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Abstract

Salivaisawidely used sample in epigenetic research with children dueto its non-
invasive nature. Since DNA methylation (DNAm) profileis cell type (CT) specific, salivary
DNAm associations with exposures may be influenced by CT compositions, which is highly
variable in saliva as it contains immune and buccal epithelial cells (BEC). Reference-based CT
deconvolution and statistically adjusting estimated CT in DNAm analyses have become an
increasingly common practice. However, careful examinations of how different reference panels
may affect DNAm results and alternative approaches (e.g., stratification) are lacking. To
scrutinize the best analytical strategies on pediatric salivary DNAm, the current study used 529
salivary DNAm samples obtained from children (mean age = 7.26 years, SD = 0.26 years) in the
Family Life Project. Our results showed higher estimated CT variability with child than adult
reference panels and highlighted the impact of these estimated CT discrepancies on DNAmM
associations with social variables (socioeconomic status). Stratifying salivary DNAm samples by
BEC proportions detected alarger number of significant associations with biological variables
(sex) and tissue-specific effect with cotinine level, a tobacco smoke-exposure biomarker. We
provide analytical recommendations for future epigenetic research involving pediatric saliva

samples.

Keywords: pediatric saliva; DNA methylation; cell type heterogeneity; epigenome-wide

association study; reference-based cell deconvolution
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Considerationsfor Cell Type Heterogeneity in Pediatric Salivary DNA Methylation
Analyses: Comparison of Reference Panels & Stratification by Estimated Cell Type

Proportion

Epigenetics has gained increasing interest as a potential biological mechanism through
which environmental exposures and other biopsychosocial factors can contribute to long-term
health and development. DNA methylation (DNAM) is an epigenetic mark that iswell-
characterized, easily accessible, establishes and maintains cellular identity, and commonly
studied in humans (Jones et al., 2018). Most human DNAmM research involves bulk tissues, which
are composed of different cell types (CTs). Since DNAm isintegral in cdlular differentiation
and maintenance, each CT has a distinct DNAm profile, and therefore DNAmM associations with
environmental exposures and health states are highly CT-specific (Jones et al., 2018). To address
thisissue, CT proportions can be bioinformatically estimated from DNAm data with areference
panel and adjusted for in an EWAS model (Langie et al., 2017; Middleton et al., 2022; Zheng et
al., 2018). Tissue- and occasionally developmentally-specific (i.e., pediatric vs. adult) CT
reference panels were developed for accurate CT estimationsin different tissue sources. As such,
one key consideration in epigenome-wide association studies (EWAYS) identifying DNAm links
to exposures isto account for cellular heterogeneity in statistical analyses, among other

biological and technical covariates known to drive DNAm variations (Qi & Teschendorff, 2022).

In most human studies, DNAm are obtained from easily accessible, heterogenous,
peripheral surrogate tissues. Oral samples, like saliva, are preferred in biosocial and/or
epidemiological research involving children since collection methods are minimally invasive,

create low levels of discomfort, and are more accepted by parents (Hamilton et al., 2022;

Nemoda, 2020). Additionally, it can be collected at home and mailed at room temperature,

resulting in lower demand on technical training (Nemoda, 2020). Although saliva as a biological
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sample has unique strengths and has generated considerable opportunitiesin pediatric DNAmM
investigations, its high CT heterogeneity presents an analytical challenge that needs to be
addressed to ensure rigorous DNAmM analyses.

Salivais composed of a heterogeneous cell population, containing both buccal epithelial
cells (BECs) from the oral mucosa and immune cells, including those resides in the mucosal
immune system and others that translocate from blood vessels into the oral cavity (Nemoda,
2020). Furthermore, salivary cellular composition is highly variable across individuals, ranging
from 20 and 100% of BECs (Thedaet al., 2018), which could potentially be explained by social
exposure and oral hygiene (Slavish et al., 2015; Tsukamoto & Machida, 2014). Importantly,
salivary CT proportion can also vary across the lifespan (Wong et al., 2022). Specifically, BEC
proportion decreases while immune cells proportion increases with age potentially, in part, due
to increasing prevalence of gingivitis and other oral health issues (Merrill et al., 2024; Theda et
al., 2018; Wong et al., 2022). Alternatively, such proportional change may be a result of cellular
structural differences such as changesin the shape of oral neutrophils with age (Merrill et al.,
2024). Therefore, DNAmM markers associated with these cells could also be different with age.

Since salivary CT composition and the DNAmM markers associated with CTs could
potentially be developmentally sensitive (Wong et al., 2022), the age of the samples with which
the reference panels were devel oped could be highly relevant to salivary CT proportion
estimation. Choosing reference panels developed from samples most characteristically similar to
the study samples could help improve the accuracy of CT proportion estimation and enhance the
parsing of DNAm variation contributed by CT proportion variability. The reference panel
primarily used for estimating CT proportionsin salivais a reference constructed from eleven
adult epithelial cell lines (EpiFiblC reference) available in the EpiDISH R package (Zheng et al.,

2018). Recently, areference panel specific to pediatric saliva was developed on 22 children’s
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salivary samples (aged 7-16 years) (Middleton et al., 2022). When compared across the two
reference panels with the same salivary DNAm, BEC proportion estimated with the child saliva
reference panel was significantly lower and had a greater range than that estimated with the adult
reference pand (Middleton et al., 2022). Such discrepancies were speculated to impact
downstream DNAmM analyses and the identification of differentially methylated sitesin saliva
(Langieet a., 2017).

Given the large range and variability of CT proportions in pediatric saliva, research must
also question whether statistically adjusting estimated CT proportionsin DNAmM analysesis
sufficient. One could speculate that a saliva sample with 0% BECs (and 100% immune cells)
will behave more similarly to tissues of primarily immune cell composition, like blood, while
those with 100% BEC may be more similar to tissues with a largely epithelial compositions, such
as cheek swabs. Therefore, the differences between these salivary samples may even parallel
tissue differences. Thisissue likely has a differential impact on DNAm analyses depending on
the variable of interest and could be particularly pertinent for variables of interest that may
mainly affect a specific tissue or are more strongly associated with acertain CT. For example,
some exposures, such as pollution and stress, and health-related behaviors, like smoking, may be
more associated with DNAm in immune cells than BECs in saliva dueto their rolein
inflammation and immune regulation (Bauer et al., 2016). This could make interpretation of
DNAm findings from salivary samples with such high CT heterogeneity challenging and
alternative solutions may need to be considered, such as stratifying the salivary samplesby CT
proportions to reduce noise that originated from cell type heterogeneity and generate more
replicable and interpretable results.

Thus, the current study used 529 salivary samples collected from 7-year-olds to address

these analytical challenges. First, we characterized and compared the CT proportions predicted
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with the adult and child reference panels to elucidate potential differencesin estimated CT
proportions emerging from reference panels. Second, we examined the effect of using different
estimated CT proportions on EWAS outcomes. To maximize the applicability of our findings
across disciplines, and to illuminate the importance of choosing an appropriate reference for
DNAm analysis, we chose three variables that are commonly of interest in biosocial research,
spanning across the spectrum of biological to social. These included 1) biological sex, avariable
of primarily biological influence, 2) salivary cotinine level, which isindicative of tobacco smoke
exposure and a variable of a combination of biological and social influences, and 3) SES, a
variable of primarily social influence. All these variables have been widely studied in the context
of DNAm across disciplines (Bauer et al., 2016; Govender et al., 2022; Lam et al., 2012;
McDade et a., 2017). Third, we compared these EWAS results from all samples (with high
intersample estimated CT heterogeneity) and stratified samples (with fewer intersample
estimated CT heterogeneity) to inform on the potential need for stratifying salivary DNAm data.
Similarly, we conducted these analyses across the three variables of interest with varying degree
of expected CT-specific DNAm associations (Bauer et a., 2016). For example, given the link
between smoking and immune cell activity, we expected that stronger associationsin the
stratified samples with high immune cell proportion could be observed. The current findings
served as an important foundation for the consideration of CT heterogeneity in pediatric saliva
for DNAm investigation.
Methods

Participants

The current study used archival salivary samples collected as part of the Family Life
Project (FLP) 7-year follow-up assessment. As previously described (Vernon-Feagans, 2014), a

representative sample of 1,292 families were originally recruited at the time that mothers gave
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birth. A subset of 743 FLP families provided consent for analysis of the salivary samples. After

quality control (QC), DNAm datafrom 529 children (mean age = 7.26 years, SD = 0.26 years,

49.9% boys) and survey data from their primary caregivers (98.4% biological parents) were used

in our analyses (Table 1). There were no statistically significant differences between the FLP

sample at 2 months, which was the time point with the most complete data (n=1292), and our

current sample (n=529) in percentage of low-income families (75.2% in current sample vs.

77.6% in whole sample, p = .313), mother-reported child race as Black/African American

(39.7% in current sample vs. 42.6% in whole sample, p = .330), and child biological sex (49.9%

in current sample vs. 49.1% in whole sample, p = .644) based on chi-sguare tests. There was a

small but significant difference in age (current sample = 7.26 vs. whole sample = 7.29, p = 0.03)

between the whole and current samples.

Table 1. Participant characteristics (n = 529)

Variables n Mean SD Range
1

Age (years) 529 7.26 0.26 6.56-8.12
Biological sex 529  49.9% male - -
Mother-reported child race 529  59.5% white - -

39.7% Black/African America
Family income to needs 520 1091 161 0-11.18
ratio
Sdlivary cotinine (ng/mL) 394 253 3.74 0.16-47.08

Parent-Reported Measures. Car egiver -r epor ted socioeconomic status & children’s sex

Primary caregivers reported on children’s biological sex at birth, which was confirmed by

the DNAm (described in DNAm preprocessing) in the final samples used for analyses. Primary

caregivers aso reported their income from all sources and any income from other household


https://doi.org/10.1101/2024.11.08.621377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.08.621377; this version posted November 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pediatric Saliva Cellular Heterogeneity in DNAm Studies 9
members, which was used as an estimate of total household income. Income-to-needs ratio, as an
index of socioeconomic status (SES), was calculated by dividing total household income by the
federal poverty threshold for the year 2011, adjusted for the number of personsin the home. An
income-to-needs ratio of 1.00 or below indicates family income at or below the poverty level,
adjusted for household size (Vernon-Feagans, 2014).
Collection of salivary samples

Unstimulated whole saliva samples were collected from children using the passive drool
method (Granger et al., 2012) during the 90 month visit to participants homes. At the time of
collection, samples were frozen at -20C and then transferred to the Institute for Interdisciplinary
Salivary Bioscience Research at the University of California, Irvine for archiving at -80°C until
used. At thetime of use, saliva samples were thawed and centrifuged (5,000 g; 10 min; 4C) to
remove insoluble material and cellular debris. Supernatants were collected and used for other
assays separate from the current study. The resulting cell pellet was stored at -80°C until DNA
extraction.
DNA extractions

Pellet fractions from the centrifuged saliva samples were resuspended in 200 ul of PBS.
DNA was then isolated using the QlAamp DNA Mini Kits (QIAGEN, Cat #1304) following the
manufacturer’ s instructions, with the exception that twice as much Proteinase K was used and
samples were incubated with Proteinase K for 2 hours. DNA quality and quantity was
determined using a NanoDrop Spectrophotometer (Thermokisher).
DNA methylation profiling by Illumina M ethylationEPIC BeadChips
DNAm profiling by the llumina MethylationEPIC BeadChips (EPIC array, Illumina, CA,

USA) were performed at the University of British Columbia (Vancouver, BC, Canada) as
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previously described (McEwen et al., 2018). Briefly, 750 ng of genomic DNA was bisulfite-
converted usng EZ DNA Methylation Kit (Zymo Research, CA, USA). Subsequently, 160 ng of
bisulfite-converted DNA was applied to the EPIC array, following manufacturer’s protocols
(IMumina, CA, USA). Processed EPIC arrays were scanned with an IlluminaiScan (Illumina,

CA, USA).

DNA methylation preprocessing

QC of the EPIC array DNAmM data was performed in R (4.2.2) using a combination of the
minfi package (v1.44.0), which plots the log median intensity of a sample in both the
methylated and unmethylated channels, and ewastools (v1.7.2), which provides seventeen
QC metrics as described by Illuminain their BeadArray Controls Reporter Software Guide
document packages. A total of 200 samples were removed after all QC steps (see Figure 1a for
details). One possible reason for this high number of removed samplesis bacterial contamination
asindicated by the bacterial DNA assay showing lower cycle threshold (Ct) value (i.e., faster
amplification) in a subset of the failed samples (mean = 10.95) than samples that passed QC
(mean = 11.71), t(24) = 3.08, p = .005. Four additional samples with age mismatch (>10 years
difference) based on the epigenetic age calculated with the Pediatric Buccal (PedBE) and Pan-
tissue Horvath clocksin themethylclock R package and reported chronological age were
removed. A total of 529 high-quality samples were included for downstream analyses
(Supplementary Figure S1). The removed samples did not differ from the final sample on
demographic variables, including child sex, low-income status, and parent-report child ethnicity

(ps=.601 - .962).
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Figure 1 DNA methylation preprocessing. Quality control (QC) was performed on the DNA
methylation data. a) QC was performed on atotal of 743 consented samples and the number of
samplesfailed at each step. A final high-quality sample of n=529 individuals that passed all QC
steps were included in the analyses in the current study. b) The number of probesfiltered at each

filtering step. A total of 786,069 probes remained after probe filtering.

To account for type | and type Il probe differences on the EPIC array, DNAm datawas
normalized using functional normalization by minfi: : preprocessFunnorm. Probe filtering was
conducted on the normalized DNAm data (see Figure 1b). In total, 41,787 cross-reactive probes
were removed. Next, polymorphic probes containing a single nucleotide polymorphism (SNP) at
the target DNAmM site (n probes = 11,270) or at the base extension sites (48 and 49 base pairs for
Infinium Type | and 1l probes, respectively) (n'1=259) with minor allele frequency (MAF) >5%,
based on the 1000 genome project, including genotypes from 26 different populations, were also
removed. Then, DNAm sites which overlapped with probes located on the sex chromosomes,

and probes with a detection p-value > 0.01, as well as those with NAs in more than 2% of
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samples using watermelon:: pfilter were also removed. A total of 786,069 probes were included
for downstream analyses. We performed sva:: ComBat to account for remaining technical effects
on plate and chip (Jones et al., 2018).

Whole genome genotyping & genetic principal components

Among our high quality DNAm samples (n=529), 468 samples also had genotype data.
[llumina Global Screening v1.0 arrays were used to generate 654,027 SNP genotypes. QC was
conducted asin Simmons et a. (2011), including individual/SNP genotype characteristics,
relationship checking, and ancestry. Briefly, SNPs with MAF < 1%, SNP-level missingness >
1% or a Hardy-Weinberg equilibrium test with p <1x10® were filtered. Individual sampleswith
excess/reduced heterozygosity, individual-level missingness > 1%, or incorrect sex
determination were filtered.

We analyzed population ancestry using principal components analysis (PCA) calculated
with the smartpca function from the EIGENSOFT package that computes PC scores from SNPs
(Price et a., 2008). We analyzed all samples that passed quality control along with all 1000
Genomes samples to provide clear reference populations for the major continental groupings.
The first three principal components were visualized graphically for our samples along with the
1000 Genomes samples, all color-coded by ancestry. African American samples displayed
variation in the degree of admixture, as expected. As many of these samples did not clearly fall
into either continental population, according to Price et a. (2008), it is necessary to use the
guantitative information on ancestry to control for this potentially confounding variation.
Controlling for these effects of genetic admixture, we included the first three PCstoin all
analyses.

Salivary cotinine measure
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Salivary cotinine was assayed in duplicate using acommercially-available, ELISA kit
(Salimetrics LLC, Carlsbad, CA, Cat ##1-2002) following the manufacturer’ s protocol and per
our previous studies (Gatze-Kopp L, J Expo Sci Environ Epidemiol, 2023). This assay has a test
volume of 20 pL, range of standards from 0.8 to 200 ng/L, and lower limit of detection (LLD) of
0.15 ng/L. Cotinine high and low controls were run on every assay plate. The intra-assay and
inter-assay coefficients of variation (CV's) are 7.1% and 9.1%, respectively. Concentrations
below the LLD (n=135) were treated as missing data in the main analyses. A concentration
below 10 ng/ml isindicative of potential passive environmental tobacco exposure (Rao et al.,
2023), which isin line with our observation in this cohort (mean = 2.53 ng/ml).
Statistical analyses
Characterizing and comparing cell type proportion estimates across adult and pediatric
salivareference pands

An overview of the analytical plan is presented in Figure 2. First, we estimated the CT
proportions of BECs and immune cells with robust partial correlation (RPC) and both an adult
(Zheng et a., 2018) and a pediatric saliva-based reference panel (Middleton et al., 2022). For the
adult reference, three major subsets (epithelial cells, fibroblasts, and immune cells) were first
deconvoluted with the Epi DISH:: centEpiFiblC.m reference matrix. Subsequently, we used
EpiDISH:: hepidish to estimate seven cell type proportions based on epigenomic deconvolution
(B-célls, CD4+ T-cells, CD8+ T-cells, NK cells, monocytes, neutrophils, and eosinophils) with
the Epi DISH: : centBloodSub.m reference matrix. As for the pediatric reference, the saliva
samples were first deconvoluted into the BEC versusimmune cell proportions, followed by
deconvolution of theimmune cells also with the Epi DISH: : centBloodSub.m reference matrix.

We assessed the median and interquartile range (IQR) as well as the variance and distributions of


https://doi.org/10.1101/2024.11.08.621377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.08.621377; this version posted November 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pediatric Saliva Cellular Heterogeneity in DNAm Studies 14
estimated BEC proportions. We also examined the appropriateness of the reference panels using
the CEIll TY pe deconvolution GOodness (CETY GO) score
(CETYGO::projectCellTypeWithError), a metric to assess the accuracy of cellular deconvolution
when actual cell count is not available (Vellame et al., 2022). The CETY GO score was defined
as the root mean squared error (RM SE) between the measured DNAm profile in the sample and
the expected profile from the reference panels. Therefore, a perfect estimate would have a
CETYGO scoreof O (i.e., lower scores are more accurate), while higher values reflect less
accurate estimations of CT compositions. A CETY GO score < 0.1 indicates an appropriate
reference while > 0.1 suggests the reference panel may not be relevant for the tissue being
profiled (Vellameet al., 2022).
Examining the effect of using different estimated cell type proportions as covariates on
EWAS outcomes

To evaluate the effect of different estimated CT proportions on EWAS outcomes, a series
of EWASs were conducted. To reduce the dimensionality of our CT proportion variables, we
performed isometric log-ratio transformation on the estimated CT proportion, followed by robust
principal component analysis (PCA) with robCompositions::pcaCoDa. Thefirst two PCs
explained > 90% of the variance (94.6% for EpiDISH; 97.2% for Middleton) and were included
in the EWAS models. We selected variables that were previously associated with DNAmM and
represented a spectrum of biological and social factors to provide insight into a range of research
areas, including biological sex, salivary cotininelevel, and SES (Figure 2). To address the
potential effect of the missing datain salivary cotinine on our results, sensitivity analyses were
conducted to account for the censored data below the assay’s LLD (0.15 ng/L) by imputing these

datawith half the LLD of the assay (i.e., 0.075 ng/L; total sample N for these analyses = 523
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with mean = 1.93 ng/L, range = 0.075 - 47.08 ng/L). Given that the main results did not differ
substantially between the analyses with these two variables, the results of the sensitivity analyses
were included in the Supplementary Figure S6.

A total of 614,686 variable probes, where the DNAm level (B value) varies by at least 5%
across samples in the 5th and 95th percentile, were included for the EWASs. Two EWAS models
were run for each variable of interest, adjusting for different estimated CT proportions, either
with a) achild or b) an adult CT reference panel (six EWAS modelsin total). The other
covariates for both models were the same - the first three genetic PCs and child’ s age. The robust
linear regression model used for the EWAS was:

CpG ~ Variable of interest + Age at Sample Collection + Genetic PC1
+ Genetic PC2 + GeneticPC3 + Cell Type PC1 + Cell Type PC2 + ¢

Biasand inflation in our EWAS models was assessed with BACON, a Bayesian method
(van Iterson et a., 2017). Differencesin DNAm associated with the variable of interest was
quantified by the difference in beta value (AB) (Jones et al., 2018). In our analyses for
chromosomal sex, AP was the regression coefficient of the variable from the robust linear
regression described above. For cotinine and SES, AP was calculated by extracting the regression
coefficient of the variable of interest from the robust linear regression models described above
and then multiplying the coefficient with the range of cotinine or SES values between the 5th and
95th percentiles to reduce the effects of outliers. The resulting Ap value represents a change in
DNAm p value at each site associated with cotinine or SES while adjusting for other covariates.

We used the Benjamini-Hochberg False Discovery Rate (FDR) control method for
multiple-test correction (Benjamini & Hochberg, 1995). A statistical threshold was set at FDR <
0.05 to determine significant associations between DNAmM at each site with each variable of

interest. We also set atechnical threshold of [AB] > .035, which was greater than technical noise
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as operationalized by the RM SE of the technical replicates after preprocessing (0.023-0.034).
Therefore, the effect sizes of the DNAm sites that passed these thresholds were likely to be
greater than technical noise. Across the two reference panels, we compared the sites that were
identified to be statistically significantly associated with each variable of interest.
Comparing EWAS results between stratified samples by BEC proportions

To answer the question whether CT proportions influence EWAS outcomes despite
statistically adjusting for it in the model, we conducted the same EWAS on stratified samples
based on BEC proportions. Using a data-driven approach, we stratified the sasmplesinto three
groups— low-, mid-, and high BEC groups (T able 2), consistently suggested by both Jenk’s

natural break (Jenks, 1977) and k-mean clusters (Likas et al., 2003).

Table 2. Summary statistics across BEC stratified groups

Stratified BEC n % of male Cotinine | ncome-to-

subset
proportion (ng/mL) needsratio

mean (SD) mean (SD)

Low BEC 0- 27.5% 123 52.8% 301(5.41) 1.80(L.64)
Mid BEC 27.9%-70.0% 211 49.3% 214 (254)  2.03(1.74)
HighBEC  70.3- 100% 195 47.7% 2.63(3.36) 1.83(1.43)

SD = standard deviation; BEC= bucca epithelial cdll;

SES= socioeconomic status
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Figure 2 Study Overview. Cdl type (CT) proportions were estimated with both a child and an
adult salivary reference panel. Thefirst aim of the study was to compare and characterize the

estimated CT proportions across reference panels. The second aim was to examine the effect of
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CT proportions estimated from different reference panels on EWAS results of chromosomal sex,
cotinine levels, and socioeconomic status. The third aim was to investigate the effect of
stratification by buccal epithelial cell (BEC) proportion on EWAS results of the same variables.

With the same three variables of interest (biological sex, cotinine level, and SES), one
EWAS for each variable was run with each stratified subset (i.e., nine EWAS models). Using
similar criteria as above, we assessed whether differencesin BEC proportions across the subsets
could be sufficiently accounted for by statistically adjusting CT proportionsin an EWAS model.
We reported the unique number from each BEC subset and the number of overlapping sites
across the three subsets associated with each variable of interest. Since the sample sizes of the
three subsets were unequal, we ran 100 randomized permutations in which we randomly
assigned an individual to one of the three BEC groups, independent of estimated BEC
proportions. With the new subsetsin each permutation, we ran the same EWAS as described
above (i.e,, 100 permutations for each of the three EWAYS). The resulting valueisthe
permutation p-value that represents the likelihood that the unique number of associations of each
group as well as the number of overlapping associations across all groups were observed due to
chance. If the BEC group with alarger sample size showed a higher number of significant
associations, we also ran 100 permutations to randomly draw a sample matching with the size of
the smallest group. The resulting permutation p-value represents the likelihood that a smaller
number of associations are observed with a smaller sample size.
Validation of Cross-Tissue Comparison

To compare the extent to which these EWAS outcomes across stratified subsets may be
akin to tissue effect, we leveraged the 50 matched buccal and PBM C samples from the GECKO

cohort, a Canadian cohort of children aged 7-13 years old, previously described el sewhere
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(43.1% female, 72.5% White as reported by parents) (Chan et al., 2023; Islam et al., 2019).
EWAS on chromosomal sex was conducted separately in the buccal and PBMC samples while
adjusting for similar covariates as the primary analyses, including child age, genetic ancestry,
and batch effect. Significant associations were determined by the same thresholds across tissues
(statistical: FDR < .05 and technical: |AB| > .05). The number of overlapping significant DNAmM
sites across the GECKO matched tissue samples was compared with that across the FLP

stratified subsets.

Results

The child reference panel is more appropriate than the adult refer ence pand when

estimating salivary cell type proportionsin pediatric samples

BEC proportions were estimated to be the highest and the most variable among all CT
proportions with both reference panels (Supplementary Figure S2). Furthermore, the estimated
proportion of immune cells, primarily neutrophils, had a significant and strong negative
correlation with estimated BEC proportion, r(527)=-0.93, p < 2.2e-16). Therefore, estimated
BEC proportion was likely to capture most of the variability of estimated CT proportionsin
saliva and were used in our remaining analyses. Although the estimated BEC proportions was
significantly correlated across reference panels (Pearson’sr = 0.950, p < 2.2e-16), the median
and intersample variability differed (Figure 3). Specificaly, the child reference panel estimated
alower median of BEC proportion (51.34%) and higher IQR (71.18%) than the adult reference
panel (median: 80.46%; IQR: 42.29%). Estimated BEC proportion means were different as
indicated by paired-sample t-test, t(528) = 31.788, p < 2.2e-16. Additionally, the distributions

were significantly different from each other as suggested by an asymptotic two-sample
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Kolmogorov-Smirnov test, D(528) = 0.29, p < 2.2e-16. Furthermore, the CETY GO score of the
child reference panel was lower than 0.1 (mean = 0.074, range = 0.03-0.09), while the CETY GO
score of the adult reference panel was higher than 0.1 (mean = 0.15, range = 0.05 — 0.20),
suggesting that the child reference panel is a more appropriate panel for pediatric samplesin

contrast to the adult reference pandl.

Method
Adult
Child
Child Adult

Referencos

Esfimatas BEC Proportions
- = =

Figure 3 Estimated buccal epithdial cell (BEC) proportionswith child and adult reference
panels. A violin plot of BEC proportions in pediatric saliva as estimated with child and adult
reference panels using the DNAm-based deconvolution tool EpiDISH. Orange (l€ft) reflects the

child reference panel, and blue (right) reflects the adult reference panel.

Refer ence panels produced differ ent outcomes for an EWAS of socioeconomic status and

similar resultsfor biological variables

To assess the capability of the different reference panels to account for test statistic
inflation in EWAS and allow for accurate evaluation of the association between variables of

interest and DNAm, we performed different EWASs, in which we used CT composition derived
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from ether reference panels. We compared the EWAS results for outcome variables along the
spectrum of biological and social (see Figure 2). EWAS for more biological variables, sex and
cotinine concentration, had high overlapsin statistically significantly associated sites (FDR < .05
and [AB| > .035, 92% and 100%, respectively) and comparable modéd fits for estimations from
both references (Figure 4a & b; Supplementary figures S3 and $4). However, differencesin
EWAS outcomes with SES (social variable) were observed across reference panels (only 18%
overlap). The SES EWAS mode adjusting for the child reference pand estimated CT
proportions has a higher number of unique significant DNAm associations (76 and 4,
respectively) and better model fit (Figure 4c and Supplementary figures S3 and $4) than that
adjusting for the adult reference panel. Nonetheless, the majority (80%) of the significant DNAmM
associations found with adult reference panel was also present in the results with the child

reference panel.
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Figure 4 Number of overlapping significantly associated DNA methylation siteswith
variables of interest spanning from biological to social. Each Venn diagram represents the
unique and overlapping sites associated with each variable of interest (a: sex, b: cotinine
concentration, and c¢: socioeconomic status) across the child and adult reference panels. The
range of Ap extracted from EWAS (with child-reference estimated cell type proportions) also

varied across variables (Sex: -0.394 to 0.290, cotinine: -0.095 to 0.090, SES: -0.0967 to 0.147)

Stratifying samples by estimated BEC proportion detected larger number of significant

associationswith biological sex and cotinine but not socioeconomic status

We examined whether statistically adjusting for estimated CT proportions sufficiently

accounted for saliva CT heterogeneity, especially given the large variance observed in BEC
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proportions estimated by the child reference panel. To determineif stratifying and analyzing
these samples by their most abundant CT (i.e., primarily BEC, primarily neutrophils, or an
approximately even mix of both) may result in differing EWAS results, we ran the same analyses
on three stratified subsamples by estimated BEC proportion, herein described as high, mid, and
low BEC subsamples.

EWAS for sex performed in the high and low, but not the medium BEC subsamples,
showed an increased number of significant associations (n associations=3,007 and 1,980,
respectively) compared to the full sample (n associations =1,780) (Figure 5a), indicating an
increase in power to detect DNAmM associations with sex when samples were stratified by
estimated BEC proportion. Across the three BEC samples, the high BEC subsamples had the
largest number of significant associations with sex, while the medium BEC subsamples, despite
having the largest sample size, had the least number of sites associated with sex (Figure5a). To
assess whether the difference in the amount of statistically significant associations were driven
by differences in sample sizes (given that the high BEC subsamples [n = 195] was higher than
the low BEC subsamples [n = 123]), we conducted 100 permutations of the EWAS on biological
sex by randomly drawing 123 samples (i.e., the lowest sample sizeinvolved in the EWAS
comparisons) from the high BEC subsamples. The results of the permutations suggested no
difference in the number of statistically significant associations found in high BEC subsamples
when the sample size was reduced from n = 195 to n = 123 (median n associations = 1,009; p =

0.14).
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Figure 5. DNA methylation associationswith biological sex and salivary cotinine across all
three BEC subsamples. Volcano plots displaying DNAm association with a) biological sex and
b) salivary cotininein the low, middle, and high BEC subsamples. The colored dots represented
significant DNA methylation associations with biological sex, passing the statistical threshold of
FDR < .05 and |AB| > .035. Red dots represent DNAm sites with a negative association, whereas

blue dots represent DNAm sites with a positive association.
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We observed 11.9% overlapped significantly associated sites (559 sites) across the three
subsamples (Figur e 6a). Next, we determined whether the three groups yielded significantly
different sets of DNAm associations. In other words, we tested whether it islikely to find a
percentage of overlapping associations lower than 11.9% by chance. We performed 100
randomized permutations, which showed that a percentage of overlapping associations as low as
or lower than 11.9% across the three groups were not due to chance or random grouping of
samples (p = 0.03; median = 26.00%; range = 5.22-36.45%). Similarly, the unique number of
associations (3,007 sites) in the high BEC was unlikely to be observed by chance with random

grouping (p = 0.03).

distinct
- @
2 i
8 &
-

o
g g
- -— -— o o &
— - =5 s 7} [+
U DDDEgEE%&gE%
: DEEEEmaa
~ .
o\ 147// Nhaolesample . . [
e
VAR
/ h 589 LowBEC .
f b
[ LowBec | I
\
\ 1086 \ — \ midBEC L]
‘.\ \\\\]?E/ MidsgusEC J I
™, / X
Ny P ’_//’ highBEC . .

Figure 6 Significant associationswith sex across stratified and full samples. EWAS for sex
in the high, mid, and low BEC subsamples adjusting for cell type proportions estimated by the
child reference panel. Panel a depicts the unique and overlapping significant associations across
the three BEC groups. Panel b shows the unique and overlapping significant associationsin the

stratified samples compared with the full sample.
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To examine whether the overlapping associations across the three BEC subsamples were
comparable to that across tissues, we leveraged matched buccal and PBMC samples from
GECKO, our validation cohort, which showed alower percentage of overlapping DNAmM
associations with sex (5%, Supplementary Figure S5) than that across the three BEC
subsamples in our main analyses with the FLP, the discovery cohort.

When examining DNAm associations with cotinine levelsin the three different BEC
subsamples, we only observed significant associations in the low BEC group (Figur e 6b;
Supplementary Figure S6). Interestingly, despite having a smaller sample size, a higher number
of sites were significantly associated with cotininein the low BEC stratified sample compared to
the full sample (n associations = 784 vs. 3, respectively). One hundred randomized permutations
indicated that the number of unique statistically significant associationsin the low BEC
subsamples was not significantly higher than by chance (p = 0.09). Lastly, we did not find any
significant associations with SES when the samples were stratified by BEC proportions (see
Supplementary Figure S7).

To explore whether DNAmM patterns associated with sex, cotinine, and SES differed
across stratified samples, we compared the Ap of all DNAm sitesin the low and high BEC
subsets and identified sites with diverging DNAm effects across stratified samples (i.e., Ap >
.035in one and < - .035 in another) (Supplementary Figure S8). Weidentified 145, 473, and

888 diverging DNAm sites for sex, cotinine, and SES, respectively.

Discussion

The current study addressed the analytical challenges of EWAS in high CT heterogeneity
pediatric salivary samples. To this end, we compared two existing reference panels for

estimating CT in pediatric saliva— a commonly employed adult epithelial and immune cell
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reference and a child saliva reference — and two analytical approaches to account for intersample
CT heterogeneity — adjusting for estimated CT proportion in full or stratified samplesin addition
to the CT adjustment. To summarize, we found the pediatric reference panel was more
appropriate than the adult reference panel for estimating CT proportion in pediatric salivaand
predicted a higher interindividual CT variability and a lower mean BEC proportion.
Subsequently applying the estimates from the child reference panel for statistically adjusting for
CT in EWAS produced a well-behaved p-value histograms on the socia variable (i.e., SES), and
stratifying samples by BEC detected CT-specific associations with DNAm for biological

variables (i.e. sex and cotinine).

Refer ence panelsinfluenced estimated epithelial cell proportions

Statistically adjusting for estimated CT proportions has become a common practice in
EWAS analyses to account for the influence of CT heterogeneity in easily accessible bulk
tissues. Two reference panels have been devel oped that may be suitable for pediatric saliva based
on different populations (adult vs. child samples) and tissues (eleven epithelial cdl linesvs.
whole saliva samples). We investigated to what extent the CT estimations from these reference
panels were comparable with each other. The estimated BEC proportionsin our current
childhood saliva sample were lower and more variable when estimated with the child reference
compared to the adult reference and showed highly comparable estimations with findings from a
previous study (i.e., BEC medians = 51.3% and 80.5%, estimated with child and adult reference,
respectively, in the current sample, and 56.1% and 81.7%, respectively, in Middleton et al.,
2022). Since there was no external validation cohort for the generation of the pediatric saliva
reference panel, the current study validated the this previously reported patterns and

demonstrated that such discrepancy between child and adult reference estimated CT was not only
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found among the samples used to develop the saliva reference pand (Middleton et al., 2022).
The current estimated BEC proportions also closely aligned with those reported in a previous
study that used cytology to count cell typesin saliva samples (58% BEC) (Wong et a., 2022). In
the same study, when comparing between cell-counted proportions and DNAmM deconvolution-
based proportions with the adult reference panel, the latter method underestimated BEC
proportions in oral samples as compared to the former method (Wong et al., 2022). Nonethel ess,
since the discrepancies between the two methods were not as large in oral samples collected
without Oragene devices, the reported underestimation may be driven by the saliva samples
collected with the devices. The chemical processinvolved in this device have been speculated to
lead to the selective extraction of immune cell DNA, resulting in lower BEC proportions
estimated through DNAmM deconvolution (Middleton et al., 2022). The wider range of estimated
BEC proportions with the child reference compared to the adult referenceis likely reflective of
the natural biological variation of pediatric saliva asindicated by a highly variable CT proportion
observed with actual cell count data (Middleton et al., 2022; Theda et al., 2018). As further
evidence of the pediatric reference being more appropriate to pediatric saliva samples, it had a
lower CETY GO score in contrast to the adult reference, indicating the cellular deconvolution by
the child reference was more accurate (Vellame et al., 2022). Our findings demonstrated
discrepancies between estimated salivary CT proportions based on the available tissue-
appropriate reference panels and indicated that the child saliva reference panel was indeed most
appropriate for CT estimationsin our child salivary samples. This supports the broader notion
that even when other available CT reference panels can also provide reasonable estimates, the

CT panel including samples from the same tissue and developmental stage as the studied
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population will be more accurate, likely due to important biological factors such as cellular

compositions and age effect on cell type identity DNAmM markers.

Cell-type estimation discrepancy differentially affected DNA methylation associationswith
biological and social variables

Our study demonstrated that these discrepanciesin CT estimation could impact the
outcome of statistical models which are investigating high dimensional DNAm associations
differentially across variables that span across the biological and social spectrum. Specificaly,
we found that adjusting for CT estimated by the pediatric reference panel produced a more well-
behaved p-value histogram, and allowed for detection of alarger number of significant
associations for SES as compared to the adult reference panel. However, the DNAmM associations
with biological sex and cotinine did not differ across reference panels. Therefore, not all
variables were equally affected by the estimated CT discrepancies across references. Although
the current analyses could not empirically differentiate true positive from false positive findings,
it istempting to speculate that adjusting for potentially more appropriate CT estimations
generated in data of asimilar tissue and age range was able to better capture variability of
DNAm associated with CT and increased the power to detect significant associations with social
variables such as SES (Jaffe & Irizarry, 2014). Y et, it is unclear why such impact was only
observed with the most biologically distal and socially proximal variablein our study. Future
investigations on other social variables may be needed to scrutinize the effect of the CT
estimation discrepancy. Nonetheless, our findings add to the growing body of literature creating
awareness around the considerations of CT proportionsin DNAm analyses (Jones et al., 2018;
Turinsky et al., 2019).

Stratified samples by epithelial cell proportionsallowed detection of tissue-specific effects
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Although adjusting for CT in DNAm analyses may be sufficient for tissues with lessCT
heterogeneity (e.g., buccal with 70-100% BEC) (Zheng et al., 2018), saliva samples are
heterogeneous and may require further considerations since exposures and phenotypes could be
differentially associated with DNAmM across cell populations. Explorations of more homogenized
cell populations could assist in our understanding of which CTs are most affected by exposures
and phenotypes. Y et, these effects will likely be overlooked when the full samples of an
extremely heterogenous tissue are analyzed together, even when CT proportion was adjusted in
the model. First, DNAm associations across CTs could potentially cancel out each other if they
are of opposing directionality. Thisissue may be more influential in tissues with high
interindividual CT heterogeneity like saliva. For example, the positive DNAm associationsin
immune cells that are more abundant in half of the samples may be offset by the negative effect
sizes found for BECs that are most abundant in another half of the samples. Second, if the
variable of interest isonly significantly associated with DNAm of a certain CT that isless
abundant in most samples, these effects may also be left undetected. In these cases, analyzing
samples with high CT-heterogeneity together may not be the most optimal approach. Therefore,
we took one step further beyond only adjusting for the estimated CT proportions in the full
sample and explored the effect of creating more CT homogenous samples via stratified analyses
by child reference-based estimated BEC proportion in addition to adjustment of CT proportions.

With stratification, two major changes to the data, sample size and CT variability of the
sample, should be considered when interpreting the findings. First, the stratified sample sizes
were smaller resulting in decreased power to detect effects. Second, there was substantially less
CT heterogeneity among the stratified samples as compared to the full sample, and the most

abundant CT in each stratified sample differed: 1) the low BEC subset that was primarily
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immune cells), 2) mid BEC that retained the most CT heterogeneity and contained a mix of
BECs and immune cells, and 3) high BEC that was primarily BECs. Overall, our results showed
that stratifying samples for EWAS had differential effects across variables of interest, such that a
larger number of significant DNAm associations were detected with both biological sex and
cotinine, but not with SES. In the following discussion, we drew on past studies across tissues,
including adult blood, saliva, and buccal samples, which have similar CT compositions as our
three subsets, respectively. However, it isimportant to acknowledge that even though the low
BEC subsets have higher immune cell proportions, they are not a direct comparison of blood due
to the presence of BECs albeit small proportion, the presence of oral-specific immune cells such
as oral neutrophils, the lower proportion of other immune cells such as lymphocytes and
monocytes, and the different tissue-environments these cells reside in (Landzberg et al., 2015;
Rijkschroeff et al., 2018).

Sex differencesin DNAm levels have been widely studied in different tissues, including
blood, saliva, and buccal swabs (Grant et al., 2022; Moore et al., 2020; Protti et al., 2023; Reiner
et a., 2023). In our current saliva samples, we found a larger number of sex-associated DNAmM
sitesin both high and low BEC saliva stratified samples than the mid BEC subsamples and the
full sample. Despite the smaller sample sizein the high and low BEC stratified samples as
compared to the full sample, the reduction in CT heterogeneity in these subsets likely increased
the power to detect significant DNAm associations with biological sex, potentially by decreasing
noise and/or increasing observable effect size. Furthermore, stratification allowed for detection
of tissue-specific sex associations. First, we found that a subset of DNAm sites showed diverging
effects across stratified subsets supporting the idea that some tissue-specific effect may be

cancelled out due to opposite directionality across cell compositions, and as such could indicate
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larger observable effect sizes when only considering a stratified sample composed largely of one
primary CT. In addition, the high BEC subset had the largest number of significant sex
associations, which converged with a previous study reporting a greater number of sex-
associated co-methylated regions (CMRS) in buccal samples than other tissues (Gatev et dl.,
2021). Furthermore, we found that the overlap of sex-associated sites across the three subsets
was significantly lower than would be expected by chance based on random group assignment.
These consistent DNAm sites overlapped with all five CMRs that were previously reported to be
associated with sex across multiple tissues, including buccal and blood tissues (Gatev et al.,
2021). The low overlap across subsets, however, prompted the question of whether these subsets
produced differential associations that were comparable to tissue-specific associations. Thisisan
important question since the discordance in DNAmM associations across tissue have been well-
documented (Jiang et al., 2015), and caution in the interpretation of salivary DNAm associations
isneeded if the high interindividual CT differencesin saliva samples has created as much
discordance as that across tissues. Neverthel ess, we found that the differential associations with
sex across the three saliva subsets were not as prominent as across matched blood and buccal
samples (11.9% vs. 5.0% of overlapping significant associations, respectively).

We also investigated the DNAm associations of salivary cotinine levels, which may
reflect both biological and social impact of second-hand smoking in children and has been highly
replicated acrosstissuesin the adult DNAm literature. We identified three significant sites, out of
which two (cg05549970, cg14588422 annotated to the C4orf50 and PARD3 genes, respectively)
have been reported to be associated with first-hand smoking (Sikdar et al., 2019; Teschendorff et
al., 2015). After stratification by BEC proportions, we identified significant DNAm associations

with children salivary cotinine only in the low BEC subsample. The number of significant
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cotinine-DNAmM associations identified in the low BEC stratified sample, which had a smaller
sample size yet a more homogeneous and immune-focused CT compoasition, was higher than that
identified in the full sample. Thisfinding isin line with past studies that identified tissue-specific
DNAm associations with smoking, with blood showing stronger effects than saliva (Dawes et .,
2021; Philibert et al., 2020).

Lastly, we interrogated the effect of stratification on DNAm associations of SES, a
commonly investigated social variablein EWAS. In the full sample analysis, we identified 95
significant DNAm associations and the effect sizes of significant SES-associations were
comparable with cotinine yet smaller than biological sex. However, after stratification, we did
not identify any significant SES-associations. One possible explanation is that with asmaller
effect size than biological sex, the reduction of sample size may have decreased the power to
detect the subtle effect. Furthermore, unlike cotinine, SES may not have a strong immune CT
effect in saliva samples, or required further CT specificity than could be achieved by
stratification in this, and hence did not benefit as much from stratification by CT. Yet, we
observed a large number of diverging SES-associated DNAm sites across high and low BEC
subsets, suggesting potential tissue specific effects. Past studies have also found differential
associations across tissues with sociodemographic variables, for example one study comparing
DNAm associations in buccal and blood samples have indicated that blood DNAmM has stronger
association than buccal DNAm (Jiang et al., 2015). However, in our salivary samples, the low
BEC subset, which has the highest immune cell proportion, had the smallest sample size (n
=123) and therefore, the least power to detect significant SES-associationsif they were present.
As such, it isunclear whether the lack of significant SES-associationsin the low BEC subset was

due to the small sample size or the inherent difference between blood and saliva with high
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immune cell proportions given the differences in oral immune cells, which cannot be tested with

our current sample but should be investigated in future studies.

Limitations & Recommendations

The findings this study should be interpreted while acknowledging its limitations. First,
our study did not include cell count datato compare the accuracy of CT predictions across
reference panels. Therefore, our investigation focused on the impact of differential CT
predictions on downstream analyses. Second, our data only included salivathat was collected as
whole saliva. Some collection methods, such as the Oragene Kit, can potentially yield different
CT compositions and level of CT heterogeneity due to the chemical processes involved (e.g., 69-
100% immune cells with Oragene Kit) (Middleton et al., 2022; Raffington et al., 2023; Reiner et
a., 2023). Therefore, it iscrucial to first assess the degree of cell type heterogeneity in the given
saliva samples; with lower levels of CT heterogeneity, stratification of samples may not be
necessary. Third, some of our samples had salivary cotinine concentrations that were too low to
be reliably measured by the assay, which led to missingness in our data. This was not unexpected
given the young age of our sample. Importantly, our main findings were supported by sensitivity
analyses that used imputed cotinine concentration for samples with censored data, indicating the
robustness of our findings. Given that the main objective of the current paper was to examine
how different methods might affect DNAm analyses using cotinine concentrations as an
example, we did not intend to draw conclusions from the significant DNAm sitesidentified in
this study. Future studies should consider using other censored data approaches or categorizing
cotinine concentrations to index different tobacco-smoke exposure levels alongside with our
recommendations to identify DNAmM biomarkers. Lastly, our study employed stringent QC to

ensure high-quality DNAm samples for our investigation, which has removed a substantial
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portion of samples. However, the QC process is cohort-dependent and can be influenced by
many factors, including the extent to which child participants were able to follow instructions
during sample collection and their oral health conditions, such as tooth decay, tooth loss, and
cold sores, which are out of the scope of the current study (Nemoda, 2020; Padilla et al., 2020).
Despite these challenges, saliva still represents awide range of strengths in epidemiological
research including its non-invasive sampling methods and opportunities for interdisciplinary
research ranging from stress hormones to immune markers, from oral analytes to microbiome, in

addition to genetics and epigenetic research (Hamilton et al., 2022).

To inform future epigenetic research using pediatric saliva, we summarized
recommendations on analytical approaches to handle the high CT heterogeneity of pediatric
salivain DNAm analyses (see Table 3). In conclusion, CT references built on a population and
tissue matched with the targeted samples produced more accurate estimations and the
discrepanciesin CT estimations had differential effects on DNAm associations with commonly
investigated variables in the field. Further, stratification of samples by CT proportions to obtain
DNAm data with more homogenous CT composition can help identify tissue-specific effects and
allow for more powerful analyses for suitable variables of interest and sample characteristics.
The current study contributes to future pediatric DNAm research by offering practical guidance

to leverage this complex yet highly accessible biological samplein children.
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Table 3. Recommendationsfor analyseswith pediatric saliva DNA methylation and

corresponding pros and cons

Conditions Recommendations Pros Cons

Examining Usethe pediatric saliva | More power to detect | Not as comparable with
DNAmM reference panel for cell | significant past salivaDNAmM
associations with | type deconvolution associations analyses that used the
social variables adult references

Detecting tissue- | Stratify your sample by | Help identify what CT | Less appropriate for

specific effects | BEC proportion or tissue may be more | smaller initial sample size
sensitive to the effect | and/or expected effect
of the variable of sizes of the variable of
interest interest
Identifying Keep full sample for More power and High CT heterogeneity
generalizable analyses detection of effects may impede
saliva that are similar across | interpretation of DNAmM
biomarkers CT findings

Note. BEC = buccal epithelial cell; CT = cell type; DNAmM = DNA methylation
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