
Associations between per- and poly-fluoroalkyl substance 
(PFAS) exposure and immune responses among women in the 
California Teachers study: A cross-sectional evaluation

Emily L. Caublea, Peggy Reynoldsb, Marta Epeldeguic, Syam S. Andrad, Larry Magpantaye, 
Srinivasan Narasimhand, Divya Pulivarthid, Julie Von Behrenb, Otoniel Martinez-Mazae, 
Debbie Goldbergb, Emma S. Spielfogela, James V. Lacey Jr.a, Sophia S. Wanga,*

aDivision of Health Analytics, Beckman Research Institute, City of Hope, Duarte, CA, USA

bDepartment of Epidemiology and Biostatistics, University of California San Francisco, San 
Francisco, CA, USA

cUCLA AIDS Institute, University of California, Los Angeles, Los Angeles, CA, USA

dDepartment of Environmental Medicine and Public Health, Icahn School of Medicine at Mount 
Sinai, New York, NY, USA

eUniversity of California, Los Angeles, Los Angeles, CA, USA

Abstract

Introduction: Per- and polyfluoroalkyl substances (PFAS) are persistent environmental 

contaminants that have been linked to a number of health outcomes, including those related to 

immune dysfunction. However, there are limited numbers of epidemiological-based studies that 

directly examine the association between PFAS exposure and immune responses.

Methods: In this cross-sectional study nested in the California Teachers Study cohort, we 

measured nine PFAS analytes in serum. Of the 9 analytes, we further evaluated four (PFHxS 

[perfluorohexane sulfonate], PFNA [perfluorononanoic acid], PFOA [perfluorooctanoic acid], 

PFOS [perfluorooctanesulfonic acid]) that had detection levels of > 80 %, in relation to 

16 systemic inflammatory/immune markers and corresponding immune pathways (Th1 [pro-

inflammatory/macrophage activation], B-cell activation, and T-cell activation). Study participants 
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(n = 722) were female, completed a questionnaire regarding various health measures and 

behaviors, and donated a blood sample between 2013–2016. The association between PFAS 

analytes and individual immune markers and pathways were evaluated by calculating odds ratios 

(OR) and 95 % confidence intervals (CI) in a logistic regression model. PFAS analytes were 

evaluated both as a dichotomous exposure (above or below the respective median) and as a 

continuous variable (per 1 unit increase [ng/mL]).

Results: The prevalence of detecting any PFAS analyte rose with increasing age, with the highest 

PFAS prevalence observed among those aged 75 + years and the lowest PFAS prevalence observed 

among those aged 40–49 years (study participant age range: 40–95 years). Significant associations 

with BAFF (B-cell activating factor) levels above the median were observed among participants 

with elevated (defined as above the median) levels of PFHxS (OR=1.53), PFOA (OR=1.43), 

and PFOS (OR=1.40). Similarly, there were statistically significant associations between elevated 

levels of PFHxS and TNFRII (tumor necrosis factor receptor 2) levels (OR=1.78) and IL2Rα 
(interleukin 2 receptor subunit alpha) levels (OR=1.48). We also observed significant inverse 

associations between elevated PFNA and sCD14 (soluble cluster of differentiation 14) (OR=0.73). 

No significant associations were observed between elevated PFNA and any immune marker. 

Evaluation of PFAS exposures as continuous exposures in association with dichotomized 

cytokines were generally consistent with the dichotomized associations.

Conclusions: PFAS exposure was associated with altered levels of circulating inflammatory/

immune markers; the associations were specific to PFAS analyte and immune marker. If validated, 

our results may suggest potential immune mechanisms underlying associations between the 

different PFAS analytes and adverse health outcomes.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are ubiquitous chemicals whose use began 

in the 1940′s [1]. They are found in numerous items of daily use, including food 

packaging, cleaning products, carpeting, and firefighting foam [1]. There are over 12,000 

PFAS chemicals, and some of these chemicals are pervasive and persistent environmental 

contaminants; termed “forever chemicals”, these PFAS do not degrade easily and maintain 

legacy status, meaning they remain persistent in the environment even after they are no 

longer used in production. Some PFAS analytes, such as perfluorooctanoic acid (PFOA) 

and perfluorooctanesulfonic acid (PFOS), are thought to persist in the environment for up 

to 1000 years [2], and some PFAS analytes, including PFOA and PFOS, have a half-life of 

3–8 years within the human body [3,4]. PFAS analytes are also known to bioaccumulate in 

human tissue, act as endocrine disrupting chemicals, and/or promote carcinogenesis [5,6]. 

PFAS are now ubiquitous in the human population; U.S. data from NHANES in 2011–2012 

reported detectable PFAS in 97 % of 1887 human serum samples evaluated [7].
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PFAS exposure has been linked to various health outcomes and diseases, including 

pregnancy related outcomes (e.g., preeclampsia and lower birth weight), higher cholesterol 

levels, and kidney and testicular cancer [8–10]. More importantly, PFAS exposure have been 

linked specifically to immune-related endpoints, including altered vaccine responses and 

immune suppression through decreasing antibody production, hindering immunoglobulin 

production, and decreasing the amount of circulating immune cells [11–14]. To date, there 

are limited epidemiology-based studies that have investigated the association between PFAS 

and cytokine levels circulating in human serum, the latter serving as a surrogate measure for 

immune function and response [14–20]. Gaps in the current literature include 1) the limited 

number of PFAS exposures and immune markers evaluated and 2) the conflicting results that 

have been reported thus far [14]. Because immune dysregulation and chronic inflammation 

are recognized as key biological mechanisms for disease development and progression [21], 

we sought to specifically evaluate the link between PFAS and immune dysregulation.

Here, we measured 9 PFAS analytes and 16 immune markers and cytokines in 722 

women cross-sectionally from the California Teachers Study. Specifically, we aimed to 

understand the association between levels of PFAS chemicals detected in the blood to 

circulating levels of cytokine and immune markers in blood at the same point in time, 

thereby providing critical clues on whether exposures to PFAS are linked to inflammation 

or immune alterations. Additionally, this study of largely post-menopausal women is 

particularly significant as a study of a potentially susceptibility population where immune 

response is known to be depressed and the occurrence of autoimmune conditions is higher. 

Moreover, the older age group of our population further embodies a higher cumulative 

exposure, particularly for this population which has been exposed to PFAS virtually their 

entire lifetime. Our investigation of PFAS and altered immune regulation in this population 

is thus timely and of biological significance in understanding potential downstream health 

effects [22,23].

The PFAS analytes included in our study (specifically, PFOA, PFOS, PFNA, and PFHxS 

[perfluorohexane sulfonate]) are considered legacy analytes, thus still prevalent in our 

environment despite being phased out in the early 2000′s by the EPA (Environmental 

Protection Agency) [24]. As recently as 2022, the Centers for Disease Control and 

Prevention reported that legacy PFAS analytes continue to be detectable in human serum 

samples. Specifically, 10 communities identified across multiple states within the United 

States, including Massachusetts, West Virginia, Delaware, New York, Washington, Texas, 

Colorado, and Arkansas, had legacy PFAS analytes present in their water [25], and, in 

these same 10 communities, the populations had higher age-adjusted blood levels of PFHxS, 

PFOS, PFOA and PFNA than national levels [25]. A 2016–2021 study further reported 

legacy PFAS contamination in 45 % of United States drinking water samples (of 716 

tap water samples) [26]. Given the ubiquity of PFAS, the growing number of health 

outcomes associated with PFAS exposure and the dearth of understanding of what biological 

mechanisms by which PFAS leads to these outcomes, our study is timely and fills current 

gaps in the literature. We hypothesized that individuals with a higher burden of detected 

PFAS exposure would be associated with detectable differences in immune markers.
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2. Methods

2.1. Study population

The California Teachers study (CTS) is a prospective cohort study that began in 1995 

and included a population of women that were active or recently retired public school 

professionals (mainly teachers). The CTS cohort has been previously described [27], and the 

CTS has been approved by the Institutional Review Board of City of Hope. Initially, there 

were 133,477 participants enrolled in the CTS; of which, 65,229 participants completed 

a questionnaire from 2012 to 2015 (Questionnaire 5 or Q5). Further standard exclusion, 

including those who lived outside of California at baseline, who only consented to breast 

cancer research, and who provided invalid baseline data, were applied, resulting in 61,984 

eligible participants. For this cross-sectional study, 722 participants (of the 61,984) were 

selected based on their participation in completing a questionnaire from 2012 to 2015 

(Questionnaire 5 or Q5) and participating in a biobanking study from 2013 to 2016 [28] and 

had to be free of cancer at the time of the blood draw. The participants are a subset of the 

population originally selected as part of a larger study on sleep characteristics and for whom 

cytokine measurements were previously conducted. As described in Wang et al (2022), this 

subpopulation’s demographic characteristics did not differ from that of the overall study 

population or from those that participated in the biobanking study [29].

2.2. Population characteristics

In the baseline questionnaire, participants answered questions regarding their age, race/

ethnicity (non-Hispanic White or other), socioeconomic status (SES; in quartiles determined 

by occupation, education, and income), and rural/urban residence (rural, town, city, 

metropolitan suburban, or metropolitan urban; according to the 1990 census block groups). 

In the follow-up Q5, participants provided updated information on physical activity 

(moderate/strenuous: 0–2.37, 2.38–5.88, 5.88 + hrs/week), nonsteroidal anti-inflammatory 

drug (NSAID) use (none/1/week or > 1/week), statin use (none or > 1/week), and weight 

(for which updated body mass index was calculated [BMI: 15–24, 25–29, or 30 + kg/m2]). 

These covariates were selected based on our prior evaluation of host characteristics that 

demonstrated their association with immune markers [29].

2.3. Cytokine measurements

We previously measured cytokines using two multiplex panels, as described in [29]. Briefly, 

Human Biomarker A Panel was used to measure human inflammatory cytokines (i.e., 

interleukin-1 beta [IL-1β], interleukin-2 [IL-2], interleukin-4 [IL-4], interleukin-6 [IL-6], 

interleukin-8 [IL-8], interleukin-10 [IL-10], interferon gamma [IFN-γ], and tumor necrosis 

factor alpha [TNF-α]), and Soluble Receptor Human Panel was used to measure soluble 

receptors and chemokines (i.e., B-cell activating factor [BAFF], C-X-C motif chemokine 

ligand 13 [CXCL13], soluble cluster of differentiation 14 [sCD14], soluble cluster of 

differentiation 27 [sCD27], glycoprotein 130 [GP130], interleukin-2 receptor subunit alpha 

[IL2Rα], interleukin-6 receptor subunit alpha [IL6Rα], and tumor necrosis factor receptor 

2 [TNFRII]). Limit of detection per immune marker and coefficient of variations for these 

samples and panels have been previously described [29].
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2.4. PFAS measurements

Of the participants with cytokine measurements available, 722 had sufficient serum aliquots 

required for PFAS measurements. Serum aliquots (1 mL) were sent to Mount Sinai Targeted 

Analysis Laboratory Hub where 9 PFAS analytes were measured: perfluorooctane sulfonate 

total (PFOS), perfluorooctanoic acid total (PFOA), perfluorohexane sulfonate (PFHxS), 

perfluorononanoic acid (PFNA), perfluorohexanoic acid (PFHXA), perluoroheptanoic acid 

(PFHPA), perfluoroheptanesulfonic acid (PFHPS), perfluorodecanoic acid (PFDA), and 

perfluroundecanoic acid (PFUNDA).

Quantification of PFAS analytes in serum was conducted as described in Kato et al. (2018) 

with minor modifications [30–32]. Initially, each sample received 13C stable isotope labeled 

internal standards, then they were processed by solid-phase extraction with an Oasis WAX 

mixed-mode polymeric reversed-phase 96-well plate (30 mg sorbent per well, 30 μm particle 

size; Waters Corporation, Milford, MA). The LC-MS/MS (Agilent 1290 Infinity II UHPLC 

coupled with 6470A triple quadrupole MS, Agilent Technologies, Wilmington, DE) was 

operated in electrospray negative mode and multiple reaction monitoring (MRM) was 

performed for ionization and quantification, respectively. Chromatographic separation was 

performed on an InfinityLab Poroshell 120 EC-C18, 1.9 μm, 100 × 2.1 mm analytical 

column with 5 × 2.1 mm guard cartridge (Agilent Technologies, Wilmington, DE). 

Instrument-specific PFAS background levels were removed by Eclipse Plus C18, 3.5 μm, 

50 × 4.6 mm delay column (Agilent Technologies, Wilmington, DE). The PFAS assay has 

been validated through proficiency testing and consistently met acceptance criteria in the 

G-EQUAS [33] and CTQ-AMAP programs [34]. The laboratory’s internal quality control 

accounted for 20 % and contained reagent- and matrix-based experimental blanks, matrix 

spikes at three different validation levels (low, medium, and high), NIST standard reference 

materials (SRM 1957 and SRM 1958), and archived proficiency testing material [30,32], 

as outlined in Human Health Exposure Analysis Resource (HHEAR) [35]. The limits of 

quantification (LOQ) for the PFAS analytes in the assay ranged from 0.3 to 0.7 ng/mL. 

Machine-read values were provided for all measurements and were used for biomarker 

values below the LOQ. For external quality control and to assess assay performance, 50 

blinded QC paired-duplicate samples were run in parallel with the study samples. PFAS 

analytes that had a percent detection ≥ 80 % (PFHxS, PFNA, PFOA and PFOS) were 

included in subsequent analyses, concordant with previous human studies on PFAS [36–38].

2.5. Statistical analysis

We created natural log-transformed values of each cytokine/immune marker and each 

PFAS analyte. For logistic regression models, both exposure (PFAS) and outcome (cytokine/

immune markers) were dichotomized as above or below the respective median. Select 

cytokine/immune markers with detection levels < 50 % (IL-2, IL-4, and IFN-γ) were 

dichotomized as detectable vs non-detectable.

Logistic regression models were first performed to evaluate the association between 

participant characteristics and PFAS analytes, specifically among covariates previously 

identified to be associated with cytokine/immune markers [29]. Because of the pronounced 

association between age and PFAS analytes, and because no other covariate was associated 
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with both PFAS and cytokines, only age was included in all subsequent models. We note 

that even with a conservative approach whereby a fully saturated model was tested including 

all covariates, the resulting associations did not change by > 10 %, further justifying the 

inclusion of only age in our final logistic regression models. In sensitivity analyses, we also 

evaluated PFAS analytes as a continuous variable (per ng/mL) in relation to dichotomized 

immune markers as the outcome.

Evaluation of PFAS analytes (logistic and continuous) were further conducted with immune 

pathways as the outcome (dichotomized as either having circulating immune markers 

reflecting the respective immune pathway or not). Briefly, immune pathways were defined 

as: 1) Th1: elevated IFN-γ and decreased IL-10 and IL-4) pro-inflammatory/macrophage 

activation: elevated levels of TNF-α, TNFRII, IL-6, IL-1β, IL-8, IL6Rα, IL-10, and sCD14, 

3) B-cell activation: elevated levels of BAFF, IL-10, IL-4, IL-6, sCD27, CXCL13, and 4) T-

cell activation: elevated levels of IL-2, IL2Rα, IFN-γ, IL-4, IL-6 [29]. For each pathway, the 

distribution (and median) of the number of elevated immune markers was determined based 

on the presence of each marker defined above. Each pathway was dichotomized based on 

the median number of elevated immune markers; those above the median number of markers 

present were defined as exerting the specific pathway versus not having characteristics of 

that pathway (e.g., below median).

Statistical analyses were performed using SAS 9.4 and all statistical tests were two-sided 

(SAS Institute Inc., Cary, NC). Any figures were created using GraphPad Prism 9.5.0 [39] 

and all analyses were performed via the CTS Researcher Platform [40].

3. Results

3.1. Study population characteristics

Study population characteristics are described in Table 1. Of 722 participants, 59.1 % 

were greater than 60 years old and 79.2 % identified as non-Hispanic White. The majority 

(72.1 %) of the study population also reported living in suburban locations. Population 

characteristics of the analytic subset were comparable to those from the original biobanking 

study, including body mass index, diabetes, physical activity and NSAID use (Table 1).

Notably, PFOA, PFOS, PFNA, and PFHxS levels all increased with age (Fig. 1). Statistically 

significant stepwise increases in concentration (ng/mL) for all four analytes were observed 

by increasing decade of age (PFOA p-trend < 0.0001; PFOS p-trend < 0.0001; PFNA 

p-trend = 0.0257; PFHxS p-trend < 0.0001). The age-association was most pronounced for 

PFHxS, and as further shown in Supplemental Table 1, among women 50–59 years old we 

observed a 3.84-fold association with elevated PFHxS levels (compared to women 40–49 

years old), which increased to 9.40 and 15.82 for women 60–69 years old and 70 + years 

old, respectively. Associations were also striking for PFOS and PFOA, and least pronounced 

for PFNA, though still statistically significant (Supplemental Table 1).

3.2. PFAS analyte and cytokine measurements

Descriptive statistics for the 9 measured PFAS analytes are shown in Supplemental Table 

2. Consistent with the current population-based literature, 4 of the 9 PFAS analytes were 
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detected in ≥ 80 % of study participants: PFHxS, PFNA, PFOA and PFOS [16,37,41]. 

The medians for PFHxS, PFNA, PFOA, and PFOS were 1.28 ng/mL, 0.78 ng/mL, 2.03 

ng/mL, and 4.63 ng/mL, respectively (Supplemental Table 2). The remaining PFAS analytes 

had medians that were below the limit of quantification. Descriptive statistics for the 16 

measured immune markers are shown in Supplemental Table 3.

3.3. Covariate determination for multivariable models

Results of univariate models between population characteristics and PFAS levels are shown 

in Supplemental Table 1. In addition to associations with older age, statin use (>1/week) 

was also associated with a ~ 2-fold association with higher levels of all 4 PFAS analytes 

(Supplemental Table 1); other sporadic associations were noted between higher SES and 

PFOA and between NSAID use and PFHxS. No other covariate previously found associated 

with our immune markers [29] were associated with any PFAS analyte. However, we note 

that the associations with statins, SES and NSAID use were no longer significant once 

age was included in the model; it is thus likely that these associations are confounded by 

age (e.g., older age groups accounted for the use of statins/NSAIDs and with higher SES). 

This also further supports the inclusion of age as the singular covariate of interest for our 

multivariate logistic regression models.

3.4. Cytokine levels and PFAS exposure associations

Dichotomized, age-adjusted associations between PFAS exposure and cytokine levels are 

shown in Table 2. Elevated levels (defined as above the median) of PFHxS (OR=1.53, 95 % 

CI=1.12–2.09), PFOA (OR=1.43, 95 % CI=1.06–1.95) and PFOS (OR=1.40, 95 % CI=1.03–

1.90) were statistically significantly associated with increased (above the median) levels of 

BAFF, compared to below the median. PFHxS was also associated with elevated levels of 

TNFRII (OR=1.78, 95 % CI=1.29–2.45) and elevated levels of IL2Rα (OR=1.48, 95 % 

CI=1.08–2.03) (Table 2). No significant positive associations were observed between PFNA 

exposure and any immune marker; however, increased levels of PFNA were associated with 

decreased levels of sCD14 (Table 2).

Evaluation of PFAS exposures as continuous exposures in association with dichotomized 

cytokines were generally consistent with the dichotomized associations discussed previously 

(Supplemental Table 4). Associations with BAFF were also statistically significant between 

per ng/mL increases in PFHxS (OR=1.34, 95 % CI-1.06–1.68) and PFOS (OR=1.53, 95 

% CI=1.20–1.94); associations with TNFRII and IL2Rα were also similarly significant 

in PFHxS as a continuous variable (Supplemental Table 4). The inverse association 

between PFNA and sCD14 was not statistically significant when PFNA was evaluated as 

a continuous variable. No statistically significant associations were observed between any 

of the 4 PFAS analytes and TNF-α, CXCL13, IFN-γ, IL-2, IL-8, IL-10, IL-1β, IL6Rα, and 

GP130.

When the four PFAS analytes were evaluated for associations with 4 immune pathways, only 

elevated levels of PFHxS exposure (defined as above the median) was positively associated 

with B-cell activation markers (OR=1.37, 95 % CI=1.00–1.87) (Supplemental Table 5). 

No other statistically significant associations between the 4 PFAS analytes and immune 
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pathways were observed. Notably, the 1.37 odds ratio is lower than the 1.53 odds ratio 

observed for the association between PFHxS and BAFF alone, indicating the aggregate 

median of immune markers in the B-cell activation pathway likely diluted the specific 

association with BAFF, rather than enhance the overall association with the pathway.

4. Discussion

In our evaluation of 722 women from the California Teachers Study whose sera, collected 

from 2013 to 2016, were evaluated for both PFAS and cytokine/immune markers at a single 

time point, we found: 1) positive associations between increasing levels of PFHxS and 

elevated levels of BAFF, TNFRII, and IL2Rα, 2) positive associations between increasing 

levels of PFOA and PFOS with elevated BAFF, and 3) inverse associations between PFNA 

and sCD14. Pathway-based analyses did not appear to add additional information beyond 

the individual cytokine/immune marker associations. These results add important data 

to the literature by providing robust data linking PFAS analytes with specific immune 

markers, specifically BAFF, TNFRII and IL2Rα, which, to our knowledge, have not 

previously been reported. Our data adds to the growing evidence from prior studies that 

have reported associations between PFAS analytes and increased risk for long-term adverse 

immune-related health outcomes, such as persistent infections, rheumatoid arthritis, vaccine 

responses, and ulcerative colitis [11,42,43].

Consistent with the current literature, older age was significantly associated with higher 

detectable levels for each of the PFAS analytes [37,44]. Our results are consistent with 

Kato et al.’s (2011) prevalence estimates for PFOA, PFOS, PFNA, and PFHxS at an earlier 

timepoint (1999–2008) in the United States among both men and women whereby those in 

the oldest age group (60 + years) had the highest prevalences and levels of PFOA, PFOS and 

PFNA [44]. Similar results were reported by Stein et al. (2016) in a more recent but smaller 

subset of younger U.S. men and women. [37]. We also previously reported elevated levels of 

PFAS in older women compared to younger women in a different subset of 1,257 women in 

the California Teachers Study [45].

The descriptive statistics for PFOA and PFNA analytes are relatively consistent with other 

studies that utilized serum and reported median values for each analyte [16,18,41,46]. We 

reported similar medians (1.28 ng/mL) for PFHxS [18,41,46], except for Barton et al. 

(2022) who reported a much higher median (16.6 ng/mL) and whose results were based 

on both men and women [16]. Notably, Zota et al. (2018) reported a similar PFOS median 

(2.83 ng/mL) to our median (4.63 ng/mL), which could be attributed to study population 

similarities (all female cohorts) [18]; otherwise, higher PFOS medians were reported in 

general though these studies also included both men and women (8.2 ng/mL [16] to 

45.86 ng/mL [41]). Geographic differences and differences in laboratory methods may also 

contribute to quantitative differences. It is noteworthy that the median levels of at least 

two of our PFAS analytes measured in the present study exceeded 2 ng/mL, which is the 

threshold whereby advanced screenings and health assessments are recommended [47].

Each PFAS analyte displayed different associations with the immune markers assessed in 

our study. With respect to PFOA exposure, there was a positive association with higher 
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PFOA and elevated levels of BAFF. Of note, BAFF has been shown to play a role in 

controlling B cell maturation and acting as a survival factor for B cells [48]. Increased levels 

of BAFF due to a genetic deletion have been linked to an increased risk of developing 

autoimmune diseases, such as multiple sclerosis (MS) [49]. Similar to PFOA, higher levels 

of PFOS were also associated with elevated BAFF. PFOA and PFOS are among the most 

well documented PFAS analytes, but, to our knowledge, they have not been previously 

linked to BAFF. The robust and novel associations found here thus warrant further 

investigation as a potentially important biological pathway for understanding downstream 

health effects.

Our data yielded an association between increased PFNA exposure with decreased levels of 

sCD14. CD14 is expressed by monocytes, such as macrophages, and plays a role in innate 

immunity [50]. CD14 has also been shown to contribute to cancer-related inflammation 

and alternatively promote an immunosuppressive environment that helps drive tumor 

development [50]. According to Zhang et al. (2022), PFNA exposure and CD14 have been 

minimally studied via various study types, and the results are conflicting [14]. In an in 
vivo mouse study, PFNA exposure decreased the number of overall CD14 + cells [51]. In a 

follow-up in vivo mouse study, Rockwell et al. (2017) described that PFNA exposure caused 

an initial decease in CD14 + cells followed by an increase in CD14 + cells over time [52]. 

It is unclear how our results, which found increased PFNA levels associated with decreased 

levels of sCD14, fit into the larger published data, but further investigations in population 

studies appear warranted.

Similar to both PFOA and PFOS, elevated levels of PFHxS exposure were robustly 

associated with higher levels of BAFF. The positive associations of all three PFAS 

analytes with BAFF are notable and warrant further investigation. PFHxS exposure also 

yielded a positive association with elevated levels of TNFRII. TNFRII has been linked to 

susceptibility to immune conditions, such as multiple sclerosis, due to its role in suppressing 

the activation of regulatory T cells (Tregs) [53]. As well-documented in current literature, 

the number of Tregs increases as an individual ages, serving as a mechanism to prevent 

excessive inflammation or possible autoimmune conditions; however, when the production 

and activation of Tregs is altered, this protective function is decreased (e.g., such as in 

the case of PFAS exposure) [23,54]. Aging women represent a particularly susceptibility 

population – as immune response is depressed among post-menopausal women and as 

autoimmune condition risk is higher – understanding the role that PFAS plays in perturbing 

the immune response is thus of particular importance for understanding downstream health 

effects in this susceptible population [22,54]. Lastly, TNFRII has also been linked to the 

activation of the NFkB signaling pathway, which subsequently increases the production 

of TNF-α, a ligand for TNFRII [55]. PFHxS exposure was positively associated with 

increased IL2Rα. As a receptor for IL-2, IL2Rα and has been shown to assist with Treg 

activation and development [56]. PFAS exposure has also been found to increase the levels 

of Th2 cytokines, including IL2Rα, that can increase the risk for immune conditions, 

such as rheumatoid arthritis [43,57]. Further investigations to confirm the associations 

between PFHxS with TNFRII and IL2Rα in population-based studies are thus warranted 

to illuminate its potential role in Treg and/or NFkB activation that impacts long-term health 

outcomes.
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When assessing PFAS exposure in relation to our constructed immune pathways, there 

were no notable associations other than those already driven by the specific cytokines. For 

example, the PFHxS association with the B-cell activation pathway is likely attributed to 

the specific association between PFHxS and BAFF association which was in fact more 

pronounced than that of the overall pathway, likely diluted by the null associations from the 

other markers in the pathway. Overall, the pathway associations did not appear to indicate 

a cumulative effect of all markers in a given pathway, but rather appeared largely driven by 

one specific marker.

Our cross-sectional study strengths include the use of a relatively large study cohort, the 

number of immune markers assessed, and involved standardized specimen collection and 

minimized variability due to the processing and storage by a single laboratory. Due to the 

nature of a cross-sectional study, our study does not permit us to measure the long-term 

implications of PFAS exposure on immune dysregulation. Study limitations also include 

the evaluation among females only, thereby limiting the generalizability of the study 

overall; however, we note the strength of evaluating these effects among aging women. 

Studies have demonstrated that PFAS exposure have been associated with altered female 

reproductive function, including later age of menarche, irregular and longer menstrual 

cycles, earlier age of menopause, and altered levels of hormones [58,59]. These effects are 

posited to result in downstream health outcomes; to date, higher levels of PFOS have been 

positively associated with ER+, PR+and ER+/PR+breast cancer tumors, and PFOA have 

been positively associated with ER−, PR−, ET+/PR− and ER−/PR− breast cancer tumors 

[60]. Investigating the role of PFAS exposure within an aging female population is thus a 

particularly important aspect of understanding the effects of the environment on immunity 

and related health outcomes, particularly in an immunologically susceptible and highly 

exposed population. Moreover, based on studies to date, a recent review emphasized that 

future epidemiology studies should include the evaluation of immunotoxicity among PFAS-

associated disease endpoints [11]. Despite the overall consistency of our study results to the 

current literature, we acknowledge that cannot exclude the possibility that the associations 

present in our results were due to chance, particularly given the number of PFAS analytes 

and immune markers evaluated.

5. Conclusions

In summary, our study results assessed the associations between various PFAS analyte levels 

and circulating inflammatory markers at a single timepoint, providing important insight 

regarding the biological underpinnings that PFAS exposures may have in downstream 

development of disease endpoints. Specifically, our data suggests that PFAS exposure may 

be associated with the elevation of markers in the TNF family or superfamily, and its effects 

on immune function dysregulation may be associated with Treg production and activation. 

Importantly, each PFAS analyte displayed different associations with measured cytokines, 

thus warranting future studies to investigate the mechanistic differences between the PFAS 

analytes to identify the individual effects of these exposures on immune dysregulation and 

the array of disease endpoints that may result.
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6. Data statement

All data associated with this publication are available for research use. The California 

Teachers Study welcomes all inquiries (https://www.calteachersstudy.org/for-researchers). 

Additionally, the PFAS analyte dataset presented in this study can be found in the online 

Human Health Exposure Analysis Resource data repository (https://hhearprogram.org/data-

services).

Data associated with this publication are also publicly available through the Human Health 
Exposure Analysis Resource (HHEAR) Data Center (https://hheardatacenter.mssm.edu/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PFOS Perfluorooctanesulfonic acid

PFNA Perfluorononanoic acid

PFHxS Perfluorohexane sulfonate

BAFF B-cell activating factor

TNFRII Tumor necrosis factor receptor 2

IL2Rα Interleukin-2 receptor subunit alpha

sCD14 Soluble cluster of differentiation 14

EPA Environmental Protection Agency

SNURs Significant New Rules

CTS California Teachers study

Q5 Questionnaire 5

SES Socioeconomic status

NSAID Nonsteroidal anti-inflammatory drug

BMI Body mass index

PFHXA Perfluorohexanoic acid

PFHPA Perluoroheptanoic acid

PFHPS Perfluoroheptanesulfonic acid

PFDA Perfluorodecanoic acid

PFUNDA Perfluroundecanoic acid

TNF-α Tumor necrosis factor alpha

IL-1β Interleukin-1 beta

IL-2 Interleukin-2

IL-4 Interleukin-4

IL-6 Interleukin-6

IL-8 Interleukin-8

IL-10 Interleukin-10

IFN-γ Interferon gamma

CXCL13 C-X-C motif chemokine ligand 13

sCD27 Soluble cluster of differentiation 27
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GP130) Glycoprotein 130

IL6Rα Interleukin-6 receptor subunit alpha

MRM Multiple reaction monitoring

HHEAR Human Health Exposure Analysis Resource

LOQ Limits of quantification

ORs Odd ratios

Min Minimum value

Max Maximum value

MS Multiple sclerosis

Tregs Regulatory T cells

References

[1]. Administration USFAD. Per- and polyfluoroalkyl substances (PFAS). 2023.

[2]. Russell MH, Berti WR, Szostek B, Buck RC, Investigation of the biodegradation potential of a 
fluoroacrylate polymer product in aerobic soils, Environ. Sci Technol. 42 (3) (2008) 800–807. 
[PubMed: 18323105] 

[3]. Li Y, Fletcher T, Mucs D, Scott K, Lindh CH, Tallving P, et al. , Half-lives of PFOS, PFHxS and 
PFOA after end of exposure to contaminated drinking water, Occup. Environ. Med. 75 (1) (2018) 
46–51. [PubMed: 29133598] 

[4]. Olsen GW, Burris JM, Ehresman DJ, Froehlich JW, Seacat AM, Butenhoff JL, et al. , Half-life of 
serum elimination of perfluorooctanesulfonate, perfluorohexanesulfonate, and perfluorooctanoate 
in retired fluorochemical production workers, Environ. Health Perspect. 115 (9) (2007) 1298–
1305. [PubMed: 17805419] 

[5]. Agency USEP. Our current understanding of the human health and environmental risks of PFAS. 
2023.

[6]. Agency USEP. Drinking Water Health advisories for PFOA and PFOS. 2023.

[7]. Lewis RC, Johns LE, Meeker JD, Serum biomarkers of exposure to perfluoroalkyl substances in 
relation to serum testosterone and measures of thyroid function among adults and adolescents 
from NHANES 2011–2012, Int. J. Environ. Res. Public Health. 12 (6) (2015) 6098–6114. 
[PubMed: 26035660] 

[8]. Hu CY, Qiao JC, Gui SY, Xu KX, Dzhambov AM, Zhang XJ, Perfluoroalkyl and polyfluoroalkyl 
substances and hypertensive disorders of pregnancy: a systematic review and meta-analysis, 
Environ. Res. 231 (Pt 2) (2023) 116064. [PubMed: 37178750] 

[9]. Steenland K, Fletcher T, Stein CR, Bartell SM, Darrow L, Lopez-Espinosa MJ, et al. , Review: 
evolution of evidence on PFOA and health following the assessments of the C8 science panel, 
Environ. Int. 145 (2020) 106125. [PubMed: 32950793] 

[10]. Liu Y, Zhang H, Xu F, Zhang X, Zhao N, Ding L, Associations between serum per- and 
polyfluoroalkyl substances as mixtures and lipid levels: a cross-sectional study in Jinan, Sci. 
Total Environ. 923 (2024) 171305. [PubMed: 38423340] 

[11]. Fenton SE, Ducatman A, Boobis A, DeWitt JC, Lau C, Ng C, et al. , Per- and polyfluoroalkyl 
substance toxicity and human health review: current state of knowledge and strategies for 
informing future research, Environ. Toxicol. Chem. 40 (3) (2021) 606–630. [PubMed: 33017053] 

[12]. Grandjean P, Heilmann C, Weihe P, Nielsen F, Mogensen UB, Budtz-Jorgensen E, Serum vaccine 
antibody concentrations in adolescents exposed to perfluorinated compounds, Environ. Health 
Perspect. 125 (7) (2017) 077018. [PubMed: 28749778] 

Cauble et al. Page 13

Cytokine. Author manuscript; available in PMC 2025 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[13]. Abraham K, Mielke H, Fromme H, Volkel W, Menzel J, Peiser M, et al. , Internal exposure to 
perfluoroalkyl substances (PFASs) and biological markers in 101 healthy 1-year-old children: 
associations between levels of perfluorooctanoic acid (PFOA) and vaccine response, Arch. 
Toxicol. 94 (6) (2020) 2131–2147. [PubMed: 32227269] 

[14]. Zhang L, Louie A, Rigutto G, Guo H, Zhao Y, Ahn S, et al. , A systematic evidence map 
of chronic inflammation and immunosuppression related to per- and polyfluoroalkyl substance 
(PFAS) exposure, Environ. Res. 220 (2022) 115188. [PubMed: 36592815] 

[15]. Bassler J, Ducatman A, Elliott M, Wen S, Wahlang B, Barnett J, et al. , Environmental 
perfluoroalkyl acid exposures are associated with liver disease characterized by apoptosis and 
altered serum adipocytokines, Environ. Pollut. 247 (2019) 1055–1063. [PubMed: 30823334] 

[16]. Barton KE, Zell-Baran LM, DeWitt JC, Brindley S, McDonough CA, Higgins CP, et al. , 
Cross-sectional associations between serum PFASs and inflammatory biomarkers in a population 
exposed to AFFF-contaminated drinking water, Int. J. Hyg. Environ. Health. 240 (2022) 113905. 
[PubMed: 35065522] 

[17]. Dong GH, Tung KY, Tsai CH, Liu MM, Wang D, Liu W, et al. , Serum polyfluoroalkyl 
concentrations, asthma outcomes, and immunological markers in a case-control study of 
taiwanese children, Environ. Health Perspect. 121 (4) (2013) 507–513. [PubMed: 23309686] 

[18]. Zota AR, Geller RJ, Romano LE, Coleman-Phox K, Adler NE, Parry E, et al. , Association 
between persistent endocrine-disrupting chemicals (PBDEs, OH-PBDEs, PCBs, and PFASs) and 
biomarkers of inflammation and cellular aging during pregnancy and postpartum, Environ Int. 
115 (2018) 9–20. [PubMed: 29533840] 

[19]. Ashley-Martin J, Dodds L, Levy AR, Platt RW, Marshall JS, Arbuckle TE, Prenatal exposure to 
phthalates, bisphenol a and perfluoroalkyl substances and cord blood levels of IgE, TSLP and 
IL-33, Environ Res. 140 (2015) 360–368. [PubMed: 25913155] 

[20]. Palaniyandi J, Bruin JE, Kumarathasan P, MacPherson S, Borghese MM, Ashley-Martin J, 
Prenatal exposure to perfluoroalkyl substances and inflammatory biomarker concentrations, 
Environ Epidemiol. 7 (4) (2023) e262. [PubMed: 37545803] 

[21]. Coussens LM, Werb Z, Inflammation and cancer, Nature 420 (6917) (2002) 860–867. [PubMed: 
12490959] 

[22]. Kronzer VL, Bridges SL Jr., Davis JM 3rd., Why women have more autoimmune diseases than 
men: an evolutionary perspective, Evol. Appl. 14 (3) (2021) 629–633. [PubMed: 33767739] 

[23]. Jagger A, Shimojima Y, Goronzy JJ, Weyand CM, Regulatory T cells and the immune aging 
process: a mini-review, Gerontology 60 (2) (2014) 130–137. [PubMed: 24296590] 

[24]. Brennan NM, Evans AT, Fritz MK, Peak SA, von Holst HE, Trends in the Regulation of Per- and 
Polyfluoroalkyl Substances (PFAS): a scoping review, Int. J. Environ. Res. Public Health. 18 (20) 
(2021).

[25]. PFAS Progress newsletter: Agency for Toxic Substances and Disease Registry; 2023 [Available 
from: https://www.atsdr.cdc.gov/pfas/newsletter/PFAS-Progress-May2023.html].

[26]. Smalling KL, Romanok KM, Bradley PM, Morriss MC, Gray JL, Kanagy LK, et al. , Per- 
and polyfluoroalkyl substances (PFAS) in United States tapwater: comparison of underserved 
private-well and public-supply exposures and associated health implications, Environ. Int. 178 
(2023) 108033. [PubMed: 37356308] 

[27]. Bernstein L, Allen M, Anton-Culver H, Deapen D, Horn-Ross PL, Peel D, et al. , High breast 
cancer incidence rates among california teachers: results from the california teachers study 
(united states), Cancer Causes Control. 13 (7) (2002) 625–635. [PubMed: 12296510] 

[28]. California Teachers Study [Available from: https://www.calteachersstudy.org/cts-data].

[29]. Wang SS, Zhong C, Epeldegui M, Nunes S, Magpantay L, DeHart JC, et al. , Host characteristics 
associated with serologic inflammatory biomarkers in women, Cytokine 149 (2022) 155726. 
[PubMed: 34666235] 

[30]. Cohen NJ, Yao M, Midya V, India-Aldana S, Mouzica T, Andra SS, et al. , Exposure to 
perfluoroalkyl substances and women’s fertility outcomes in a Singaporean population-based 
preconception cohort, Sci. Total Environ. 873 (2023) 162267. [PubMed: 36801327] 

[31]. Kato K, Kalathil AA, Patel AM, Ye XY, Calafat AM, Per- and polyfluoroalkyl substances 
and fluorinated alternatives in urine and serum by on-line solid phase extraction-liquid 

Cauble et al. Page 14

Cytokine. Author manuscript; available in PMC 2025 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chromatography-tandem mass spectrometry, Chemosphere 209 (2018) 338–345. [PubMed: 
29935462] 

[32]. Kaur K, Lesseur C, Chen L, Andra SS, Narasimhan S, Pulivarthi D, et al. , Cross-sectional 
associations of maternal PFAS exposure on SARS-CoV-2 IgG antibody levels during pregnancy, 
Environ. Res. 219 (2023) 115067. [PubMed: 36528042] 

[33]. Goen T, Schaller KH, Drexler H, External quality assessment of human biomonitoring in the 
range of environmental exposure levels, Int J Hyg Environ Health. 215 (2) (2012) 229–232. 
[PubMed: 21937272] 

[34]. Québec Indspd. AMAP: AMAP Ring Test for Persistent Organic Pollutants in Human Serum. 
2023.

[35]. Kannan K, Stathis A, Mazzella MJ, Andra SS, Barr DB, Hecht SS, et al. , Quality assurance 
and harmonization for targeted biomonitoring measurements of environmental organic chemicals 
across the children’s health exposure analysis resource laboratory network, Int J Hyg Environ 
Health. 234 (2021) 113741. [PubMed: 33773388] 

[36]. DeLuca NM, Thomas K, Mullikin A, Slover R, Stanek LW, Pilant AN, et al. , Geographic and 
demographic variability in serum PFAS concentrations for pregnant women in the united states, J 
Expo Sci Environ Epidemiol. (2023).

[37]. Stein CR, Ge Y, Wolff MS, Ye X, Calafat AM, Kraus T, et al. , Perfluoroalkyl substance serum 
concentrations and immune response to FluMist vaccination among healthy adults, Environ. Res. 
149 (2016) 171–178. [PubMed: 27208468] 

[38]. Chang CJ, Ryan PB, Smarr MM, Kannan K, Panuwet P, Dunlop AL, et al. , Serum per- and 
polyfluoroalkyl substance (PFAS) concentrations and predictors of exposure among pregnant 
african american women in the atlanta area, Georgia. Environ. Res. 198 (2021) 110445. 
[PubMed: 33186575] 

[39]. GraphPad software. [Available from: https://www.graphpad.com/].

[40]. Lacey JV Jr., Chung NT, Hughes P, Benbow JL, Duffy C, Savage KE, et al. , Insights 
from adopting a data commons approach for large-scale observational cohort studies: the 
california teachers study, Cancer Epidemiol. Biomarkers Prev. 29 (4) (2020) 777–786. [PubMed: 
32051191] 

[41]. Zhu Y, Qin XD, Zeng XW, Paul G, Morawska L, Su MW, et al. , Associations of serum 
perfluoroalkyl acid levels with T-helper cell-specific cytokines in children: by gender and asthma 
status, Sci Total Environ. 559 (2016) 166–173. [PubMed: 27060656] 

[42]. Bulka CM, Avula V, Fry RC, Associations of exposure to perfluoroalkyl substances individually 
and in mixtures with persistent infections: recent findings from NHANES 1999–2016, Environ 
Pollut. 275 (2021) 116619. [PubMed: 33578314] 

[43]. Qiao JC, Li ZH, Ma YB, Ma HY, Zhang MY, Zhang XJ, et al. , Associations of per- and 
polyfluoroalkyl substances (PFAS) and their mixture with risk of rheumatoid arthritis in the U.S. 
adult population, Environ Health. 23 (1) (2024) 38. [PubMed: 38609943] 

[44]. Kato K, Wong LY, Jia LT, Kuklenyik Z, Calafat AM, Trends in exposure to polyfluoroalkyl 
chemicals in the U.S. Population: 1999–2008, Environ Sci Technol. 45 (19) (2011) 8037–8045. 
[PubMed: 21469664] 

[45]. Hurley S, Goldberg D, Wang M, Park JS, Petreas M, Bernstein L, et al. , Time Trends in Per- and 
Polyfluoroalkyl Substances (PFASs) in California Women: Declining Serum Levels, 2011–2015, 
Environ. Sci. Technol. 52 (1) (2018) 277–287. [PubMed: 29198103] 

[46]. Omoike OE, Pack RP, Mamudu HM, Liu Y, Strasser S, Zheng S, et al. , Association between per 
and polyfluoroalkyl substances and markers of inflammation and oxidative stress, Environ Res. 
196 (2021) 110361. [PubMed: 33131681] 

[47]. National Academies of Sciences E, and Medicine; Health and Medicine Division; Division 
on Earth and Life Studies; Board on Population Health and Public Health Practice; Board on 
Environmental Studies and Toxicology; Committee on the Guidance on PFAS Testing and Health 
Outcome. Guidance on PFAS Exposure, Testing, and Clinical Follow-Up. 2022.

[48]. Mackay F, Browning JL, BAFF: a fundamental survival factor for B cells, Nat Rev Immunol. 2 
(7) (2002) 465–475. [PubMed: 12094221] 

Cauble et al. Page 15

Cytokine. Author manuscript; available in PMC 2025 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[49]. Steri M, Orru V, Idda ML, Pitzalis M, Pala M, Zara I, et al. , Overexpression of the cytokine 
BAFF and autoimmunity risk, N Engl. J. Med. 376 (17) (2017) 1615–1626. [PubMed: 28445677] 

[50]. Wu Z, Zhang Z, Lei Z, Lei P, CD14: Biology and role in the pathogenesis of disease, Cytokine 
Growth Factor Rev. 48 (2019) 24–31. [PubMed: 31296363] 

[51]. Rockwell CE, Turley AE, Cheng X, Fields PE, Klaassen CD, Acute Immunotoxic Effects of 
Perfluorononanoic Acid (PFNA) in C57BL/6 Mice, Clin Exp Pharmacol (2013).

[52]. Rockwell CE, Turley AE, Cheng X, Fields PE, Klaassen CD, Persistent alterations in immune 
cell populations and function from a single dose of perfluorononanoic acid (PFNA) in C57Bl/6 
mice, Food Chem Toxicol. 100 (2017) 24–33. [PubMed: 27939831] 

[53]. Medler J, Wajant H, Tumor necrosis factor receptor-2 (TNFR2): an overview of an emerging drug 
target, Expert Opin Ther Targets. 23 (4) (2019) 295–307. [PubMed: 30856027] 

[54]. Nie J, Li YY, Zheng SG, Tsun A, Li B, FOXP3(+) Treg cells and gender bias in autoimmune 
diseases, Front Immunol. 6 (2015) 493. [PubMed: 26441996] 

[55]. Ehrlich V, Bil W, Vandebriel R, Granum B, Luijten M, Lindeman B, et al. , Consideration of 
pathways for immunotoxicity of per- and polyfluoroalkyl substances (PFAS), Environ Health. 22 
(1) (2023) 19. [PubMed: 36814257] 

[56]. Ohkura N, Sakaguchi S, Transcriptional and epigenetic basis of Treg cell development and 
function: its genetic anomalies or variations in autoimmune diseases, Cell Res. 30 (6) (2020) 
465–474. [PubMed: 32367041] 

[57]. Rudzanova B, Vlaanderen J, Kalina J, Piler P, Zvonar M, Klanova J, et al. , Impact of PFAS 
exposure on prevalence of immune-mediated diseases in adults in the Czech Republic, Environ 
Res. 229 (2023) 115969. [PubMed: 37116680] 

[58]. Ding N, Harlow SD, Randolph JF Jr., Loch-Caruso R, Park SK, Perfluoroalkyl and 
polyfluoroalkyl substances (PFAS) and their effects on the ovary, Hum Reprod Update. 26 (5) 
(2020) 724–752. [PubMed: 32476019] 

[59]. Li L, Guo Y, Ma S, Wen H, Li Y, Qiao J, Association between exposure to per- and 
perfluoroalkyl substances (PFAS) and reproductive hormones in human: a systematic review 
and meta-analysis, Environ Res. 241 (2024) 117553. [PubMed: 37931739] 

[60]. Chang VC, Rhee J, Berndt SI, Moore SC, Freedman ND, Jones RR, et al. , Serum 
perfluorooctane sulfonate and perfluorooctanoate and risk of postmenopausal breast cancer 
according to hormone receptor status: an analysis in the prostate, lung, colorectal and ovarian 
cancer screening trial, Int. J. Cancer. 153 (4) (2023) 775–782. [PubMed: 36843273] 

Cauble et al. Page 16

Cytokine. Author manuscript; available in PMC 2025 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Median PFAS analyte concentrations per 10-year age groups (40–49, 50–59, 60–69, 70 + 

years) of 722 women in the California Teachers Study who had serum immune marker 

and PFAS measurements from the same serum (blood) collection sample (2013–2016): 

(A) PFOA: Perfluorooctanoic acid (total), (B) PFOS: Perfluorooctane sulfonate (total), (C) 

PFNA: Perfluorononanoic acid, (D) PFHxS: Perfluorohexane sulfonate. The upper limit 

represents the 97.5 percentile; the lower limit indicates the 2.5 percentile. The p-value 

denotes the linear p-trend for median PFAS levels with each decade of age.
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Table 1
Comparison of study participant characteristics who had serum immune marker and PFAS measurements (n = 

722), participated in the larger biobanking study (n = 13,888), and completed questionnaire 5 after standard 

exclusions (n = 61,984) in the California Teachers Study cohort.

Characteristic Cohort with completed Q5 
questionnaire (n = 61,984*)

Cohort with completed Q5 
questionnaire and blood sample 
collected (n = 13,888*)

Cohort with cytokine and PFAS 
measurements (n = 722*)

N % N % N %

Age (in years)

40–49 4393 7.1 % 1333 9.6 % 93 12.9 %

50–59 10,244 16.5 % 3452 24.9 % 203 28.1 %

60–69 22,272 35.9 % 6586 47.4 % 326 45.2 %

70+ 25,044 40.4 % 2517 18.1 % 100 13.9 %

Race

Non-Hispanic White 54,294 87.6 % 12,391 89.2 % 572 79.2 %

Other 7690 12.4 % 1497 10.8 % 150 20.8 %

Socioeconomic status (SES)

Quartile 1 2376 3.9 % 457 3.3 % 23 3.2 %

Quartile 2 9867 16.2 % 2155 15.7 % 105 14.7 %

Quartile 3 19,987 32.8 % 4607 33.5 % 245 34.3 %

Quartile 4 28,755 47.2 % 6533 47.5 % 342 47.8 %

Body mass index (BMI)

15–24 29,196 49.7 % 6744 50.1 % 347 49.2 %

25–29 17,967 30.6 % 4056 30.1 % 209 29.7 %

30+ 11,580 19.7 % 2672 19.8 % 148 21.1 %

Physical Activity (hr/week)

0–2.37 20,947 34.3 % 3879 28.2 % 239 33.1 %

2.38–5.88 20,136 33.0 % 4771 34.6 % 238 33.0 %

5.88+ 20,037 32.8 % 5132 37.2 % 244 33.9 %

NSAID use

None or 1/week 24,616 42.3 % 5784 43.3 % 314 44.8 %

>1/week 33,630 57.7 % 7581 56.7 % 388 55.2 %

Diabetes

No 56,246 91.6 % 12,891 93.4 % 657 91.4 %

Yes 5128 8.4 % 907 6.6 % 62 8.6 %

Statin use

None 42,336 69.9 % 10,188 74.4 % 529 73.5 %

>1/week 18,223 30.1 % 3513 25.6 % 190 26.5 %

Rural/Urban residence

Rural 8813 14.4 % 1782 13.0 % 49 6.9 %

Town 2032 3.3 % 423 3.1 % 12 1.7 %

City 10,905 17.9 % 2627 19.1 % 52 7.3 %
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Characteristic Cohort with completed Q5 
questionnaire (n = 61,984*)

Cohort with completed Q5 
questionnaire and blood sample 
collected (n = 13,888*)

Cohort with cytokine and PFAS 
measurements (n = 722*)

N % N % N %

Suburban 33,386 54.7 % 7586 55.1 % 516 72.1 %

Urban 5874 9.6 % 1342 9.8 % 86 12.0 %

*
Sample sizes for some of the covariates are not 722 due to unknown measures.
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