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Abstract 

Background  During gestation, stressors to the fetus, including viral exposure or maternal psychological distress, 
can fundamentally alter the neonatal epigenome, and may be associated with long-term impaired developmental 
outcomes. The impact of in utero exposure to the COVID-19 pandemic on the newborn epigenome has yet to be 
described.

Methods  This study aimed to determine whether there are unique epigenetic signatures in newborns who experi‑
enced otherwise healthy pregnancies that occurred during the COVID-19 pandemic (Project RESCUE). The pre-pan‑
demic control and pandemic cohorts (Project RESCUE) included in this study are part of a prospective observational 
and longitudinal cohort study that evaluates the impact of elevated prenatal maternal stress during the COVID-19 
pandemic on early childhood neurodevelopment.

Using buccal swabs collected at birth, differential DNA methylation analysis was performed using the Infinium Meth‑
ylationEPIC arrays and linear regression analysis. Pathway analysis and gene ontology enrichment were performed 
on resultant gene lists.

Results  Widespread differential methylation was found between neonates exposed in utero to the pandemic 
and pre-pandemic neonates. In contrast, there were no apparent epigenetic differences associated with maternal 
COVID-19 infection during pregnancy. Differential methylation was observed among genomic sites that underpin 
important neurological pathways that have been previously reported in the literature to be differentially methylated 
because of prenatal stress, such as NR3C1.

Conclusions  The present study reveals potential associations between exposure to the COVID-19 pandemic dur‑
ing pregnancy and subsequent changes in the newborn epigenome. While this finding warrants further investigation, 
it is a point that should be considered in any study assessing newborn DNA methylation studies obtained during this 
period, even in otherwise healthy pregnancies.
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Introduction
We and others have documented that maternal psycho-
logical distress, such as stress, anxiety, and/or depression, 
during the prenatal period has been strongly correlated 
with impaired fetal development and long-term neurode-
velopmental and cognitive consequences throughout the 
child’s life [1–9]. Large-scale traumatic events, such as 
natural disasters, war, genocide, famine, and pandemics, 
have been studied for their acute impact on pregnancy, 
maternal mental health, and subsequent neonatal out-
comes [1, 7, 8]. The Dutch Hunger Winter (1944–45) 
and Canadian Ice Storm (1998) are exemplar traumatic 
events that have been studied for the postnatal conse-
quences associated with maternal distress and trauma 
[10–16]. These studies have leveraged DNA methylation 
analysis to uncover mechanisms associated with envi-
ronmental stress, the impact on maternal mental health, 
and how differential methylation of the fetal genome 
may affect developmental outcomes [17–20]. Numerous 
studies of maternal perinatal and early life stress suggest 
that there are critical changes to the entire newborn epi-
genome that may underlie lifelong developmental and 
neurological outcomes in offspring [3, 7–10, 21–23]. The 
present study builds on what is known about epigenetic 
changes detected in cord blood, by assessing epigenetic 
associations with exposure to an unprecedented global 
pandemic utilizing buccal swabs collected from neonates 
in the first month of life [22, 23]. Notably, Sammallahti 
et  al. have highlighted that cord blood shows inconclu-
sive evidence of the association between DNA meth-
ylation changes associated with maternal anxiety [23]. 
It is thus of the utmost importance to expand the study 
perinatal maternal distress and other exposures on DNA 
methylation to multiple tissue types and timepoints, such 
as newborn buccal swabs, as the epigenome is known 
to vary considerably as a function of time and cell  type. 
The nexus of perinatal maternal stress and epigenomic 
research is critical to providing a foundation for thera-
peutic intervention during pregnancy and beyond to 
improve both maternal and fetal outcomes.

The sudden onset of the COVID-19 pandemic has pro-
vided multiple causes of both acute and chronic stress 
with recession, isolation, reduced access to healthcare, 
and fear of, or exposure to, the COVID-19 virus. Since 
March 2020 when the COVID-19 pandemic was deemed 
a “natural disaster” in the United States by FEMA, the 
global health burden of disease has climbed to over 400 
million confirmed cases and over 6 million deaths, with 
new variants of the virus emerging frequently [24]. As 
a result, the COVID-19 pandemic has been correlated 
with a trend of increased stress, anxiety, and depression 
among the global population [25], with pregnant women 
being no exception from the trend [26, 27].

To document the impact of maternal exposure during 
the COVID-19 pandemic on fetal development, we began 
recruitment of pregnant women into the RESCUE Pro-
ject (Reducing Elevated Stress from COVID-19 Exposure 
Project) research study in June 2020. For the scope of this 
study, we sought to characterize the neonatal epigenetic 
landscape in healthy pregnancies delivered before and 
after the onset of COVID-19, using pre-pandemic new-
born controls (CTL cohort) as a direct comparison to 
Project RESCUE newborns (RES cohort) recruited from 
the greater Washington DC Metropolitan region. Due 
to the varying policies during the COVID-19 pandemic 
along with varying periods of related surges, we sought 
to reduce potential confounding factors by focusing on a 
small, controlled regional cohort with participants largely 
exposed to the same environment and recruitment 
schema before and during the COVID-19 pandemic [28]. 
This study provided a unique opportunity to uncover 
potential signatures of distress during pregnancy on 
infant DNA methylation and whether these may predict 
long-term resilience or susceptibility to adverse neurode-
velopmental and behavioral outcomes.

Material and methods
Maternal‑Infant data
Demographic and clinical data were extracted from 
maternal questionnaires and medical records. Women 
eligible for this study were recruited from the Washing-
ton DC-Metropolitan area (Virginia, Washington DC, 
Maryland) and met the following criteria: to be over the 
age of 18 years with a singleton pregnancy of 8 weeks ges-
tation or greater and to be diagnosed with or are exhibit-
ing symptoms of stress, anxiety, or depression, or have no 
other health risk factors outside of being pregnant during 
the COVID-19 pandemic. Additionally, newborn infants 
born to mothers who tested COVID-19 positive during 
pregnancy were enrolled and participate in all post-natal 
portions of the study. Exclusionary criteria for all cohorts 
included: fetuses/newborns with known chromosomal 
syndromic conditions, women unable to enter the MRI 
scanner for physical or psychological reasons, or women 
who have health conditions that make their pregnancy 
high-risk. Maternal exposure to and fetal gestational age 
(GA) at time of COVID-19 infection was captured from 
medical records and test results. The Coronavirus Perina-
tal Experiences- Impact Survey (COPE-IS) and the COPE 
Impact Update (COPE-IU) were also completed to meas-
ure the experiences of new and expectant mothers in the 
time of the Coronavirus COVID-19 (SARS-CoV-2) pan-
demic [29]. Infant gestational age (GA), sex, birthweight, 
head circumference, and length at birth, as well as mater-
nal age were recorded at the time of visit. Race and eth-
nicity information was self-reported. These metrics were 
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assessed for statistical differences using a paired t-test 
and p-value ≤ 0.05, as well as z-score, when applicable 
(Table  1). Maternal mental health assessments included 
several self-reported surveys; The State-Trait Anxiety 
Inventory was used to document acute (STAI-S) and 
chronic (STAI-T) anxiety [30, 31]; Perceived Stress Scale 
(PSS) to measure stress [32, 33]; and the Impact of Events 
Scale-Revised [34] to assess for post-traumatic stress 
disorder (PTSD) symptoms. Scoring was performed and 
aggregate data was analyzed for “peak,” or highest pos-
sible scoring metric, throughout pregnancy and at birth 
and that “peak” score was used to label the sample with 
"low", “moderate”, or “high” STAI-S, STAI-T, and PSS 
(or “yes” or “no” PTSD). (The specific calculations for all 
maternal mental health surveys can be found in Supple-
mental Table S1).

Neonatal buccal DNA extraction
Buccal swabs from the RESCUE cohort were collected 
for global DNA methylation analysis between June 2020 

and February 2021 (i.e., prior to deployment of COVID-
19 vaccines to the general population). All CTL swabs 
were collected prior to December 2019. ORAcollect buc-
cal swabs (OG-175, DNA Genotek) were collected from 
neonates (average day of life 4.72 weeks ± 2.4), just prior 
to feeds and stored at 4˚C for batch processing. DNA 
was extracted with the PrepIT-L2P kit (DNA Genotek) 
and DNA was quantified using the Qubit Broad Range 
dsDNA assay kit and Qubit 4 fluorometer (Thermofisher 
Scientific). DNA was stored at -20˚C until ready for 
downstream applications.

Genome‑wide DNA methylation array
An input of 300 ng of DNA was bisulfite-converted using 
the DNA Methylation-Lightning kit (Zymo Research). 
After whole-genome amplification and enzymatic frag-
mentation, samples were hybridized to BeadChip arrays 
using the Infinium MethylationEPIC BeadChip kit 
according to the manufacturer’s protocol (Illumina). 
Intensity values at the over 850,000 methylation sites on 

Table 1  Demographic and clinical information associated with pre-pandemic and pandemic cohorts, including maternal COVID-19 
infection during pregnancy

Statistically significant p-values (≤ 0.05) are indicated in bold and italics. Collection methods for these data are detailed in the Methods section

Pre-Pandemic 
(CTL)

Pandemic 
(RES)

Pandemic (RES)

total (n = 12) total (n = 32) COVID-19 
negative 
(n = 17)

COVID-19 
positive (n = 15)

mean stdev mean stdev p mean stdev mean stdev p

Infant gestational age (GA) at collection, in weeks 43.8 2.4 44.3 3.0 0.60 44.7 2.6 43.8 3.3 0.37

Infant weight at delivery, in grams 3374 428 3381 558 0.97 3440 394 3315 710 0.54

Infant head circumference at delivery, in cm 34.8 1.3 34 2 0.33 35 1 34 2 0.29

Infant length at delivery, in cm 51.2 2.2 51 4 0.61 50 4 51 3 0.42

Maternal age at birth, in years 34.3 4.1 32 6 0.33 35 4 29 6 0.001
GA at COVID-19 diagnosis, in weeks 34 8

n % n % z p n % n % z p

Smoking, maternal

  Yes 0 0 1 0 n/a n/a 0 0 1 0 n/a n/a

Self-reported race, infant

  White 8 67 11 34 1.93 0.05 10 59 1 7 3.10 0.002
  Black 1 8 7 22 -1.04 0.30 2 12 5 33 -1.47 0.14

  Asian 0 0 2 6 -0.89 0.37 2 12 0 0 1.37 0.17

  Multiple/Other 2 17 3 9 0.68 0.50 2 12 1 7 0.49 0.62

  Unknown 1 8 9 28 -1.39 0.16 1 6 8 53 -2.80 0.002
Self-reported ethnicity, infant

  Hispanic 1 8 10 31 -1.56 0.12 1 6 9 60 -3.30 0.001
  Non-Hispanic 11 92 22 69 1.56 0.12 16 94 6 40 3.30 0.001
Infant sex

  Female 5 42 14 44 -0.12 0.90 5 29 9 60 -1.74 0.08

  Male 7 58 18 56 0.12 0.9 12 71 6 40 1.74 0.08
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the BeadChips were measured across the genome at sin-
gle-nucleotide resolution using iScan (Illumina) or Next-
seq 550 platform with BeadChip adapter (Illumina). Of 
note, all laboratory procedures from DNA extraction to 
DNA methylation array preparation and scanning were 
completed by one individual, in order to reduce variabil-
ity between batches.

Differential methylation analysis
We adopted the following pipeline for all further studies 
(Supplemental Fig. S1A). Quality filtration, functional 
normalization, and differential methylation analysis 
were performed on all arrays [35, 36]. Quality filtra-
tion was performed using wateRmelon, which removes 
probes if bead count of less than 3 in ≥ 5% of the sam-
ples [37]. Functional normalization of the data was exe-
cuted using the minfi package with ssnoob background 
and dye correction [38]. Additional filtration using minfi 
excluded all probes that had a signal not significantly 
above background control probes (p-value > 0.05), all 
probes representing single nucleotide variants pre-
sent in the general population with a minor allelic fre-
quency > 5% (dropLociWithSnps), and cross-reactive 
probes (maxprobes) [39, 40].

DNA methylation array pipeline
Because CTL samples were originally processed on the 
iScan platform, we included several replicates of CTL 
samples with each batch analysis of RES samples on the 
Nextseq platform to identify potential platform interfer-
ence. None of the sample rows on either system failed 
during the scanning process and batch correction was 
used during bioinformatic analysis to account for the two 
distinct scanning platforms (Supplemental Fig. S1). To 
validate the analytic platform, we included all samples 
processed on these platforms in the same time-frame as 
those reported in this study; these include the 44 RES 
and CTL samples reported here, plus another 58 samples 
from other unrelated stress cohorts.

As seen in Supplemental Fig. S1, prior to any process-
ing (865,859 probes), hierarchical clustering showed 
clustering of samples by platform and replicates did not 
cluster together (asterisks in Fig. S1B). After functional 
normalization, density plots of raw data (777,755 probes) 
were greatly improved (compare Supplemental Fig. S1C, 
E) but duplicates did not cluster together (Supplemental 
Fig. S1D). After batch correction, density plot is further 
improved (Supplemental Fig. S1G) and replicates cluster 
together (Supplemental Fig. S1F). We tested an alterna-
tive method for normalization, SWAN [41], but after 
SWAN and batch correction, while the replicates clus-
tered (Supplemental Fig. S1H), the density plots appeared 
less ordered (Supplemental Fig. S1I).

Statistical analysis
Beta-values were extracted, followed by batch correc-
tion and differential methylation analysis through linear 
regression models via limma. Replicate samples were run 
on each platform and in each batch to remove poten-
tial batch effects computationally. Our group previously 
reported significance thresholding using a commonly 
reported standard in the literature: results were con-
sidered statistically significant for differentially meth-
ylated probes (DMPs) with a false discovery rate (FDR) 
adjusted p-value < 0.05 and log2 fold-change ≥ 1 or ≤ -1 
[40–43]. The networks and functional analyses were gen-
erated with QIAGEN IPA and Gene Ontology Enrich-
ment Analysis GO with Enrichr [44, 45]; both tools used 
a statistical significance threshold of p ≤ 0.05. For path-
way analysis (QIAGEN IPA), z-scores were calculated 
based off mean methylation differences at the multiple 
CpG sites (Illumina IDs) associated with annotated genes 
or pathways between CTL and RES cohorts (log2 fold-
change). The z-score was calculated through the IPA soft-
ware by assessing the overall log2 fold-change of all CpG 
sites associated with a specific pathway (i.e., predomi-
nantly negative fold-change differences are associated 
with hypomethylation in the RES compared to CTL and 
a negative z-score, where a majority positive fold-change 
indicates a positive z-score and hypermethylation in RES 
compared to control). A z-score of 0 means that the sites 
associated with a particular pathway included a mix of 
hyper- and hypomethylated sites (positive and negative 
fold-changes) that netted an overall score of zero. Graphs 
were made with ChAMP and ggplot2 in R [46, 47]. Com-
parisons of gene lists were performed on annotated 
probes only using Venny 2.1 [48].

Results
We performed genome-wide DNA methylation analysis 
in two newborn cohorts, one born before the onset of the 
COVID-19 pandemic (CTL) and one recruited starting 
June 2020 (RES). Samples used in this study were age- 
and sex-matched (Table 1). Maternal age at delivery and 
height, weight, and length at delivery were not signifi-
cantly different between the two cohorts (Table 1). Both 
cohorts were ethnically diverse and had a similar average 
maternal age; only one participant in this study indicated 
use of tobacco during pregnancy.

Unsupervised hierarchical clustering (Fig. 1a) of DMPs 
showed the pre-pandemic CTL cohort (in yellow) clus-
tering away from the samples of the RES cohort (in pink). 
This was also visualized in principal component analysis 
(Fig. 1b) with clear separation and clustering of pre-pan-
demic newborns (circles) and newborns exposed to the 
COVID-19 pandemic during pregnancy (triangles). Lin-
ear regression analysis of CTL (n = 12) and RES cohort 
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(n = 33) resulted in significant (FDR p ≤ 0.05) differen-
tial DNA methylation at 519 annotated sites (675 total 
probes) throughout the genome (Fig.  1c, Supplemen-
tal Table S2). Among the differentially methylated CpG 
sites, hypermethylation of NR3C1, a well-known epige-
netic marker of prenatal stress, was observed in the RES 
cohort. Pathway analysis of these 519 differentially meth-
ylated sites suggests that increased methylation (positive 
z-score) may be associated with synaptogenesis signal-
ing, PFKB4 signaling, Gs alpha signaling, and PPARɑ/
RXRɑ activation, while decreased methylation (negative 
z-score) may be associated with neurodegenerative path-
ways (Huntington’s Disease), opioid signaling, and IL-15 
production (Fig. 1d, Supplemental Table S3). Additional 
analysis of annotated DMPs using a distinct curated data-
base (Supplemental Figure S3, Supplemental Table S4) 
confirmed association of DMPs with immune system 
pathways (IL-5 and IL-13 production) and nervous sys-
tem developmental processes (synapse structural plastic-
ity, blood–brain-barrier permeability).

Interestingly, while the CTL and RES cohorts showed 
striking differences in the methylation landscape 
genome-wide, the infection status of the mother dur-
ing pregnancy did not seem to result in specific epige-
netic signatures in the newborn (hashed vs. solid pink in 
Fig. 1a; green vs. orange triangles in Fig. 1b). There were 
no significant DMPs among the RES cohort between 
COVID-19 positive (n = 15) and negative (n = 17) 
pregnancies at the FDR p-value ≤ 0.05 and log2 fold-
change ≥ 1 or ≤ -1 significance threshold, nor differences 
found in newborns exposed to asymptomatic, symp-
tomatic, or hospitalized maternal COVID-19 infection 
(Fig. 1c green, yellow, orange, and red boxes).

Maternal mental health metrics showed that overall, 
the RES cohort had a higher number of participants who 
scored with “high” state (STAI-S) and trait (STAI-T) anxi-
ety and “moderate" or "high” stress (PSS) when compared 
to CTL (Fig.  2; data in Supplemental Table S1). Anxi-
ety during pregnancy is estimated to affect 15–23% of 
women [49–51], which is a trend observable in the CTL 
cohort (~ 18% for both state and trait anxiety). While not 
significantly different from CTL, the RES cohort nota-
bly showed a trend toward a higher rate of both state 
and trait anxiety (30% and 21%, respectively) and stress 
(86% vs. 67% in CTL). Within RES, over a quarter of 
the women experienced PTSD symptoms at some point 
during pregnancy, even higher than the available report 
of 15% in the general population during the COVID-19 
pandemic [52]. (The IESR questionnaire had not been 
used for the pre-pandemic CTL cohort). Using these 
additional mental health metrics (anxiety, stress, and 
PTSD), differential methylation analysis within the RES 
cohort (grouping high scores for STAI-S, STAI-T and 
high-moderate scores for PSS) did not identify significant 
methylation differences among these subcategories (Sup-
plemental Figure S2; data in Supplemental Table S1). This 
can be further observed in the initial RES and CTL analy-
sis, where there is no obvious clustering of DMPs associ-
ated with high stress, anxiety, or PTSD (Fig. 1c, fuchsia, 
lime, and aqua boxes).

Finally, due to the observed clustering among the RES 
cohort (Fig. 1a, pink) with one sub-cluster on either side 
of the (yellow) CTL cluster, we explored numerous met-
rics and found the timing of the pandemic during preg-
nancy to be linked with this pattern. "Early" pregnancies 
(gestation starting in late 2019-January 2020, before 

Fig. 1  DNA methylation differences associated with newborns exposed to the COVID-19 pandemic in utero. A Dendrogram representation 
of unsupervised hierarchical clustering of normalized and batch-corrected beta values of pre-pandemic controls (CTL, yellow), RES pandemic 
COVID-19-negative pregnancies (solid pink), and RES COVID-19-positive pregnancies (hatched pink). Timing of approximate start of gestation 
is indicated at the bottom: light blue, entirety of pregnancy occurred prior to start of the pandemic (December 2019); dark blue; gestation 
that started September 2019-February 2020, prior to the onset of the COVID-19 pandemic; medium blue, gestation started between March 
and May 2020, after the US declared a national disaster. B Principal component analysis (PCA) of global DNA methylation differences 
of normalized and batch-corrected beta values between newborns exposed to the COVID-19 pandemic during pregnancy (RES, n = 32, 
triangles) and pre-pandemic healthy controls (CTL, n = 12, circles). Subcategorization by maternal COVID-19 infection status during pregnancy 
is denoted by color: coral indicates COVID-19 negative pregnancies (n = 17), green indicates COVID-19 positive pregnancies (n = 15), and blue 
indicates pre-pandemic pregnancies, unexposed to COVID-19 (n = 12). C Heatmap of unsupervised, hierarchical clustering of the differentially 
methylated probes identified between pre-pandemic CTL and RES pandemic newborns. Z-score scale represents transformed intensity values 
between differentially methylated probes with red being a negative z-score, white being a z-score of 0, and blue a positive z-score. The grid 
below the heatmap represents various clinical metrics, including timing of pregnancy (same color code as in 1A), COVID-19 infection status 
and severity of disease, and prenatal maternal mental health questionnaire data (STAI-S, STAI-T, PSS, PTSD), keyed in the legend to the right 
of the heatmap. Each column represents a sample, while rows represent specific probes that are differentially methylated between RES and CTL 
after performing linear regression analysis (FDR p-value ≤ 0.05, log2 fold-change threshold ≥ 1 or ≤ -1). D IPA analysis of annotated differentially 
methylated probes between CTL and RES cohort. Z-score scale was calculated from differential intensity values and red and blue shades indicate 
pathways with a negative or positive z-score, respectively. White indicates pathways with a z-score of 0 (genes in the pathway are differentially 
methylated, some positively, some negatively, resulting in a Z-score = 0). Absolute log(p-value) represents statistical significance for the identified 
pathway to be associated with the imported list of annotated probes

(See figure on next page.)
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widespread knowledge of the pandemic, n = 13) and 
“late” pregnancies (conceived February-June 2020, n = 19) 
clearly segregated not only away from CTLs but also from 
each other (Fig. 1a). In the overall DNA methylation anal-
ysis between RES and CTL samples, there is distinct clus-
tering of DMPs by timing (Fig. 1c, blue and navy boxes). 
Differential methylation analysis between RES newborns 
based on timing of pregnancy and CTLs identified 462 
unique DMPs (632 total probes; Supplemental Table S5) 
associated with “early” 2020 pregnancies and 795 unique 
DMPs (1119 total probes; Supplemental Table S5) with 
“late” 2020 pregnancies, suggesting that the temporal 

aspect of the pandemic during pregnancy may have a 
unique impact on newborn DNA methylation. Further, 
we noted there was an overlap of 35.4% (331 annotated 
probes) in shared DMPs among all the resultant gene list 
from RES, “early” 2020, and “late” 2020 pandemic preg-
nancy newborns analysis against CTLs (Supplemen-
tal Figure S4). Finally, we performed a linear regression 
analysis between the early and late pandemic groups and 
found 324 sites of significant differential methylation, 
which further emphasizes the differences associated with 
timing of the pandemic on DNA methylation in these 
newborn cases (Supplemental Table 5).

Fig. 1  (See legend on previous page.)
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Discussion
In the present genome-wide DNA methylation study, sig-
nificant differences were observed in otherwise healthy 
pregnancies during the pandemic when compared to pre-
pandemic controls. With more than 500 annotated sites 
of differential methylation between these two groups, we 
observed significant global changes to the neonatal epi-
genomic landscape. Among the annotated sites of dif-
ferential methylation, we noted methylation within the 
RES cohort at NR3C1. NR3C1 is a glucocorticoid recep-
tor gene, which has been associated with increased meth-
ylation in other studies of perinatal stress to newborns 
[53, 54], as well as trauma [55], psychological disorders, 
including major depression, post-traumatic stress disor-
der, anxiety, and personality disorders [56]. The findings 
presented here are consistent with existing literature that 
highlights the impact of prenatal stress on the newborn 
epigenome. Future studies will focus on validation of 
NR3C1, as well as the other differentially methylated sites 
presented in this study, as biomarkers of perinatal stress 
and aim to assess any potential associations between 
neonatal epigenomics with long-term neurodevelopmen-
tal outcomes.

Top pathways associated with differential methylation 
in the RES cohort included IL-15 production. Mater-
nal stress during pregnancy has been strongly linked to 

increased inflammation and risk for future neuropsychi-
atric outcomes in offspring [57]. IL-15 is a proinflam-
matory cytokine that is critical for healthy maternal and 
fetal outcomes in pregnancy [58], and upregulation of 
IL-15 during pregnancy has been correlated with adverse 
outcomes of pregnancy, such as preeclampsia and gesta-
tional diabetes mellitus [59, 60], and with neonatal neu-
rodevelopmental delay [61]. While IL-15 production is 
a key biological response to viral infection, this pathway 
was more methylated regardless of viral infection status 
in the mother. Its potential downregulation in newborns 
of the pandemic may function as a protective mechanism 
against negative developmental brain outcomes.

The neurodegenerative disease pathway, Huntington’s 
disease signaling and synaptogenesis signaling were also 
top terms significantly associated with differential meth-
ylation in pandemic pregnancy newborns. Impaired 
neurodevelopmental outcomes are a strongly correlated 
with fetal stress and often associated with reduced infant 
brain plasticity and dysregulated developmental pro-
cesses, such as synaptogenesis, neuronal migration, and 
myelination [62, 63]. Mitochondrial dysfunction, inflam-
mation, and oxidative stress are key players in neuro-
degeneration and neurodegenerative diseases, such as 
Huntington’s disease [64, 65], that also have been shown 
to be triggered by stress during pregnancy and perhaps 

Fig. 2  Answers to maternal mental health screening questionnaires. Maternal psychological distress was surveyed longitudinally 
throughout pregnancy and postnatally using the following surveys: A) STAI-S, B) STAI-T, C) PSS, and D) IESR (for RES only). Pie charts depict 
percentages of each cohort reporting high (red), moderate (orange), or low (green) stress or anxiety as well as presence (“yes”, red) or absence (“no”, 
green) of PTSD for the RES cohort only. E Example of PCA of DNA methylation intensity differences (non-significant) for maternal mental health 
(PSS) data. Maternal mental health data in tandem with DNA methylation data can be found PCAs can be found in Supplemental Figure S2
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lead to impaired neurodevelopment in newborns [66–
68]. Together, this combination of pathways may provide 
insight into the mechanisms that underpin the impact of 
fetal stressors during pregnancy and long-term impaired 
neurodevelopmental outcomes that follow.

Another top hypomethylated pathway in the RES 
cohort was the PFKB4 pathway. The PFKB4 is both a reg-
ulator of glycolysis and a regulator of progression of ecto-
dermal patterning toward specific fates including neural 
plate and neural crest during embryonic development, 
independently of glycolysis [69]. It also promotes tumor 
growth and metastasis [70], and whether this will have an 
impact on developmental outcomes remains to be seen. 
It will be critical to document longitudinal developmen-
tal outcomes in both CTL and RES cohort to test these 
mechanistic hypotheses.

As there were no significant differences in DNA meth-
ylation associated with maternal COVID-19 infection in 
this analysis, it may be inferred that the changes occur-
ring to the neonatal are epigenome are likely a direct 
result of the COVID-19 pandemic environment, rather 
than maternal COVID-19 infection status during preg-
nancy. This is congruent with the literature, which sug-
gests that there is likely only rare instances of vertical 
intrauterine transmission of the SARS-CoV-2 virus from 
infected mothers to their fetuses [53, 71].

Finally, after noticing that two distinct clusters 
emerged among the pandemic RES cohort, we subset 
the DNA methylation analysis to examine whether the 
onset ("early" group) and continuation ("late" group) of 
the COVID-19 pandemic may have resulted in different 
and significant changes in this cohort. Here, we noted 
over 462 unique annotated sites of differential methyla-
tion between the “early” 2020 pandemic group and CTL 
and 795 annotated sites between the “late” 2020 pan-
demic group and CTL (Supplemental Table S5). The 
“early” group included women who were in their first tri-
mester immediately before to the onset of the COVID-19 
pandemic (between September 2019 and January 2019), 
while the late 2020 group included women who were in 
their first trimester between February 2020 and May 2020 
and thus directly impacted by the COVID-19 pandemic 
for the entirety of their pregnancy. When looking at all 
groups combined, we noted 77 annotated sites unique 
to the “early” pandemic RES cohort and 346 unique to 
the “late” pandemic RES cohort, with an overlap of 331 
annotated sites between early, late, and all RES pandemic 
pregnancy cohort newborns (Supplemental Figure S4). 
To further emphasize the differences associated with the 
timing of pandemic exposure, we conducted an addi-
tional differential methylation analysis between the early 
and late pandemic groups, which resulted in a difference 
of 324 sites (Supplemental Table  5). Published reports 

suggest that the timing of stress during pregnancy and 
length of exposure may play an important role in the ulti-
mate postnatal outcomes of a child and, as such, could 
play a role the differences in DNA methylation within the 
RES cohort [72, 73]. For example, a 2018 study focused 
on “military stress” during pregnancy subset their analy-
sis between “new onset” and “chronic” stress exposure, 
as well as the trimester that the stress occurred [72]. 
While the exact nature of these differences has yet to be 
fully described, the present data suggest a distinct and 
significant impact that the timing and type of distress 
induced by the COVID-19 pandemic during pregnancy 
had on the newborn epigenetic landscape. Additionally, 
future studies may benefit from considering the concept 
of chronoepigenetics, or study of epigenetic changes 
over time, to better understand the impact of insults and 
stressors during vulnerable periods of development and 
how they may cause critical changes to the fetal and neo-
natal epigenome, as well as considering additional factors 
such regionally diverse datasets that may have been dif-
ferentially impacted by COVID-19 pandemic policies and 
guidelines [73].

A few limitations impact this study: availability of 
COVID-19 testing, missing or non-compliance with 
completing self-reported psychosocial surveys, and 
cohort size. Maternal COVID-19 infection status was 
determined by positive testing noted in the medical 
records, as well self-reported testing by participants 
of the RES study. Participants among the RES cohort 
without known exposures or asymptomatic COVID-19 
infections may not have been accurately captured. Also, 
availability of testing evolved during enrollment for this 
study. Maternal mental health measures between RES 
and CTL did not reach statistical significance, however 
we were likely underpowered given the sample size of 
the pre-pandemic cohort (n = 12). The maternal men-
tal health surveys (STAI-S, STAI-T, PSS, and IESR) used 
may not fully capture the unprecedented or dynamic 
nature of the type of distress that occurred throughout 
the COVID-19 pandemic. Restriction in access to hospi-
tal settings for healthy research volunteers imposed dur-
ing the pandemic limited study visits for the CTL cohort 
and missing data, as well as recruitment bias specific to 
the Washington DC-Metropolitan area, may skew the 
mental health data acquired in this study [74]. Of note, 
while there was no difference in average gestational ages 
at time of collection between the RES and CTL cohorts, 
buccal swabs were collected within a 2–4  week period 
after birth (Table  1). Therefore, the data presented here 
may not be representative of the newborn genome imme-
diately after birth, nor does it represent all COVID-19 
pandemic or otherwise healthy pregnancies [74]. Our 
group has previously reported that the overall paucity 
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and disparity of publicly available data during the onset 
and continuation of the COVID-19 pandemic has been 
a pervasive issue and ultimately hampers medical, 
research, and public health policy decisions [75, 76]. The 
present study included a total of 44 participants, which 
is a small sample size for global DNA methylation array 
studies. To compensate for this, we employed stringent 
differential methylation criteria (i.e., FDR p-value < 0.05, 
effect size cutoff of log2 fold-change cutoff of greater than 
1 or less than -1). While this improves the statistical rigor 
of the subsequent differential methylation analysis, we 
once again emphasize that a larger, well-powered sample 
population is preferable for a study of this nature. We also 
acknowledge that while stringent filtering criteria, statis-
tical thresholds, and batch correction was employed in 
our bioinformatic analysis, potential batch effects, false 
positives, and confounding factors (time of collection, 
early infant environmental exposures, etc.) may still exist 
and impact the data presented here [77]. The breadth of 
the changes, however, warranted rapid reporting even 
with these limitations, as the data presented in this study 
could be of critical importance from a research and pub-
lic health perspective.

Conclusions
In this study, we found a striking alteration of the neona-
tal epigenome coincident with the COVID-19 pandemic, 
but not maternal COVID-19 infection, a factor that must 
be considered in future DNA methylation studies com-
paring pre-pandemic data. While there was not signifi-
cant correlation between maternal mental health survey 
data (stress, anxiety, depression), fetuses exposed to the 
onset and continuation of COVID-19 pandemic through-
out 2020 had over 500 sites of significant differential 
DNA methylation, including NR3C1 and other genes 
associated with pathways involved in neurodevelopment 
and immune system response. Of note, there also appears 
to be a temporal aspect of the pandemic on the neonatal 
epigenome with divergent signatures appearing among 
infants exposed to just the onset of the pandemic in early 
2020 and those exposed to the continuation of the pan-
demic throughout mid-late 2020. Overall, the widespread 
differences seen in DNA methylation between pre-pan-
demic and pandemic-exposed newborns provides critical 
insight into future development of these cohorts, which 
should be carefully documented longitudinally.
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