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Abstract

Per- and polyfluoroalkyl substances (PFAS) exposure has been associated with reduced antibody 

levels. Higher red blood cell (RBC) folate was previously associated with lower serum PFAS 

concentrations in adolescents. This study included 819 adolescents aged 12 to 19 years who 

had detectable rubella and measles antibody levels in serum from the U.S. National Health and 

Nutrition Examination Survey 2003–2004 and 2009–2010 cycles. We found inverse associations 

between serum PFOS and PFHxS and rubella antibodies, between PFOA and mumps antibodies, 

and between PFAS mixtures and rubella and mumps antibodies, only among adolescents with 

RBC folate concentrations < 66th percentile (lower folate group) while not among adolescents 

with higher RBC folate levels (upper folate group). Specifically, per quartile increase in serum 

concentrations of the total PFAS mixture was associated with a 9.84% (95% CI: −15.57%, 

−3.74%) decrease in rubella antibody and an 8.79% (95% CI: −14.39%, −2.82%) decrease in 

the mumps antibody concentrations only in the lower folate group, while null associations were 

found for the upper folate group. If confirmed in mechanistic studies or prospective epidemiologic 
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studies, these findings may have important implications for using folate as a mitigation measure 

against immune-related PFAS effects.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of manmade fluorinated chemicals, 

which are extremely persistent in the environment.1 Because of their water- and oil- 

resistance properties, PFAS has been widely applied in numerous commercial and industrial 

applications such as non-stick pans and kitchen supplies, water/oil resistant fabric, 

firefighting foams, and food packaging.2 Studies have linked PFAS exposure to a wide 

range of deleterious health outcomes in humans, including metabolic syndrome, adverse 

birth outcomes, altered immune function, and cancer.3–5

Consistent evidence supports that prenatal and childhood PFAS exposure is associated with 

decreased diphtheria antibody levels in children.6–8 One study used data from the National 

Health and Nutrition Examination Survey (NHANES) and reported that serum PFOS 

concentrations were negatively associated with rubella antibody concentrations among 

adolescents aged 12–19 years.9 No study examined the joint effect of the total PFAS mixture 

on antibody concentrations despite the fact that humans are exposed to multiple PFAS 

compounds simultaneously.10 The potential for PFAS mixtures to exert additive, synergistic, 

or antagonist effects needs further investigation.10

Our previous work found that higher folate levels measured in either diet, serum, or red 

blood cells (RBC) were consistently associated with lower serum PFAS concentrations 

after adjusting for important confounders including diet.11,12 Folate plays a critical role in 

maintaining normal function of the immune system,13 and increasing evidence supports 

its ability to mitigate harmful health effects of several environmental pollutants.14–16 

Therefore, further investigation on whether folate status can modify the relationships 

between PFAS exposure and immune outcomes in children is warranted. Examining folate 

as an effect modifier not only helps identify vulnerable populations to PFAS-related adverse 

immune outcomes but also informs possible real-world interventions to mitigate harmful 

PFAS-related effects given the relatively easy access to folic acid supplementation. As 

such, this study aimed to examine the associations of serum concentrations of individual 

PFAS compounds as well as the total PFAS mixture in relation to rubella, measles, and 

mumps antibody levels, and to further evaluate if RBC folate modifies associations among 

adolescents aged 12–19 years in the NHANES 2003–2004 and 2009–2010 cycles.

Methods

Population

The NHANES is a cross-sectional U.S. representative study administered every two years 

with the aim to assess the health and nutritional conditions of the U.S. general population. 
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Data are collected on anthropometrics, demographic, diet, and lifestyle factors via self-

reported questionnaires, and participants provide urine and peripheral blood samples. 

Detailed information on NHANES study design can be found online.17

The present analysis included 819 adolescents aged 12 to 19 years who had complete 

measurements of serum PFAS concentrations, RBC folate concentrations, and serum 

antibody concentrations to rubella, measles, and mumps antibodies from the NHANES 

2003–2004 and 2009–2010 cycles. We restricted analyses to adolescents who had detectable 

antibody levels to both measles and rubella in blood as a proxy for having measles-mumps-

rubella (MMR) vaccination, to reduce confounding by vaccination and health consciousness, 

because participants who had vaccination might be more health conscious and thus have 

different levels of PFAS exposure and immune outcomes than people who did not have 

vaccination. We did not include the detection of mumps antibody as a criterion since the 

seroconversion rate of mumps from MMR vaccination is lower compared with that for 

measles and rubella.18 The participant inclusion flowchart is shown in Figure S1.

PFAS and Folate Measurements

Peripheral blood samples were collected at Mobile Examination Centers (MEC) for 

all NHANES study participants.19 Serum PFAS concentrations were measured in a 

random sample of around 1/3 of the total adolescent population in each cycle. On-

line solid-phase extraction coupled to high-performance liquid chromatography–isotope 

dilution–tandem mass spectrometry (online SPE-HPLC–MS/MS) was employed to measure 

the serum concentrations of four PFAS compounds, including perfluorooctanoic acid 

(PFOA), perfluorooctane sulfonic acid (PFOS), perfluorohexane sulfonic acid (PFHxS), 

and perfluorononanoic acid (PFNA). Limits of detection (LOD) for the four compounds 

changed slightly between the two cycles (Table S1). Concentrations below the LOD were 

imputed by the LOD value divided by the squared root of 2 (imputed for < 2% of study 

participants).20,21

In the 2003–2004 cycle, RBC folate concentrations were measured using the Bio-Rad 

Laboratories “Quantaphase II Folate” radioassay kit. In the 2009–2010 cycle, RBC folate 

concentrations were calculated from serum folate and whole-blood folate concentrations 

measured in microbiologic assay as [(whole blood lysate folate * 11- serum folate (1 - 

hematocrit/100))/ (hematocrit /100)].22 Detailed laboratory and quality control procedures 

for PFAS and folate measurements can be found in NHANES laboratory protocols.22–25

Antibody Measurement

In the 2003–2004 cycle, serum IgG antibody levels to rubella, measles, and mumps viruses 

were measured with enzyme immuno-assay tests developed by the Immunoserology Unit 

of the California State Department of Health Services (CSDHS), Viral and Rickettsial 

Disease Laboratory (VRDL).26 In the 2009–2010 cycle, the Wampole IgG enzyme-linked 

immunosorbent assay II test system was used to detect the serum antibodies to rubella, 

measles, and mumps. In both cycles, the optical density index (OD index) was reported for 

the antibody levels of each virus. The international unit (IU) of rubella antibody level was 

converted from OD index by [(65.93928 × Rubella OD Index) * (0.177) + 1.28060] for the 
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2003–2004 cycle and [Rubella OD Index * 9.091] IU/mL for the 2009–2010 cycle. For both 

cycles, measles and mumps antibody OD index ≥ 1.1 or rubella antibody IU/mL ≥ 10 was 

considered as detectable of measles, mumps, and rubella antibody in serum respectively. 

Detailed laboratory and quality control information for antibody assessments can be found 

in the NHANES laboratory procedures.27–30

Covariates

Data on demographic characteristics, including age (continuous), sex (dichotomous), race 

(Non-Hispanic White, Non-Hispanic Black, Hispanic, Other Race), and household income 

were collected by self-reported questionnaires. Income-poverty ratio was the ratio of self-

reported household income and the income for the poverty line. A ratio < 1 indicated that the 

participant lived below the poverty threshold. Participant’s weight and height were measured 

by NHANES study staff. Body mass index (BMI) in kg/m2 was calculated as weight (kg) 

divided by the squared height (m2). Dietary information was obtained by averaging data 

from two dietary interviews, which spanned 3–10 days in time, on recalls of the diet in 

the past 24 hours prior to the interviews. Additional information on seafood consumption 

in the past 30 days was added to the dietary interview in the 2009–2010 cycle. Serum 

cotinine concentration (ng/ml) was measured by an isotope-dilution high-performance liquid 

chromatography/atmospheric pressure chemical ionization tandem mass spectrometric (ID 

HPLC-APCI MS/MS) method. Participants with serum cotinine concentrations > 10 ng/ml 

were considered as exposed to tobacco smoke.31

Statistical Analyses

We stratified the study population into lower (bottom two tertiles) vs. upper folate group 

with the highest tertile of the survey cycle-specific RBC folate levels as the cut-point 

(234 ng/ml for the 2003–2004 cycle, 441.5 ng/ml for the 2009–2010 cycle). We conducted 

descriptive analyses for participants’ characteristics and distributions of serum PFAS and 

rubella, measles, and mumps antibody concentrations for the total population and the lower 

and upper folate groups, respectively. We also reported cycle-specific descriptive statistics 

for population characteristics and PFAS and antibody distributions.

In the associational analyses, PFAS and antibody levels were natural log-transformed to 

normalize the distributions, reduce the influence of outliers, and improve the interpretations 

of the associational results. In brief, we examined the associations for serum concentrations 

of individual PFAS compounds (single chemical analyses) as well as PFAS mixtures 

(mixture analyses) in relation to the three antibody concentrations in the total population 

and by the lower and upper folate groups, respectively.

Single Chemical Analyses—We used multivariable linear regressions to examine the 

associations between serum concentrations of individual PFAS compounds and antibody 

levels of rubella, measles, or mumps in the total population, and lower and upper folate 

groups, respectively. We exponentiated the beta coefficients to obtain the adjusted percent 

changes (PC) in rubella, measles, and mumps antibody levels per 2.7-fold increase in the 

serum concentrations of individual PFAS compound.
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To examine the effect measure modification (EMM) by folate groups on the association 

between individual PFAS compounds and antibody level, we added an interaction term of 

folate group (lower vs. upper) * individual PFAS compound concentration in the regression 

model, the p value of which was reported as the EMM p value. An EMM p value ≤0.05 was 

considered statistically significant for EMM on the multiplicative scale. Adjusted covariates 

were selected a priori using a Directed Acyclic Graph (DAG) that included age (continuous), 

sex (binary), race (categorical), income-poverty ratio (continuous), BMI (continuous), serum 

cotinine concentrations (continuous), survey cycle (categorical), and dietary intake of milk 

and milk products, eggs, and meat (continuous), which were previously reported to be 

important sources of PFAS exposure 32–34 and can influence the immune function.35,36

Mixture Analyses—We utilized two mixture methods - quantile g-computation (QGC) 37 

and Bayesian Kernel Machine Regression (BKMR) 38 – to evaluate the joint effect of the 

PFAS mixture on measles, rubella, or mumps antibody levels for the total population and the 

lower and upper folate groups, respectively.

In brief, QGC models examined the joint effect of the PFAS mixture on the natural log-

transformed antibody levels. We exponentiated the beta coefficients to report the percent 

changes in antibody levels per quartile increase in the PFAS mixture with the first quartile 

taken as the reference group, adjusting for covariates. QGC also estimated the weight of 

individual PFAS compounds on the total joint effect (accommodating associations going 

in either positive or negative directions), which reflected the relative contribution of the 

individual PFAS compound to the total mixture effect. QGC models also evaluated the 

EMM and its p value by folate groups on the joint effect of the total PFAS mixture on 

antibody levels.

We complemented QGC analyses with BKMR models, which are based on a flexible kernel 

model that allows us to investigate non-linear relationships and complex interactions within 

the mixture. BKMR models reported 1) dose-response relationships between individual 

PFAS compounds and the natural log-transformed antibody levels, holding the rest of the 

PFAS compounds in the mixture at their median levels, and 2) joint effect of the PFAS 

mixture on the outcome by reporting the changes in natural log-transformed antibody 

concentration per 5th percentile increase or decrease from the median concentrations of 

the PFAS mixture, both conditioning on covariates. BKMR models also assessed the relative 

importance of the individual PFAS compound regarding the joint effect by using Posterior 

Inclusion Probabilities (PIPs). However, BKMR is unable to assess the EMM p value by 

folate status in contrast to QGC.

Sensitivity Analyses—To test the robustness of the cut-off for the RBC folate level in 

defining folate groups, we redefined the lower vs. upper folate group by the median (below 

vs. above median) and the lowest tertile (lowest vs. upper two tertiles) of cycle-specific 

RBC folate concentrations as cut-offs and repeated the primary stratified analyses of single-

chemical analyses and QGC for the newly defined folate groups respectively.

Given the heterogeneity in antibody quantification methods in the two cycles, we stratified 

the analyses by the two cycles (2003–2004 vs. 2009–2010) to report cycle-specific 

Zhang et al. Page 5

Environ Sci Technol. Author manuscript; available in PMC 2023 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associations between PFAS exposure and the three antibody levels. We further adjusted 

the 2009–2010 cycle analyses for seafood consumption in the past 30 days (Yes vs. No), 

which was only available for participants in the 2009–2010 cycle, for it is a major source of 

PFAS exposure and is beneficial to immune function.39,40

We further employed generalized additive models (GAM) to test the non-linear variations of 

the PFAS - antibody associations across RBC folate levels. We assumed a linear relationship 

between PFAS and antibody levels and allowed this linear relationship to vary smoothly 

across RBC folate concentrations. We fit the GAM models only to the 2003–2004 cycle data 

since this was the cycle that drove the overall associations (post-hoc knowledge), and only 

for significant PFAS-antibody associations.

We accounted for the complex NHANES design of sampling, clustering, and weighting in 

the analyses using the “survey” package (version 4.1.1) in R to obtain U.S. representative 

estimates, except for the mixture models and GAM due to technical limitations. We used 

R packages “qgcomp” (version 2.8.5) and “qgcompint” (version 0.6.6) for QGC models, 

“bkmr” (version 0.2.0) packages for BKMK models, and “gam” (version 1.20) for GAM. 

All analyses were conducted in R version 4.0.3 (R Development Core Team 2020).

Results

Population

The mean (SD) age of the study population was 15.50 (2.28) years with 50.22% of the 

adolescents being male. Most of the participants were non-Hispanic white (60.25%) (Table 

1). Comparing the lower (< highest tertile) and the upper folate (≥ highest tertile) groups, 

the lower folate group was more racially diverse (non-Hispanic white: 52.74% in the lower 

folate group vs. 73.03% in the upper folate group), had more people living below the poverty 

line (25.10% vs. 17.05%) and exposed to tobacco smoke (15.27% vs. 7.04%) (Table 1). 

Compared with participants in the 2009–2010 cycle, participants in the 2003–2004 cycle 

were more likely to live under poverty line (24.81% vs. 19.47%) and exposed to tobacco 

smoke (15.06% vs. 9.40%) (Table S2).

PFAS and Antibody Distributions

The four examined PFAS compounds were detected in almost all participants (detection 

rates > 98% in the total population). The detection rates, means, and interquartile ranges 

for the serum PFAS concentrations were similar in the lower and upper folate groups, 

though the upper folate group showed slightly lower PFAS concentrations (Table S3). The 

distributions of measles, rubella, and mumps antibody concentrations were similar in the 

lower and upper folate groups (Table S3). The seropositive rate of mumps antibody was 

93.46% in the total study population, and was slightly higher in the lower folate group than 

the upper folate group (94.34% vs. 91.63%) (Table S3). Compared with the 2009–2010 

cycle, serum concentrations of PFOA, PFOS, and PFHxS, measles and rubella antibody 

levels, and the seropositive rate of mumps antibody were higher in the 2003–2004 cycle 

(Table S4).
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Single Chemical Associations

Rubella—We found an imprecise negative association between serum PFOA 

concentrations and rubella antibody levels in the total population (PC: −4.36%, 95% CI: 

−11.53%, 3.40%), which was substantially strengthened in the lower folate group (PC: 

−10.87%, 95% CI: −19.27%, −1.61%), while no meaningful association was found in the 

upper folate group (PC: 3.30%, 95% CI: −5.38%, 12.78%). The EMM by folate groups 

for the association between PFOA and rubella antibody levels was statistically significant 

(EMM p value =0.03) (Table 2).

We also observed significant negative associations between serum PFOS and PFHxS 

concentrations and rubella antibody levels in the total population (Table 2). After stratifying 

the analyses by lower and upper folate groups, the negative associations for rubella antibody 

levels remained only among those in the lower folate group (PC for PFOS: −11.00%, 95% 

CI:−18.08%, −3.31%; PC for PFHxS: −7.22%, 95% CI: −11.62%, −2.6%), while results 

became imprecise and weaker in the upper folate group (PC for PFOS: −5.51%, 95% CI: 

−12.09%, 1.56%; PC for PFHxS: −4.91%, 95% CI:−11.9%, 2.64%) (EMM p value: 0.22 for 

PFOS, 0.53 for PFHxS).

Mumps—We observed significant negative associations between serum PFOA 

concentration and mumps antibody levels in the total population (PC: −11.05%, 95% 

CI: −18.56%, −2.85%) (Table 2). Similar to findings on rubella antibodies, the negative 

association between serum PFOA and mumps antibodies was only found in the lower folate 

group (PC: −14.79%, 95% CI: −24.46%, −3.89%), while a possible positive association was 

seen for the upper folate group (PC: 24.36%, 95% CI: −0.09%, 54.80%). The EMM by 

folate groups was statistically significant (EMM p value: 0.01). No association or EMM by 

folate groups were found for the remaining PFAS compounds in relation to mumps antibody 

levels (Table 2).

Measles—No meaningful association or EMM by folate groups was observed for serum 

concentrations of any individual PFAS compound on measles antibody levels (Table 2).

Mixture Joint Effect

Rubella—In QGC models, the per quartile increase in serum concentrations of the PFAS 

mixture was significantly associated with a 7.98% (95% CI: −13.01%, −2.66%) decrease 

in rubella antibody levels in the total population (Table 2). Similar to the findings from the 

single chemical analyses, the negative joint effect of the PFAS mixture on rubella antibodies 

was only found in the lower folate group (PC: −9.84%, 95% CI: −15.57%, −3.74%), while 

not in the upper folate group (PC: −4.79%, 95% CI: −13.31%, 4.57%) (EMM p value: 0.32). 

BKMR confirmed the negative joint effect of the PFAS mixture and rubella antibodies in 

the total population and visually reported similar effect heterogeneity in the associations 

for the lower and upper folate groups (Figure 1). Specifically, BKMR reported a clear 

dose-response or linear decreasing trend of rubella antibody levels across changes by every 

5th percentile of the PFAS mixture concentrations in the total population (Figure 1A) and 

the lower folate group (Figure 1B), while no clear trend was seen in the upper folate group 

(Figure 1C).
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Regarding the relative contribution of individual PFAS compounds to the PFAS mixture 

effect on rubella antibodies, QCG reported high negative weights for PFOS in all models – 

total population, and lower and upper folate groups (Table S5). BKMR similarly reported 

a high PIP for PFOS in the model for the lower folate group, while high PIPs for PFHxS 

in the models of the total population and of the upper folate group (Table S6). BKMR 

additionally showed negative dose-response relationships between serum PFOS and PFHxS 

concentration and rubella antibodies in the total population and for PFOS in the lower 

folate group, when holding the rest of the PFAS compounds in the mixture at their median 

concentrations, consistent with findings from the single chemical analyses (Figure S2).

Mumps—Per quartile increase in the serum concentrations of the PFAS mixture was 

significantly associated with a 5.44% (95% CI: −10.44%, −0.16%) decrease in mumps 

antibodies in the total population (Table 2). Consistently, the joint effect of the PFAS 

mixture was only found in the lower folate group (PC: −8.79%, 95% CI: −14.39%, −2.82%) 

while not in the upper folate group (PC: 1.62%, −7.18%, 11.25%) (EMM p value: 0.04). 

BKMR findings were consistent with results from QGC and reported a negative joint effect 

of the PFAS mixture on mumps antibodies in the total population (Figure 2A) and the lower 

folate group (Figure 2B), while not in the upper folate group (Figure 2C).

QGC showed high negative weights for PFOS in the models for the total population, lower 

and upper folate groups (Table S5), while BKMR showed high PIPs for PFOS and PFOA in 

the model for the total population, similar PIPs for the four PFAS compounds in the model 

for the lower folate group, and a high PIP for PFOA in the model for the upper folate group 

(Table S6). The dose-response relationships for individual PFAS compounds and mumps 

antibodies from BKMR models were imprecise with wide credible intervals and did not 

show any obvious trends (Figure S3).

Measles—QGC reported a positive joint effect of the PFAS mixture on measles antibodies 

in the total population (PC: 7.03%, 95% CI: 0.29%, 14.22%), which were imprecise in 

both lower (PC: 5.64%, 95% CI: −2.08%, 13.98%) and upper folate groups (PC: 9.54%, 

95% CI: −1.73%, 22.11%). Similar positive joint effects of the PFAS mixture on measles 

antibodies were reported by BKMR models across the population groups (Figure S4). 

However, QGC and BKMR models reported inconsistent relative contributions of individual 

PFAS compounds to the mixture effect (Tables S5, S6). QGC suggested PFOS to be the 

most important compound (for the positive joint effect) in the total population and the lower 

folate group, and similar weights for PFOA and PFOS in the upper folate group (Table S5). 

However, BKMR reported the highest PIPs for PFOA in the total population and the upper 

folate group, and PFNA was the most important compound identified the lower folate group 

(Table S6).

Sensitivity Analyses

After redefining folate groups by the median of the RBC folate concentration, consistent 

EMM by folate groups as primary findings appeared in the PFOA, PFOS, and PFHxS 

– rubella antibody associations, and in the PFOA, PFAS mixture-mumps antibody 

associations. However, negative associations between PFAS mixture and rubella antibody 
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appeared in both lower and upper folate groups (Table S7). After redefining folate groups 

by the lowest tertile of the RBC folate concentration, consistent EMM by folate groups was 

only found in the PFOA-mumps antibody association, while no EMM by folate groups was 

apparent in the other associations found in the primary analyses (i.e. PFOA, PFOS, PFHxS, 

PFAS mixture-rubella antibody associations, PFAS mixture-mumps antibody associations) 

(Table S8).

After stratifying the analyses by the two survey cycles, the negative (for rubella and 

mumps antibodies) or positive (for measles antibodies) associations between serum PFAS 

concentrations and antibody levels, and the EMM by folate groups found in the primary 

analyses remained or became stronger in the 2003–2004 cycle (Table S9). However, findings 

in the 2009–2010 cycle were imprecise and weaker in general, while the sample size in 

this cycle was smaller than the 2003–2004 cycle (298 vs. 513) (Table S9). Additionally, in 

the 2009–2010 cycle we found positive associations for serum PFOA, PFOS, and PFNA 

concentrations and mumps antibody levels in the upper folate group, which was in contrast 

with results from the primary analyses, although confidence intervals were wide (Table S9). 

Further adjustment for seafood consumption did not change the findings in the 2009–2010 

cycle (Table S10).

In general, the GAM models reported that the beta coefficients of the significant PFAS-

antibody associations (PFOA, PFOS, PFHxS – rubella antibody; PFOS-mumps antibody) 

changed in a linear fashion across RBC folate concentrations. Specifically, the beta 

coefficients were negative with narrower confidence intervals at lower RBC folate levels and 

increased into positive values with wide confidence intervals at higher RBC folate levels. 

The cut-off points where the beta coefficients changed from negative to null/positive was in 

general similar or higher than the highest tertile RBC folate level (Figures S5–8).

Discussion

In this U.S. representative sample of adolescents with seropositive antibody levels to both 

rubella and measles viruses, serum concentrations of PFOS, PFHxS, and the PFAS mixture 

were robustly associated with lower rubella antibodies in the total population and was 

especially apparent in the subpopulation with RBC folate concentrations below the highest 

tertile level (lower folate group), while not among the subpopulation whose RBC folate 

levels were in the top tertile (upper folate group). Similarly, we found robust associations 

between serum PFOA concentrations and the total PFAS mixture and lower mumps 

concentrations only in the lower folate group while not in the upper folate group, with 

evidence of statistically significant EMM by folate status. However, we reported positive 

associations between serum concentrations of the PFAS mixture and measles antibody levels 

in the total population. The findings were primarily driven by data from the 2003–2004 

cycle when overall PFAS exposure was higher.

Our findings on the negative associations between PFOS and PFHxS and rubella antibody 

levels, and PFOA and mumps antibody levels are consistent with existing evidence, although 

no study assessed the joint effect of PFAS as a mixture. Only three studies examined 

childhood rubella antibodies in relation to prenatal or childhood PFAS exposure, of which 
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two utilized the same NHANES data from 1999 – 2000 and 2003–2004 cycles. One study 

observed similar negative associations between serum PFOS and PFHxS concentrations 

and rubella antibodies in adolescents with seropositive rubella antibodies.9 This study is 

also the only one that examined PFAS exposure in relation to mumps antibody levels, 

finding inverse associations consistent with the current study. The other NHANES study 

that examined rubella antibodies in relation to PFAS exposure reported null associations 

among adolescents.41 Of note, this study included both seropositive and seronegative 

populations and defined adolescents as aged 12–18 years, which was inconsistent with the 

usual definition for adolescents in NHANES analyses. Including seronegative populations 

in the study could lead to potential unmeasured confounding, since seronegatives are 

very likely to be unvaccinated individuals. Only one prospective cohort examined prenatal 

PFAS exposure and rubella antibodies in childhood. This small Norwegian cohort of 50 

mother-child pairs observed significant negative associations between prenatal serum PFAS 

concentrations at delivery and rubella antibodies in children at age 3, while no association 

was observed for measles antibodies.42 Importantly, the PFAS concentrations in this 

Norwegian cohort were almost three times lower than the population in the current study, 

suggesting that PFAS could potentially act on antibody responses even at lower exposure 

levels. Besides, consistent evidence is available for prenatal/childhood PFAS exposure and 

reduced diphtheria antibodies, with most of the evidence coming from the Faroe Islands 

cohort.6,7,43 There is also some evidence for PFAS exposure and reduced antibody responses 

to influenza,44,45 hepatitis type A and B,46 and hand-foot-and-mouth virus.47 None of 

the existing studies utilized mixture analyses to examine the joint effect of total PFAS 

mixtures on antibody levels as we did, which was important given that humans are exposed 

to multiple PFAS compounds simultaneously. Indeed, the most recent evaluation of the 

European Food Safety Authority (EFSA), considered the four PFAS compounds examined 

in this work together, expressing the highest concern for immunotoxicity in humans.48 We 

additionally reported positive associations for PFAS exposure and mumps antibody levels 

especially in the upper folate group in the 2009–2010 cycles. However, caution is needed in 

interpretating these results due to the small sample size and the wide confidence intervals 

of the estimates. Additionally, we did not observe associations between PFAS exposure and 

rubella antibody levels in the 2009–2010 cycle when the overall PFAS concentrations were 

lower (except for PFNA), suggesting that we could be underpowered to detect associations 

in this cycle with smaller sample size and lower PFAS exposure levels, although the 

Norwegian cohort did show associations at much lower PFAS levels.42

We found positive associations between the PFAS mixture and measles antibody levels in 

the total population, which was primarily driven by data from the 2003–2004 cycle. No 

previous study examined PFAS compounds as mixtures in relation to measles antibody 

levels. One NHANES study reported a null association between individual PFAS exposure 

and measles antibodies in adolescents,9 while two cohort studies reported null or negative 

associations between prenatal or early childhood PFAS exposure and measles antibodies 

in young children.42,49 It was unclear why we observed a positive association between the 

PFAS mixture and measles antibodies in the current study, while not finding associations in 

single-chemical analyses. Although we found this positive PFAS mixture association with 

measles antibodies, a lack of coherence was noticed between single-chemical and mixture 
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analyses and between our findings and the previous literature. Together with no known 

biologically-plausible explanations, the most likely alternative may be residual confounding. 

Thus, the positive association could be possibly due to residual confounding by central 

variables such as socioeconomic status (SES), even though we have adjusted for major 

SES factors. If similar residual confounding exists in the associations for PFAS and rubella 

and mumps antibody levels, the true associations for these two antibodies would be even 

stronger than those estimated in the present study. It should also be noted that the mixture 

analyses could not account for the sampling scheme and weighting of the NHANES study 

design as were previous mixture analyses in NHANES.50–52 Thus, findings on the mixture 

effect may not be nationally representative, although we saw limited differences when 

conducting the data analyses for single-chemical models with and without accounting for the 

NHANES study design scheme.

This study is the first to examine folate as an effect modifier of the immune-altering actions 

of PFAS exposure.53 Our results support the hypothesis that the antibody-altering effect 

of PFAS was only present in populations with a folate status below the 66th percentile, 

particularly in population with higher PFAS exposure. Of note, RBC folate levels reflect 

medium to long-term folate intake, and at least during the previous 3 months, that is, the 

lifespan of red blood cells,54 suggesting that reaching optimal folate status could potentially 

mitigate PFAS-related immune outcomes. We additionally found that median RBC folate 

levels may provide “protection” for PFAS-related effects on rubella and mumps antibodies, 

while the lowest RBC folate level did not show the same “protective” effects on antibody 

levels in general, as we observed that most of the negative PFAS-antibody associations were 

only present in the lower folate group as defined by the median RBC folate level, but were 

present in both the lower and upper folate groups when defined by the lowest tertile level. 

Future studies are needed to further validate and explore the threshold of folate levels that 

can provide “protection” for PFAS-related immune outcomes in children.

Previous studies reported that folate could maintain or enhance the cytotoxicity activity 

of NK cells,13,55 support Th1-mediated immune responses,56 and play important roles 

in antibody production and metabolism.57–59 The mechanism of how folate interacts 

with PFAS on the immune system is currently unclear and needs further experimental 

exploration. There is some evidence that folate and PFAS are substrates for several shared 

carriers including those in the ATP-binding cassette (ABC) family 60–62 and the organic 

anion transporters (OAT) family.63–71 It is possible that folate could interact with PFAS on 

these receptors and influence their downstream effects on the immune system. Besides, as 

an important methyl donor, folate plays a critical role in DNA synthesis and methylation. 

Previous studies reported changes in DNA methylation in cord blood and in adolescent 

plasma in relation to prenatal PFAS exposure,72 which could be a potential pathway on 

how folate may mitigate PFAS-related health outcomes. Indeed, folate is able to counteract 

the deleterious health effects triggered by other environmental pollutants.73–75 Further, our 

previous study found consistent negative associations for folate status and serum PFAS 

concentrations in a large sample of U.S. adolescents and adults,11 and recent experimental 

evidence supports that spinach and soybean, which contain high levels of folate, could 

reduce the relative bioavailability of the absorption for PFOA and hexafluoropropylene 

oxide trimer acid, which is a PFOA alternative, in mice.76 Combined with findings from the 
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current study, the existing findings implicate that an optimal medium/long-term folate intake 

could reduce the PFAS body burden and further counteract PFAS-related harmful effects on 

the immune system.

Our study innovatively examined effect modification by folate exposure on the immune-

altering effects of PFAS. We were able to assess folate exposure by red blood cell 

folate concentration, which is probably the most reliable biomarker to estimate medium 

to long-term folate intake.54 The NHANES study design ensures the high quality of the 

data, and the representativeness and generalizability of our findings. We were also the 

first study to examine the joint effect of the total PFAS mixture on antibody levels. 

Despite these strengths, our study indeed has several limitations. First and foremost, the 

RBC folate concentration, serum antibodies and PFAS concentrations were measured cross-

sectionally. We cannot establish causal relationships between PFAS, folate, and antibody 

concentrations. However, since the examined PFAS have half-lives over years and RBC 

folate concentration is stable within the previous three months, reverse causation where 

antibody levels at assessment led to different PFAS exposure within each folate group 

appears unlikely. Second, we used seropositivity of rubella and measles antibodies as a 

proxy for MMR vaccination since we did not have vaccination or boosting information in 

the study population, which may not be accurate, and the excluded participants could be 

those who had MMR vaccines but did not generate enough antibody responses. However, 

we would expect the number of these participants to be small since the seroconversion rates 

for rubella and measles were reported to be ~ 97%.18 Third, although we adjusted for a 

comprehensive set of covariates, residual confounding may still be possible, particularly 

probable in the findings for measles antibodies. Although the clinical implications by the 

estimated changes in rubella and mumps antibody levels associated with PFAS exposure 

are difficult to interpret at clinical level, additional evidence on PFAS as a risk factor 

for different types of infections in childhood 3,77 suggest that these associations are of 

public-health relevance. Lastly, while the PFAS examined in the current study are the most 

commonly detected and investigated long-chain PFAS compounds, NHANES data did not 

provide information on short-chain PFAS compounds which could also exert immunotoxic 

effects.78

In conclusion, in this U.S. representative study, we found inverse associations between 

serum concentrations of PFOS and PFHxS and the total PFAS mixture in relation to rubella 

antibodies, and between serum concentrations of PFOA and the total PFAS mixture in 

relation to mumps antibodies only in adolescents with lower red blood cell folate levels, 

while not among adolescents with higher folate levels. Our findings suggest that folate 

could potentially counteract the immune-altering effects of PFAS exposure. If confirmed 

in experimental settings, these findings may have important public health implications for 

the use of folate as a mitigation measure for PFAS-related adverse immune outcomes in 

children.
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Synopsis:

Limited study investigated mitigation measures for PFAS’s adverse health effect. This 

study found the negative associations between PFAS and antibody levels were only 

present among children with lower folate status.
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Figure 1. 
Joint effect of total serum per- and polyfluoroalkyl substances mixtures on rubella antibody 

levels among adolescents aged 12–19 years in the United States, results from Bayesian 

Kernel Machine Regression models.

Note. The point estimate shows the change in natural log-transformed rubella antibody 

levels per5th percentile increase or decrease from the median concentrations (reference 

concentrations) of the total PFAS mixtures. Models were adjusted for age (continuous), 

sex (dichotomous), race (categorical), income-poverty ratio (continuous), BMI (continuous), 

serum cotinine concentrations (continuous), survey cycle (categorical), and dietary intake of 

milk and milk products, eggs, and meat (continuous).
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Figure 2. 
Joint effect of total serum per- and polyfluoroalkyl substances mixtures on mumps antibody 

levels among adolescents aged 12–19 years in the United States, results from Bayesian 

Kernel Machine Regression models.

Note. The point estimate shows the change in natural log-transformed mumps antibody 

levels per5th percentile increase or decrease from the median concentrations (reference 

concentrations) of the total PFAS mixtures. Models were adjusted for age (continuous), 

sex (dichotomous), race (categorical), income-poverty ratio (continuous), BMI (continuous), 

serum cotinine concentrations (continuous), survey cycle (categorical), and dietary intake of 

milk and milk products, eggs, and meat (continuous).
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Table 1.

Characteristics of adolescents aged 12 to 19 years in the United States, stratified by folate groups.

Characteristics Total Population N=819 Lower Folate Group a 
N=552

Upper Folate Group a 
N=267

Age (years), mean (SD) 15.50 (2.28) 15.63 (2.24) 15.24 (2.34)

BMI (kg/m2), mean (SD) 23.89 (5.70) 23.62 (5.37) 24.44 (6.33)

Male, n (%) 445 (50.22) 299 (49.82) 146 (50.87)

Race, n (%)

Non-Hispanic White 235 (60.25) 130 (52.74) 105 (73.03)

Non-Hispanic Black 253 (14.60) 202 (18.94) 51 (7.38)

Hispanic 288 (17.88) 187 (19.60) 101 (15.02)

Other 43 (7.17) 33 (8.73) 10 (4.57)

Income-Poverty Ratio, n (%) b

<1 269 (22.09) 187 (25.10) 82 (17.05)

1=<, <2 240 (22.96) 166 (24.38) 74 (20.60)

2=< 310 (54.95) 199 (50.51) 111 (62.34)

Serum cotinine concentration (ng/ml), median 
(interquartile range)

0.096 (0.021, 0.999) 0.124 (0.024, 1.32) 0.055 (0.011–0.664)

Exposed to tobacco smoke, n (%) c 95 (12.18) 76 (15.27) 19 (7.04)

Note. BMI, Body Mass Index.

a:
The cut-off for defining lower vs. upper folate groups was the highest tertile of the cycle-specific red blood cell folate concentration. Cutoff = 234 

ng/ml for 2003–2004 cycle, 441.5 ng/ml for 2009–2010 cycle.

b:
Income-poverty ratio was the ratio of self-reported household income and the income of poverty guidelines.

c:
Participants with serum cotinine concentration > 10 ng/ml were considered as exposed to tobacco smoke.
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