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PUBLIC HEALTH

Cesarean delivery and blood DNA methylation at birth
and childhood: Meta-analysis in the Pregnancy and
Childhood Epigenetics Consortium
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Children born via cesarean delivery have a higher risk of metabolic,immunological, and neurodevelopmental disor-
ders compared to those born via vaginal delivery, although mechanisms remain unclear. We conducted a meta-
analysis of epigenome-wide association studies to examine the associations between delivery mode and blood DNA
methylation at birth and its persistence in early childhood. Participants were from 19 pregnancy cohorts (9833 term
newborns) and 6 pediatric cohorts (2429 children aged 6 to 10 years). We identified six CpGs in cord blood associated
with cesarean delivery (effect size range: 0.4 t0 0.7%, P < 1.0 X 10~7): MAP2K2 (cg19423175), LIM2 (cg01500140), CNP
(cg13917614), BLM (cg18247172), RASA3 (cg22348356), and RUNX3 (cg20674490), independent of cell proportions
and other confounders. In childhood, none of these CpGs were associated with cesarean delivery, and no additional
CpGs were identified. Delivery mode was associated with cell proportions at birth but not in childhood. Further re-
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search is needed to elucidate cesarean delivery’s molecular influence on offspring health.

INTRODUCTION

Cesarean delivery accounts for more than one in five births world-
wide, with a projected growth to approximately one in three births by
2030 (1). Although medically indicated cesarean delivery reduces ma-
ternal and infant morbidity and mortality, emerging evidence sug-
gests that babies born via cesarean delivery have different hormonal,
physical, microbial, and medical exposures from those born through
vaginal birth. These exposures may subtly alter neonatal physiology,
potentially leading to risk of certain health conditions later in life (2),
such as metabolic risk phenotypes (3, 4), immune diseases (5), malig-
nancies (6, 7), and neurodevelopmental disorders (8). One of the po-
tential mechanisms through which cesarean delivery may increase the
risk of long-term adverse health outcomes is via infant epigenetic al-
terations, such as DNA methylation (DNAm) (9, 10).

In support of this, some studies have observed associations be-
tween cesarean delivery and offspring DNAm patterns at birth. The
identified DNAm sites are mostly in genes that are implicated in the
development of the immune system (9-11). However, most of the stud-
ies were limited by small sample size (<100 participants), adjusting
for few covariates, or failing to account for differences in cell-type
proportions, resulting in a lack of replication of results across stud-
ies (12). In addition, it is unknown whether epigenetic variations
related to cesarean delivery are temporary or long-lasting.

There has been a call for more comprehensive epigenetic re-
search among children born via cesarean delivery, including at

Wang et al., Sci. Adv. 10, eadr2084 (2024) 27 November 2024

later postnatal ages (9). Therefore, we conducted a meta-analysis of
epigenome-wide association studies (EWASs) from an interna-
tional consortium [Pregnancy and Childhood Epigenetics Con-
sortium (PACE Consortium)] to investigate whether cesarean
delivery, as compared to vaginal delivery, was associated with dif-
ferential methylation at cytosine-phosphate-guanine (CpG) oligo-
deoxynucleotide sites. Specifically, we investigated whether: (i)
cesarean delivery was associated with DNAm in cord blood at
birth; (ii) cesarean delivery was associated with DNAm in blood
collected at older ages (6 to 10 years of age); and (iii) cesarean de-
livery was associated with differences in blood cell-type propor-
tions at birth or in childhood.

RESULTS

Consortium characteristics

Offspring in our analyses were predominantly white (93%); some
cohorts included South Asian, Asian, Black, and mixed ancestries
(Table 1 and table S1). Male offspring percentage ranged from 47 to
62%. Among cohorts with information on maternal prepregnancy
body mass index (BMI) [all cohorts except Drakenstein Child
Health Study (DCHS), Isle of Wight (IOW) Birth Cohort-F2 (IOW-
F2), and Lifestyle and environmental factors and their Influence on
Newborns Allergy risk (LiNA)], the mean (SD) value ranged from
22.2 (3.1) kg/m” [Mothers and Children’s Environmental Health
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(MOCEH)] to 26.7 (6.1) kg/m2 [Born in Bradford (BiB)]. The mean
gestational age at delivery was very similar across cohorts, ranging
from 39.0 (1.2) to 40.3 (1.2). Among cohorts contributing to child-
hood blood DNAm analyses, IOW-F1 had the highest offspring age
[mean (SD), 10.0 (0) years], with other cohorts ranging from 5.7
(0.1) to 8.1 (0.3) years. Cesarean delivery proportions varied from
7.9% (IOW-F1, the United Kingdom) to 36.3% (MOCEH, South
Korea), potentially reflecting regional and temporal differences in
clinical practice.

A Values for each EWAS performed by individual cohorts are
presented in table S2. Overall, we did not observe strong evidence of
genomic inflation in individual cohort results, with the exception of
DCHS (cord blood, cell-type unadjusted, A = 2.08) and LINA (cord
blood, cell-type adjusted, A = 2.15). The effects of these highly in-
flated cohorts were investigated through leave-one-out analyses.

Meta-analysis for cord blood DNAm (9833 newborns,

19 cohorts)

In analyses adjusting for maternal smoking, socioeconomic status,
parity, prepregnancy BMI, offspring sex, birth weight, gestational
age (model 1) but not cell-type proportions, 2691 CpGs passed the
Bonferroni-adjusted P value cutoff of 1.0 X 1077 (fig. S1). As ex-
pected, we observed some evidence of genomic inflation (A = 1.45)
from failure to account for cell-type heterogeneity. In the main
meta-analysis (model 2), which further adjusted for cell-type pro-
portions, genomic inflation was reduced (A = 1.08, Fig. 1). In these
cell-type-adjusted analyses (model 2), we identified six CpG sites at

which cord blood DNAm levels were statistically significantly related
to delivery mode (P < 1.0 x 1077; Table 2 and figs. S2 to S7). The
identified CpGs were located in/near the following genes: MAP2K2
(cg19423175, P = 2.91 x 107'%, I* = 58%), CNP (cg13917614, P =
1.11 x 107°, I* = 37%), LIM2 (cg01500140, P = 4.31 x 10, I =
39%), BLM (cg18247172, nearest gene, P = 9.51 x 107, I* = 47%),
RASA3 (cg22348356, P = 2.62 X 107°, I = 64%), and RUNX3
(cg20674490, P = 9.42 X 1078, 2 = 62%). Compared to newborns
born via vaginal birth, those delivered through cesarean delivery
exhibited higher cord blood DNAm levels at these specific sites,
ranging from 0.4 to 0.7%. No additional CpGs were identified in
analyses restricted to cohorts using Infinium MethylationEPIC
(EPIC) BeadChip arrays.

The six identified CpGs were previously associated with gesta-
tional age (cg19423175, cg1391761, and cg18247172), adult smoking
(cg19423175,cg13917614, cg01500140, cg2234835, and cg20674490),
and fasting glucose (cg1942317 and cg18247172) upon lookup in
EWAS catalog (table S3) (13). However, none of these sites were sig-
nificantly associated with cis-expression quantitative trait methyla-
tion (cis-eQTMs from cord blood DNAm and RNA expression levels
in blood) after multiple testing correction (14, 15), except for
cg01500140 (table S4). Higher cord blood DNAm at this CpG site
(cg01500140) was associated with lower RNA expression of the gene
NKG?7 in whole blood (log; fold change = —0.88, P =1.17 X 10714,

Associations were of consistent direction in most cohorts. Leave-
one-out analyses did not show evidence of one cohort systematically
influencing the meta-analysis results (fig. S8), and there was not a
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Table 1. Characteristics of cohorts participating in the meta-analyses. NA, not applicable.

Cohort

Ancestry

Offspring  Cesarean delivery Male
n n (%) n (%)

Gestational age
Mean (SD)

Child age Array
Mean (SD)

Blrth
ALSPAC European

Moba1
Nloba2

. European
Black and mlxed o
European o

. European e
European s

uropea

European
European

European

Srs R

R
450K
i 0

799 (9 o) s 473% s

S R
s i
i

155 17010 61.0%  396(

1261 125009 510% 4031,

NA EPIC
NA 450K
NA 45OK

)
)
s .‘.450K.m e
)
)
)

.0% d
457 83 (18 2) 52 8% .8 (1.

863 87 (10. 1) 54 5%

57 0%

NA 450K
NA 450K

Moba4

Mobas European s

MOCEHH OO As|an s 350127
OO European e

European 825 80

PICCO|IpIu

POSEIDON European
PrOJeCtVIVa

Tota

99 (10 2) 48 6%

NA EPIC

(36 3). (R 50 0%,. e NA R EP|C e
s 46 6%,. e . NA R WEP|C e

e 48 1%,. e NA R .‘,450K.m e

167) s 52.2%,. T T NA R .‘,450K.m e

(97) 434% ‘

Chlldhood (6 to 10 years)
ALSPAC

EDEN European e
GenR European

IOW F1 European i i
PIAMA  Euwopean 202 19

0Ject o
e

uromean T s ;
T 62 0%, - e
e

(

) 450K
) 450K

48 0% NA 6.0 (0.3) 450K
10.0 (0.0) 450K
8.1(0.3) 450K
450K

9.1) 48 5% NA 7.5 (0.

79) 580% \A
(9.4) 50 O% NA

*DNAm levels were measured with either the 450K or EPIC array, and, following quality control, CpG sites overlapping between the arrays (n = 409,033 for DCHS;
n = 349,455 for IOW-F1; and n = 365,697 for IOW-F2) were included in the analysis.

single cohort that consistently contributed to heterogeneity across
all CpG sites.

Meta-analysis for childhood blood DNAm (2429 children,

6 cohorts)

In meta-analyses of blood collected in childhood, cesarean delivery
was not found to be statistically significantly associated with DNAm
in either model 1 (fig. S9, adjusted for covariates only, A = 0.95) or
model 2 (Fig. 2, adjusted for covariates and blood cell types, A =
1.00). The estimates {f [95% confidence interval (CI)]} for associa-
tions between cesarean delivery and childhood blood DNAm at the
six significant sites identified in the cord blood analysis were close to
null [Table 3; MAP2K2 (cgl19423175, P = 0.20, P = 0%), CNP
(cg13917614, P = 0.56, I* = 0%), LIM2 (cg01500140, P = 0.17, I* =
0%), BLM (cg18247172, nearest gene, P = 0.23, I* = 9%), RASA3
(cg22348356, P = 0.46, I = 0%), and RUNX3 (cg20674490, P = 0.55,
I =26%)).

Wang et al., Sci. Adv. 10, eadr2084 (2024) 27 November 2024

Sensitivity analyses

In sensitivity analyses excluding pregnancies affected by maternal
pregnancy complications (i.e., gestational diabetes, gestational hy-
pertension, and preeclampsia) or fetal macrosomia, at the six CpG
sites previously identified (Table 2), cord blood DNAm showed as-
sociations with cesarean delivery exposure of similar magnitudes as
in the primary analyses (figs. S10 and S11). However, P values were
attenuated possibly because of smaller sample sizes, and thus, lower
statistical power. The associations between cesarean delivery and
DNAm in blood collected in childhood remained null (fig. S12).

Meta-analyses for blood cell-type proportions at birth and

in childhood

In cord blood, cesarean delivery (versus vaginal delivery) was asso-
ciated with significantly higher proportions of CD4 T cells, CD8 T
cells, monocytes, and B cells and significantly lower proportions of
granulocytes, natural killer (NK) cells, and nucleated red blood cells
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-Logyo P value
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1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 202122
Chromosome

Fig. 1. Fixed-effects meta-analysis of associations between cesarean delivery and DNAm in cord blood collected at birth. n = 9833 individuals, 19 cohorts. Model
2, adjusted for maternal smoking, socioeconomic status, parity, prepregnancy BMI, offspring sex, birth weight, gestational age, batch, and cell-type proportions. Individ-
ual cohorts may additionally have adjusted for ancestry and selection factors if applicable. (A) QQ plots for fixed-effects meta-analysis. (B) Manhattan plots for fixed-effects
meta-analysis. Epigenome-wide significance was considered as P < 1 x 1077 (dotted line).
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Table 2. Fixed-effects meta-analysis of associations between cesarean deliveries and cord blood DNAm (statistically significant CpGs after Bonferroni

correction (threshold P < 1.0 x 10~7) for multiple comparisons; model 2*).

CpG sites Position Gene n B SE P value P Effect direction’
cg19423175 Chr19:4094325 MAP2K2 9671 0.004 0.0006 291%x 107" 58%, P =0.001 4+ }

: 91391 I PR O s g 37% P
g01500140 387331 LUM2 9 431x10°  39%,P

918247172 Chr15:90827002  BLM (nearest) 9833 0005 00009 951x10°  47%,P=001 4 I
922348356  Chri3:114125748  RASA3 9833 0005 00009 262x10° 64%P<0001 +—— I
g20674490  Chrl:2491440 RUNXZ 9833 0006 0001 942X10°°  62%,P<0.001 ++——tttrbbbbtttttt

*Model adjusted for maternal smoking, socioeconomic status, parity, prepregnancy BMI, offspring sex, birth weight, gestational age, batch, and cell type.

Individual cohorts may additionally have adjusted for ancestry and selection factors if applicable.

tEffects were presented in the order of ALSPAC, BIB, CCLS

1, CCLS 2, DCHS, EAGeR, EDEN, GenR, INMA, IOW-F2, LiNA, Moba1, Moba2, Moba4, Moba8, MOCEH, Piccolipiu, POSEIDON, and Project Viva. “?” indicates missing

probe information in a cohort.

(Fig. 3). In childhood blood, however, cesarean delivery was not as-
sociated with differences in estimated cell-type proportions (Fig. 4).

Meta-analyses for the associations between DNAm at birth
and cell-type proportions in childhood

As presented in table S5, we investigated whether DNAm levels in cord
blood at the six previously identified CpG sites (Table 2) were longitu-
dinally associated with blood cell-type proportions in childhood.
Higher cord blood DNAm at cg01500140 was associated with a —4.5%
lower NK cells (95% CI: —8.9%, —1.1%; P = 0.02) and 14.3% higher
granulocytes (95% CI: 2.2%, 25.8%; P = 0.02) in childhood, but not
other cell types. In addition, higher cord blood DNAm at cg19423175
was associated with 4.1% higher monocytes (95% CI: 0.1%, 7.9%; P =
0.03) in childhood, but not other cell-type proportions. We did not ob-
serve that cord blood DNAm at other cesarean-related CpGs
(cg13917614, cgl18247172, cg20674490, and cg22348356) was associ-
ated with any blood cell-type proportions in childhood.

DISCUSSION

In this large EWAS meta-analysis in the PACE Consortium across
geographically diverse cohorts, we identified differentially methyl-
ated DNA sites by delivery mode in offspring blood cells at birth, but
not in childhood (6 to 10 years). In cord blood, cesarean delivery
was associated with a 0.4 to 0.7% higher DNAm at six CpGs, and the
effect sizes remained stable even when excluding offspring born to a
pregnancy affected by major complications. Half of these sites
showed relatively high heterogeneity across cohorts, likely due to
differences in the underlying populations, covariate structures, and,
possibly, obstetrical practices. The limited and relatively small dif-
ference in DNAm found in our study suggests that DNAm at the
CpG sites in blood cells (at birth or later) is unlikely to be strongly
affected by delivery mode.

Differences in cord blood cell-type proportions related to delivery
mode may explain the lower genomic inflation in cell-type-adjusted
models and supported our choice to focus on interpretation of results
from model 2 (fully adjusted for covariates and blood cell types).
These findings have notable implications for future research involv-
ing blood cells DNAm, as they highlight the importance of account-
ing for cell-type composition when examining the effects of delivery
mode on DNAm.

Wang et al., Sci. Adv. 10, eadr2084 (2024) 27 November 2024

To date, this is the largest effort to investigate offspring DNAm in
relation to delivery mode. Several EWAS analyses with smaller sam-
ple sizes have tried to characterize the impact of cesarean delivery
on cord blood DNAm, yielding conflicting results. A small study
conducted among Europeans (n = 41, Austria) found significantly
higher methylation of ELA2 and IRFI genes in a targeted screening
of 96 genes involved in immune response when comparing elective
cesarean to vaginal births (16). More recently, one study in China (n =
120) compared DNAm in cord blood identified five differentially
methylated CpG sites in/near five genes (PIK3CD, CXXC5, LTBR,
SPI1, and SERPINBY) that were related to the immune system, spe-
cifically the maturation, proliferation, and normal function of B
cells (10). However, none of these studies adjusted for cell types. In
addition, the inconsistencies in these results may be explained by
heterogeneity in the study populations, definitions of cesarean de-
livery (only including elective or not), and adjustments (or lack
thereof) for potential confounders (e.g., gestational age, socioeco-
nomic factors, and prenatal exposures). In a prior candidate gene
DNAm analysis in a small subset of Project Viva (n = 96 uncompli-
cated full-term pregnancies), we found an association between de-
livery mode and DNAm at the IGF2 differentially methylated
regions in cord blood (2.8% difference comparing cesarean versus
vaginal delivery) (17). However, these findings were not replicated
in the current large-scale meta-analysis.

In our cord blood analyses, after adjusting for several important
sociodemographic, lifestyle, and perinatal confounders, and cell-
type proportions, we found associations between cord blood DNAm
and cesarean delivery at only six CpG sites. DNAm at some of these
CpGs (e.g., cg19423175, cg13917614, and cg18247172) has been
previously associated with gestational age (18), suggesting that these
associations may be partially attributable to residual confounding
related to this factor and/or medical indications for cesarean deliv-
ery (although we could not rule out the possibility that other studies’
findings were confounded by cesarean delivery, as not all studies
adjusted for cesarean delivery; table S3). Blood DNAm at cg19423175
(MAP2K2) has also been associated with adult smoking in cross-
sectional analyses (19), suggesting that some of the identified CpG
sites may be malleable by various pre- and postnatal stimuli. Of
note, some of the (nearest) genes in which the DNAm differences
were identified in our study—BLM, RASA3, and MAP2K2—have
been associated with various autoimmune disorders, including
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A

A=1.00 =

Observed —logq(P)
3

-Logio P value

1 2 3 4 5 6 E 8 2 10 1 12 13 14 15 16 17 18 19 202122
Chromosome

Fig. 2. Fixed-effects meta-analysis of associations between cesarean delivery and DNAm in blood collected in childhood. n = 2429 individuals, six cohorts. Model
2, adjusted for maternal smoking, socioeconomic status, parity, prepregnancy BMI, offspring sex, birth weight, age at blood draw, batch, and cell-type proportions. Indi-
vidual cohorts may additionally have adjusted for ancestry and selection factors if applicable. (A) QQ plots for fixed effects meta-analysis. (B) Manhattan plots for fixed-
effects meta-analysis. Epigenome-wide significance was considered as P < 1 x 10~ (dotted line).
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Table 3. Fixed-effects meta-analysis of association between cesarean deliveries and childhood blood DNAm (model 2°) at the six CpG sites from the
EWAS using cord blood DNAm that reached statistical significance after Bonferroni correction for multiple comparisons.

CpG sites Position Gene n B SE P value P Effect direction®
cg19423175 Chr19:4094325 MAP2K2 2099 0.002 0.001 0.20 0%, P =0.96 +++7++
cg13917614 ....... S s e 0%, P = 092 bt
cgo1500140 ....... Y 0%, P = 068 e
918247172 Chr15:90827002 TP =036 S
c2348356  Chri3114125728 . . . 0% P05 Ly Ty
croeraaso czasiasomome a0 oo0s oo0s 055 aswpooza roiaiy

*Model adjusted for maternal smoking, socioeconomic status, parity, prepregnancy BMI, offspring sex, birth weight, age at blood draw, batch, and cell type.

Individual cohorts may additionally adjust for ancestry and selection factors if applicable.

tEffects were presented in the order of ALSPAC, EDEN, GenR,

IOW-F1, PIAMA, and Project Viva.“?” indicates missing probe information in a cohort.

rheumatoid arthritis and inflammatory bowel disease (20, 21). This
aligns with prior evidence from epidemiological and genomic anal-
yses that cesarean delivery may influence offspring health through
immune dysregulation (5, 10, 11, 16).

Our study has several notable strengths. This extensive meta-
analysis includes samples from 21 independent cohorts with diverse
regional and ethnic backgrounds, improving the generalizability of
our results. The large sample size provides sufficient power to detect
even small DNAm variations associated with cesarean delivery, both
at birth and in childhood. This allows for the possibility of external
replication/verification of loci that have been previously reported in
smaller EWAS analyses, although we did not confirm any such sites
in our analysis.

Our study has several limitations. First, we did not have detailed
information regarding the circumstances, leading to cesarean deliv-
ery. However, results were similar in analyses excluding pregnancies
affected by pregnancy complications that are common indications
for cesarean delivery. Nevertheless, we cannot rule out the possibil-
ity that certain DNAm patterns might affect placental function or
increase the risk of intra-amniotic infection, potentially influencing
the medical decision to perform a cesarean delivery. Second, we
measured DNAm in blood, which may not be generalizable to other
tissues. Third, the probes assayed by the Illumina arrays used cov-
ered only a small fraction of the human genome, leaving a large
number of CpGs unexplored. Moreover, DNAm is only one of many
epigenetic modifications. Research on histone modification and
post-transcriptional regulation may be needed to further investigate
the role of epigenetic modifications in cesarean deliveries. Fourth,
our analysis did not explicitly study the mediation effect of DNAm
on the association between delivery mode and offspring health phe-
notypes. Despite the lack of persistence into childhood, these early
DNAm changes may still have long-term effects on organ structure
and development, including the immune system. However, we did
not observe strong signals for such effects in the exploratory meta-
analysis of the associations between the DNAm of the six significant
CpGs in cord blood and blood cell-type proportions in childhood.
Fifth, although we used standardized, prespecified protocol in all
the cohorts, it is possible that the different bioinformatic pipeline
across cohorts may have biased the meta-analysis results toward the
null, but prior studies have shown minimal impact (22). Last, our
results may be subject to residual confounding by ethnicity, socio-
economic status, and maternal health factors. In addition, because
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the study participants were mostly white, future studies in diverse
populations are needed to replicate our findings.

In summary, in this extensive consortium-based meta-analysis,
we identified only six CpG sites with DNAm differences in cord
blood associated with cesarean delivery. However, none of these
DNAm differences, nor any others, were observed in blood samples
collected during childhood. Further research is warranted to eluci-
date the molecular influence of cesarean delivery on offspring health
outcomes, potentially including more diverse populations and con-
sidering the collection of tissue types other than blood cells while
acknowledging that this is highly challenging in otherwise healthy
newborn populations.

MATERIALS AND METHODS

Study population

We invited cohorts within the PACE Consortium, with DNAm mea-
sured in cord blood and/or childhood blood samples (with a mean
age of 6 to 10 years at blood collection) and information on delivery
mode and relevant covariates to contribute data to this meta-
analysis. The participating cohorts comprised 21 independent lon-
gitudinal cohorts from 10 countries (Italy, France, Germany,
Norway, Spain, South Africa, South Korea, The Netherlands, the
United States, and the United Kingdom) (Table 1). These cohorts
included the Avon Longitudinal Study of Parents and Children (AL-
SPAC); the BiB cohort; the California Childhood Cancer Study 1
(CCLS1); CCLS2; the DCHS; the Effects of Aspirin in Gestation and
Reproduction (EAGeR) trial; the Etude des Déterminants pré et
post natals du développement et de la santé de I'Enfant (EDEN)
birth cohort; the Generation R (GenR) Study; Proyecto Infancia y
Medio Ambiente (INMA); the IOW-F1; IOW-F2; the LiNA study;
the Norwegian Mother, Father and Child Cohort study 1 (Mobal);
Moba2; Moba4; Moba8; the MOCEH study; the Prevention and
Incidence of Asthma and Mite Allergy (PIAMA) birth cohort; the
Piccolipiu study; the Pre-, Peri-, and POstnatal Stress: Epigenetic
Impact on DepressiON (POSEIDON) study; and Project Viva. De-
tailed methods for each cohort are provided in supplementary text.
In the cord blood meta-analysis, we included 9833 newborns from
19 cohorts. In the childhood blood meta-analysis, we included 2429
children from six cohorts (Table 1). Four cohorts (ALSPAC, EDEN,
GenR, and Project Viva) have both cord blood and childhood blood
measures from the same cohort of children. All cohorts acquired
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Fig. 3. Fixed-effects meta-analysis of associations between cesarean delivery and cell-type proportions in cord blood collected at birth. n = 7616 individuals,
13 cohorts. FE model, fixed-effects model; nRBC, nucleated red blood cells. Models adjusted for maternal smoking, socioeconomic status, parity, prepregnancy BMI, off-
spring sex, birth weight, gestational age, and batch. Individual cohorts may additionally have adjusted for ancestry and selection factors if applicable. (A) CD4 T cells.
(B) CD8T cells. (C) Granulocytes. (D) NK cells. (E) Monocytes. (F) B cells. (G) nucleated red blood cells. Note: ALSPAC was excluded from the CD8T cells analysis because of
low estimated proportions. ALSPAC was excluded from the nucleated red blood cells analysis because these data were not available. Moba4 was excluded from the mono-
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Fig. 4. Fixed-effects meta-analysis of associations between cesarean delivery and cell-type proportions in blood collected in childhood. n = 1897 individuals, four
cohorts. FE model, fixed effect model. Models adjusted for maternal smoking, socioeconomic status, parity, prepregnancy BMI, offspring sex, birth weight, age at blood
draw, and batch. Individual cohorts may additionally have adjusted for ancestry and selection factors if applicable. (A) NK cells. (B) CD8 T cells. (C) CD4 T cells. (D) Mono-
cytes. (E) Granulocytes. (F) B cells. Note: Project Viva was excluded from the CD8 T cells analysis because these data were not available.
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ethics approval and participants’ informed consent (supplemen-
tary text).

Delivery mode assessment

Mode of delivery was ascertained via review of medical records (n
= 8464, 68.8%) or self-report on questionnaires (n = 3832,
31.2%) (supplementary text). Cesarean delivery included both
planned and unplanned. Vaginal delivery was chosen as the
reference category. Offspring from multiple births (twins and
triplets+) and preterm births (gestational age <37 weeks at
delivery) were excluded. When non-twin siblings were available in
the same dataset, only one child of each sibling set was included
using methods deemed appropriate by each cohort.

To distinguish between effects of cesarean delivery itself and
those from obstetrical/medical indications that commonly lead to
cesarean delivery (23), in a sensitivity analysis, we excluded all preg-
nancies that were complicated with gestational diabetes, gestational
hypertension, preeclampsia, or fetal macrosomia (birthweight >
4000 g). This analysis was restricted to cohorts with relevant infor-
mation (table S1) and the number (%) of each of the major compli-
cations are shown in table S6. The pooled analytical sample included
n =6371 samples [after excluding n = 2170 (25.4%) pregnancy com-
plications, 15 cohorts] for cord blood analysis and # = 1476 samples
[after excluding n = 623 (29.6%) pregnancy complications, 5 cohorts]
for childhood blood analysis.

Methylation measurements

Cord blood was collected at delivery, and childhood blood was col-
lected at an average age between 6 and 10 years (Table 1). DNA was
isolated according to standard protocols. Cohorts assayed DNAm from
blood using the Infinium HumanMethylation450 (450K) or Methyl-
ationEPIC (EPIC) BeadChip array (Illumina, San Diego, CA) or both
(Table 1). On the basis of PACE consortium standard procedures, each
cohort conducted its own quality control (e.g., exclusion based on Il-
lumina’s detection P value, failed bisulfite conversion, and sex mis-
matches) and normalization of DNAm data (supplementary text).

Cohort-specific statistical analyses
Analysts from individual cohorts performed independent EWAS
analyses using the same predetermined analytical approach and

contributed results files to the primary analyst for meta- analysis.

Robust linear regression modeling [rlm() function in R] was used
for each CpG site individually. Cesarean delivery was the indepen-
dent variable, and the DNAm level (p value, for which 0 indicated
no methylation and 1 indicated complete methylation) at each CpG
was the dependent variable. Model 1 adjusted for offspring biologi-
cal sex (female and male), maternal smoking (preferred categoriza-
tion: no smoking, quit early in pregnancy, and sustained smoking
across pregnancy; but a binary categorization of any versus no
smoking was used in 14 cohorts), maternal prepregnancy BMI (con-
tinuous, kilograms per square meter), socioeconomic status (de-
fined by each cohort), parity (nulliparous and parous), gestational
age (continuous, weeks, replaced with age at blood draw in years for
childhood blood analysis), birth weight (continuous, grams), and
batch variables (when applicable). For some cohorts, batch correc-
tion (e.g., using COMBAT) (24) was applied before analysis (CCLS1,
CCLS2, DCHS, EAGeR, INMA, IOW-F1, IOW-F2, and Project
Viva), while, for the others, batch variables were included as covari-
ates in the regression analysis. Optionally, cohorts could include

Wang et al., Sci. Adv. 10, eadr2084 (2024) 27 November 2024

race and/or ethnicity and/or selection factors (e.g., factors associat-
ed with being selected to a case-control study), if relevant (supple-
mentary text). To account for cell-type heterogeneity, in model 2, all
cohorts further adjusted for blood cell types (estimated cell propor-
tions of CD8T, CD4 T, NK cells, B cells, monocytes, granulocytes,
and nucleated red blood cells) (25-28). On the basis of our concep-
tual model and due to the known variability in DNAm associated
with cell-type components (29), we chose model 2 as our main
models for the interpretation of findings.

Cohort-specific details for covariate assessment are described in
supplementary text. EWAS results from each cohort were evaluated
with the R package QCEWAS to ensure that results were comparable
across participating cohorts (30).

Meta-analyses of EWAS

Before meta-analysis, we filtered out all probes that (i) were control
and non-CpG probes, (ii) in sex chromosomes, (iii) have hybridiz-
ing problems, (iv) are affected by the presence of SNPs, or (v) are
known to yield different results for the 450K and EPIC arrays in
blood (31-33). We conducted two separate meta-analyses, for blood
samples collected at birth and in childhood, respectively. As our pri-
mary modeling approach, we used an inverse variance weighting
fixed-effects meta-analysis because of the homogeneous research
protocol (e.g., study design, definition of exposure and outcome,
and statistical analysis) across participating cohorts (34) (using R
package EASIER) (33). This approach was also recommended for
analyses in the genetic field (35). The prespecified missingness
threshold was 80%, meaning the code executes a meta-analysis only
among CpGs present in 80% of the cohorts. Consequently, the main
analysis included only probes common to EPIC and 450K arrays,
leaving 363,015 probes in cord blood and 400,681 probes in child-
hood blood. In a secondary analysis, we also explored additional
probes among six cohorts using the EPIC array (764,471 probes).
All reported P values were two sided, and we corrected for multiple
testing using Bonferroni adjustment (for ease of interpretation, a
common P < 1.0 X 10~ threshold was used for all analyses).

Heterogeneity was assessed using the I* statistics for each CpG
site, and statistical significance for heterogeneity was assessed with
the Cochran’s Q test. As post hoc analyses, we conducted leave-one-
out analyses (i.e., excluding one cohort at a time) for all CpGs that
reached genome-wide significance. We compared the effect estimates
and SEs with the estimates for our primary model to evaluate wheth-
er any meaningful heterogeneity may have influenced our results.
The study-level quality control and meta-analyses were performed by
two independent study groups. All analyses were performed using R
(version 4.2.2).

We annotated the genes for differentially methylated CpGs that
reached the Bonferroni-adjusted threshold from Illumina’s annota-
tion. If annotation was unavailable, then the University of Califor-
nia, Santa Cruz Genome Browser was referenced to identify the
nearest gene within 10 Mbp. In addition, CpGs demonstrating
genome-wide significance after Bonferroni correction were cross-
referenced in the EWAS catalog (13)(www.ewascatalog.org; ac-
cessed 3 January 2024) to compare our findings with previously
reported associations of delivery mode-related CpGs. Last, we ex-
amined the CpGs in relation to 13.6 million blood autosomal cis-
eQTMs data in children (mean age, 8 years) from the Human Early
Life Exposome project (14, 15). For each CpG DNAm site, we se-
lected the CpG-gene pair with the strongest cis-eQTM association
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after correcting for multiple testing at the CpG level, after cell-type
adjustment.

Meta-analyses for cell-type proportions

As an exploratory analysis that was prespecified in the research pro-
tocol (i.e., cesarean delivery modeled as the independent variable
and each cell-type modeled as dependent variable in separate mod-
els, with adjustment for all covariates), we conducted another set
of fixed-effects meta-analysis for the association between cesarean
delivery and estimated blood cell-type proportions (cord blood: 7616
samples, 13 cohorts; childhood blood: 1897 samples, 4 cohorts).
P values were not corrected for multiple comparisons in this explor-
atory analysis.

Post hoc longitudinal analysis for the association between
DNAm at birth and cell-type proportions in childhood

Given the prior epidemiologic reports that C-section is associated
with many immune-related outcomes (e.g. allergy and asthma) and
that most of prior studies pointed at loci involved in the immune
system (2, 5, 9-11), we conducted a post hoc longitudinal analysis to
investigate whether significant CpGs identified in the cord blood
EWAS meta-analysis are associated with cell-type proportions in
childhood, potentially reflecting long-term health effects. This anal-
ysis was feasible for four cohorts—ALSPAC, EDEN, GenR, and
Project Viva—where DNAm levels were measured in both cord
blood at birth and peripheral blood in childhood for the same co-
hort of children. We used a fixed-effects meta-analysis to examine
associations between DNAm levels at birth and estimated child-
hood blood cell proportions. We selected blood cell proportions as
the outcome due to their potential to serve as proxies for immune-
related conditions. P values were not adjusted for multiple compari-
sons, as this analysis was exploratory in nature.

Supplementary Materials
This PDF file includes:
Supplementary text

Figs.S1to S12

Tables S1 to S6
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