

7
−
5.
63

7
3.
90

E−
08

0.
00

6
Y

Y

cg
19

82
12

97
19

So
u
th

Sh
o
re

−
0.
57

3
0.
74

6
−
0.
04

0
−
5.
52

4
7.
00

E−
08

0.
00

7
Y

Y

cg
05

63
90

88
2

TS
S1

50
0;

3′
U
TR

−
0.
47

2
1.
45

4
−
0.
05

9
−
5.
50

7
7.
62

E−
08

0.
00

7
Y

Y

cg
26

95
59

63
LI
N
C0

02
99

2
TS

S1
50

0;
3′

U
TR

0.
33

8
2.
71

9
0.
04

7
5.
48

4
8.
53

E−
08

0.
00

7
Y

Y

cg
06

81
96

99
M
PR

IP
17

−
0.
15

8
4.
08

9
−
0.
01

8
−
5.
48

4
8.
53

E−
08

0.
00

7
Y

Y

cg
15

20
03

45
10

−
0.
23

8
5.
43

4
−
0.
01

7
−
5.
44

9
1.
02

E−
07

0.
00

8
Y

N

cg
01

29
76

84
12

−
0.
44

7
2.
25

8
−
0.
06

8
−
5.
28

5
2.
36

E−
07

0.
01

7
Y

N

cg
04

98
27

81
RP

L3
;R

N
U
86

22
3′
U
TR

N
o
rt
h
Sh

o
re

−
0.
21

2
3.
77

1
−
0.
02

7
−
5.
26

8
2.
56

E−
07

0.
01

7
Y

N

cg
05

07
22

43
H
IS
T1
H
2B
M

6
TS

S1
50

0
N
o
rt
h
Sh

o
re

−
0.
25

7
3.
29

9
−
0.
03

6
−
5.
22

1
3.
23

E−
07

0.
01

7
Y

N

cg
11

34
59

76
LC
LA
T1

2
3′
U
TR

0.
37

2
2.
07

8
0.
05

7
5.
23

0
3.
10

E−
07

0.
01

7
Y

N

cg
04

69
12

64
LO

C3
87
64
7

10
TS

S1
50

0
N
o
rt
h
Sh

o
re

0.
29

2
3.
05

8
0.
03

8
5.
21

1
3.
39

E−
07

0.
01

7
Y

N

cg
17

20
91

88
IG
F2
BP

3
7

−
0.
30

7
1.
45

0
−
0.
03

9
−
5.
22

3
3.
20

E−
07

0.
01

7
Y

N

cg
22

82
89

90
SE
RP

IN
A
1

14
5′
U
TR

;
3′
U
TR

;
1s
t

Ex
o
n
;T

SS
20

0

−
0.
20

2
2.
18

7
−
0.
03

1
−
5.
18

2
3.
92

E−
07

0.
01

8
Y

N

cg
22

43
55

86
14

N
o
rt
h
Sh

el
f

−
0.
19

5
0.
67

9
−
0.
01

4
−
5.
16

0
4.
36

E−
07

0.
01

8
Y

N

cg
08

48
01

46
G
FO

D
1

6
3′
U
TR

;
5′
U
TR

−
0.
15

8
9.
38

9
−
0.
00

1
−
5.
14

9
4.
61

E−
07

0.
01

8
Y

N

cg
04

39
17

18
D
G
KG

3
Is
la
n
d

−
0.
26

3
0.
31

5
−
0.
00

9
−
5.
14

4
4.
73

E−
07

0.
01

8
Y

N

cg
19

23
69

80
A
PH

1B
15

5′
U
TR

−
0.
32

5
5.
06

1
−
0.
02

8
−
5.
14

8
4.
64

E−
07

0.
01

8
Y

N

cg
08

81
02

38
FL
O
T2
;D

H
RS
13

17
3′
U
TR

;
TS

S1
50

0
So

u
th

Sh
o
re

−
0.
25

6
1.
35

6
−
0.
03

2
−
5.
08

7
6.
24

E−
07

0.
02

2
Y

N

cg
17

33
32

69
FO

XP
1

3
5′
U
TR

0.
34

9
0.
71

4
0.
03

1
4.
98

2
1.
04

E−
06

0.
03

2
Y

N

cg
05

20
79

33
A
N
O
10

3
0.
27

2
0.
90

5
0.
02

9
4.
97

5
1.
08

E−
06

0.
03

2
Y

N

cg
01

79
90

15
PA

LM
19

TS
S1

50
0

N
o
rt
h
Sh

o
re

−
0.
32

6
2.
08

8
−
0.
04

9
−
4.
96

6
1.
12

E−
06

0.
03

2
Y

N

(B
)
IS
SI

cg
06

49
60

22
7

N
o
rt
h
Sh

el
f

−
0.
36

6
0.
75

5
−
0.
02

8
−
5.
46

8
9.
26

E−
08

0.
07

3
Y

N

Th
e
an

n
o
ta
te
d
g
en

e,
ch

ro
m
o
so
m
e,

an
d
g
en

o
m
ic

lo
ca
ti
o
n
ar
e
p
ro
vi
d
ed

w
h
er
e
kn

o
w
n
.
O
n
ly

d
is
p
la
yi
n
g
C
p
G
si
te
s
w
h
er
e
B
en

ja
m
in
–
H
o
ch

b
er
g
(B
-H
)-
ad

ju
st
ed

p
va
lu
e
<
0.
1.

Lo
gF
C
lo
g
-f
o
ld

ch
an

g
e
o
f
av
er
ag

e
M

va
lu
es

b
et
w
ee

n
tw

o
le
ve

ls
o
f
th
e
g
iv
en

th
e
in
fl
am

m
at
io
n
va
ri
ab

le
o
f
in
te
re
st
,A

ve
M

av
er
ag

e
M

va
lu
e
o
f
re
fe
re
n
t
g
ro
u
p
(n
o
in
fl
am

m
at
io
n
),
t
m
o
d
er
at
ed

t-
st
at
is
ti
c
o
f
te
st

o
f

as
so
ci
at
io
n
,B

et
aD

iff
d
iff
er
en

ce
in

av
er
ag

e
b
et
a-
va
lu
es

b
et
w
ee

n
tw

o
le
ve

ls
o
f
th
e
in
fl
am

m
at
io
n
va
ri
ab

le
o
f
in
te
re
st
, c
hr

ch
ro
m
o
so
m
e,

TS
S2
00

0–
20

0
b
as
es

u
p
st
re
am

o
f
th
e
tr
an

sc
ri
p
ti
o
n
al

st
ar
t
si
te

(T
SS

),
TS
S1
50
0

20
0–

15
00

b
as
es

u
p
st
re
am

o
f
th
e
TS

S,
Bo

dy
b
et
w
ee

n
th
e
A
TG

an
d
st
o
p
co

d
o
n
,i
rr
es
p
ec
ti
ve

o
f
th
e
p
re
se
n
ce

o
f
in
tr
o
n
s,
ex
o
n
s,
TS

S,
o
r
p
ro
m
o
te
rs
,E
xo
nB

nd
w
it
h
in

20
b
as
es

o
f
an

ex
o
n
b
o
u
n
d
ar
y,
th
at

is
,t
h
e
st
ar
t
o
r

en
d
o
f
an

ex
o
n
.

L.A. Eaves et al.

1080

Pediatric Research (2023) 93:1072 – 1084



evidence for a pathway connecting placental methylation and
later-in-life cognitive outcomes via the mediating role of ISSI, a
hypothesis that requires further validation. Taking previous
studies and this study together highlights the multidimensional
nature of the relationship between the placenta and the
neurodevelopmental outcomes.

In contrast to the findings in placenta, neonatal blood spot
methylation was not associated with ISSI, but rather with DOI.
Specifically, methylation of 111 CpG sites (77 genes) in neonatal
blood was associated with DOI. In contrast to ISSI, DOI in the
ELGAN cohort has not been associated strongly with later-in-life
cognitive outcomes.6 These data suggest that the CpG
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methylation patterns in neonatal blood may reflect a short-term
inflammatory response to the extra-uterine environment rather
than a longer-term programming regulating ISSI. Supporting this,
enriched canonical pathways among DOI-associated genes
included Phagosome Formation, a cellular response to infection,
and Integrin Signaling, which is tightly linked to inflammation and
infection as well as etiology of neonatal outcomes such as NEC
and retinopathy of prematurity.83,84 It is worth noting that DOI and
blood spot methylation were both derived from the same
biological media on the same day, thus the strong association
may be linked to common method variance.
Contrasting the CpG methylation patterns between the

placenta and neonatal blood highlighted striking tissue specificity,
with the former linked to ISSI and the latter linked to DOI.
Furthermore, the differentially methylated genes associated with
DOI and ISSI displayed no overlap. Tissue-specific methylation is
not necessarily surprising, as CpG methylation is a mechanism of
regulating gene expression that results in tissue-specific structure
and function.35 However, the lack of any overlap of differentially
methylated CpGs between the placenta and neonatal blood was
unexpected. This suggests that there may be numerous epigen-
etically regulated genes that lead to inflammation but that these
pathways are differentially regulated based on timing and type of
inflammation (DOI versus ISSI) and tissue (neonatal blood versus
placenta). Moreover, these results highlight that a single tissue
cannot provide a complete epigenetic profile affecting the
neonate, particularly as related to inflammation.
This study is among the first to compare and contrast tissue-

specific CpG methylation in placenta and blood in relation to
neonatal inflammation. However, this study is not without
limitations. First, the ELGAN cohort infants are extremely
premature, rendering the results of this study less generalizable
to infants born at later gestational ages. Additionally, protein-
based assessment of neonatal inflammation was only considered
for the first 2 weeks of life, potentially not accounting for the role
of persistence into later life. Lastly, evaluating the connection
between inflammation and other placental -omics signatures
(proteomics, transcriptomics) was outside the scope of this study.
The integration of these various datasets would be an interesting
line of further inquiry. Given that many of the CpGs identified in
this study were located in extragenic regions such 5′UTR, 3′UTR,
and TSS, and that biologically the location of the methylation mark
is associated with differential transcriptional activation, it
would also be a worthy line of inquiry to evaluate the relationships
between different genomic location of inflammation-associated
CpGs and functional effects on gene and protein expression.67 In
addition, it would be interesting to evaluate differentially
methylated regions and/or epigenetic age in relation to early-life
inflammation as well.
In summary, the results from the present study demonstrate the

novel finding that placental CpG methylation is a better predictor
of ISSI than neonatal day-one blood spot methylation. These
results are particularly compelling given the strong body of
literature demonstrating that neonatal ISSI conveys excess risk later
in life for adverse neurodevelopmental outcomes.2,6,8,39,40,64–66

These findings highlight the importance of considering the role of
placental CpG methylation in studies assessing the role of early-life
inflammation in DOHaD-related outcomes.
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