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P U B L I C  H E A LT H

Impact of air pollution exposure on cytokines and 
histone modification profiles at single- cell levels 
during pregnancy
Youn Soo Jung1†, Juan Aguilera2†, Abhinav Kaushik1, Ji Won Ha3,4‡, Stuart Cansdale4, Emily Yang3, 
Rizwan Ahmed3, Fred Lurmann5,6, Liza Lutzker5, S. Katherine Hammond5, John Balmes5,7,8, 
Elizabeth Noth5, Trevor D. Burt9, Nima Aghaeepour10, Anne R. Waldrop11, Purvesh Khatri12,  
Paul J. Utz3, Yael Rosenburg- Hasson13, Rosemarie DeKruyff4, Holden T. Maecker13,  
Mary M. Johnson1, Kari C. Nadeau1,14*

Fine particulate matter (PM2.5) exposure can induce immune system pathology via epigenetic modification, affect-
ing pregnancy outcomes. Our study investigated the association between PM2.5 exposure and immune response, as 
well as epigenetic changes using high- dimensional epigenetic landscape profiling using cytometry by time- of- 
flight (EpiTOF) at the single cell. We found statistically significant associations between PM2.5 exposure and levels of 
certain cytokines [interleukin- 1RA (IL- 1RA), IL- 8/CXCL8, IL- 18, and IL- 27)] and histone posttranslational modifica-
tions (HPTMs) in immune cells (HPTMs: H3K9ac, H3K23ac, H3K27ac, H2BK120ub, H4K20me1/3, and H3K9me1/2) 
among pregnant and nonpregnant women. The cord blood of neonates with high maternal PM2.5 exposure showed 
lower IL- 27 than those with low exposure. Furthermore, PM2.5 exposure affects the co- modification profiles of cyto-
kines between pregnant women and their neonates, along with HPTMs in each immune cell type between pregnant 
and nonpregnant women. These modifications in specific histones and cytokines could indicate the toxicological 
mechanism of PM2.5 exposure in inflammation, inflammasome pathway, and pregnancy complications.

INTRODUCTION
Exposure to ambient air pollution (AAP) has been shown to in-
crease health risks by triggering oxidative stress and inflammation 
(1). Exposure may alter immune cell profiles (2), elevate levels of 
proinflammatory response across immune cell types (3), and lead to 
disorders linked with immune system dysfunction (4). Pregnant 
women are especially susceptible to AAP because increased respira-
tion rates and the higher oxygen demand for the developing fetus 
lead to greater inhalation and circulation of pollutants (5, 6). In-
creased susceptibility to adverse health effects of AAP may affect 
maternal and prenatal outcomes, including preeclampsia, low birth 
weight, and preterm birth (6). Furthermore, prenatal exposure is 
known to influence neurodevelopment and metabolic dysfunction 
during early childhood (7, 8).

Exposure to AAP during pregnancy can lead to cytokine dysregu-
lation and T cell polarization associated with epigenetic modifications 
(1, 2, 9). Aberrant expression of maternal cytokines can be related to 

fetal development failure and pregnancy complications (10, 11). Lim-
ited but recent studies suggest the possible association between mater-
nal environmental exposure and cord blood (CB) cytokines (11, 12). 
Therefore, it is important to understand the effects of prenatal AAP 
exposure on the association between maternal and neonatal responses, 
which have been underexplored.

Recent studies indicate that AAP can affect gene expression through 
epigenetic modifications in histone modification that regulates DNA- 
templated biological processes, including transcription, replication, and 
repair (13). Histone posttranslational modifications (HPTMs) also play 
a crucial role in maternal and fetal immune health by involving embryo 
implantation and placenta development (14). In particular, our recent 
review found that the epigenetic mechanisms have a larger impact 
when exposed to AAP in the first trimester of pregnancy (6). However, 
these studies cannot differentiate the affected cells, which is important 
in identifying specific targets to prevent and treat disease. Considering 
heterogeneity in epigenetic modifications linked to immune cellular re-
sponses, our approach to studying single cell–specific epigenetic 
changes in immune cells offers a distinct advantage to heretofore- used 
methods. Moreover, studies on the association between AAP and cell- 
specific histone changes during pregnancy have never been reported.

In previous studies, our group demonstrated that exposure to 
AAP during pregnancy is linked to a negative impact on T helper 
subsets involved in inflammatory responses. In addition, we and 
other researchers have recently reviewed the literature on the harm-
ful effects of AAP during pregnancy on maternal, fetal, and neonatal 
health (2, 6, 9, 15). Thus, we hypothesized that exposure to elevated 
PM2.5 (fine particulate matter ≤2.5 μm in diameter) during preg-
nancy might affect immune responses and molecular signaling 
pathways. Here, we studied the immunological responses and 
HPTMs at the single- cell level in pregnant women exposed to PM2.5, 
analyzing molecular profiling of blood features and identifying 

1harvard t.h. chan School of Public health, harvard University, Boston, MA, USA. 
2School of Public health, the University of texas health Science center at houston, 
houston, tX, USA. 3division of immunology and Rheumatology, Stanford Univer-
sity, Palo Alto, cA, USA. 4Sean N. Parker center for Allergy and Asthma Research, 
Stanford University, Palo Alto, cA, USA. 5School of Public health, University of 
california, Berkeley, Berkeley, cA, USA. 6Sonoma technology inc., Petaluma, cA, USA. 
7department of Medicine, University of california, San Francisco, San Francisco, cA, 
USA. 8california Air Resources Board, Riverside, cA, USA. 9department of Pediatrics, 
division of Neonatology, duke University School of Medicine, durham, Nc, USA. 
10department of Medicine, Stanford University, Palo Alto, cA, USA. 11department 
of Obstetrics and Gynecology, Stanford University, Palo Alto, cA, USA. 12depart-
ment of Medicine, institute for immunity, transplantation, and infection, Stanford 
University, Palo Alto, cA, USA. 13department of Microbiology and immunology, 
Stanford University, Palo Alto, cA, USA. 14Beth israel deaconess Medical center, 
Boston, MA, USA. 
*corresponding author. email: knadeau@ hsph. harvard. edu
†these authors contributed equally to this work.
‡Present address: Stanford University, Stanford, cA, USA.

copyright © 2024 the 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
distributed under a 
creative commons 
Attribution 
Noncommercial 
license 4.0 (cc BY- Nc). 

mailto:knadeau@hsph.harvard.edu


Jung et al., Sci. Adv. 10, eadp5227 (2024)     29 November 2024

S c i e N c e  A d v A N c e S  |  R e S e A R c h  A R t i c l e

2 of 17

aberrant features associated with PM2.5 exposure during the second 
trimester. Our study provides the first comprehensive analysis of the 
impact of AAP exposure on immune single- cell phenotypes and 
epigenetic alterations. This will enable the identification of specific 
markers for the treatment and prevention of diseases associated 
with AAP exposure during pregnancy.

RESULTS
Study participants were collected from Fresno and the Bay 
area in California
Table 1 presents characteristics of study samples from pregnant women 
(n = 168) living in Fresno, California, at approximately 20 weeks of 
gestation (range: 18 to 25 weeks) and age- matched nonpregnant 

women residing in Fresno or the Bay area in California (n = 151) (fig. 
S1). Most enrolled subjects were Hispanic for pregnant women 
(71.9%) while non- Hispanic white for nonpregnant women (44.8%).

Average PM2.5 exposure was calculated for each participant over 
1 week, 3, 6, and 9 months preceding blood collection (see details in 
Materials Methods section, “Air pollution exposure estimation and 
analysis;” table S1). The low- concentration exposure group was defined 
as having an average PM2.5 exposure below 12 μg/m3, the 2012 Envi-
ronmental Protection Agency (EPA) National Ambient Air Quality 
Primary Standard for PM2.5 levels (16). Figure 1 presents the schematic 
overview of the workflow applied to our study samples. An 80- plex 
custom Luminex assay with an EMD Millipore human cytokine panel 
was used to quantify 80 cytokines from the plasma (see details in Mate-
rials and Methods section, “Luminex”). Epigenetic landscape profiling 

Table 1. Demographic characteristics of the study participants. values for age are years in median ± Sd and those for ethnicity and history of clinical 
variables are in percentage.

Types of participants Characteristics Luminex EpiTOF

 Pregnant women Sample size (n) 167 36

 Age (median, years) 28.7 ± 6.1 28.5 ± 6.2

 Race and ethnicity*   

 hispanic (%) 71.9 72.2

 Non- hispanic white (%) 10.2 13.9

 Non- hispanic Black (%) 7.2 11.1

 Non- hispanic Asian or Pacific islander (%) 10.2 2.8

 Non- hispanic other races (%) 0.5 0

 current smoker (%) 0 0

 Sdi score (median)‡ 98.0 98.0

 history of asthma† (%) 22.0 16.7

 Nonpregnant women Sample size (n) 145 20

 Age (median, years) 27.1 ± 7.7 24.1 ± 6.8

 Race and ethnicity*   

 hispanic (%) 14.5 30.0

 Non- hispanic white (%) 44.8 10.0

 Non- hispanic Black (%) 3.4 50.0

 Non- hispanic Asian or Pacific islander (%) 24.8 10.0

 Non- hispanic other races (%) 12.4 0

 current smoking (%) 3.5 5.0

 Sdi score (median)‡ 51.0 89.0

 history of asthma† (%) 20.0 15.0

 Neonates Sample size (n) 33  

 Mother’s ethnicity*   

 hispanic (%) 81.8  

 Mother’s age (median, years) 29.67 ± 5.8  

 Prenatal smoke exposure (%) 0  

 Mother with gestational diabetes   

 Yes (%) 12.1  

 No (%) 69.7  

 Missing (%) 18.2  

*Participants used “hispanic or latino” to answer questions about both their race and ethnicity. For the analysis, individuals who identified their race or ethnicity 
as “hispanic or latino” or “Mexican American” were categorized as “hispanic.”  †history of asthma is self- reported asthma status.  ‡Sdi score is Social 
deprivation index (Sdi), a composite score (0-100) showing deprivation level in a geographic area. Sdi scores at the ZctA level were matched to the participant’s 
home address. A higher score indicates greater social deprivation.
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by cytometry by time- of- flight [EpiTOF, Cheung et al. (17)] was per-
formed per our previously published methods using samples from a 
subset of 36 pregnant and 20 nonpregnant women at the same time 
points matched for age. In addition, CB samples (n = 33) were collected 
from a subset of pregnant women for whom CB was available at birth. 
Average PM2.5 exposure for CB was calculated at 1 week, one, two, and 
three trimesters preceding CB collection (table S1).

Pregnant status modified the association between PM2.5 and 
IL- 1RA, IL- 8, IL- 18, and MIF and was significantly associated 
with 12 of 80 cytokines
To explore how exposure to PM2.5 affects cytokines differently in 
pregnant and nonpregnant women, we assessed the expression of 80 
proteins while considering the pregnant status, level of PM2.5 expo-
sure, and their interaction using a linear regression. For PM2.5 expo-
sure, we primarily focused on the 3- month window, which our 
previous studies identified as having the strongest effects on im-
mune and epigenetic changes (2, 9, 18). For sensitivity analysis, we 
also examined 1- week, 6- month, and 9- month exposure periods. 
We also adjusted for age, ethnicity, asthma status, social deprivation 
index (SDI) at zip code level, and batch effect, which were identified 
as potential confounding in our preliminary analysis.

Figure 2A illustrates how pregnancy status and PM2.5 exposure, 
separately and in combination, influence each of the 80 cytokine 
levels. After applying statistical corrections for multiple testing 
[false discovery rate (FDR) <  0.05], 12 cytokines significantly in-
creased during pregnancy. No cytokines were exclusively influenced 
by PM2.5 exposure alone. However, four cytokines demonstrated 

significant interaction effects, suggesting a complex relationship be-
tween pregnancy and PM2.5 exposure. Figure 2B delves into these 
four proteins by pregnancy status. In pregnant women, the expres-
sion levels of four markers that are normally increased in preg-
nancy, interleukin- 1RA (IL- 1RA) (Q = 4.04 × 10−4), IL- 8/CXCL8 
(Q = 1.82 × 10−0.2), IL- 18 (Q = 5.52 × 10−5), and migration inhibi-
tory factor (MIF) (Q = 3.60 × 10−4), were negatively associated with 
the level of PM2.5 exposure, indicating a potentially impactful inter-
action between PM2.5 exposure and pregnancy on these cytokines. 
Our sensitivity analysis, using different PM2.5 exposure windows, 
confirmed that the 3- month exposure window showed the stron-
gest association with cytokine levels (fig. S2). We found that 
long- term PM2.5 exposure significantly affected the IL- 7 (6 months: 
Q = 0.020; 9 months: Q = 0.034) and hepatocyte growth factor 
(HGF) (9 months: Q = 0.016) based on pregnant status.

CB from neonates with high maternal PM2.5 exposure is 
likely to have lower IL- 27 than that from those with lower 
maternal PM2.5 exposure
We examined cytokines in the CB of 33 neonates born to mothers 
exposed to varying levels of PM2.5 (fig. S3). Using multivariable re-
gression, we evaluated CB cytokine in relation to PM2.5 exposure lev-
els, considering the corresponding maternal cytokine levels, mother’s 
age, and ethnicity. We assumed that CB cytokine levels reflect corre-
sponding maternal cytokine levels, and this relationship varies on the 
basis of the extent of PM2.5 exposure. Because of the small sample 
size, we dichotomized exposure variables into low-  and high- exposure 
groups using average PM2.5 values of 1 week before CB collection and 

Fig. 1. Schematic overview of the workflow. 
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for the first, second, and third trimesters based on the EPA standard 
(see details in the method section). The primary focus was the aver-
age exposure during the third trimester, which is comparable to a 
3- month exposure window before CB collection.

Our analysis of 80 cytokines in neonates’ CB found third- 
trimester exposure window had the strongest impact on CB cyto-
kines (Fig. 3A and fig. S3, A to C). We found a significant positive 
correlation between 13 cytokines in CB and their corresponding 
maternal cytokine levels. We did not find any cytokines solely af-
fected by PM2.5 for each trimester- specific exposure window. To 
check the robustness of the analysis, a sensitivity analysis (fig. S3D) 
using a different cutoff point, using the 25th percentile, showed sim-
ilar results to the main findings in Fig. 3A. For the interaction term, 
we found that IL- 27 was significantly lower in the high maternal 
exposure group compared to the low exposure group, holding the 
mothers’ IL- 27 levels constant as shown in Fig. 3B.

Figure 4A highlights the coexpression profiles of cytokines in 
maternal- neonatal pairs under low and high PM2.5 exposure. The 
exposure group was defined using the third- trimester exposure win-
dow, which corresponds to approximately 3 months before the CB 
collection. Under high PM2.5 exposure, we observed a loss of strong 
correlations among maternal- neonatal pairs compared to the low 
exposure situation. Figure 4B specifically presents strong cytokines 
coexpression pairs that have opposite directions under low and high 
exposure (see Materials and Methods). Top three cytokines among 
pregnant women with the highest betweenness centrality (BC) were 

IL- 1RA (BC:382), macrophage- derived chemokine (MDC)/CCL22 
(BC:347), and macrophage colony- stimulating factor (M- CSF) 
(BC:338). These cytokines have been linked to maternal- fetal im-
mune tolerance, placental development, and pregnancy complica-
tions (19–21). The findings suggest that exposures to high PM2.5 
levels will likely dysregulate the maternal- fetal immune responses 
compared to a healthy state.

Exposure to PM2.5 alters the epigenetic profiles in the 
immune cells of pregnant women compared to 
nonpregnant women
We used an EpiTOF previously published by our group members, to 
profile 38 targeted HPTMs, at the single- cell level (17). Previously, 
we characterized and validated more than 150 commercial antibod-
ies to create two panels, each of them consisting of 18 acetylation 
and 20 methylation- based modifications (table S2) (17). EpiTOF 
enables us to measure global per- cell levels of 20 methylation and 18 
acetylation histone modifications in 11 specific immune cell types 
(see Materials and Methods), including hematopoietic progenitor 
cells (HPCs), plasmacytoid dendritic cells (pDCs), myeloid DCs 
(mDCs), natural killer (NK) cells, NKT cells, B cells, CD4 T cells, 
CD8 T cells, classical monocytes (cMOs), intermediate monocytes 
(iMOs), and non- cMOs (ncMOs). UMAP (Uniform Manifold Ap-
proximation and Projection) analysis, using all measured cell sur-
face markers as feature inputs (table S3) in the acetylation and 
methylation panels, shows that the immune cell clusters were 
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expected for both panels (fig. S4). In addition, single- cell UMAP 
analysis of histone acetylation and methylation showed that histone 
modifications mostly separated myeloid and lymphoid- lineage cells 
in both panels (Fig. 5A).
Exposure to PM2.5 significantly changes the cell type 
proportion of B cells and ncMOs
Both normal pregnancy and exposure to AAP are known to modu-
late immune cell profiles, yet understanding immune response 
changes associated with AAP exposure in pregnant women remains 
limited. We investigated whether changes in the composition of 11 

immune cells due to PM2.5 exposure varied by pregnancy status 
using a mixed- effect regression (see details in Materials and Methods). 
Figure 5B shows the differentiated impact of PM2.5 exposure on 
immune cell proportion levels, specifically B cells and ncMOs, 
modified by pregnancy status. For nonpregnant women, the high 
PM2.5 exposure group had a 3.6% (P = 0.02) higher proportion 
of B cells and a 0.86% (P =  0.01) lower proportion of ncMOs 
compared to those in the low exposure group. Conversely, among 
pregnant women, the high PM2.5 exposure did not significantly alter 
cell proportions.
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Fig. 5. Impact of PM2.5 on immune cell type proportion depending on pregnancy status. (A) Single- cell UMAP visualizations of histone acetylation and methylation, 
colored by cell type identity. (B) Frequency of immune cell subtypes in low and high PM2.5 exposure groups of pregnant and nonpregnant women. the y axis represents 
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Differential posttranslational epigenetic modifications were 
associated with PM2.5 exposure
In a multivariable mixed- effect regression using median values of 
HPTMs at each cell type as the dependent variable, we demonstrated 
an association between the PM2.5 exposure and the abundance of 
specific HPTMs in immune cell types differing between pregnant 
and nonpregnant women. Heatmaps illustrate the main effect of 
PM2.5, pregnancy, and their interaction from the mixed- effect re-
gression for each acetylation and methylation panel by 1 week, 
3 months, 6 months, and 9 months before blood collection (figs. S5 
and S6). As in our previous study, a 3- month exposure window 
showed the strongest results in both panels. Significant interaction 
effects were observed in H3K9ac (3 months: β = 0.004, Q = 0.010; 
6 months: β = 0.006, Q = 0.037), H3K23ac (3 months: β = 0.002, 
Q = 0.002; 6 months: β = 0.003, Q = 0.019), H3K27ac (3 months: 
β = 0.008, Q = 0.029), H2AK119ub (3 months: β = 0.004, Q = 0.049), 
and H4K20me1(3 months: β = 0.008, Q = 0.007; 6 months: β = 0.012, 
Q = 0.017; 9 months: β = 0.018, Q = 0.035) in cMOs; H3K9me1 
(3 months: β = 0.002, Q = 0.020), H3k9me2 (3 months: β = 0.007, 
Q = 0.020), and H4k20me3 (3 months: β = 0.006, Q = 0.048) in NKT 
cells; and H3K9ac (1 week: β = −0.002, Q = 0.027), H3K27ac 
(1 week: β = −0.004, Q = 0.15), and H4K5ac 1 week: β = −0.003, 
Q = 0.0.44) in mDCs. Our findings indicate that the correlation be-
tween PM2.5 exposure and HPTMs in specific immune cell types 
varies between pregnant statuses.

Figure 6 depicts the changes in HPTM abundance by PM2.5 ex-
posure windows in both groups for HPTMs with a significant inter-
action effect. For nonpregnant women, a general trend of decreasing 
abundance was observed with increasing 3- month average PM2.5 
exposure, notably for H3K9ac, H3K23ac, H3K27ac, and H4K20me1 
in cMOs and H4K20me3, H3K9me1, and H3K9me2 in NKT cells. 
Conversely, H2BK120ub in cMOs increased with high exposure in 
nonpregnant women. We also observed a positive association be-
tween the average weekly PM2.5 before blood collection and H3K9ac, 
H4K5ac, and H3K27ac in mDCs. These differences described in 
nonpregnant women were not observed in pregnant women, indi-
cating a dominant effect of pregnancy modifying the influence of air 
pollution in specific immune cells.
Altered HPTM co- modification profiles during pregnancy are 
due to PM2.5 exposure level
Understanding the co- modification of HPTMs is crucial to compre-
hend the regulation of HPTM function in specific cell types under 
given conditions. One recent study by Ganesan et al. (22) showed 
direct associations between HPTMs changing 30 days after vaccina-
tion, yet no investigation has explored whether exposure to PM2.5 
during pregnancy alters the co- modification of HPTMs. In this 
study, we examined the impact of PM2.5 on the co- modification pro-
file of HPTMs to identify changes in epigenetic regulations in preg-
nant women. We used a 3- month exposure window, which shows 
the strongest effect on epigenetic changes in previous analyses. The 
methods and parameters used in the co- modification profile con-
struction are detailed in Materials and Methods (see “EpiTOF: Net-
work preservation analysis”).

First, we calculated the preservation score, indicating the pro-
portion of HPTM co- modifications found in one cell type that is 
preserved in another (see details in Materials and Methods). Heat-
maps represent co- modification profiles differing across immune 
cell types and groups (Fig. 7). Figure 7A displays the preservation 

score for histone acetylation, and Fig. 7B depicts the preservation 
score for histone methylation across pregnant low- exposure (PL), 
pregnant high- exposure (PH), nonpregnant low- exposure (NPL), 
and non- pregnant high- exposure (NPH) groups. Heatmaps sug-
gest altered acetylation-  and methylation- associated regulatory 
profiles of immune cells under air pollution. Overall, immune cells 
displayed lower preservation scores in pregnant women, indicat-
ing less shared co- modification profiles with other immune cells, 
meaning, unique profiles. For instance, Fig. 7B shows lower pres-
ervation scores of immune cells with cMOs, indicating unique co- 
modification profiles. Conversely, iMOs or ncMOs show high 
preservation scores, meaning, overlapping profiles with other im-
mune cells. Our results suggest pregnancy and PM2.5 exposure sta-
tus are associated with immune system dysregulation, affecting 
HPTM co- modifications in immune cell types.

In the next step, we aim for a comprehensive understanding of 
potentially associated pathology by analyzing changes in biological 
pathways and their networks across all immune cell type groups. We 
identified HPTM co- modification networks using the NPL group as 
a reference, identifying each of three distinct modules, highly con-
nected groups of HPTMs that have common correlation patterns, 
for acetylation and methylation panels. We tested whether the mod-
ules were preserved between the low and high groups in pregnant 
and nonpregnant women, respectively (details in Materials and 
Methods). Table 2 presents P values from the module preservation 
test between groups, with P values below 0.05 considered preserved. 
We found the co- modulate of acetylation module (AM) 3 (H3K18ac, 
H2BK5ac, H3S10ph, H4K5ac, and H3K9ac) and methylation mod-
ule (MM) 3 (H3K27me1, Rme2sym, Rme2asy, and H3K27me2) 
were consistent between low and high exposure in both non-
pregnant and pregnant women. In addition, MM2 (H3K36me1, 
H3K36me2, H4K20me2, and H4K20me3) is preserved regardless of 
PM2.5 exposure level (high versus low) in pregnant women but not 
in nonpregnant women.

DISCUSSION
Our study investigated the impact of PM2.5 exposure on the mater-
nal immune programs, which are crucial for protecting the woman 
and fetus during pregnancy, including anti- inflammatory immune 
responses fostering maternal- fetal tolerance. Proinflammatory cyto-
kine responses during pregnancy are associated with adverse birth 
outcomes, potentially exacerbated by environmental stressors like 
AAP (6). Furthermore, histone modifications are key epigenetic 
regulators of cytokine expression (23). This study has uncovered the 
associations among PM2.5 pollutants, pregnancy, offspring, and ma-
ternal immune response using cytokines and HPTMs, and the im-
pact of AAP on maternal- neonatal immune response associations. 
Our data show that maternal PM2.5 exposure can alter circulating 
cell frequencies and the abundance and co- modification of cyto-
kines. In addition, PM2.5 was associated with the modulation of 
HPTMs in pregnant women compared to nonpregnant women. 
Evidence presented here suggests that maternal exposure to PM2.5 
may also affect CB levels of cytokines and distributions of specific 
immune cells. In addition, we identified the 3- month exposure win-
dow before the maternal blood or CB collection had the strongest 
impact on immune response and epigenetic changes compared to 
1- week, 6- month, and 9- month exposure windows.
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Fig. 6. An association between PM2.5 exposure and H2AK119Ub, H3K9ac, H3K23ac, H3K27ac, H4K5ac, H3K9me1/2 and H4k20me1/3 in pregnant women versus 
nonpregnant women across different exposure windows and cell types. Scatter plots of (A) 3- month window PM2.5 concentration versus the levels for h2BK120ub, 
h3K23ac, h3K9ac, and h3K27ac in cMOs; (B) 3- month window PM2.5 concentration versus the levels for h4K20me1, h4K20me3, h3K9me1 and h3K9me2 in cMOs; and 
(C) 1- week window PM2.5 concentration versus the levels for h3K23ac, h3K9ac, h4K5ac, and h3K27ac in mdcs, which had a significant interaction effect. Points and lines 
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PM2.5 exposure in pregnant women during the 3 months leading 
up to the second trimester (18 to 25 weeks) was associated with a sig-
nificant decrease of four cytokines (IL- RA, IL- 8/CXCL8, IL- 18, and 
MIF). Consistent with prior studies, nonpregnant women exposed to 
high PM2.5 have elevated trends in IL- RA, IL- 8/CXCL8, IL- 18, and 
MIF (24–26). While the studies on the effect of PM2.5 exposure on 
cytokine levels during pregnancy are scarce, previously, our group re-
ported that exposure to AAP is likely to increase the methylation lev-
els at specific CPG sites in the IL- 4, IL- 10, and interferon- γ genes 
in pregnant women, suggesting insights into potential mechanism 

behind the cytokine dysregulation (9). In addition, previous research 
on maternal levels of cytokines during pregnancy has reported that 
aberrant levels of IL- RA, IL- 8/CXCL8, IL- 18, and MIF during preg-
nancy are linked to complications such as preeclampsia and preterm 
birth (20, 27–30). Our sensitivity analysis using the different exposure 
windows also showed consistent outcomes. We observed that the 
9- month window was associated with a decrease in IL- 7, a cytokine 
linked to pregnancy loss, similar to recent findings (31).

Since there are limited data on the association between prenatal 
AAP exposure and fetal inflammation in humans, we conducted 
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Fig. 7. PM2.5 exposure affects the similarity of immune cell type–specific HPTM interactions. Module similarity is based on the proportion of hPtM interactions 
found in the row immune cells with strong evidence of preservation in the column immune cells. heatmap (A) represents the acetylation hPtMs and (B) shows the meth-
ylation hPtMs. Note that the preservation scores should be read horizontally. Figure 7 summarizes the proportion of significant and strong (rho > 0.5) comethylation and 
coacetylation profiles predicted in each cell type (row) that are preserved in the other cell types (column). Preservation scores are expressed as % preserved co- 
modifications and are color- coded from yellow (low) to blue (high).

Table 2. HPTM modules and model preservation. Modules within networks are groups of hPtMs that are tightly connected or coexpressed. to check whether 
the network topology of each module is preserved between groups, we run a permutation test. We considered a module to be preserved between two groups if 
a permutation test P value <0.05. descriptions for the abbreviations of histone modifications can be found in table S1.

Epigenetic marker 
Nonpregnant low versus high Pregnant low versus high

(P value) (P value)

 Acetylation Module 1 h2BK120ub, crotonylK, h3R2cit  0.236  0.292

Module 2 h4K16ac, h3K23ac, h3K56ac, AcetylK, gammah2AX  0.433  0.315

Module 3 h3K18ac, h2BK5ac, h3S10ph, h4K5ac, h3K9ac  0.049  0.039 

 Methylation Module 1 h3K4me3, h2A.Z, Rme1, h3K4me2, h3K9me1, ceNPA  0.708  0.716

Module 2 h3K36me1, h3K36me2 h4K20me2, h4K20me3  0.282  0.030 

Module 3 h3K27me1, Rme2sym, Rme2asy, h3K27me2  0.035  0.026 
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high- dimensional immunophenotyping in matched CB pairs with 
pregnant women in our cohort. Our findings suggest that prenatal 
exposure to high PM2.5 influences neonatal immune systems. Spe-
cifically, we found that pregnant women with high PM2.5 exposure 
had elevated levels of IL- 27, while their newborns had lower levels 
of IL- 27 in CB. IL- 27, known to increase considerably in CB den-
dritic cells upon Toll- like receptor ligation to support neonatal im-
mune response (32), was found to be lower in neonates with high 
prenatal exposure.

A successful pregnancy requires a healthy maternal immune sys-
tem to promote communication between the mother and fetus 
while maintaining tolerance toward the fetus and transferring pas-
sive immunity to the offspring. However, we found that PM2.5 expo-
sure can disrupt the normal relationship between cytokines in the 
mother and fetus, potentially leading to adverse pregnancy out-
comes due to the over-  or underexpression of specific markers. To 
maintain a healthy pregnancy, maternal and neonatal immune sys-
tems may regulate cytokine levels in response to PM2.5, potentially 
causing a lack of or weakened correlations between maternal- 
neonatal pairs under high PM2.5 exposure, as in Fig. 4A. However, it 
is important to acknowledge that the sample size of pregnant women 
and CB pairs in this study is small, which may result in limited 
statistical power.

Identifying how PM2.5 exposure alters cytokines can help us un-
derstand the biological mechanism by which AAP exposure affects 
immune responses during pregnancy. Cytokines often interact co-
operatively within and across biological pathways rather than solely 
affecting the immune system. Differential co- modification network 
analysis provides valuable information in identifying the important 
cytokines related to PM2.5 exposure in pregnancy. Our results sug-
gest that highly connected hub markers, including IL- 1RA, MDC/
CCL22, and M- CSF from CB, might play a critical immune regula-
tory role in the setting of high prenatal PM2.5 exposure. Aberrant 
levels of IL- 1RA in CB are associated with neonatal morbidity and 
adverse outcomes (20, 25). A recent study found that parental AAP 
exposure affects CCL22, a T helper 2–associated chemokine, levels 
shortly after birth (33). Furthermore, CB levels of the CCL22 are 
known to be associated with total immunoglobulin E or allergic sen-
sitization risk in asthma later in life (25, 34). Prenatal AAP exposure 
is likely to elevate levels of M- CSF, which play an essential role in 
placenta maintenance and lead to preeclampsia (35).

Using a unique and innovative technique to examine epigenetic 
changes at the single- cell level, we conducted EpiTOF to investigate 
histone modification at the single- cell level to understand molecular 
regulatory mechanisms potentially altered by air pollution during 
pregnancy. In nonpregnant women exposed to high PM2.5 levels, we 
observed a decrease in the circulating percentage of ncMOs and an 
increase in B cells compared to women exposed to low PM2.5 levels, 
consistent with previous studies indicating decreased monocyte 
counts and impaired phagocytosis and oxidative burst associated 
with PM exposure (36, 37). We did not observe the same trend in 
pregnant women. We propose that this finding in pregnant women 
may reflect the maternal immune system’s efforts to maintain a 
healthy pregnancy characterized by lower levels of B cells (38) and 
ncMOS (39).

We observed four histone acetylation sites—H3K23ac, H3K27ac, 
H3K9ac, and H2AK119Ub—in cMOs decreased with increased PM2.5 
exposure during the 3- month window before blood collection in non-
pregnant women, while no significant changes in pregnant women. 

H3K9ac is known to increase after short- term exposure to PM (40, 41) 
but is also known to be reduced in response to DNA damage (42). Our 
findings align with these patterns as we also found that PM2.5 expo-
sure during the week before blood collection was positively associated 
with H3K9ac in mDCs. H3K23ac and H2AK119Ub are, in general, 
understudied, including how they may be affected by AAP and preg-
nancy. In pregnant women, H3K23ac remained unchanged regardless 
of PM2.5 exposure, while a negative association was found in nonpreg-
nant women. According to a recent animal study, utero alcohol expo-
sure may lead to H3K23ac hypoacetylation in the fetal brain (43). 
Recent studies link H3K23ac to cancer, learning and memory impair-
ment, and obstructive sleep apnea (44–46). Studies have shown that 
healthy placentas and placentas with fetal growth restriction have dif-
ferent H3K27ac profiles (47). In addition, a recent study found that 
H3K27ac profiles are affected by air pollution. However, there are no 
studies that have considered the effects of pregnancy and air pollution 
together on pregnancies (48). On the basis of previous studies, we can 
infer the potential impact of PM2.5 on pregnant outcomes. However, 
further research is necessary to fully understand the implications of 
this altered response compared to nonpregnant women.

We also found that four histone methylation sites, H4K20me1 in 
cMOs and H4K20me3 and H3K9me1/2 in NKT cells, were signifi-
cantly lower in nonpregnant women with high exposure but not in 
pregnant women. Decreases in H4K20me1 are known to be related to 
DNA damage accumulation (49). The knockdown of poly(adenosine 
diphosphate–ribose) polymerase 1 (PARP1) increases SET8 protein 
levels, which mediate the regulation of H4K20 monomethylation, 
leading to aberrant H4K20me1.(50) Our previous work found that 
PARP1 can be affected by wildfire smoke, often containing PM (51). 
Further, a study on polybrominated diphenyl ethers exposure showed 
that decabromodiphenyl ether (BDE- 209), often found in PM2.5, low-
ers the levels of SETD9/H4K20me1 and activates the upstream sig-
naling of DNA damage response (DDR) (Mre11/Rad50/NBS1) (52). 
PR- SET7–mediated H4K20me1/3 is critical in suppressing endoge-
nous retroviruses at trophoblasts to prevent double- stranded RNA 
stress, excessive interferon response, and necrosis. Moreover, dys-
regulation of H4K20me1 can result in recurrent miscarriage (53). 
While no study has investigated the impact of PM2.5 exposure on 
H4K20me1/3 during pregnancy, it may be reasonable to assume that 
pregnant women’s H4K20me1 levels remain stable to protect their ba-
bies. In addition, studies on the H3K9me1/2 in the context of AAP 
and pregnancy are limited; a recent study suggested that oxidative 
stress in the intrauterine environment is likely to induce aberrant 
H3K9me1/2 levels in placental trophoblasts in preeclampsia (54). 
Therefore, AAP exposure in mothers might trigger oxidative stress, 
leading to abnormal histone levels.

This study uses a network approach to understand the co- 
modification between HPTMs, which is not captured with a tradition-
al approach. We found that cross- immune cell HPTM co- modification 
profiles varied depending on pregnancy and exposure status, suggest-
ing that AAP exposure may influence chromatin structure and gene 
expression differently based on pregnancy status. Notably, monocytes 
exhibit intriguing characteristics in this regard. Our previous study 
found that PM2.5 contributes to trained immunity in monocytes (55). 
Thus, the differences in co- modification by PM2.5 exposure level in 
monocytes might relate to trained immunity, which relies on histone 
modification and is induced by epigenetic reprogramming (56).

We further test whether HPTM modules were preserved across 
PM2.5 exposure levels. AM3, related to the opening and relaxation of 
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chromatin structure to promote active transcription, was preserved 
between low-  and high- exposure groups. AM1, related to transcrip-
tional regulation, and AM2, related to DDR, were not. AAP expo-
sures are known to cause changes in the transcriptomic profile due 
to epigenetic changes and DDR, which may affect the interactions of 
HPTMs in those modules. Among MMs, MM3, related to transcrip-
tional regulation, was preserved regardless of exposure and preg-
nancy status. In addition, MM2, related to DNA repair, was only 
preserved in pregnant women. Histone modifications are important 
for gene expression and epigenetic regulation. Our results indicate 
that PM2.5 exposure–induced alterations in gene expression and epi-
genetic regulation can vary by pregnant status. However, further 
research is required to explore how changes in these interactions 
between HPTMs can affect immune response during pregnancy.

One of the strengths of our research is the inclusion of age- 
matched, nonpregnant participants as controls, allowing us to study 
how AAP affects the maternal immune system while considering 
natural pregnancy- related changes in cytokine and HPTM levels. 
Our analyses identified several previously unidentified associations 
between maternal AAP exposures and cytokine and HPTM levels, 
using 3- month exposure periods based on our previous studies 
(2, 9, 18). Our sensitivity analysis, using another exposure window, 
also showed that the 3- month period that is the most relevant to im-
mune and epigenetic changes. However, future research should in-
vestigate the impact of cumulative or multiple pollutants exposure, 
which may affect the mechanism of exposure. Prior air pollution 
health studies typically include adults over a broad range of demo-
graphics and lack appropriate controls. Here, we specifically investi-
gated the second trimester, often characterized by a predominant 
anti- inflammatory maternal immune response crucial for maintain-
ing a healthy pregnancy. Moreover, analysis of matched CB plasma 
of neonates born to pregnant women in our study enabled us to ana-
lyze cytokine expressions as a function of maternal exposure to air 
pollution. Using a custom human 80- plex assay, we were able to per-
form simultaneous and comprehensive quantification of 80 cyto-
kines in this study. In addition, this study investigated previously 
unreported associations of immune cell–specific histone (methyla-
tion and acetylation) levels with AAP exposure during pregnancy. 
Last, our use of the network analysis provided insights into the regu-
latory mechanisms underlying changes in the interactions between 
cytokines or HPTMs due to AAP exposure, which was not captured 
by standard approaches.

Our study recognizes some limitations and challenges in interpret-
ing results. First, estimated PM2.5 exposure was based on residence- 
based inverse distance–weighted interpolation from the EPA air quality 
monitoring stations. Although we did validate our data with the high- 
resolution data (57), we did not compare other studies using different 
modeling methods for exposure assessment. In addition, the lack of 
personal exposure data and information on potential confounders or 
modifiers, such as outdoor activity, individual- level socioeconomic sta-
tus (SES), and PM2.5 chemical compositions, may introduce a bias or 
misclassification. Blood draws occurred across different seasons but 
using a 3- month exposure window rather than a single time point led 
us to conclude that simply using the four seasons to control for season-
ality does not accurately reflect the seasonal variations in environmen-
tal exposure levels. To address the limited availability of individual- level 
SES data, we use the area- level SES, which is recommended and com-
monly used in the AAP studies (58, 59). Another limitation is that 
pregnant women were from Fresno, while nonpregnant women were 

from Fresno or the Bay Area in California, which may lead to potential 
selection bias. However, we did not find distinct patterns in cytokine or 
histone modification levels by geographic location, and we control po-
tential confounding in our statistical analysis to mitigate this differ-
ence. However, caution is warranted when interpreting the results. 
Other limitations include a lack of adjustment for clinical information 
of pregnant women and birth outcomes, which could contribute to cy-
tokine levels of CB and potentially confound results. In addition, ma-
ternal blood samples were collected at a single mid- pregnancy time 
point, limiting the generalization of conclusions to other pregnancy 
periods regarding inflammatory cytokines and HPTMs in response to 
AAP exposures. EpiTOF offers insights into global epigenetic states at 
a single- cell level, but it lacks locus- specific information. Integrating 
EpiTOF with single- cell assay for transposase- accessible chromatin 
(ATAC) sequencing and/or cellular indexing of transcriptomes and 
epitopes by sequencing/single- cell RNA sequencing in future studies 
could enhance understanding of epigenetic processes due to air pollu-
tion by identifying HPTM combinations associated with chromatin 
accessibility or transcriptome profiles in a given cell type during differ-
ent immunological states. Despite its limitations, EpiTOF is a powerful 
tool that provides multiplexed analysis of chromatin modification in 
single cells and offers single- cell resolution and multilayered informa-
tion. In conclusion, we found that exposure to PM2.5 was significantly 
associated with cytokines and HPTM responses in pregnancy, and this 
association could be due to a competing effect between exposure and 
the maternal immune response, which is altered during pregnancy to 
potentially prevent adverse pregnancy outcomes.

MATERIALS AND METHODS
Sample and data collection
Blood samples were collected from pregnant women (n = 168), ap-
proximately 20 weeks into their pregnancy, living in Fresno, Califor-
nia, a city with high air pollution. Neonatal samples (n = 33) were 
also collected from a subset of the pregnant women. Blood samples 
from age- matched nonpregnant women (n = 151), a control group 
in the analyses, were collected from Fresno and the Bay Area in 
California. None of the homes used wood burning, and the partici-
pants had infections or other acute or chronic medical conditions or 
were on medications that could modify the immune system. In ad-
dition, no pregnant women were currently smoking.

An 80- plex Luminex assay with an EMD Millipore human cyto-
kine panel was used to quantify cytokine levels in the plasma sam-
ples of the pregnant women, nonpregnant women, and CB plasma 
of the neonates that match the pregnant women. We used a subset of 
samples from the pregnant women (n = 36) and nonpregnant wom-
en (n = 20) for EpiTOF. We quantified 14 surface markers and 38 
posttranslational modifications of histone tails (HPTMs) in the 
plasma samples of pregnant and nonpregnant women.

Guidelines and ethical statement
All participants in this study gave written informed consent for 
the protocol that was approved by Stanford University’s Institu-
tional Review Board (Ethics approval number 28263). This study 
was conducted following the Declaration of Helsinki, which cov-
ers informed consent, privacy and confidentiality, ethical consid-
erations, and assessment of any risks. This study followed all 
relevant guidelines of clinical research, including clinical value, 
scientific validity, fair subject selection, favorable risk- benefit 
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ratio, independent review, informed consent, and respect for po-
tential and enrolled participants.

Air pollution exposure estimation and analysis
Average air pollutant exposures were calculated for each participant 
over a 3- month period before the blood sample was collected. The 
3- month exposure windows before the blood draw were selected on 
the basis of our prior research because this time frame is associated 
with the strongest effect on immune and epigenetic changes (2, 9, 18). 
The 3- month exposure window before CB collection corresponded 
to the exposure period during the third trimester of pregnancy. To 
calculate each trimester, we used the date of the CB collection and 
the number of weeks of gestation at the time of the mother’s blood 
collection. For the sensitivity analysis, we included the exposure win-
dow of 1 week, 6 months, and 9 months before the blood draw to 
calculate the average PM2.5 exposure. The CB analysis used the expo-
sure window of 1 week before a CB collection date, as well as the first 
and second trimesters. We modeled outdoor residential air pollution 
exposure to PM2.5 using air quality data collected at outdoor moni-
tors from the US EPA Air Quality System, applying inverse distance–
squared weighting. EPA’s Air Quality System offered provided hourly, 
quality- assured ambient pollutant concentrations from on- site mon-
itoring stations, with daily summary PM2.5 Federal Reference Meth-
ods/Federal Equivalent Methods Mass (88101) data available from 
2010 through 2020, covering the time window of our study. First, we 
checked the participants’ residential addresses (street addresses, cit-
ies, zip codes, and states) obtained through a self- report survey and 
consent form. For the pregnant women study, we additionally col-
lected residential address history with residential periods. For indi-
viduals with missing information or incorrect addresses in the 
database, we cross- checked the information using their hard copy 
consent forms from clinic visits. Participants with missing informa-
tion were excluded (n = 9) from our study. We primarily used street 
addresses to convert their residential locations into latitude and lon-
gitude using the R package ggmap and the Google Application Pro-
gramming Interface key. If the geographic location did not convert to 
latitude and longitude due to incorrect information (e.g., incorrect 
zip code), we manually verified them using the map. Furthermore, 
we confirmed that no residential mobility occurred during the 
3 months leading up to blood sample collection. For interpolation, 
we considered up to four closest stations within 50 km of the partici-
pant’s address, excluding stations near roads. We have excluded near- 
road sites because the near- road data are only representative of 
conditions in a narrow band along major roadways/freeways. In ad-
dition, we have excluded the exceptional event data from the monitor 
PM2.5 values, which were flagged by the monitor report. If the nearest 
monitor is within 0.25 km, we only use data from that monitor. Most 
of our study population lives within 10 km of the EPA stations (fig. 
S1A). We calculated the distance between a participant and stations 
and calculated the weighted concentration using PM2.5 measurement 
from the closest station. In addition, we verified our estimates with 
the high spatiotemporal resolution PM2.5 data (10- km grid, 2000 to 
2016) from Di et al. (57, 60) using our study samples that overlapped 
with their time period. The Pearson correlation indicated that our 
estimates are consistent (ρ = 0.97) (fig. S1B).

Blood processing
We extracted human peripheral blood mononuclear cells (PBMCs) 
and plasma from the collected blood sample using a Ficoll procedure, 

allowing rapid and efficient isolation of mononuclear cells and stor-
ing them in liquid nitrogen and at −80°C per published tech-
niques (61).

Luminex
Luminex assay
Luminex- EMD Millipore Human 80 Plex kits: This assay was per-
formed by the Human Immune Monitoring Center at Stanford Uni-
versity. Kits were purchased from EMD Millipore Corporation, 
Burlington, MA, and run according to the manufacturer’s recommen-
dations with the following modifications: H80 kits included three 
panels: Panel 1 was Milliplex HCYTA- 60 K- PX48. Panel 2 was Milli-
plex HCP2MAG- 62 K- PX23. Panel 3 included the Milliplex 
HSP1MAG- 63 K- 06 and HADCYMAG- 61 K- 03 (resistin, leptin, and 
HGF) to generate a nine- plex. The assay setup followed the recom-
mended protocol: Briefly, samples were diluted 3- fold (panels 1 and 2) 
and 10- fold (panel 3). Twenty- five microliters of the diluted sample 
was mixed with antibody- linked magnetic beads in a 96- well plate 
and incubated overnight at 4°C with shaking. Cold and room tem-
perature incubation steps were performed on an orbital shaker at 500 
to 600 rpm. The plates were washed twice with wash buffer in a BioTek 
ELx405 washer (BioTek Instruments, Winooski, VT). Following 
1 hour of incubation at room temperature with a biotinylated detec-
tion antibody, streptavidin- phycoerythrin was added for 30 min with 
shaking. The plates were washed as described above, and phosphate- 
buffered saline (PBS) was added to wells for reading in the Luminex 
FlexMap3D Instrument with a lower bound of 50 beads per sample 
per cytokine. Each sample was measured in a single well. Custom As-
say Chex control beads were purchased and added to all wells (Radix 
BioSolutions, Georgetown, Texas). The wells with a bead count <50 
were flagged, and data with a bead count <20 were excluded.
PCA and ComBat
To identify the potential batch and confounder effect, we used prin-
cipal components analysis (PCA) to determine the significant sources 
of variation. We included age, batch, race/ethnicity (Hispanic white, 
non- Hispanic white, and non- Hispanic others), whether having asth-
ma (yes, no, and do not know), PM2.5 exposure levels (μg/m3), zip 
code level SDI score, and pregnancy states. We found batch effects 
account for a significant source of variation in the data along with 
race/ethnicity, age, asthma, and SDI score. To adjust the batch effect 
in the data, the ComBat was applied using the sva package in R. After 
implementing the ComBat, the PCA results showed that the batch 
effect was removed. Age, race/ethnicity, asthma status, and SDI score 
were included as confounders in the model. (fig. S5A).
Multivariable linear regression analysis
To investigate the association between PM2.5 levels measured 3 months 
before the blood draw and the 80 cytokine and chemokine marker 
levels in pregnant women compared to nonpregnant women, we 
used multivariable linear models at the person- level that included 
pregnant status, (pregnant versus nonpregnant) PM2.5 (μg/m3, con-
tinuous), the interaction between pregnant and PM2.5, age (continu-
ous), ethnicity (Hispanic versus not Hispanic), age, asthma status 
(yes versus no), and zip code level SDI score. Because of a lack of 
individual- level SES, we used the SDI score, a composite measure of 
area- level deprivation based on seven demographic characteristics, 
collected in the American Community Survey: percent living in 
poverty, percent with less than 12 years of education, percent single- 
parent households, the percentage living in rented housing units, 
the percentage living in the overcrowded housing unit, percent of 
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households without a car, and percentage nonemployed adults un-
der 65 years of age (62). Moss et al. (58) suggested that area- level 
SES measured at smaller geographic units can be the best option 
when the individual- level SES is not available. We additionally used 
the 1 week, 6 months, and 9 months to calculate the average PM2.5 
levels for the sensitivity analysis.

Next, to investigate that the impact of PM2.5 levels during the 
third trimester affects the correlation between immune biomarkers 
in CB and pregnant women, we used a multivariable regression 
model for 33 pairs of pregnant women and CB samples. The level of 
cytokine in CB is a function of the level of matching cytokines in 
CB’s mother, PM2.5 exposure level (low versus high; the cutoff point 
is 12 μg/m3), the interaction between the mother’s matching cyto-
kine level and PM2.5, mother’s age, ethnicity (Hispanic versus not 
Hispanic), asthma status, and SDI score. Because of the small sam-
ple size, we dichotomized PM2.5 exposure using the 2012 EPA Na-
tional Ambient Air Quality Standards for PM2.5, which is set at 
12 μg/m3 to protect public health. We categorize the low- exposure 
group as below the 12 μg/m3 cutoff point, although this level does 
not indicate as safe to AAP. We hypothesized that the exposure level 
affects immunity passed from mother to baby by including interac-
tion terms between exposure and maternal expression markers dur-
ing pregnancy. We additionally used the 1 week, first trimester, and 
second trimester to calculate the average PM2.5 levels for the sensi-
tivity analysis. We also used an alternative cutoff point (12 μg/m3) 
for the EPA standard to check the robustness of the main results of 
the CB analysis: We used the 25th quartile (11.14 μg/m3) of expo-
sure levels in the third trimester of pregnancy to separate the low-  
and high- exposure groups.

For both models, we used FDR correction to correct for multiple 
testing. We used a Q value to denote the adjusted P value across all re-
gression models, and Q < 0.05 was considered statistically significant.
Differential coexpression network analysis
To investigate the cytokines interactions between maternal- neonatal 
pairs exposed to low and high PM2.5, we used differential coex-
pression network analysis following the methodology outlined in 
Pettersen and Almaas (63). We first calculated the Pearson correlation 
between each pair of cytokines separately for the low-  and high- 
exposure groups. We then used the csdR package [v.1.4.0] to calcu-
late the differentiated scores by comparing the value of the mean 
correlation and SDs from the low-  and high- exposure groups. By us-
ing Conserved, Specific, and Differentiated approach, we calculated 
the differentiated (D) score, representing coexpression in both low 
and high exposures, but with the opposite sign, to estimate the dif-
ferentiated effect of PM2.5 on maternal- neonatal coexpression. To 
identify the cytokine pairs with the highest value for D score, we used 
the cutoff point using an inverse of the common importance level 
P =  0.01. Using the list of markers, we generated a network that 
shows the strong interactions present in both low-  and high- exposure 
groups but with opposite signs. The size of the nodes in the network 
indicates the number of connections between cytokines.

EpiTOF
Detailed protocols for EpiTOF sections, including lanthanide labeling 
of antibodies, mass cytometry, immune cell population definitions 
and data preprocessing, fluorescence- activated cell sorting (FACS) 
and Western blotting, and data processing and normalization are de-
scribed in Cheung et al. (17). We followed these methods precisely in 
our study. Here, we provide a brief summary of the protocol.

Lanthanide labeling of antibodies for mass cytometry
Antibodies were conjugated using lanthanides from tables S3 and 
S4 using the MAXPAR antibody labeling kit (Fluidigm). Tris- (2- 
Carboxyethyl)phosphine, Hydrochloride (TCEP) (Thermo Fisher 
Scientific) was added to create sulfhydryl groups for maleimide- 
mediated conjugation of metal- chelating polymers. Conjugated 
antibodies were diluted in antibody stabilizing solution (Boca Sci-
entific) with sodium azide (Sigma- Aldrich) for storage.
Mass cytometry (sample processing, staining, barcoding, and 
data collection)
Briefly, cryopreserved PBMCs were thawed and incubated in RPMI 
1640 media with 10% fetal bovine serum at 37°C for 1 hour. After 
adding 10 μM cisplatin for viability staining, the cells were quenched 
with cytometry by time of flight (CyTOF) buffer and centrifuged. 
They were then stained with lanthanide- labeled antibodies against 
immunophenotypic markers, washed with CyTOF buffer, fixed in 
1.6% paraformaldehyde, centrifuged for post- fixation, permeabi-
lized with methanol, and processed for mass- tag sample barcoding. 
Intracellular staining was performed overnight in CyTOF buffer, 
followed by staining with 250 nM 191/193Ir DNA intercalator. The 
cells were washed, filtered, and analyzed on the CyTOF2 in Stanford 
Shared FACS Facility. Raw data were concatenated and normalized 
using calibration beads for down streaming processing.
Immune cell population definitions and data preprocessing
Raw data were preprocessed using FlowJo (FlowJo LLC) to identify 
cellular events through palladium- based mass tags and to isolate 
specific immune cell populations using immunophenotypic mark-
ers. Single- cell data for different immune cell subtypes in individual 
subjects were exported from FlowJo for downstream computation-
al analyses.
FACS and Western blotting
Fresh PBMCs or cells recovered from cryopreservation were resus-
pended in PBS and incubated for viability staining, quenched with 
CyTOF buffer, centrifuged, and resuspended in CyTOF buffer con-
taining antibodies against immunophenotypic markers. Cells were 
sorted on the basis of markers for cell types (table S.3). FACS was 
performed on sorters in Stanford Shared FACS Facility. Sorted cells 
were collected, centrifuged, and resuspended in 5× SDS sample 
buffer, and sonicated to obtain homogenized lysates for Western 
blot analysis.
Data processing and normalization
Single- cell chromatin data were normalized to basal levels of his-
tone proteins to account for variations in mark levels due to chang-
es in global amounts of chromatin. We used a multivariable linear 
regression model for each chromatin mark across all cell types and 
subjects. The normalized chromatin score is the residual of the re-
gression. Normally distributed residuals suggest that the model fits 
the data. For each chromatin mark, we calculated the mean level of 
the mark in each cell type across all subjects.
UMAP analysis
For the UMAP analysis using the cell surface markers listed in 
table S3, a maximum of 5000 cells for each cell type were sub-
sampled to ensure consistency as the proportions of immune cell 
types in PBMCs vary. For the cell type–specific UMAP, either 5000 
cells or the total number of cells of that specific cell type were 
used, with the epigenetic modification markers shown in table S3. 
The analyses were performed separately for the acetylation and 
methylation panels. All analyses were conducted using the uwot 
package (v.0.1.10).
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Principal components analysis
PCA was used to determine sources of significant variation and de-
tect potential batch and/or confounding effects. We included age, 
batch, race/ethnicity (Hispanic white, non- Hispanic white, and 
non- Hispanic others), whether having asthma (yes, no), PM2.5 ex-
posure levels (microgram per cubic meter), pregnancy status, and 
SDI score. (fig. S7B).
Mixed- effect regression analysis
To evaluate the association between PM2.5 levels measured 3 months 
before the blood draw and (i) the cell type proportion and (ii) 
HPTM levels, a multivariable mixed- effect model was performed. 
Cell proportion was computed as the proportion of each immune 
cell type for every individual. The association between cell propor-
tion and PM2.5 exposure during pregnancy was estimated, consider-
ing pregnant status, PM2.5 exposure status (low versus high), the 
interaction term of these two factors, age, asthma history, ethnicity, 
and random effects for batch and panels. We reported an unadjusted 
P value, and P < 0.05 was considered statistically significant.

The association between the cell- specific HPTM levels and PM2.5 
across pregnant status was measured using the mixed- effect model, 
including pregnant status, PM2.5 exposure status (microgram per 
cubic meter), the interaction term of these two factors, age, asthma 
history, and random effects for batch. We included age and asthma 
history, as these were the most significant factors affecting epigene-
tic changes. We used the average PM2.5 levels for 1 week, 6 months, 
and 9 months before the blood collection for the sensitivity analysis. 
To correct for multiple testing, we use FDR correction. We used a Q 
value to denote the adjusted P value across all models, and Q < 0.05 
was considered statistically significant.
Network preservation analysis
Initially, we prepared the dataset by converting the single- cell level 
data into sample- wise data. We calculated the median value of 
HPTM for each sample and immune cell type, subsequently group-
ing the samples on the basis of pregnant status and PM2.5 exposure 
levels into four datasets: PL, PH, NPL, and NPH groups. Using these 
datasets, we conducted edge and module preservation analysis.

For edge preservation, we followed Ritchie et al. (2016) to examine 
whether the discovered co- modification profile within an immune 
cell type was preserved across other immune cells (64). We construct-
ed the Pearson correlation matrices from each dataset, retaining only 
strong and significant correlations between pairs of HPTMs (rho > 
0.5 and P value <0.05). These matrices were converted into network 
matrices using the graph.adjacency function from igraph R packages 
(v.1.5.1). Total edge counts were then calculated for each cell type and 
group. To test whether the co- modification profiles within one im-
mune cell type were preserved in others, we applied the intersection 
function to calculate shared edge numbers. By comparing the total 
edge and shared edge, we were able to calculate the proportion of pre-
served edges across different cells. For example, if B cells and CD4+ T 
cells shared five edges of B cells’ total 20 edges, then 25% of co- 
modifications in B cells were preserved in CD4+ T cells.

Regarding module preservation, we first identified co- modification 
histone sets with similar expression patterns using the mclust (v.6.0.1) 
R package for model- based clustering. The PL dataset served as the 
reference group for model- based clustering, resulting in three distinct 
modules for each acetylation and methylation panel. With modules 
from the PL dataset, we used NetRep, a rapid and computationally 
efficient method with a permutation approach, to test the module 
preservation across different groups (PL, PH, NPL, and NPH). 

NetRep analysis involved calculating Pearson correlation matrixes 
and network edge matrixes for each group. For the network edge ma-
trixes, we only considered the strong (rho > 0.5) and significant 
(P value < 0.05) correlation between HPTMs. We tested the impact of 
PM2.5 exposure on module preservation by comparing (i) PL and PH 
and (ii) NPL and NPH. Therefore, we tested whether each module is 
preserved between low and high PM2.5 exposure groups by estimating 
permutation P values with 10,000 permutations per test. In our study, 
module preservation was determined whether permutation test P values 
below 0.05. More details on the permutation test from NetRep can be 
found in the Ritchie et al. paper (64).

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
tables S1 to S4
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