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A B S T R A C T

Introduction: Per- and polyfluoroalkyl substances (PFASs) have immunotoxic effects in children while studies in 
adults, including recent studies on the SARS-CoV-2 vaccine response have been less consistent. In a cohort of 
50–69-year-olds repeatedly vaccinated against COVID-19 in Denmark from early 2021, we aimed to assess the 
association between serum-PFAS concentrations and SARS-CoV-2 antibody responses.
Methods: We assessed serum-PFAS concentrations among 371 middle-aged adults from the National Cohort Study 
of Effectiveness and Safety of SARS-CoV-2 vaccines (ENFORCE) who had received their first vaccination against 
COVID-19. Following the second dose and the booster (third) Pfizer-BioNTech mRNA vaccination, we measured 
the specific spike IgG antibody response. Associations between serum-PFAS concentrations at inclusion and spike 
IgG antibody concentrations after vaccination were assessed using median regression, and analyses were 
adjusted for age, sex, presence of diabetes, number of vaccines received, and time since vaccination. We further 
examined the associations between serum-PFAS concentrations at inclusion and changes in spike IgG antibody 
concentration between the second dose and booster (third) vaccination.
Results: Serum-PFAS concentrations were not associated with spike IgG antibody concentrations after the SARS- 
CoV-2 vaccinations, but the increase in response after the booster (third) vaccination compared to after the 
second vaccination was consistently lower at higher serum-PFAS concentrations. Each doubling in the concen-
tration of seven serum-PFASs was associated with a 802 BAU/mL lower median increase in spike IgG antibody 
response after the booster (third) vaccination (95% CI: − 1812; 208) adjusted for confounders.
Discussion: As many adults were probably not immunological naïve prior to vaccination, our results were likely 
affected by individual variability in immune response to the vaccination. Despite this uncertainty, the diminished 
increase in SARS-CoV-2 spike antibody response after the booster (third) vaccination at higher PFAS exposure 
may potentially reflect an immunotoxic impact of the PFASs.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs), a group of persistent 

chemicals, have been continuously used in a variety of products since 
the 1950’s (National Academies of Sciences, 2022). The chemicals are 
disseminated in the environment and due to their slow breakdown, 

* Corresponding author. National Institute of Public Health, University of Southern Denmark, Studiestræde 6, 1455, København K. Denmark.
E-mail addresses: atimmermann@health.sdu.dk (A. Timmermann), Isik.Somuncu.Johansen@rsyd.dk (I.S. Johansen), marttols@rm.dk (M. Tolstrup), Carsten. 

Heilmann@regionh.dk (C. Heilmann), ebj@sund.ku.dk (E. Budtz-Jørgensen), jest@sdu.dk (J.S. Tolstrup), FNielsen@health.sdu.dk (F. Nielsen), PGrandjean@ 
health.sdu.dk (P. Grandjean). 

Contents lists available at ScienceDirect

Environmental Research

journal homepage: www.elsevier.com/locate/envres

https://doi.org/10.1016/j.envres.2024.120039
Received 27 June 2024; Received in revised form 8 September 2024; Accepted 18 September 2024  

Environmental Research 263 (2024) 120039 

Available online 24 September 2024 
0013-9351/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:atimmermann@health.sdu.dk
mailto:Isik.Somuncu.Johansen@rsyd.dk
mailto:marttols@rm.dk
mailto:Carsten.Heilmann@regionh.dk
mailto:Carsten.Heilmann@regionh.dk
mailto:ebj@sund.ku.dk
mailto:jest@sdu.dk
mailto:FNielsen@health.sdu.dk
mailto:PGrandjean@health.sdu.dk
mailto:PGrandjean@health.sdu.dk
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2024.120039
https://doi.org/10.1016/j.envres.2024.120039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2024.120039&domain=pdf
http://creativecommons.org/licenses/by/4.0/


PFASs are now found in oceans, surface waters, soil, and rainwater 
(Cousins et al., 2022) as well as in fish, wildlife (The Environmental 
Working Group (EWG), 2023), and in humans across the planet (ATSDR, 
2021; Sunderland et al., 2019; Uhl et al., 2023). PFASs are still used in 
multiple applications, including oil- and water-repellent textiles, food 
packaging, microelectronics, and firefighting foam (ATSDR, 2021).

Within the last decade, PFASs have been associated with numerous 
adverse health effects including immunotoxic effects, as reflected by 
increased risk of childhood infection and reduced antibody response 
after routine childhood vaccinations (ATSDR, 2021; Crawford et al., 
2023; Zhang et al., 2022). Antibody response after vaccination is a 
sensitive marker of immune function, and using this outcome, we have 
observed immunotoxic effects of PFASs among children with elevated 
exposures (Grandjean et al., 2012, 2017; Timmermann et al., 2022) as 
well as within background levels (Timmermann et al., 2020). In adults, 
the associations have been less consistent, but higher serum-PFOA 
concentrations were associated with reduced response after vaccina-
tion against influenza (Looker et al., 2014), hepatitis (Shih et al., 2021), 
and tetanus-diphtheria (Kielsen et al., 2016). Overall, decreased im-
mune responses have been shown both for toxoid vaccines and live 
attenuated vaccines.

Following the COVID-19 pandemic, SARS-CoV-2 mRNA vaccination 
programs were rolled out across the world, and robust antibody re-
sponses to these vaccines were key in reducing disease severity, pre-
venting hospitalization, and curbing community transmission. While 
factors such as age, sex, and underlying health conditions have been 
studied extensively, research on the potential impact of environmental 
factors, such as PFAS exposure, on the SARS-CoV-2 mRNA vaccine 
response remain limited. To our knowledge, four studies have examined 
the association between PFAS exposure and SARS-CoV-2 mRNA vaccine 
response, but findings were not consistent across studies (Andersson 
et al., 2023; Bailey et al., 2023; Hollister et al., 2023; Porter et al., 2022). 
The aim of the present study was to examine if serum-PFAS concentra-
tions were associated with reduced responses to repeated SARS-CoV-2 
mRNA vaccines among adults in Denmark.

2. Material and methods

The National Cohort Study of Effectiveness and Safety of SARS-CoV- 
2 vaccines (ENFORCE) is a clinical study designed to evaluate the effect 
and safety of vaccines against coronavirus among Danish adults (Staerke 
et al., 2022). Adults with a scheduled appointment for vaccination, were 
invited through a letter sent via the vaccination centres. One research 
interest for the original ENFORCE study was to investigate the vaccine 
effect in persons at increased risk of SARS-CoV-2 exposure and those at 
increased risk of a serious course of infection. Hence, invites were sent to 
healthcare workers and selected risk groups including cancer patients, 
patients with immunodeficiencies, and patients with other underlying 
disease (Staerke et al., 2022).

Between February 3rd and August 5th, 2021, 6,943 adults from all 
five regions of Denmark were included from 14 days to 30 min before 
they received their first dose of a SARS-CoV-2 vaccine. Data on age, sex, 
and recent medical history (in the past year) were obtained at inclusion, 
and uses of medication (in the past 24 h) were obtained at each visit 
(Staerke et al., 2022). Blood samples were obtained at inclusion and at 
follow-up visits scheduled after each vaccination (Figure S1).

For the present study, we selected 477 participants aged 50–69 years 
who had been given the Pfizer-BioNTech mRNA vaccine BNT162n2 
(Pfizer, New York, USA; BioNTech SE, Mainz, Germany), had a blood 
sample obtained at the first follow-up (before the second vaccination), 
and had antibodies assessed after vaccination.

A large proportion of the ENFORCE participants were recruited 
among patients. In addition, BNT162b2 was the first vaccine to be used 
when the Danish national vaccine campaign was initiated. The most 
vulnerable groups including older people and people with chronic ill-
nesses were the first to be vaccinated, and some enrolled participants 

may therefore have a relevant underlying disease or immune 
dysfunction.

For the present study, we excluded 80 participants who had HIV, 
other immunosuppressive disorders or active or treated malignancy at 
baseline. Antibody responses in these individuals are likely highly 
affected by their disease with substantial interindividual variability that 
would be difficult to account for in statistical models. Including these 
individuals would thus limit our ability to detect possible associations 
with contaminants. We likewise excluded participants who received 
potentially immunosuppressive treatment 24 h before the baseline visit 
or before one of the two first follow-up visits planned 0–5 days prior to 
receiving the second vaccine dose and 3 months after receiving the first 
vaccine dose (Figure S2).

2.1. PFAS assessment

PFAS concentrations in serum obtained immediately prior to par-
ticipants receiving the second vaccine dose were analyzed at the Envi-
ronmental Medicine laboratory, University of Southern Denmark using 
on-line solid phase extraction followed by liquid chromatography and 
triple quadropole mass spectrometry as previously described (Haug 
et al., 2009; Nielsen et al., 2024). Excess serum sample material from the 
European Human Biomonitoring Initiative (HBM4EU), organized by the 
German Environment Agency; NIST 1957 as well as in-house made 
quality control samples were included in the sample series for quality 
control. The between-batch imprecision for all compounds in the series 
of samples was <7.5%, and the bias ranged from – 8.4 to 12.2%. The 
limit of detection (LOD) was 0.03 ng/mL for all components, and values 
below the LOD were replaced by LOD/2. The accuracy of the utilized 
PFAS analysis is continuously secured by regular participation in the 
German Quality Assessment program (G-EQUAS) organized by the 
German Society of Occupational Medicine. The samples were screened 
for perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), 
perfluorobutane sulfonate (PFBS), perfluoropentane sulfonate (PFPeS), 
perfluorohexanoic acid (PFHxA), perfluorohexane sulfonic acid 
(PFHxS), perfluoroheptanoic acid (PFHpA), perfluoroheptane sulfonic 
acid (PFHpS), perfluorooctanoic acid (PFOA), perfluorooctane sulfonic 
acid (PFOS), perfluorononanoic acid (PFNA), perfluorononane sulfonate 
(PFNS), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid 
(PFUnDA), N-methylperfluorooctanesulfonamidoacetic acid (N-MeFO-
SAA) and N-ethyl perfluorooctane sulfonamido acetic acid (N-EtFO-
SAA). Only PFASs with concentrations above the limit of detection in at 
least 50% of the individuals were included for statistical analysis.

2.2. Humoral immune response following SARS-CoV-2 mRNA 
vaccination

Spike receptor binding domain, full spike and nucleocapsid directed 
IgG and ACE-2 competition were quantified in plasma using a Multi-
antigen Serology Assay (Meso Scale Diagnostics, Maryland, USA) at the 
Research Laboratory at the Department of Infectious Diseases, Aarhus 
University Hospital, Aarhus, Denmark (Staerke et al., 2022). In the 
present study, we relied on full spike IgG antibodies obtained after 
second vaccination and after booster (third) vaccination.

Individuals that have been SARS-CoV-2 infected have a different 
response to the vaccine than those that have not previously met the 
virus, and their response will depend on timing and severity of the 
infection. Including previously infected individuals would thus add 
substantial imprecision to the analyses. In Denmark, SARS-CoV-2 tests 
were free of charge and publicly available from April 2020. All test re-
sults were registered in national databases and linked to the study par-
ticipants using the Danish personal identification number (CPR). We 
excluded participants who had tested positive for SARS-CoV-2 using a 
polymerase chain reaction (PCR)-test or antigen test at least once prior 
to blood sampling. If participants had been tested with both a PCR-test 
and an antigen test on the same day and the test results did not match, 
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we relied on the result from the PCR-test. Few (<3) subjects tested 
positive before the blood sampling performed after the second vaccine 
dose and were thus excluded from all analyses. Further 56 subjects 
tested positive before the blood sampling performed after the booster 
(third) vaccination and were thus excluded from analyses of antibody 
concentrations after the booster vaccination (Figure S2).

2.3. Statistics

A joint PFAS measure (
∑

PFAS) was calculated as the sum of PFASs 
detected in at least 50% of the samples (PFHxS, PFHpS, PFOS, PFOA, 
PFNA, PFDA, and PFUnDA). Individual serum-PFAS, 

∑
PFAS, and anti-

body concentration distributions (medians, 5th, and 95th percentiles) 
were calculated by age at enrolment, sex, and diabetes in the past year. 
Antibody concentration distributions were additionally calculated by 
time between vaccination and blood sampling, and we calculated me-
dian, minimum, and maximum number of days between vaccination and 
blood sampling.

Associations between serum-PFAS concentrations (individual and 
∑

PFAS) at inclusion and spike IgG antibodies after vaccination were 
assessed using median regression with clusters for the same persons 
being included in the analyses after both the second and the booster 
(third) vaccination (Parente and Silva, 2016). Serum-PFAS concentra-
tions were log-2-transformed to avoid high serum-PFAS concentrations 
being overly influential, and regression estimates thus expressed dif-
ferences in median IgG for each doubling in serum-PFAS concentrations. 
The models assumed that covariates had the same effect on IgG con-
centrations after the second vaccination and the booster (third) vacci-
nation. We tested this assumption by including interaction terms 
between serum-PFAS concentrations and number of vaccinations, and 
we performed sensitivity analyses with separate median regression an-
alyses for antibody responses after the second vaccination and the 
booster (third) vaccination.

The IgG concentration was strongly correlated to the number of 
vaccinations and time since last vaccination, and all regression models 
were thus adjusted for number of vaccines received and number of days 
since last vaccination. We further performed sensitivity analyses 
excluding nine individuals vaccinated more than 100 days prior to blood 
sampling.

Age and sex can affect serum-PFAS concentrations and also the 
antibody response to vaccination, thus acting as confounders. Diabetes 
might also affect the antibody response, and a diabetic diet could affect 
PFAS exposure or PFAS exposure could affect the risk of diabetes 
(Khoury et al., 2024; Roth and Petriello, 2022; Valvi et al., 2021). Dia-
betes might thus either act as a confounder or mediate the association by 
mechanisms not relevant for the present study. In addition to performing 
basic analyses adjusted for number of vaccines received and number of 
days since last vaccination, we therefore additionally included age, sex, 
and the presence of a diabetes diagnosis in adjusted models.

Although we excluded individuals who had tested positive for SARS- 
CoV-2 prior to blood sampling, some individuals could have been 
exposed to the virus but not tested or diagnosed, and underlying disease 
might also affect the antibody response. To account for individual 
variability in antibody response, we applied a difference-in-difference 
approach and conducted median regression analyses for the associa-
tions between serum-PFAS concentrations at inclusion and changes in 
spike IgG antibody concentration between the second and booster 
(third) vaccination. All analyses were conducted using Stata version 
BE18.

3. Results

In this population consisting of middle-aged adults in Denmark, who 
had received their first vaccination against COVID-19, PFHxS, PFOS, 
PFOA, PFNA, and PFDA were detected in all 371 serum samples, while 
PFHpS and PFUnDA were below the LOD in 10 and 15 samples, 

respectively (Table 1). Median PFAS concentrations ranged from 0.11 
ng/mL (PFUnDA) to 5.32 ng/mL (PFOS), and four individuals had 
serum-PFOS concentrations above 20 ng/mL.

Older participants had higher median serum concentrations of most 
PFASs (Table 1). Compared to women, men had higher median serum 
concentrations of most PFASs, although median serum-PFDA concen-
trations were similar across sex, and PFUnDA concentrations were 
slightly higher among women. No association was observed between 
serum-PFAS concentrations and having a diabetes diagnosis (Table 1).

The median time between vaccination and blood sampling for anti-
body assessment was 64 days (range 36–200 days) after the second 
vaccination and 29 days (range 16–166 days) after the booster (third) 
vaccination. Spike IgG antibody concentrations were higher after the 
booster (third) vaccination than after the second vaccination, and men, 
older participants, and those with diabetes tended to have lower spike 
IgG antibody concentrations after vaccination (Table 2).

In basic analyses with no confounder adjustment, higher serum 
concentrations of PFHxS, PFHpS, PFOS, PFOA, PFNA, PFDA and ΣPFAS 
were associated with slightly lower median spike IgG antibody response 
after vaccination, but confidence intervals were wide, and the associa-
tions were diminished or even reversed after adjustment for potential 
confounding factors (Table 3). Excluding individuals vaccinated more 
than 100 days prior to blood sampling did not materially change the 
results (Table S1). No significant interactions were found between 
serum-PFAS concentrations and the number of vaccines received. 
However, when examining the effects of PFASs on spike IgG antibody 
concentrations after the second vaccination and booster (third) vacci-
nation separately, higher serum-PFAS concentrations were found to be 
weakly associated with higher median spike IgG antibody response after 
receiving the second vaccine dose. Each doubling in serum-

∑
PFAS 

concentration was thus associated with a 436 BAU/mL higher median 
spike IgG antibody response after the second vaccination (95% CI: 
− 669; 1541, p = 0.44) after adjustment for potential confounders. In 
contrast, higher serum-PFAS concentrations were weakly associated 
with a lower median spike IgG antibody responses after the booster 
(third) vaccination. Each doubling in serum-

∑
PFAS concentration was 

thus associated with a 77 BAU/mL lower median spike IgG antibody 
response after the booster vaccination (95% CI: − 486; 332, p = 0.71) 
after adjustment for potential confounders. However, the associations 
were not statistically significant for any of the PFASs (Table S2).

When examining the change in spike IgG antibody concentration 
from the second vaccination to the booster (third) vaccination, higher 
serum-concentrations of all PFASs were associated with a decreased 
increase in spike IgG antibody response following the booster (third) 
vaccination compared to the response following the second vaccination, 
but the associations did not reach statistical significance (Table 3). Each 
doubling in serum-

∑
PFAS concentration was thus associated with a 802 

BAU/mL lower median increase in spike IgG antibody response after the 
booster (third) vaccination compared to the response following the 
second vaccination (95% CI: − 1812; 208, p = 0.12) after adjustment for 
potential confounders (Table 3).

4. Discussion

In this study of 371 middle-aged adults in Denmark who had 
received their first vaccination against COVID-19 and had not previously 
been affected with SARS-CoV-2 virus, we did not observe consistent 
associations between serum-PFAS concentrations and total SARS-CoV-2 
spike antibody responses after the second and booster (third) vaccina-
tion. Nevertheless, the increase in SARS-CoV-2 spike IgG antibody 
response following the booster (third) vaccination compared to the 
response following the second vaccination was consistently lower at 
higher serum-PFAS concentrations. Although the observed trend was 
not statistically significant, this tendency may reflect a PFAS-linked 
weakness of the immune response.

In accordance with our initial findings, three other recent studies did 
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not find clear associations between PFAS exposure and immune 
response following COVID-19 vaccination among essential workers in 
United States (Hollister et al., 2023), and populations in America (Bailey 
et al., 2023) and Sweden (Andersson et al., 2023) highly exposed to 

PFAS through drinking water. Of note, Sweden instituted few barriers to 
virus transmission and may therefore have achieved some degree of herd 
immunity (Vogel, 2020) that may have affected the subsequent vaccine 
response. Still, it is possible that mRNA-based vaccines such as the 
COVID-19 vaccine depend on immune mechanisms that are less affected 

Table 1 
Serum-PFAS concentrations by study sample characteristics.

PFAS (ng/mL), median (5th-95th percentile)

n (%) PFHxS PFHpS PFOS PFOA PFNA PFDA PFUnDA
∑

PFAS

Total 371 
(100%)

0.71 
(0.26–1.69)

0.15 
(0.05–0.39)

5.32 
(1.85–12.32)

1.08 
(0.43–2.56)

0.54 
(0.22–1.18)

0.18 
(0.07–0.40)

0.11 
(0.03–0.31)

8.25 
(3.26–17.71)

n < LOD 
(%)

 0 (0%) 10 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 15 (4%) 0 (0%)

Sex
Men 180 

(49%)
0.98 
(0.37–1.89)

0.23 
(0.09–0.48)

6.98 
(2.49–14.00)

1.32 
(0.48–2.99)

0.56 
(0.26–1.20)

0.18 
(0.07–0.39)

0.10 
(0.02–0.29)

10.86 
(4.64–19.15)

Women 191 
(51%)

0.53 
(0.20–1.12)

0.11 
(0.03–0.28)

4.75 
(1.74–10.57)

0.93 
(0.43–2.01)

0.52 
(0.22–1.15)

0.18 
(0.07–0.41)

0.13 
(0.03–0.33)

7.09 
(3.03–14.43)

Age (years)
50–54 129 

(35%)
0.65 
(0.20–1.39)

0.12 
(0.01–0.32)

5.03 
(1.78–10.87)

0.95 
(0.43–1.91)

0.52 
(0.21–0.94)

0.18 
(0.06–0.33)

0.11 
(0.01–0.28)

7.73 
(2.86–15.34)

55–59 106 
(29%)

0.67 
(0.29–1.72)

0.14 
(0.06–0.39)

5.23 
(2.03–13.51)

1.00 
(0.46–2.76)

0.52 
(0.25–1.13)

0.17 
(0.08–0.40)

0.11 
(0.04–0.31)

7.94 
(4.11–17.96)

60–64 56 (15%) 0.79 
(0.31–1.96)

0.18 
(0.06–0.57)

5.82 
(1.74–15.77)

1.21 
(0.43–2.56)

0.54 
(0.29–1.30)

0.20 
(0.07–0.41)

0.12 
(0.01–0.32)

8.59 
(3.26–22.51)

65–69 80 (22%) 0.83 
(0.26–1.80)

0.19 
(0.06–0.42)

6.57 
(2.42–14.82)

1.32 
(0.56–2.98)

0.64 
(0.26–1.32)

0.20 
(0.08–0.43)

0.11 
(0.03–0.33)

9.66 
(3.95–21.26)

Diabetes diagnosis
No 338 

(91%)
0.71 
(0.26–1.65)

0.15 
(0.05–0.39)

5.34 
(1.79–12.38)

1.07 
(0.43–2.75)

0.54 
(0.22–1.18)

0.18 
(0.07–0.41)

0.11 
(0.03–0.31)

8.26 
(3.26–17.80)

Yes 33 (9%) 0.89 
(0.31–1.99)

0.20 
(0.07–0.50)

5.26 
(1.86–11.22)

1.21 
(0.44–2.35)

0.46 
(0.18–1.23)

0.16 
(0.06–0.27)

0.09 
(0.01–0.19)

7.65 
(2.86–14.83)

Table 2 
SARS-CoV-2spike IgG antibody concentration after vaccination by study sample 
characteristics.

After 2nd vaccination After 3rd vaccination

n(%) Median spike IgG 
antibody 
concentration, BAU/ 
mL (5th-95th 
percentile)

n(%) Median spike IgG 
antibody 
concentration, BAU/ 
mL (5th-95th 
percentile)

Total 371 
(100%)

5,527 (1,022–16,123) 284 
(100%)

16,075 
(4,494–18,072)

Sex
Men 180 

(49%)
4,564 (792-15,023) 139 

(49%)
15,961 
(3,393–17,954)

Women 191 
(51%)

5,933 (1,319–16,701) 145 
(51%)

16,188 
(6,581–18,149)

Age (years)
50–54 129 

(35%)
7,169 (1,755–16,583) 96 

(34%)
16,181 
(2,630–18,077)

55–59 106 
(29%)

6,017 (995-15,402) 82 
(29%)

16,119 
(4,749–18,147)

60–64 56 
(15%)

4,355 (585-14,953) 37 
(13%)

16,132 
(8,524–17,954)

65–69 80 
(22%)

4,388 (925-17,040) 69 
(24%)

15,922 
(4,336–18,070)

Diabetes diagnosis
No 338 

(91%)
5,662 (1,041–16,263) 257 

(90%)
16,143 
(4,336–18,107)

Yes 33 (9%) 4,413 (878-15,062) 27 
(10%)

15,510 
(8,524–17,866)

Days since vaccination
16–30 0 (0%) – 146 

(51%)
16,236 
(6,717–18,147)

30–59 121 
(33%)

9,447 (1,960–16,673) 100 
(35%)

16,067 
(5,782–17,847)

60–74 199 
(54%)

4,429 (1,007–15,543) 0 (0%) –

75–200 51 
(14%)

3,793 (542-14,200) 38 
(13%)

14,941 
(2,165–18,260)

Table 3 
Difference in median SARS-CoV-2spike IgG antibody concentration (BAU/mL) 
and SARS-CoV-2spike IgG antibody concentration change between the second 
and third vaccination with each doubling in serum-PFAS concentrations.

Difference in median spike IgG 
antibody concentration, BAU/ 
mL (95% CI) 
N = 655, clusters = 371a

Difference in spike IgG antibody 
concentration change between 2nd 
and 3rd vaccination, BAU/mL (95% 
CI) 
N = 284b

PFHxS
Basic − 236 (− 555; 82) − 379 (− 1315; 557)
Adjustedc − 123 (− 492; 246) − 774 (− 1783; 235)
PFHpS
Basic − 153 (− 432; 126) − 486 (− 1287; 314)
Adjustedc 69 (− 308; 445) − 726 (− 1595; 143)
PFOS
Basic − 130 (− 445; 185) − 564 (− 1426; 297)
Adjustedc 47 (− 303; 397) − 777 (− 1677; 123)
PFOA
Basic − 67 (− 420; 287) − 524 (− 1513; 466)
Adjustedc 122 (− 279; 524) − 713 (− 1765; 340)
PFNA
Basic − 87 (− 503; 329) − 692 (− 1773; 389)
Adjustedc 93 (− 307; 493) − 790 (− 1872; 293)
PFDA
Basic − 38 (− 443; 368) − 671 (− 1733; 390)
Adjustedc 77 (− 289; 444) − 759 (− 1764; 247)
PFUnDA
Basic 93 (− 209; 395) − 517 (− 1291; 256)
Adjustedc 63 (− 216; 342) − 656 (− 1412; 99)
∑

PFAS
Basic − 161 (− 522; 200) − 601 (− 1573; 372)
Adjustedc 47 (− 354; 448) − 802 (− 1812; 208)

a Adjusted for number of vaccines received and days since last vaccination.
b Adjusted for time from booster vaccination 1 to blood sampling, time from 

booster vaccination 2 to blood sampling, and time between the two blood 
samplings.

c Additionally adjusted for age at enrolment, sex, and diabetes diagnosis.
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by PFAS exposure.
However, our findings of slightly diminished increase in CoV-2 spike 

IgG antibody response after the booster (third) vaccination could indi-
cate that increased PFAS exposure may dampen or inhibit the immune 
response. This finding is consistent with the associations observed be-
tween higher serum-PFAS concentrations and lower IgG antibody con-
centrations after one or two coronavirus vaccinations among current 
and former employees at the 3M PFAS production plant in the United 
States (Porter et al., 2022). However, the associations observed in the 
study of 3M employees were more pronounced than those observed in 
our study of lower exposure levels and smaller ranges of PFAS concen-
trations. Such potential immunotoxicity may be related to PFASs 
reducing activation of T-cells (Maddalon et al., 2023), which plays a 
pivotal role in the immune response.

One limitation of our study is the lack of information about the 
participants’ socioeconomic status (SES), which could potentially affect 
the results. PFAS exposure might vary with SES (Buekers et al., 2018), 
and SES could also indirectly affect response to COVID-19 vaccine. The 
strengths of our study include a prospective design, with repeated blood 
sampling for SARS-CoV-2 serology. Further, we had detailed informa-
tion about time from vaccination to blood sampling. All participants in 
our study received the same dose and same type of vaccine, thus 
providing some standardization in triggering the antibody response. By 
using the Danish national data on SARS-CoV-2 testing, we were able to 
account for changes in antibody concentrations due to individuals 
having been recently infected with SARS-CoV-2 virus. However, some 
individuals might have been infected but not tested or diagnosed. 
Further, the possible presence of cross-reactive T cells might contribute 
to a more rapid and effective immune response upon exposure to 
SARS-CoV-2 (Karlsson et al., 2020), potentially also resulting in 
improved antibody responses that were not accounted for in our 
analyses.

A major limitation in this study compared to studies on vaccine re-
sponses in children is the greater variability in initial immune response 
among adults, as they are likely not immunological naïve and may have 
differed in their ability to respond to the vaccine. The potentially higher 
individual variability in adults might explain why studies in adults 
generally do not show the same clear pattern of PFAS immunotoxicity as 
studies in children.

There is no plausible biological explanation for PFAS not affecting 
the vaccine response but affecting only the change in vaccine response 
between the second and booster (third) vaccination in our study. 
However, when analyzing associations between serum-PFAS concen-
trations and changes in spike IgG antibody concentration between the 
second and booster (third) vaccination, we took some of the individual 
variability into account by applying a difference-in-difference approach. 
The difference-in-difference approach minimizes bias from individual 
variability, that could have masked the associations in the other ana-
lyses. The ability to account for some of the individual variability may 
thus explain why these analyses demonstrated more pronounced asso-
ciations with immunotoxicant exposures. Still, the individual variability 
in immune response introduces substantial imprecision, and as our study 
sample size is relatively small, our results are subject to wide confidence 
intervals.

Based on the results from our studies and other similar studies, it is 
not clear if PFAS affects the adult immune system. However given the 
large individual variability in immune responses among adults, we 
suggest that more studies use difference-in-difference approaches when 
assessing antibody responses in adults.

5. Conclusions

Among middle-aged adults in Denmark with no previous SARS-CoV- 
2 virus infection, we found no clear association between serum-PFAS 
concentrations and SARS-CoV-2 mRNA vaccine response. Neverthe-
less, increased serum-PFAS concentrations were weakly associated with 

a diminished subsequent response after the booster (third) vaccination. 
This finding suggests that PFAS exposure may potentially influence the 
immune system response to the COVID-19 vaccine.
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