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A B S T R A C T

Per- and polyfluoroalkyl substances (PFAS) are associated with reduced vaccine immune response, though most 
observational studies have found no link to COVID-19 vaccine response. Residents of North Carolina's Cape Fear 
River Basin have elevated serum PFAS levels. We investigated the cross-sectional association between serum 
PFAS and anti-Spike SARS-CoV-2 IgG (anti-S IgG) levels among COVID-19-vaccinated adults (N = 330) from 
three communities of the GenX Exposure Study with elevated PFAS. Eligibility criteria included no prior COVID- 
19 diagnosis and receipt of ≥2 COVID-19 vaccinations, the most recent within 180 days of data collection 
(June–November 2021). Serum PFAS (liquid chromatography-high resolution mass spectrometry) and anti-S IgG 
(AdviseDx SARS-CoV-2 IgG II Assay) were measured. For five PFAS with >85 % sample detection, we built 
general linear models of log-transformed PFAS and anti-S IgG for each community, adjusting for age, sex, and 
days since last vaccination. Most participants were mid-aged, female, and White. COVID-19 vaccination patterns 
(i.e., doses, manufacturer) and anti-S IgG levels varied by community. Modest positive and negative estimates of 
PFAS− anti-S IgG relationships were observed across communities and PFAS. One community (Lower Cape Fear 
River region) had the largest, and only statistically significant, estimate: 0.31 % (95 % CI: 0.07 %–0.56 %) in
crease in anti-S IgG per 1 % increase in PFHpS (PFAS with lowest median concentration). We observed no 
consistent evidence linking higher serum PFAS to lower COVID-19 vaccine response, aligning with prior studies. 
Assessing PFAS exposure and COVID-19 vaccine response in observational studies is challenging. Longitudinal 
studies with serial antibody measurements, and vaccine type considerations, might provide additional insight.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large class of syn
thetic chemicals manufactured for diverse applications, including con
sumer products (e.g., outdoor gear, furniture cookware) and fire- 
fighting foams (Sunderland et al., 2019). When PFAS are released into 
the environment from chemical manufacturing locations and industrial 
sites, they can contaminate drinking water near and far from the release 
location. A main pathway of PFAS exposure is ingestion of contaminated 
drinking water (Haug et al., 2011). PFAS contamination of North 

Carolina's (NC's) Cape Fear River was initially documented in 2007 
(Nakayama et al., 2007). Subsequently, it was demonstrated that people 
who consumed drinking water sourced from the Cape Fear River had 
higher serum concentrations of all historically used PFAS (e.g., per
fluorooctane sulfonic acid (PFOS), perfluorooctanoic acid (PFOA)) 
compared to the U.S. general population (Kotlarz et al., 2020). Similarly, 
a fluorochemical facility near Fayetteville, NC (Fayetteville Works 
Plant) emitted PFAS into the air which contaminated the private well 
waters of nearby residents and discharged PFAS directing into the Cape 
Fear River, contributing to downriver PFAS drinking water 
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contamination (Kotlarz et al., 2024). The GenX Exposure Study was 
initiated to address the concerns of these communities about the health 
impacts of PFAS contamination and to characterize exposure to GenX 
and other PFAS in these populations (Kotlarz et al., 2020; North Carolina 
State University).

PFAS exposure has been linked to adverse health outcomes, 
including immunosuppression. In epidemiologic studies, exposure to 
PFAS prenatally and during childhood has consistently been associated 
with disruptions in immune response, including lower vaccine-induced 
antibody concentrations (Rappazzo et al., 2017). Fewer studies have 
explored the impact of PFAS on immunotoxicity among adults (Chang 
et al., 2016; National Toxicology Program, 2016; Kielsen et al., 2016). In 
2022, the National Academies of Sciences, Engineering, and Medicine 
Committee on the Guidance on PFAS Testing and Health Outcomes re
ported finding sufficient evidence of an association between PFAS and 
decreased vaccine antibody response in children and adults (Committee 
on the Guidance on, 2022).

With the COVID-19 pandemic came an opportunity to further char
acterize the potential impact of elevated serum PFAS concentrations on 
vaccine immune response. At the pandemic's start, SARS-CoV-2 was a 
novel virus circulating in an immunologically naïve population. How
ever, even early in the pandemic, some populations were beginning to 
develop a level of immunity through infection and immunization, 
particularly as rapid development and distribution of COVID-19 vac
cines was underway (Pingali et al., 2021). SARS-CoV-2 exposures and 
vaccine interventions were heterogenous across geographies due to a 
confluence of factors. For example, widely varied lockdown policies and 
practices and vaccine roll-out timing influenced SARS-CoV-2 spread 
within localities (Allcot et al., 2020; Zhao et al., 2021; Dooling et al., 
2020, 2021; Do and Frank, 2021). Complicated distribution channels 
facilitated regional differences in COVID-19 vaccine availability by 
manufacturer (i.e., Johnson & Johnson, Pfizer, Moderna), type (i.e., 
viral vector, mRNA), and primary regimen (i.e., single dose, two dose 
series with booster) (Dooling et al., 2020, 2021; Tradigo et al., 2023; 
Hall et al., 2024). The resulting immune responses and durations of 
protection were further affected by an individual's underlying health 
status and COVID-19 history (Bobrovitz et al., 2023; Serra 
López-Matencio et al., 2023). Although published studies have reported 
a range of findings, largely suggestive of no association between serum 
PFAS levels and COVID-19 vaccine response (Bailey et al., 2023; 
Hollister et al., 2023; Andersson et al., 2023; Porter et al., 2022), 
additional studies of PFAS and SARS-CoV-2 antibody response con
ducted in different PFAS-exposed populations and at different pandemic 
timepoints are warranted.

As part of the GenX Exposure Study, biological samples and ques
tionnaire data were collected during 2021 from study participants to 
explore the potential health effects of PFAS, including the impact on 
immune response to COVID-19 vaccine. Using these data, we evaluated 
the potential association between serum PFAS concentrations and anti- 
Spike SARS-CoV-2 IgG (anti-S IgG) serum levels following COVID-19 
vaccination. Specifically, we hypothesized that elevated serum PFAS 
concentrations were associated with lower anti-S IgG serum levels 
following COVID-19 vaccination. This analysis is based on data collected 
at GenX Exposure Study events held in the latter half of 2021, following 
the wide availability of COVID-19 vaccines for adults in the U.S. in 
Spring 2021. (U.S. Department of Defense).

2. Materials and methods

Study population: This cross-sectional analysis was conducted using 
questionnaire data and biological specimens from adult GenX Exposure 
Study participants enrolled June 2021–November 2021, including par
ticipants from the following three communities: the Lower Cape Fear 
River region (LCFRR) of NC's New Hanover and Brunswick counties; the 
private well community around the Fayetteville Works Plant south of 
Fayetteville, NC; and the town of Pittsboro, NC. Eligible participants for 

the GenX Exposure Study were ≥6 years of age, not pregnant, HIV 
negative, and hepatitis C virus negative. Residency requirements varied 
by region. In LCFRR and Pittsboro, participants had to have been served 
by municipal drinking water for at least one 1 year. In the Fayetteville 
private well community (FPWC), participants had to have lived at an 
address where the drinking water well was on the list of wells tested for 
PFAS under order of the NC Department of Environmental Quality. Up to 
four individuals per household could participate. Additional details of 
the GenX Exposure Study data collection methods and biological spec
imen collection and processing methods can be found elsewhere (Kotlarz 
et al., 2020).

For this cross-sectional analysis, GenX Exposure Study participants 
who met the following criteria at the time of the study visit were 
included: 1) ≥ 18 years of age; 2) recipient of at least two COVID-19 
vaccinations, with the most recent COVID-19 vaccination received 
≤180 days prior; and 3) no history of COVID-19 diagnosis by a health
care provider (Marziano et al., 2023). We restricted the study population 
for analysis, as described, to account for known waning immunity 
following initial vaccination (Menegale et al., 2023), and to minimize 
confounding by vulnerable life stage (e.g., early childhood) (Committee 
on the Guidance on, 2022), and neutralizing antibody production as a 
result of natural infection (Marziano et al., 2023; Muecksch et al., 2021).

Data collection: At data collection events in each community, par
ticipants completed a self-administered questionnaire that gathered in
formation on demographic factors (e.g., age, race and ethnicity, sex) and 
medical history, including autoimmune conditions (i.e., inflammatory 
bowel disease, systemic lupus erythematosus, multiple sclerosis, 
Sjögren's syndrome, rheumatoid arthritis) and corticosteroid use in the 
past 6 months. COVID-19-related information included self-reported 
vaccination history and self-reported healthcare provider COVID-19 
diagnosis. COVID-19 vaccination manufacturer options available in 
the questionnaire included Pfizer, Moderna, and Johnson & Johnson, in 
addition to other/unknown manufacturer. In 2021–2022, the primary 
regimen for the Pfizer product (Pfizer-BioNTech COVID-19 Vaccine) and 
for the Moderna COVID-19 Vaccine, both mRNA vaccines, was a two 
dose series followed by a booster dose (U.S. Food and Drug Adminis
tration, 2021; Moderna, U.S., 2022). The primary regimen for the 
Johnson & Johnson product (Janssen COVID-19 Vaccine), a viral vector 
vaccine, was a single dose. (U.S. Food and Drug Administration, 2023) 
Therefore, a consequence of restricting the study population to those 
with at least two COVID-19 vaccinations in this analysis is that partici
pants who received the Johnson & Johnson for their primary series were 
not included, unless they additionally received at least one dose of a 
Pfizer or Moderna product.

Non-fasting venous blood samples were collected in red top tubes 
from participants and allowed to clot at room temperature for up to 1 h 
before centrifugation and separation of the serum (Kotlarz et al., 2020). 
Serum samples were transported on dry ice to the Clinical Laboratory 
Improvement Amendments (CLIA)-approved outpatient laboratory in 
the East Carolina Heart Institute (ECHI) at ECU Health (Greenville, NC) 
and subsequently stored at − 80◦ Celsius until PFAS and anti-S IgG 
testing were performed.

PFAS analysis was conducted at the Molecular Education, Technol
ogy and Research Innovation Center (METRIC) at NC State University 
using a previously published method (Kotlarz et al., 2020; Enders et al., 
2022). This method analyzes for a suite of 44 PFAS including chemicals 
unique to the Cape Fear River Basin. Serum PFAS measurements were 
conducted using liquid chromatography-high resolution mass spec
trometry and reported as nanograms per milliliter (ng/mL). Each serum 
sample was analyzed using a Thermo Vanquish ultra-performance liquid 
chromatograph coupled to a Thermo Orbitrap Fusion mass 
spectrometer.

Serum concentrations of antibodies against SARS-CoV-2 were 
measured at the ECHI at ECU Health using the anti-S AdviseDx SARS- 
CoV-2 IgG II Assay (Abbott, Chicago, IL) on the Abbott Architect ma
chine. This binding antibody detection test measures IgG antibodies to 
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the receptor binding domain of the S1 subunit of the spike (S) protein of 
SARS-CoV-2; these antibodies are generated as part of the human 
adaptive immune response following vaccination or natural infection 
(Abbott; Bradley et al., 2021). The anti-S AdviseDx SARS-CoV-2 IgG II 
Assay is a semi-quantitative assay with a qualitative interpretation due 
to cut offs of the negative and positive levels of IgG antibody detection. 
Semi-quantitative values were reported as arbitrary units (AU) per mL 
with a manufacturer's suggested cutoff of 50 AU/mL (Abbott). Of note, 
SARS-CoV-2 antibody testing is not used to diagnosis current 
SARS-CoV-2 infection, and SARS-CoV-2 antibody levels are not neces
sarily indicative of the presence or degree of immunity to COVID-19 
(Abbott; Centers for Disease Control and Prevention, 2024).

We created a variable, “Days since most recent vaccination” by 
calculating the difference in days between the date of the participant's 
study visit and the date of the participant's most recent COVID-19 
vaccination. As COVID-19 vaccination dates were available by month 
and year only, the first day of the month was assumed. If a subsequent 
vaccination was reported to have occurred the same month and year as a 
prior vaccination, the date of the subsequent vaccination was assumed 
based on the manufacturer of that vaccine (i.e., 21 days for Pfizer, 28 
days for Moderna).

Statistical analyses. For each of the three GenX Exposure Study 
communities (i.e., LCFRR, FPWC, Pittsboro) individually, general linear 
models were used to examine associations between anti-S IgG levels 
(dependent variable) and each of the following five serum PFAS con
centrations, individually (independent variables): PFOS, PFOA, per
fluorohexane sulfonic acid (PFHxS), perfluorononanoic acid (PFNA), 
and perfluoroheptane sulfonic acid (PFHpS). These five PFAS were 
selected for analysis, as they were the only measured PFAS detected in 
>85 % of samples across all three GenX Exposure Study communities. 
The Gen X Exposure Study was not designed to evaluate PFAS exposure 
and immune response to a novel vaccine against a pandemic pathogen. 
Therefore, considering the likely presence of unmeasured COVID-19- 
related confounders (e.g., vaccine availability and uptake) that were 
unique to each of the three communities, we conducted analyses for 
each community separately. Additionally, for LCFRR only, general 
linear models were also used to examine the associations between anti-S 
IgG levels and each of the following two serum PFAS concentrations, 
individually: perfluoro-3,5,7,9,11-pentaoxadodecanoic acid (PFO5DoA) 
and perfluoro-2-{[perfluoro-3-(perfluoroethoxy)-2-proanyl]oxy} 
ethanesulfonic acid (also known as Nafion by-product 2). These two 
PFAS, unique to the Fayetteville Works Plant, were detected in >70 % of 
LCFRR participant samples included in this study.

For all analyses, PFAS values below the level of detection were re- 
expressed as the method reporting limit divided by the square root of 
two. We assessed correlations among PFAS using Spearman correlation 
coefficients. Anti-S IgG and PFAS distributions were normalized using a 
natural log transformation and modeled as continuous variables.

We created a directed acyclic graph (DAG) using DAGitty (Textor 
et al., 2017) to identify the minimally sufficient adjustment set of con
founding variables for estimating the causal effect of PFAS concentra
tion on COVID-19 vaccine response in this study (Supplemental Fig. 1). 
(Greenland et al., 1999) The identified adjustment set using the DAG 
included age and sex; in addition to these two covariates, we adjusted for 
the number of days since most recent COVID-19 vaccination in the final 
analyses (Agency for Toxic Substances and Disease Registry, 2022). 
Through additional analyses, we also explored adding a fourth covariate 
(total number of COVID-19 vaccinations received (i.e., two or three)) to 
the adjustment set. However, as inclusion of this fourth covariate did not 
meaningfully impact the adjusted estimates, we ultimately used the 
three covariate adjustment set of age, sex, and days since most recent 
COVID-19 vaccination (see supplementary material). Days since most 
recent vaccination and participant age at the time of data collection 
were modeled as continuous variables. Each variable in the adjustment 
set met the criteria outlined by VanderWeele for confounder selection, 
namely, a cause of the exposure or of the outcome or both, and not an 

instrumental variable (VanderWeele, 2019).
The reported estimates, with 95 % confidence intervals (CIs), from 

each individual PFAS regression model represent the percent change in 
anti-S IgG levels for every 1 % increase in PFAS level. By way of 
example, a beta of 0.15 is interpreted as follows: For every 1 % increase 
in PFAS, anti-S IgG increased by an estimated 0.15 %, while holding all 
other covariates constant in adjusted models. All analyses were con
ducted in SAS 9.1.4 (Cary, NC).

All participants provided written informed consent to participate. All 
phases of the study were conducted in compliance with the NC State 
University Institutional Review Board. This study was conducted under 
the NC State University Institutional Review Board approval #12229.

3. Results

Of the 374 adult GenX Exposure Study participants from whom data 
were collected June 2021–November 2021 and had been vaccinated 
against COVID-19 ≤ 180 days prior to their study visit, 355 (95 %) re
ported having received at least two COVID-19 vaccinations in total 
(Fig. 1). Of these 355 participants, 334 (94 %) had no history of COVID- 
19 diagnosis. SARS-CoV-2 anti-S IgG levels were not detectable in four 
(1 %) of these 334 participants. Therefore, the final dataset for this 
analysis included 330 participants across the three communities, as 
follows: LCFRR (N = 93), FPWC (N = 139), and Pittsboro (N = 98).

LCFRR participants’ median age was 55 years (25th – 75th percen
tiles: 45–66 years), slightly lower than, but comparable to, participants 
from FPWC (64 years (55–70 years)) and Pittsboro (61 years (44–72 
years)) (Table 1). Across all three communities, the participant distri
butions by sex, race, and presence of autoimmune conditions were 
similar. Considering all 330 participants, most were female (58 % (N =
192)), White (86 % (N = 285)) and had no history of an autoimmune 
condition (84 % (N = 278)).

Participant distributions of COVID-19-related variables varied by 
community. All but one FPWC participant and 57 % (N = 53) of LCFRR 
participants reported receiving exactly two COVID-19 vaccinations, 
while 80 % (N = 78) of Pittsboro participants reported receiving three 
COVID-19 vaccinations (Table 1). Although most LCFRR and Pittsboro 
participants reported receiving the Pfizer vaccine most recently (79 % 
(N = 73) and 50 % (N = 49), respectively), 60 % (N = 84) of FPWC 
participants reported receiving an “other or unknown” vaccine most 
recently. The community with the highest median (25th – 75th per
centiles) anti-S IgG serum level was Pittsboro (17867 AU/mL 
(5571–50163 AU/mL)), followed by LCFRR (3378 AU/mL (1233–12055 
AU/mL) and FPWC (1942 AU/mL (814 − 4954 AU/mL)).

Regarding the five PFAS (i.e., PFOS, PFHxS, PFOA, PFNA, PFHpS) for 
which data were available from all participants, detection in serum 
samples ranged from 87 % for PFHpS to ≥97 % for PFOS, PFHxS, and 
PFOA (Table 2). These five PFAS were moderately to highly correlated, 
with Spearman correlation coefficients ranging from 0.37 (PFOA and 
PFHpS in FPWC) to 0.80 (PFOS and PFNA in LCFRR) (Supplemental 
Table 1). In each community, the PFAS with the highest median 
participant serum concentration was PFOS. The median (25th – 75th 
percentiles) PFOS serum concentrations were most elevated in Pittsboro 
(9.03 ng/mL (5.38 − 13.38 ng/mL)), followed by FPWC (7.50 ng/mL 
(4.65 − 11.0 ng/mL)) and LCFRR (6.86 ng/mL (3.68 − 12.29 ng/mL)) 
(Table 2). Compared to LCFRR and FPWC participants, Pittsboro par
ticipants had the highest median serum concentrations of all five PFAS. 
Though, among LCFRR participants the median (25th – 75th percen
tiles) serum concentrations of PFOA, PFNA, and PFHpS (2.52 ng/mL 
(1.59 − 4.29 ng/mL), 0.70 ng/mL (0.40 − 1.09 ng/mL), and 0.44 ng/mL 
(0.13 − 0.74 ng/mL), respectively) were slightly higher than those of 
PFOA, PFNA, and PFHpS among FPWC participants (2.43 ng/mL (1.46 
− 3.45 ng/mL), 0.59 ng/mL (0.35 − 0.89 ng/mL), and 0.43 ng/mL 
(0.19 − 0.73 ng/mL), respectively).

Regarding PFO5DoA and Nafion byproduct 2, two PFAS found 
frequently in the LCFRR community only, detection in serum samples 
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was 79 % and 71 %, respectively (Table 2). The Spearman correlation 
coefficient of 0.80 for PFO5DoA and Nafion byproduct 2 was higher than 
any individual correlations to the other five PFAS, which ranged from 
0.50 (Nafion byproduct 2 and PFHpS) to 0.71 (Nafion byproduct 2 and 
PFNA) (Supplemental Table 2). Among the median (25th – 75th per
centiles) serum concentrations of the seven PFAS measured in LCFRR 
participant samples, PFO5DoA (3.08 ng/mL (0.65 − 7.53 ng/mL)) was 
the second highest, following PFOS (6.86 ng/mL (3.68 − 12.29 ng/mL)), 
while Nafion byproduct 2 (0.17 ng/mL (0.06 − 0.32 ng/mL)) was the 
lowest (Table 2).

We observed no consistent evidence linking higher serum PFAS to 
lower COVID-19 vaccine response in any of the three communities. 
Modest positive and negative estimates of the PFAS− anti-S IgG rela
tionship were observed across communities and by PFAS in unadjusted 
and adjusted models (Table 3). However, across all three communities 
the furthest from null – and only statistically significant – estimate was 
for PFHpS and anti-S IgG levels in LCFRR; specifically, for each 1 % 
increase in PFHpS among LCFRR participants, anti-S IgG increased by 
0.31 % (95 % CI (0.07 % − 0.56 %)), while modeled confounders (i.e., 
participants’ age, sex, and time since most recent COVID-19 vaccina
tion) were held constant. Across the adjusted models, the largest percent 
decrease in anti-S IgG levels for each 1 % increase in a PFAS was for 
PFHpS in Pittsboro (− 0.16 % (− 0.38 % − 0.07 %)). In LCFRR, we 
observed negative, or inverse, relationships between serum PFO5DoA 
and Nafion byproduct 2 concentrations, individually, and anti-S IgG 
levels using adjusted models (Table 3).

Compared to estimates obtained using models adjusted for age, sex, 
and days since most recent COVID-19 vaccination (Table 3), estimates 
obtained using models adjusted for age, sex, days since most recent 
COVID-19 vaccination, and total number of COVID-19 vaccinations 
received did not differ in directionality or status of statistical 

significance and were of similar magnitude (Supplementary Table 3).

4. Discussion

Among GenX Exposure Study participants, recruited from three 
communities (i.e., LCFRR, FPWC, Pittsboro) with elevated PFAS expo
sure and heterogeneity between timing of COVID-19 vaccination and 
anti-S IgG level measurement, we observed a mix of positive and 
negative relationships in cross-sectional analysis between five different 
PFAS (i.e., PFOS, PFOA, PFHxS, PFNA, PFHpS) and anti-S levels 
following COVID-19 vaccination. The highest absolute – and only sta
tistically significant – change (percent increase) in anti-S IgG was for 
PFHpS in LCFRR (0.31 % (0.07 % − 0.56 %). Of note, among the PFAS in 
this study PFHpS had the lowest median concentration and a relatively 
narrow interquartile range. Other relationships observed with adjusted 
models were inconsistent (i.e., some positive, some negative) across the 
three communities and the five PFAS, were modest overall, and were not 
statistically significant. Similarly, among LCFRR participants, the re
lationships between PFO5DoA and Nafion byproduct 2, individually, 
and anti-S levels following COVID-19 vaccination were negative, 
modest, and not statistically significant. Considering the recognized 
association between PFAS and immunotoxicity in children and adults 
(Rappazzo et al., 2017; Chang et al., 2016; National Toxicology Pro
gram, 2016; Kielsen et al., 2016; Committee on the Guidance on, 2022), 
a negative association between serum PFAS concentrations and 
COVID-19 vaccine immune response was hypothesized. However, other 
published studies have largely reported no association, as described in 
detail below.

Three observational studies of PFAS and immune response, con
ducted early in the pandemic (e.g., 2020–2022) in adult and adolescent 
populations with known PFAS exposure, included repeated measures of 

Fig. 1. Derivation of study population from adult GenX Exposure Study participants with a study visit June 2021–November 2021.
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COVID-19 vaccine response and reported inconsistent findings. Porter 
et al. analyzed data from 3M employees and retirees (N = 415) who were 
vaccinated before enrollment or between enrollment and a 5–6 week 
follow-up, and within 180 days of vaccination. PFAS were measured at 
enrollment (April and May of 2021); anti-S IgG and neutralizing anti
bodies were measured at enrollment and again 5–6 weeks later (Porter 

et al., 2022). PFOS, PFOA, PFHxS, and PFNA serum concentrations were 
comparable to those of our study participants. Participants were cate
gorized by antigenic stimulus group based on history of COVID-19 
infection, vaccination manufacturer, and number of doses. Across all 
groups, the median days since antigenic stimulus ranged from 18 to 68, 
lower than the median (25th − 75th percentiles) days since antigenic 
stimulus in two of our study communities (LCFRR and FCWR) but 
similar to Pittsboro. In models adjusted for antigenic stimulus group, 
age, and other confounders, Porter et al. reported a modest inverse (i.e., 
negative), but not statistically significant, relationship between anti-S 
IgG and interquartile difference in serum concentrations of PFOS, 
PFOA, PFHxS, and PFNA; results were similar for neutralizing anti
bodies. In a study by Bailey et al., 226 participants from the Michigan 
PFAS Exposure and Health Study received a standard two-dose 
COVID-19 vaccination series; immune response was measured on four 
occasions (pre-vaccination, pre-second vaccination, 1–2 months and 2–3 
months after second vaccination). Neither individual PFAS levels, 
measured at first vaccination, or PFAS mixtures were associated with 
anti-S IgG (Bailey et al.). Though the median (25th – 75th percentiles) 
PFOS concentration (9.09 ng/mL (5.25–21.79 ng/mL)) was slightly 
higher compared to our study participants, concentrations of other PFAS 
were comparable. Finally, Andersson et al.‘s Swedish study, which 
included 367 participants with known PFAS exposure, assessed the as
sociation between anti-S IgG levels (before vaccination, and 5-weeks 
and 6-months after the two-dose course) and PFAS exposure at each of 
the following points: 1) current (at first COVID-19 vaccination), 2) 
historical (2014–2016), and 3) prenatal (determined, when possible, 
using each participant's mother's home address during pregnancy) 
(Andersson et al., 2023). This Swedish cohort had much higher median 
concentrations of PFOS (36 ng/mL) and PFHxS (34 ng/mL) at first 
COVID-19 vaccination, compared to our study participants, though 
other PFAS common to both studies were similar. Andersson et al. re
ported that PFAS exposure did not negatively affect COVID-19 vaccine 
responses up to 6 months after vaccination.

Three other observational studies of PFAS and SARS-CoV-2 immune 
response, conducted early in the pandemic and in populations with no 
known PFAS exposure, have also been published. Beginning in July 
2020, Hollister et al. followed a cohort (N = 860), recruited from 
existing healthcare, emergency response, and essential worker study 
cohorts in the U.S. Southwest, for 12 months post-vaccination. Partici
pants for this study were randomly selected from among study cohort 
members who 1) had received two doses of Pfizer-BioNTech, two doses 
of Moderna mRNA-1273, or one dose of the Johnson & Johnson/Janssen 
COVID-19 Vaccine; and 2) had no history of SARS-CoV-2 infection at 
vaccination. They measured binding to the SARS-CoV-2 Spike protein 
receptor binding domain and to the S2 subunit domain shortly after the 
primary vaccination series (two-dose or one-dose primary series) and 
then every 3-months for up to a year. Median PFOS, PFHxS, PFOA, and 

Table 1 
Self-reported demographic-, COVID-19-, and other health-related characteristics 
of adult GenX Exposure Study participants meeting analysis criteriaa, by North 
Carolina study community, 2021 (N = 330).

Characteristic Lower Cape 
Fear River 
Region (N =
93)

Fayetteville 
Private Well 
Community (N =
139)

Pittsboro 
(N = 98)

Age (years) (median (25th; 
75th percentile))

55 (45; 66) 64 (55; 70) 61 (44; 72)

Sex at birth (N (%))
Female 66 (71) 73 (53) 53 (54)
Male 27 (29) 66 (47) 45 (46)
Race (N (%))
White 81 (87) 115 (83) 89 (91)
Other Race or Multi-racial 12 (13) 24 (17) 9 (9)
Presence of autoimmune 

condition(s)b (N (%))
17 (18) 20 (14) 15 (15)

Corticosteroid use in past 6 
months (N (%))

16 (17) 21 (15) 18 (18)

Number of COVID-19 vaccinations received (N (%))
Two 53 (57) 138 (99) 20 (20)
Three 40 (43) 1 (1) 78 (80)
Manufacturer of most recent COVID-19 vaccination (N (%))
Moderna 19 (20) 21 (15) 47 (48)
Pfizer 73 (79) 34 (25) 49 (50)
Other or unknown vaccine 1 (1) 84 (60) 2 (2)
Days since most recent 

COVID-19 vaccination 
(median (25th; 75th 
percentile))

137 (44; 
176)

121 (86; 146) 44 (43; 74)

Anti-S SARS-CoV-2 IgG 
serum level (AU/mL) 
(median (25th; 75th 
percentile))

3378 (1233; 
12055)

1942 (814; 4954) 17867 
(5571; 
50163)

Natural log of serum anti-S 
SARS-CoV-2 IgG (AU/mL) 
(median (25th; 75th 
percentile))

8.1 (7.1; 9.4) 7.6 (6.7; 8.5) 9.8 (8.6; 
10.8)

Arbitrary units (AU).
a To be included in this analysis, adult GenX Exposure Study participants 1) 

must not have been diagnosed with COVID-19 any time before their study visit, 
and 2) must have received at least two COVID-19 vaccinations (as self-reported), 
with the most recent received ≤180 days before the study visit.

b Inflammatory bowel disease, ulcerative colitis, Crohn's disease, systemic 
lupus erythematosus, multiple sclerosis, Sjogren's syndrome, rheumatoid 
arthritis.

Table 2 
Serum PFAS concentrations (ng/mL) of adult GenX Exposure Study participants meeting analysis criteriaa, by North Carolina study community, 2021 (N = 330).

Lower Cape Fear River Region (N = 93) Fayetteville Private Well Community (N = 139) Pittsboro (N = 98)

PFASb N (%) detect Median (25th; 75th percentiles) N (%) detect Median (25th; 75th percentiles) N (%) detect Median (25th; 75th percentiles)
PFOS 93 (100) 6.86 (3.68; 12.29) 139 (100) 7.50 (4.65; 11.0) 98 (100) 9.03 (5.38; 13.38)
PFHxS 90 (97) 2.08 (1.20; 3.17) 138 (99) 2.48 (1.51; 4.00) 97 (99) 2.99 (1.65; 4.09)
PFOA 93 (100) 2.52 (1.59; 4.29) 136 (98) 2.43 (1.46; 3.45) 98 (100) 4.13 (2.43; 6.90)
PFNA 87 (94) 0.70 (0.40; 1.09) 134 (96) 0.59 (0.35; 0.89) 97 (99) 0.93 (0.62; 1.40)
PFHpS 81 (87) 0.44 (0.13; 0.74) 121 (87) 0.43 (0.19; 0.73) 85 (87) 0.50 (0.23; 0.85)
PFO5DoA 73 (79) 3.08 (0.65; 7.53) . . . .
Nafion byproduct 2 71 (76) 0.17 (0.06; 0.32) . . . .

Nanograms per milliliter (ng/mL), perfluorooctane sulfonic acid (PFOS), perfluorohexane sulfonic acid (PFHxS), perfluorooctanoic acid (PFOA), perfluorononanoic 
acid (PFNA), perfluoroheptane sulfonic acid (PFHpS), perfluorooctanoic acid (PFOA), perfluoro-3,5,7,9,11-pentaoxadodecanoic acid (PFO5DoA), perfluoro-2- 
{[perfluoro-3-(perfluoroethoxy)-2-proanyl]oxy}ethanesulfonic acid (also known as Nafion by-product 2).

a To be included in this analysis, adult GenX Exposure Study participants 1) must not have been diagnosed with COVID-19 any time before their study visit, and 2) 
must have received at least two COVID-19 vaccinations (as self-reported), with the most recent received ≤180 days before the study visit.

b Values less than the level of detection were re-expressed as PFAS concentration divided by the square root of 2.
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PFNA concentrations, measured in the first sample collected after 
vaccination, were lower among these participants than our study par
ticipants (Hollister et al., 2023). No statistically significant relationship 
was present between PFAS and peak antibody response after vaccination 
or between PFAS and antibody-level changes over time after vaccina
tion. In contrast, Kaur et al.‘s cross-sectional study beginning in April 
2020 reported an inverse relationship of PFAS concentrations and anti-S 
IgG levels, measured at enrollment, in a cohort of 72 pregnant 
SARS-CoV-2 anti-S IgG positive women in New York City (Kaur et al., 
2023). This cohort included COVID-19-vaccinated and -unvaccinated 
individuals with a history of SARS-CoV-2 infection. The inverse rela
tionship did not change when the seven vaccinated participants were 
excluded in sensitivity analysis. Median serum PFAS (PFOS, PFHxS, 
PFOA, PFNA, PFHpS) concentrations in this cohort were lower than in 
our study participants. Results of Hollister et al. and Kaur et al. further 
suggest that, even in populations with no known PFAS exposure, an 

association between elevated PFAS and reduced COVID-19 vaccine im
mune response is not consistently apparent. Finally, Timmerman et al. 
reported no association between serum PFAS concentrations and spike 
IgG antibody concentrations after SARS-CoV-2 mRNA vaccinations from 
2021 in an adult cohort in Denmark (Timmermann et al., 2024). How
ever, those authors also noted that at higher PFAS concentrations, the 
increase in immune response following the third (booster) vaccination, 
compared to the response following the second vaccination, was 
consistently lower.

Studies of PFAS exposure and vaccines against other infectious dis
eases (i.e., not COVID-19) have characterized initial and longer-term 
immune response through timed antibody measurements. For 
example, in the Faroe Islands where frequent seafood consumption has 
been linked to elevated serum perfluorinated compound (e.g., PFOA, 
PFOS, PFHxS) concentrations, Grandjean et al. examined tetanus and 
diphtheria vaccine immune response at age 5 years (pre-booster and 4 
weeks post-booster) and at age 7 years in 587 participants (Grandjean 
et al., 2012). Perfluorinated compound concentrations at age 5 years 
were negatively associated with the antibody levels at age 5 years 
(pre-booster and post-booster) and at age 7 years. Among 411 adults 
with known PFAS exposure in mid-Ohio and West Virginia, Looker et al. 
measured antibody levels before influenza vaccination and 21 days 
post-vaccination and reported that elevated PFOA, measured at time of 
vaccination, was associated with reduced influenza vaccine antibody 
titer rise (Looker et al., 2014). Stein et al.‘s study of 78 healthy adults 
with no known PFAS exposure explored immune response to intranasal 
influenza vaccine by measuring antibody response pre-vaccination, 3 
days post-vaccination, and 30 days post-vaccination. Their findings did 
not support an association between higher PFAS concentrations, 
measured at the first study visit, and reduced immune response to the 
intranasal vaccine (Stein et al., 2016). Similar to these studies, the 
COVID-19 vaccine studies described above from Bailey et al. Andersson 
et al., and Timmerman et al. benefitted from timed SARS-CoV-2 anti
body measurements following vaccination, for example assessment of 
initial immune response (e.g., 1–2 months post-vaccination) and 
follow-up (e.g., 2–3 months or 6 months post-vaccination). This reduced 
the heterogeneity in the number of days between vaccination and anti-S 
IgG measurement which was present in Porter et al. (2022) and in our 
study.

With the COVID-19 pandemic, mRNA vaccines reached a large global 
presence (Fleck, 2024). Prior studies, excluding COVID-19 vaccine 
studies, examining associations between PFAS exposure and vaccine 
immune response have considered other (non-mRNA) vaccine types. For 
example, Grandjean et al. involved tetanus and diphtheria toxoid vac
cines, Looker et al. explored inactivated trivalent influenza vaccine, and 
Stein et al. studied intranasal live attenuate influenza vaccine 
(Grandjean et al., 2012; Looker et al., 2014; Stein et al., 2016). Addi
tional studies exploring the impact of PFAS exposure on mRNA vaccine 
immune response are needed, particularly as mRNA vaccinations 
against other infectious diseases (e.g., seasonal influenza) become 
available (Ananworanich et al., 2024). In our study, some participants, 
notably 60 % of those from FPWC, reported most recently receiving a 
COVID-19 vaccine from an unknown (or non-Pfizer, non-Moderna) 
manufacturer. Possibly, some of these participants received a Johnson & 
Johnson vaccine (a vector vaccine) but mistakenly selected 
unknown/other vaccine on the data collection instrument, instead of the 
available Johnson & Johnson vaccine option. Never-the-less, our study 
was not designed to explore differences between immune response to 
COVID-19 mRNA vaccines and non-mRNA vaccines. This could be an 
area for future work, depending on the volume of published data or 
availability of other historical data related to Johnson & Johnson 
COVID-19 vaccine immune response.

Many questions about PFAS exposure and immunotoxicity remain 
unanswered (Starling, 2023). Although the COVID-19 pandemic facili
tated a unique opportunity to further investigate this health issue, 
several challenging factors were at play. During early stages of the 

Table 3 
Regression estimates for serum PFASa and anti-S SARS-CoV-2 serum IgG levelsb

among adult GenX Exposure Study participants meeting analysis criteriac, by 
North Carolina study community, 2021 (N = 330).

Lower Cape Fear 
River Region (N =
93) 
Estimated (95 % CI)

Fayetteville Private Well 
Community (N = 139) 
Estimated (95 % CI)

Pittsboro (N 
= 98) 
Estimated

(95 % CI)

PFOS
Unadjusted 

model
0.43 (0.06, 0.80) 0.04 (− 0.28, 0.36) 0.55 (0.08, 

1.0)
Adjusted 

model
0.15 (− 0.27, 0.56) 0.23 (− 0.10, 0.56) 0.16 (− 0.28, 

0.61)
PFHxS
Unadjusted 

model
0.20 (− 0.09, 0.50) − 0.10 (− 0.40, 0.19) 0.23 (− 0.16, 

0.63)
Adjusted 

model
0.04 (− 0.25, 0.34) − 0.03 (− 0.33, 0.27) − 0.07 

(− 0.42, 0.28)
PFOA
Unadjusted 

model
0.28 (− 0.14, 0.70) − 0.13 (− 0.41, 0.14) 0.31 (− 0.12, 

0.73)
Adjusted 

model
− 0.10 (− 0.55, 0.36) − 0.08 (− 0.35, 0.19) 0.12 (− 0.25, 

0.49)
PFNA
Unadjusted 

model
0.25 (− 0.05, 0.55) 0.06 (− 0.23, 0.35) 0.26 (− 0.20, 

0.72)
Adjusted 

model
0.06 (− 0.25, 0.36) 0.20 (− 0.09, 0.49) 0.13 (− 0.28, 

0.53)
PFHpS
Unadjusted 

model
0.29 (0.06, 0.52) − 0.15 (− 0.34, 0.05) 0.02 (− 0.24, 

0.28)
Adjusted 

model
0.31 (0.07, 0.56) − 0.10 (− 0.29, 0.10) − 0.16 

(− 0.38, 0.07)
PFO5DoA
Unadjusted 

model
0.04 (− 0.10, 0.18) . .

Adjusted 
model

− 0.02 (− 0.15, 0.11) . .

Nafion byproduct 2
Unadjusted 

model
0.02 (− 0.23, 0.27) . .

Adjusted 
model

− 0.12 (− 0.36, 0.12) . .

CI: confidence interval; Adjusted model: adjusted for age, sex, and days since 
most recent COVID-19 vaccination.

a Modeled as the natural log of serum PFAS level (nanograms per milliliter).
b Modeled as the natural log of SARS-CoV-2 serum IgG level (arbitrary units 

per milliliter).
c To be included in this analysis, adult GenX Exposure Study participants 1) 

must not have been diagnosed with COVID-19 any time before their study visit, 
and 2) must have received at least two COVID-19 vaccinations (as self-reported), 
with the most recent received ≤180 days before the study visit.

d Estimate represents the percent change in SARS-CoV-2 IgG serum level for 
every 1 % increase in the PFAS level, holding all other variables constant, as 
applicable.
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pandemic, many populations were naïve to SARS-CoV-2 while others 
were beginning to develop immunity through infection and vaccination. 
Lockdowns and the need for essential workers (e.g., healthcare workers) 
resulted in unbalanced SARS-CoV-2 exposures and COVID-19 vaccina
tions across populations (Do and Frank, 2021). As restrictions loosened 
and exposures increased, vaccines became more widely available. 
However, the timing of vaccine roll-out and distribution by manufac
turer varied geographicly (Dooling et al., 2020, 2021; Do and Frank, 
2021). Effectiveness of the COVID-19 vaccine, like other vaccines, can 
be influenced by host-related (e.g., age, prior infection) and 
pathogen-related (e.g., circulating viral variants) factors (Marziano 
et al., 2023; Menegale et al., 2023; Centers for Disease Control and 
Prevention (U .S.), 2023). Furthermore, even among populations with 
no known PFAS exposure, primary vaccination with an original 
two-dose mRNA COVID-19 vaccine produced a robust antibody re
sponses to S protein, but waning antibody levels by 6-months 
post-vaccination (Kato et al., 2022; Ikezaki et al., 2022; Naaber et al., 
2021). Recognizing these factors, we aimed to address potential con
founding in our analysis through restriction of the study population, 
stratified analysis by community, and considered inclusion of measured 
confounding variables in adjusted models. Despite these efforts, the 
observed relationships could be due to uncontrolled confounding or 
other unrecognized biases. Notably, observational studies of COVID-19 
vaccine response remain challenging to conduct, interpret, and 
compare.

COVID-19 vaccination rates across our study's three communities 
differed. Many Pittsboro participants were enrolled in COVID-19 vac
cine trials, leading to higher vaccination rates in this community. 
Additionally, the data collection event in the Pittsboro community, 
which occurred in November of 2021, was the last of the three com
munities in this study. This provided more opportunity for Pittsboro 
participants to receive multiple vaccines before sample collection. 
Although the anti-S IgG levels of our participants were comparable to 
those reported in other study populations, the Pittsboro community had 
the highest anti-S IgG levels in our study (Đaković et al., 2022; Sugiyama 
et al., 2022). In all three communities, PFAS levels were higher than 
contemporary U.S. national levels from the National Health and Nutri
tion Examination Survey, though Pittsboro participants had the highest 
median PFAS concentrations (Kotlarz et al., 2020; Kotlarz et al., 2024). 
The interquartile range for all PFAS overlapped among the three com
munities; however, our study included a wide range of exposure values 
across the communities.

A main limitation of this study was the lack of specificity in time 
between COVID-19 vaccination and anti-S IgG measurement, mitigating 
our ability to more fully characterize the influence of PFAS exposure on 
vaccine response. Another important limitation was the cross-sectional 
study design; studies with repeated antibody level measurements can 
better elucidate changes in response to vaccine. While the cross- 
sectional design was not optimal to explore this issue, given the public 
health importance and unique timing of the study during the summer 
and fall of 2021, our analysis remains a valuable contribution. Given the 
relatively small number of participants included in this study, we were 
unable to fully explore potential confounding by vaccine manufacturer 
or reasonably assess effect measure modification by race and ethnicity 
(Swilley-Martinez et al., 2023). Finally, we did not explicitly explore 
PFAS mixtures. Future observational studies of PFAS exposure and 
vaccine immune response should include serial measurements of serum 
IgG against vaccine and PFAS concentrations, ideally over an extended 
time; routine data collection on health status changes (e.g., new medi
cations or diagnoses of relevance); and exploration of the impact of PFAS 
mixtures on results.

Several other aspects of this study are worthy of mention. Although 
COVID-19 vaccination dates were self-reported, at the time of data 
collection most study participants referred to their COVID-19 vaccina
tion cards when providing this information to the study team. Undiag
nosed or asymptomatic SARS-CoV-2 infection could have occurred in 

participants; however, it is difficult to assess how this could impact re
sults. Although not a limitation, it is important to note that, like all 
SARS-CoV-2 antibody tests available at the time that participant samples 
were processed, the anti-S AdviseDx SARS-CoV-2 IgG II Assay (Abbott, 
Chicago, IL) was not specifically authorized to assess immunity in 
vaccinated people.

Our results align with evidence from most published studies. 
Elevated PFAS are not consistently associated with reduced COVID-19 
vaccine response in cross-sectional studies (or those with repeated 
measures) of general population adults. Our results also highlight the 
challenges of observational studies of the relationship between PFAS 
and vaccine antibody response. Future studies should consider how 
duration and timing of PFAS exposure could influence vaccine antibody 
response over longer time periods and further explore how vaccine type 
(e.g., mRNA) could modify associations. This information is relevant not 
only for populations currently affected by high PFAS exposures but also 
for similar populations identified moving forward.
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Glossary:

anti-S IgG anti-Spike SARS-CoV-2 IgG
AU arbitrary units
CIs confidence intervals
DAG directed acyclic graph
ECHI East Carolina Heart Institute
FPWC Fayetteville private well community
LCFRR Lower Cape Fear River region
METRIC Molecular Education, Technology and Research Innovation 

Center
Nafion by-product 2 perfluoro-2-{[perfluoro-3-(perfluoroethoxy)-2- 

proanyl]oxy}ethanesulfonic acid
PFAS per- and polyfluoroalkyl substances
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PFHpS perfluoroheptane sulfonic acid
PFHxS perfluorohexane sulfonic acid
PFNA perfluorononanoic acid
PFOA perfluorooctanoic acid
PFOS perfluorooctane sulfonic acid
PFO5DoA perfluoro-3,5,7,9,11-pentaoxadodecanoic acid
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