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A B S T R A C T   

Background: Per- and polyfluoroalkyl substances (PFASs) are emerging environmental contaminants with mul-
tiple hazardous properties including immunomodulation potency. Human exposure to PFASs has been associated 
with various immune-mediated diseases and outcomes. This study aimed to investigate the association between 
PFAS exposure and immune-mediated diseases such as allergies, eczemas, and autoimmune diseases in a pop-
ulation of adults in the Czech Republic. 
Methods: This study included 309 adults from the Central European Longitudinal Study of Parents and Children: 
Young Adults (CELSPAC: YA). 12 PFASs were measured in participants’ serum by HPLC-MS/MS, 3 PFASs were 
removed from the subsequent analyses due to low detection frequency. The associations of 9 PFASs with 9 
immune-mediated diseases were assessed by logistic regression. Furthermore, Bayesian kernel machine regres-
sion (BKMR) was used to estimate the effect of the PFAS mixture on immune-mediated diseases. All analyses 
were adjusted for sex, age, BMI, smoking, education, and family history of immune-mediated diseases. In cases of 
a statistically significant interaction of PFASs and sex, stratified analyses were performed for men and women. 
Results: Perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS) were negatively associated with both 
atopic eczema (OR per IQR increase 0.58 (95% CI 0.37–0.90) for PFOA and 0.56 (0.32–0.95) for PFOS) and 
contact dermatitis (0.37 (0.16–0.85) for PFOA and 0.33 (0.11–0.94) for PFOS). Perfluoroundecanoate (PFUnDA) 
was negatively associated with pollen, dust, and mite allergy (0.62 (0.43–0.89)). BKMR modelling showed a 
negative tendency in the overall effect of PFAS mixture on immune-health outcomes. Based on the stratified 
analysis, sex was suggested to be an effect modifier in the association of PFOS and atopic eczema. 
Conclusion: Our results contribute to the body of literature that observes the immunosuppressive effect of PFAS 
exposure during eczemas and allergies, both for PFASs individually and as a mixture.   

1. Introduction 

The immune system plays an essential role in protecting the human 
body against pathogens from the environment and against cancer 
(Corthay, 2014; Delves and Roitt, 2000). However, the immune system 
can be disrupted, which may lead to a range of disorders, including 
allergic and autoimmune diseases, whose prevalence has been steeply 
increasing worldwide (Akdis, 2021). Approximately 20%–30% of the 
world’s population suffer from some type of allergic disease (World 
Allergy Organization, 2013), more than 3.6% suffer from asthma 
(Mattiuzzi and Lippi, 2020), and between 3% and 5% suffer from 

autoimmune diseases (Wang et al., 2015). Disruptions of the immune 
system are influenced by both heritable factors and, to a greater extent, 
by non-heritable factors, i.e., the environment (Brodin et al., 2015). 
Among the numerous environmental factors, exposure to chemical 
substances was suggested to play one of the key roles (Winans et al., 
2011). 

Per- and polyfluoroalkyl substances (PFASs) are a large group of 
synthetic compounds that have broad applications in the industrial and 
consumer sector. They have been used since the 1940s as emulsifiers for 
firefighting foams and fluoropolymer manufacturing due to their sur-
factant properties, as well as chemically resistant coatings and flame 
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retardants due to their resistance to oxidative degradation (Dean et al., 
2020). Some of PFASs are currently regulated, nevertheless, many of 
PFASs are abundantly present in the human environment and human 
matrices due to their slow degradation rate under natural conditions. In 
a body, PFASs tend to accumulate mainly in plasma, then in the kidney 
and liver (Verreault et al., 2005). PFASs in the human blood are pre-
dominantly bound to albumin and can be thus transported to organs of 
the body (Alesio et al., 2022; Forsthuber et al., 2020; Jian et al., 2018). 
Studies describe the association of PFAS exposure with kidney and 
testicular cancer, endocrine disruption, liver damage, and lower birth 
weight among other adverse effects (Fenton et al., 2021). Importantly, 
as PFASs are frequently found in the blood, they can affect immune cells 
and the entire immune system. 

Research of the immunomodulatory potency of PFASs in cohort 
studies found PFASs associated with both the deregulation of mostly 
adaptive immunity and apical adverse outcomes such as immune- 
mediated diseases. Strong evidence is reported for an association of 
PFAS exposure with suppressed antibody responses after vaccination 
(Abraham et al., 2020; Grandjean et al., 2017a; Kielsen et al., 2016; 
Looker et al., 2014; Timmermann et al., 2020) that has been also re-
ported from studies of prenatal PFAS exposure in mother-child cohorts 
(Grandjean et al., 2017b; Granum et al., 2013). In addition, PFAS 
exposure has been found to contribute to the severity of COVID-19 
disease (Catelan et al., 2021; Grandjean et al., 2020) and to increase 
the risk of other infectious diseases (Bulka et al., 2021; Kvalem et al., 
2020; Timmermann et al., 2020). Higher susceptibility to infectious 
diseases based on prenatal PFAS exposure was also reported in 
mother-child cohorts (Ait Bamai et al., 2020; Dalsager et al., 2021; 
Granum et al., 2013; Wang et al., 2022). Further, asthma has been 
positively associated with PFAS exposure (Averina et al., 2019; Dong 
et al., 2013; Kvalem et al., 2020; Timmermann et al., 2017; Zhu et al., 
2016). Allergic outcomes have been associated with PFAS exposure (Ait 
Bamai et al., 2020; Averina et al., 2019; Buser and Scinicariello, 2016; 
Kvalem et al., 2020), nevertheless in both directions, positive and 
negative associations. Autoimmune diseases associated with PFAS 
exposure have been reported within a population exposed to extremely 
high environmental concentrations (Steenland et al., 2015; Kyle et al., 
2013). Taken together, PFASs were shown to be a chemical stressor that 
is convincingly connected with immune changes that affect the pro-
gression and/or severity of immune-mediated diseases. 

Most epidemiological studies investigated the association between 
PFAS exposure and immune-mediated diseases in child populations or 
mother-child pairs, however, studies investigating PFAS-related effects 
on the immune system among adult populations are scarce. Therefore, 
our study was specifically focused on the adult population to investigate 
the impact of PFAS exposure on immune-mediated diseases such as 
asthma, allergies, and autoimmune diseases. We employed the Central 
European Longitudinal Studies of Parents and Children: Young Adults 
(CELSPAC: YA) study representing the adult population in the Czech 
Republic. 

2. Materials and methods 

2.1. Study population 

Data for this study originate from the CELSPAC: YA study. Young 
Adults (YA) cohort is an ongoing follow-up study of the Czech part of the 
ELSPAC birth cohort (European Longitudinal Study of Pregnancy and 
Childhood) that was initiated in 1991–1992 in the Czech Republic, 
namely in Brno and Znojmo region. Detailed information about ELSPAC- 
CZ study is provided in Piler et al. (2017). For our research goal, we 
examined available participants (309 individuals) from YA cohort 
re-assessed in 2019. All these participants were involved in the study 
voluntarily. The CELSPAC: YA study was approved by the ELSPAC Ethics 
Committee (Ref. No: ELSPAC/EK/2/2019, dated March 13, 2019). In 
summary, participants underwent examinations including blood 

collection, measurement of height and weight, and filling question-
naires. Questionnaires including both the health condition and the 
health history were filled with health practitioner assistance. Other 
questionnaires (i.e., family status, education, smoking, among others) 
were filled out by the participants themselves. Among YA cohort par-
ticipants, 12 immune-mediated diseases were identified, namely: 
asthma; pollen, dust, and mite allergy; food allergy; drug allergy; insect 
stings allergy; contact dermatitis; atopic eczema; psoriasis; rheumatoid 
arthritis; lupus (SLE); celiac disease; inflammatory bowel disease. 
Rheumatoid arthritis, lupus (SLE), and inflammatory bowel disease 
were omitted from subsequent analyses due to low occurrence among 
participants (less than 5 cases, i.e., 1.6% of participants). 

2.2. Analysis of PFASs in blood samples 

PFAS concentrations in participants’ serum were measured by high- 
performance liquid chromatography coupled with tandem mass spec-
trometry (HPLC-MS/MS). Analyses were performed with the HPLC 
apparatus Agilent 1290 series (Agilent Technologies, Waldbronn, Ger-
many) consisting of a vacuum degasser, a binary pump, a thermostated 
autosampler (10 ◦C), and a thermostatted column compartment kept at 
30 ◦C. The column was SYNERGI 4μ Fusion MAX-RP 80Ä 100 mm × 2 
mm i. d., equipped with Phenomenex SecurityGuard C18 4 × 2 mm. The 
mobile phase consisted of Methanol: 5 Mm ammonium fluoride in ratio 
55:45 (A) and Methanol (B). The binary pump gradient was non-linear. 
A gradient program was used for elution: 0% B (initial), 0–70% B (from 
0.1 to 4 min), 70–100% B (from 4 to 6 min). After 1.5 min, the ratio was 
decreased to 0% B and held for 3.5 min for column equilibration before 
next injection. The flow rate of the mobile phase was 0.40 mL/min 10 μL 
of individual sample was injected for the analyses. The mass spec-
trometer was an AB Sciex Qtrap 5500+ (AB Sciex, Concord, ON, Can-
ada) with electrospray ionization (ESI). Ions were detected in the 
negative mode. The ionization parameters were as follows: capillary 
voltage − 4.5 kV; desolvation temperature 450 ◦C; Curtain gas 15 psi, Ion 
Source Gas1 50 psi, Ion Source Gas2 30 psi. Quantitative analysis was 
performed using the Analyst software. 

12 different PFASs were analysed in serum samples: per-
fluoropentanoate (PFPA), perfluorohexanoate (PFHxA), per-
fluoroheptanoate (PFHpA), perfluorooctanoate (PFOA), 
perfluorononanoate (PFNA), perfluorodecanoate (PFDA), per-
fluoroundecanoate (PFUnDA), pefluorododecanoate (PFDoDA), per-
fluorobutane sulfonate (PFBS), pefluorohexane sulfonate (PFHxS), 
pefluoroheptane sulfonate (PFHpS), perfluorooctane sulfonate (PFOS)). 
Three PFASs (PFHxA, PFHpA, PFDoDA) had more than 60% values 
below the limit of quantification (LOQ) and thus were omitted from the 
subsequent analysis. Values of LOQ and limit of detection (LOD) for 
individual PFASs can be seen in Supplementary information (SI, 
Table S1). 

2.3. Data processing and statistical analysis 

Data were processed in R programming software (v4.1.0; R Core 
Team, 2021). To visualize our a priori beliefs in the causal structure in 
the data, a directed acyclic graph (DAG) was created (Textor et al., 
2016). Based on DAG (SI, Fig. S1) and together with information from 
the literature (von Holst et al., 2021), a minimal sufficient set of con-
founders was identified and used in the subsequent analysis: sex, age, 
body mass index (BMI), smoking, education, and family history of 
immune-mediated diseases. Due to the potential U-shape relationship 
between BMI and a health outcome (Jørgensen et al., 2016), BMI was 
used as a categorical variable of 4 levels: underweight (<18.5 kg/m2), 
normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9 k kg/m2), and 
obesity (≥30 kg/m2) according to the World Health Organization 
(WHO) and the National Institute of Health (NIH) classification (Weir 
and Jan 2022). Smoking was assessed as a binary variable: smoker and 
non-smoker based on an answer to the question: “Have you smoked 
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more than 100 cigarettes during your life?“. Education is representative 
of socioeconomic status and entered the analysis in three categories 
following the International Standard Classification of Education: pri-
mary education, secondary education, and university education (Euro-
stat, 2022). Family history of immune-mediated diseases (further 
referred to as “family history”) was determined based on the answer to 
the question: “Do any of your parents or siblings have or have had an 
allergy and/or asthma and/or atopic eczema?” with possible answers 
“yes” or “no”. PFAS concentration values were log-transformed to 
reduce the potential impact of outliers in the exposure distribution. To 
further moderate the potential impact of outliers on our results, “Win-
sorize” function from the “DecsTools” package (v0.99.44; Signorell 
et al., 2022) was used. 90% winsorizing was used, this method set all 
outliers below the 5th percentile and above the 95th percentile to the 
value of the 5th percentile, resp. 95th percentile. Data below LOD or 
between the LOD and the LOQ were imputed using the maximum like-
lihood method for fitting statistical distributions from the “mle” function 
of the “stats4” package (v4.1.0). Based on the PFASs with 100% detec-
tion, a log-normal distribution was chosen to be fitted for each PFAS 
using all data above LOQ. Once this distribution was known, new values 
to replace the left-censored values were randomly generated. The 
highest generated values were used to impute left-censored values <
LOQ but > LOD, the rest were used to impute left-censored values <
LOD. Missing data in confounding variables (smoking, n = 5; family 
history, n = 8; education, n = 3) were imputed by the Multiple Impu-
tation Chained Equation (MICE) method from the “mice” package 
(v3.14.0; Buuren and Groothuis-Oudshoorn, 2011) using other con-
founding variables (i.e., sex, age, BMI, smoking, education, and family 
history, except the one that was just imputed) and all exposure variables 
as an input. In case of missing values of health outcome, the participant 
was omitted from the analysis for the particular disease. Differences in 
prevalence of immune-mediated diseases between sexes were tested by 
Chi-square test and Fisher’s exact test (if the expected values < 5). 
Spearman correlation analysis was performed to obtain a correlation 
relationship between individual serum PFAS concentrations. Differences 
in PFAS serum concentration between women and men were tested by 
Mann-Whitney-Wilcoxon test. 

Logistic regression was used to express the association between 
serum PFAS concentrations and the prevalence of diseases employing 
the “glm” function from the “stats” package (v4.1.0). Beta coefficients 
sourced from logistic regression, that correspond to log odds ratio were 
converted to odds ratio (OR) and expressed as OR per interquartile range 
(IQR) increase together with 95% confidence intervals (CI). Potential 
influential outliers identified during regression diagnostic were removed 
from the dataset and the analysis was run again as a sensitivity analysis. 
There have been described recommendations to use risk ratio (RR) for 
cohort studies instead of OR due to its better interpretability (Knol et al., 
2012; Ranganathan et al., 2015). Therefore, RRs were calculated as a 
part of the sensitivity analysis. To obtain RR, Poisson regression with 
robust standard errors was used. Poisson regression is commonly used 
for the outcome of type “count”, however, it can be also used for a binary 
outcome, when standard errors are adjusted by the “sandwich” function 
from the “sandwich” package. The resulting values then correspond to 
log risk ratio with respective standard errors, from which confidence 
intervals can be calculated (W. Chen et al., 2018b; Zou, 2004). The effect 
was then expressed as RR per IQR increase with 95% CI. 

To assess the effect of the PFAS mixture, Bayesian kernel machine 
regression (BKMR) was used. It was employed for the outcomes identi-
fied in statistically significant observations in logistic regression anal-
ysis. BKMR model estimates multidimensional predictor-response 
function h(z) and can employ exposures, that are correlated with each 
other. A detailed description of the function and its application can be 
found in Bobb et al. (2018). For the purpose of our study with a binary 
outcome, probit regression was employed (Bobb, 2018). Models were 
run with 10,000 iterations and were adjusted for the same set of con-
founders as previous analyses (sex, age, BMI, smoking, education, and 

family history). The BKMR model produces Posterior Inclusion Proba-
bility (PIP) that describes the estimated importance of the individual 
PFAS towards the final effect (i.e., health outcome). PIPs are ranging 
from 0 to 1, and the greater the PIP is, the greater contribution the in-
dividual component has to the mixture effect. The overall effect of the 
mixture on the particular health outcome was expressed graphically as a 
quantile graph. The quantile graph shows the estimated change in effect 
(e.g., immune-mediated disease prevalence) when all the exposures at a 
particular percentile are compared to when all the exposures are at their 
50th percentile. Moreover, a univariate exposure-response function with 
95% credible intervals for each PFAS in mixture was visualized. The 
univariate exposure-response function shows the relationship between 
one exposure and the outcome while other exposures are fixed on their 
median values. 

The statistically significant observations identified in the logistic 
regression analysis were tested for interaction between PFAS and sex as 
different effect for males and females has been reported in the literature 
(Q. Chen et al., 2018a; Impinen et al., 2019; Kvalem et al., 2020; Okada 
et al., 2014). For observations with statistically significant interaction, a 
stratified analysis was performed separately for women and men; this 
include i) logistic regression to discover if the effect in the stratified 
population will be different from the whole-population effect and ii) 
BKMR modelling to explore how the effect of PFAS mixture differs in 
women and men. 

3. Results and discussion 

3.1. Population characteristics 

A general characteristic of the study population is summarized in 
Table 1. The population consists of a comparable number of men and 
women, a total of 309 participants (sex-stratified general characteristics 
are presented in SI, Table S2). The vast majority of the population was 

Table 1 
Main characteristics of the study population (sub-set of the YA cohort study, n =
309); values represent median with 1st quartile and 3rd quartile for age, and the 
number of participants with the corresponding percentage in brackets for other 
variables.  

Characteristic 

Sex  
women 158 (51.1%)  
men 151 (49.9%) 

Age (years) all participants 27 (26; 27) 
BMI  

underweight 12 (3.9%)  
normal weight 197 (63.8%)  
overweight 79 (25.6%)  
obesity 21 (6.8%) 

Smoking  
yes 96 (31.1%)  
no 208 (67.3%)  
missing information 5 (1.6%) 

Education  
primary education 3 (1.0%)  
secondary education 75 (24.3%)  
university education 228 (73.8%)  
missing information 3 (1.0%) 

Family history  
yes 171 (55.3%)  
no 130 (42.1%)  
missing information 8 (2.6%) 

BMI = body mass index, underweight: <18.5 kg/m2, normal weight: 18.5–24.9 
kg/m2, overweight: 25.0–29.9 k kg/m2, obesity: ≥30 kg/m2. 
Smoking = smoking status. Was determined based on the answer to the ques-
tion: “Have you smoked more than 100 cigarettes during your life?“. 
Family history = family history of immune-mediated diseases. Was determined 
based on the answer to the question: “Do any of your parents or siblings have or 
have had an allergy and/or asthma and/or atopic eczema?”. 
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investigated around 27 years old and generally of normal weight, non- 
smokers, with high education. Prevalence of the immune-mediated 
diseases is shown in Table 2. The most prevalent outcome was pollen, 
dust, and mite allergy (41%). In the case of the stratified population by 
sex, pollen, dust, and mite allergy remained the most prevalent in both 
sex-specific groups (47% in men, 37% in women). Although the global 
prevalence of allergic diseases is estimated to be 20–30% (World Allergy 
Organization, 2013), the prevalence of sensitization to inhalant aller-
gens (including pollen, dust, and mite) in the populations of Europe and 
the United States reaches more than 40% (Wheatley and Togias, 2015). 
Thus, the prevalence in our study population corresponded to the Eu-
ropean population. 

3.2. Serum PFAS concentrations in the study population 

PFOA and PFOS reached higher concentrations than other PFASs 
with a median of 1.11 ng/mL and 1.93 ng/mL respectively (Table 3). 
Correlations between all 9 PFASs were assessed, and most of them were 
observed to be correlated with each other (SI, Fig. S2). The serum PFAS 
concentrations observed in our study are among the lower concentra-
tions reported in the European context (EU HBM Dashboard, 2023). For 
example, medians of PFASs in the plasma of pregnant women in the 
MoBa cohort (n = 1943) were 2.54 ng/mL for PFOA and 12.87 ng/mL 
for PFOS (Impinen et al., 2019). A study conducted in Greenland, Poland 
(Warsaw), and Ukraine (Kharkiv) with a total of 307 men observed 
means of 4.0 ng/mL for PFOA and 27.2 ng/mL for PFOS (Leter et al., 
2014). Even some of the children cohorts have relatively higher con-
centrations than observed in our study, e.g., a Norwegian study observed 
medians of 4.62 ng/mL for PFOA and 20.9 ng/mL for PFOS in serum of 
10-year-old children (n = 378) (Kvalem et al., 2020). A serum concen-
tration of 6.7 ng/mL for PFOS and 2.0 ng/mL for PFOA was observed in 
13-year-old individuals (n = 74) within a population study from Faroe 

Island (Timmermann et al., 2017). Thus, we can consider our population 
as moderately exposed to PFAS in the context of European countries. 

The distribution of PFAS concentrations among men and women in 
our study indicates sex-specific differences with lower concentrations in 
females, this difference was statistically significant for PFOA, PFNA, 
PFHxS, PFHpS and PFOS (Table 3). Statistically significant differences of 
PFAS concentration between men and women have been previously 
observed also in other population studies (Grandjean et al., 2020; 
Nyström et al., 2022). Based on pharmacokinetic modelling, it is sug-
gested that menstruation, and thus regular loss of blood, can signifi-
cantly contribute to reduced PFAS levels in blood among women (Lorber 
et al., 2015; Wong et al., 2014). This assumption is also supported by a 
birth cohort study from Faroe Island, where children were followed up 
until their 28 years (the number of participants varies from 122 to 399) 
(Shih et al., 2021). Concentrations of PFASs were measured in cord 
blood, then in serum at 7, 14, 22, and 28 years of age. The difference 
between concentrations in men and women was increasing with age, 
whereas women aged 28 years had significantly lower concentrations 
than men aged 28 years for all 5 measured PFASs (Shih et al., 2021). 
Interestingly, higher concentrations for males than females were also 
observed among 10-year-old children (Kvalem et al., 2020). Although, 
the sex-specific differences were observed in our study as well as in 
published studies, the detailed sex-specific pharmacokinetic mechanism 
of the PFAS behaviour in the human body is not fully understood. 

3.3. Individual PFAS exposures and immune-mediated diseases 

Estimates of the effect from logistic regression are shown in Table 4, 
expressed as OR (95% CI) per IQR increase; results including p-values 
can be found in SI, Table S3. Five observations were found to be sta-
tistically significant, all of them in inverse trend. Both eight-carbon 
PFASs showed a negative association with atopic eczema which 

Table 2 
Prevalence of the immune-mediated diseases in the whole study population, and separately for women and men.   

All participants (n = 309) Women (n = 158) Men (n = 151)  

yes no NA prev yes no NA prev yes no NA prev p-value 

Asthma 43 263 3 14% 24 134 0 15% 19 129 3 13% 0.67 
Atopic eczema 47 258 4 15% 29 127 2 19% 18 131 2 12% 0.16 
Celiac disease 6 302 1 2% 4 154 0 3% 2 148 1 1% 0.69 
Contact dermatitis 12 296 1 4% 9 149 0 6% 3 147 1 2% 0.17 
Drug allergy 44 264 1 14% 29 129 0 18% 15 135 1 10% 0.05 
Food allergy 28 277 4 9% 23 134 1 15% 5 143 3 3% <0.01* 
Insect stings allergy 21 285 3 7% 18 140 0 11% 3 145 3 2% <0.01* 
Pollen, dust, and mite allergy 126 180 3 41% 58 99 1 37% 68 81 2 46% 0.15 
Psoriasis 7 301 1 2% 2 156 0 1% 5 145 1 3% 0.27 

*statistically significant difference (p-value <0.05) between women and men. NA = missing values; prev = prevalence, was calculated omitting the missing values. 

Table 3 
PFAS concentrations in serum (ng/mL) of all participants and of women and men separately.   

PFPA PFOA PFNA PFDA PFUnDA PFBS PFHxS PFHpS PFOS 

All participants 
Median 0.13 1.11 0.31 0.13 0.06 0.06 0.32 0.04 1.93 
1st quartile 0.08 0.86 0.22 0.10 0.04 0.02 0.21 0.02 1.33 
3rd quartile 0.19 1.43 0.44 0.19 0.09 0.20 0.44 0.06 2.81 
LOQ 0.04 0.07 0.012 0.01 0.012 0.04 0.014 0.017 0.09 
>LOQ n (%) 300 (97%) 309 (100%) 309 (100%) 309 (100%) 303 (98%) 200 (65%) 309 (100%) 259 (84%) 309 (100%) 
Women 
Median 0.13 1.03 0.29 0.13 0.06 0.07 0.24 0.03 1.58 
1st quartile 0.08 0.78 0.19 0.09 0.04 0.03 0.16 0.02 1.09 
3rd quartile 0.19 1.36 0.39 0.19 0.09 0.20 0.33 0.05 2.31 
Men 
Median 0.12 1.17 0.34 0.13 0.06 0.05 0.41 0.05 2.34 
1st quartile 0.08 0.97 0.25 0.11 0.04 0.02 0.32 0.03 1.66 
3rd quartile 0.18 1.48 0.50 0.21 0.10 0.25 0.51 0.07 3.19 
p-value 0.717 0.002* <0.001* 0.233 0.636 0.324 <0.001* <0.001* <0.001* 

*statistically significant difference (p-value <0.05) between women and men. LOQ = limit of quantification. 
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corresponds to OR (95% CI) per IQR increase of 0.58 (0.37–0.90) for 
PFOA and 0.56 (0.32–0.95) for PFOS. Similarly, an inverse association 
was found for contact dermatitis: 0.37 (0.16–0.85) for PFOA and 0.33 
(0.11–0.94) for PFOS. Furthermore, a negative association was also 
observed between pollen, dust, and mite allergy and PFUnDA with 0.62 
(0.43–0.89). 

During the diagnostics of logistic regression, potential influential 
outliers were identified in 4 observations. Logistic regression was run 
again without these potential influential outliers as a sensitivity analysis 
to see their impact on the analysis result. The sensitivity analysis showed 
that potential influential outliers did not significantly influence the 
analysis results (SI, Table S4) and thus were kept in the analysis. As a 
next part of sensitivity analysis, Poisson regression with robust standard 
errors was used to calculate RR (SI, Table S5). Results showed the same 
trend and similar strength of the effect. Nine of the observations were 
significant. Among others, a significant negative association was 
observed in atopic eczema and contact dermatitis for both PFOA and 
PFOS, together with a negative association in pollen dust, and mite al-
lergy for PFUnDA, thus the same observations as were observed in re-
sults from logistic regression. 

Evidence of the immunomodulatory effect of PFASs has been 
repeatedly described as an effect of decreased antibody levels after 
vaccination (Abraham et al., 2020; Grandjean et al., 2017a; Kielsen 
et al., 2016; Looker et al., 2014; Timmermann et al., 2020), nevertheless 
the evidence about other immune-mediated health outcomes is not so 
strong nor consistent. Our results contribute to the body of literature 
that observes the immunosuppressive effect of PFASs on eczemas and 
allergies. 

The inverse effect of PFAS exposure to eczemas has recently been 
described. More specifically, PFUnDA measured in maternal blood was 
negatively associated with ever-diagnosed atopic eczema in 7-year-old 
children within the MoBa cohort (Impinen et al., 2019). Furthermore, 
levels of PFUnDA measured in cord blood were negatively associated 
with both atopic and non-atopic eczema in 1-year-old children (n = 60) 
within the Melbourne Atopy Cohort (Lowe et al., 2019). Inverse asso-
ciation of PFHxS measured in maternal blood and atopic eczema in 
children was also observed in the Hokkaido study and the effect 
remained consistent during 0–2-year-old children (Okada et al., 2014), 
4-year-old children (Goudarzi et al., 2016) and 7-year-old children (Ait 
Bamai et al., 2020). Kvalem et al. (2020) found a negative association 
between PFHxS blood levels in 10-year-old children and atopic derma-
titis in the age of 10–16 years. 

Even if many PFASs have been inversely associated with eczema, the 
inverse association with specifically PFOA and PFOS, which was shown 
in our study, is not frequently reported in the literature. In consent with 
our study, maternal PFOS concentrations were negatively associated 
with eczema in children between 1.5 and 7 years within the INMA birth 
cohort (Manzano-Salgado et al., 2019). However, there is number of 
longitudinal studies showing no association between eczemas and 
exposure to PFOA and/or PFOS assessing both prenatal (Impinen et al., 
2018, 2019; Lowe et al., 2019; Okada et al., 2014) and childhood 
exposure (Averina et al., 2019; Kvalem et al., 2020). Additionally, 
Kvalem et al. (2020) observed no association between eczemas and 
exposure to PFOA and/or PFOS also in the cross-sectional design of 
study (in the 10-year-old children). On the other hand, Wen et al. (2019) 
observed a positive association between PFOA measured in cord blood 
and atopic dermatitis in 5-year-old children. 

Pollen, dust, and mite allergy is one of the most common allergies 
and usually manifests as rhinitis or rhinoconjunctivitis (Brożek et al., 
2017). These outcomes were associated with PFAS exposure in previous 
studies, however, the evidence of effect is inconsistent. Specifically, 
PFNA measured in maternal plasma was negatively associated with 
allergic rhinoconjunctivitis in 4-year-old children within the Hokkaido 
study, but this finding was observed in a population with a small number 
of participants with rhinoconjunctivitis (Goudarzi et al., 2016). Further, 
serum PFNA concentration was found to be negatively associated with Ta
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allergic rhinoconjunctivitis in 13-year-old children in the cross-sectional 
design of the study, but not in the longitudinal design of the same study 
(Timmermann et al., 2017). Averina et al. (2019) investigating PFAS 
exposure in adolescents in The Tromsø study found a negative associa-
tion of serum PFOS, PFNA, and ΣPFAS concentration with sensitization 
for inhalant allergens in the longitudinal design of the study, however, 
this association was not linear and thus considered weak. The same 
study identified no association with self-reported rhinitis and pollen 
allergy in the cross-sectional design (around 16-year-old), nor with 
self-reported rhinitis in the longitudinal design (3 years follow-up) 
(Averina et al., 2019). Interestingly, a cross-sectional study of US ado-
lescents observed PFOS exposure negatively associated with sensitiza-
tion to plants, involving pollen allergens (Stein et al., 2016). On the 
contrary, the same study found a positive association between PFOA 
exposure and rhinitis, together with no observed association between 
PFAS exposure and sensitization to dust mites (Stein et al., 2016). 
Further, Kvalem et al. (2020) reported PFNA and PFHpS exposure at 10 
years positively associated with rhinitis at 16 years in girls, whereas no 
associations were found in cross-sectional design (at age of 10 years). 
Further, Impinen et al. (2018) did not observe any association between 
prenatal PFAS exposure and rhinitis in 10-year-old children. Finally, a 
meta-analysis, that pooled results from 4 studies identified a positive 
association between PFOA concentration and allergic rhinitis (Luo et al., 
2020). 

Our study observed a negative association between pollen, dust, and 
mite allergy and PFUnDA exposure. In a consent with our study, a few 
weak associations were reported. Specifically, rhinitis in 10-year-old 
children was negatively associated with cord blood PFUnDA concen-
trations, but these results were no longer statistically significant after 
multiple testing correction (Impinen et al., 2018). Similarly, maternal 
plasma PFUnDA concentrations were negatively associated with mor-
bidities in 4-year-old children: total allergic diseases and rhino-
conjunctivitis, the latter only for boys (Goudarzi et al., 2016). 
Nevertheless, Goudarzi et al. (2016) stated that the results regarding 
rhinoconjunctivitis must be interpreted with caution as there was a 
small number of participants with this outcome in the population. 
Furthermore, the evidence of the effect of PFUnDA exposure is limited 
because this PFAS has not been studied as extensively as other PFASs. 

3.4. Exposure to PFAS mixture and immune-mediated diseases 

BKMR modelling was performed for outcomes that were significantly 
associated with PFASs in the main analysis, i.e., atopic eczema, contact 
dermatitis, and pollen, dust, and mite allergy. Table 5 shows PIPs cor-
responding to the estimated importance of the individual PFAS within 
the mixture towards the particular health outcome. PFOA was shown to 
be the most influential component of the PFAS mixture in atopic eczema 
(PIP = 0.44) as well as in contact dermatitis (PIP = 0.52). The most 

influential exposure in pollen, dust, and mite allergy within the PFAS 
mixture was PFUnDA (PIP = 0.92). Quantile graphs, representing the 
overall effect of the mixture, showed decreasing dependencies with 
increasing concentration of PFAS mixture for all three immune- 
mediated diseases (SI, Fig. S3), however, none of these three de-
pendencies were statistically significant. Univariate exposure-response 
functions display the effect of each individual PFAS exposure condi-
tional on the other PFAS exposures in the mixture on atopic eczema 
(Fig. 1), contact dermatitis (Fig. 2), and pollen dust mite allergy (Fig. 3). 
Both PFOA and PFOS showed a negative association with both atopic 
eczema (Fig. 1) and contact dermatitis (Fig. 2). PFUnDA was negatively 
associated with pollen, dust, and mite allergy, while the PFNA together 
with PFOA were positively associated with this outcome (Fig. 2). 

Results from BMKR modelling showed that the effect of PFAS 
mixture is driven by the individual PFAS with the highest PIPs. These 
identified drivers corresponded to the individual PFAS exposures iden-
tified in statistically significant observations during the main analysis 
(Table 4). In the case of atopic eczema and contact dermatitis, PFOA and 
PFOS as drivers of the mixture effect could be expected as their serum 
concentrations were the highest when compared to serum concentra-
tions of other PFAS in our study. In the case of pollen dust mite allergy, 
PFUnDA affected most the effect of the mixture with very high PIP 
(0.92). This observation is interesting as PFUnDA had one of the lowest 
medians of PFAS mixture components in the population. 

Although the assessment of PFAS exposure as a mixture has high 
informative value, only a limited number of studies investigating the 
association of PFAS mixtures and immune-mediated outcomes have 
been published so far (Ojo et al., 2021). Using BKMR modelling, an 
increased prevalence of common cold associated with the overall effect 
of PFAS mixture (4 PFASs) was observed in cross-sectional study of US 
children, but not in the adolescents (Zhang et al., 2022). Similarly, an 
incidence of urticaria among adults was found to be positively associ-
ated with exposure to a mixture of 8 different PFASs in a nested 
case-control study (Shen et al., 2022). In contrast to the BKMR approach, 
where individual contribution toward a studied effect is investigated, 
several studies assessing PFAS exposure as a mixture exist. For example, 
the quantile g-computation method revealed association between PFAS 
mixture (4 PFASs) and increased susceptibility to persistent infections in 
adolescents and adults in cross-sectional study (Bulka et al., 2021). 
Based on the principal component analysis, a mixture of chemicals with 
predominant PFAS content in maternal serum was negatively associated 
with wheezing in children aged 5–9 years, but not with asthma and 
eczema (Smit et al., 2015). 

3.5. PFAS exposure and immune-mediated diseases stratified by sex 

All 5 statistically significant observations identified in the main 
analysis (Table 4) were tested for the interaction between PFAS and sex. 
The interaction was statistically significant only for the association of 
PFOS and atopic eczema (data not shown), and the results of the strat-
ified logistic regression for this association are presented in Table 6. For 
women, we observed a negative association (OR (95% CI) per IQR in-
crease 0.23 (0.10–0.53)), which was stronger than for the whole popu-
lation (Table 4). The OR for men indicates a positive tendency, although 
this finding was not statistically significant. 

Based on identified interaction, BKMR modelling was performed for 
atopic eczema separately for women and men to observe the role of the 
individual PFAS within the mixture, especially the effect of PFOS. For 
both, men and women, PFOS had the highest PIP and therefore the 
biggest influence on the effect of the whole mixture (Table 7). A uni-
variate exposure-response function showed an inverse direction of the 
PFOS effect on atopic eczema: a negative effect in women (Fig. 4A) and a 
positive effect in men (Fig. 4B). The inverse effect by sex was shown also 
in quantile graphs: although these did not provide significant results, we 
can see a decreasing tendency for women (Fig. 5A) and an increasing 
tendency for men (Fig. 5B). Interestingly, in the case of men population, 

Table 5 
Posterior Inclusion Probabilities (PIPs) for 9 PFASs for atopic eczema, contact 
dermatitis, and pollen, dust, and mite allergy by BKMR model.   

Atopic eczema Contact dermatitis Pollen, dust, and mite allergy 

PFPA 0.23 0.39 0.47 
PFOA 0.44* 0.52* 0.66 
PFNA 0.21 0.43 0.71 
PFDA 0.17 0.36 0.59 
PFUnDA 0.07 0.31 0.92* 
PFBS 0.22 0.23 0.28 
PFHxS 0.31 0.37 0.48 
PFHpS 0.35 0.25 0.38 
PFOS 0.38 0.44 0.60 

The model was adjusted for sex, age, BMI, smoking, education, and family his-
tory. Observations that were statistically significant in the main analysis 
(Table 4) are coloured in pale blue. PFASs with the highest PIP for each outcome 
in the mixture are marked in bold with *. 
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the strength of PFOS influence (PIP = 0.634) was tightly followed by 
PFOA (PIP = 0.632) but with the opposite effect than the PFOS had 
(Fig. 5B). This strong influence of PFOA in the mixture could explain the 
weak and therefore not significant effect observed by logistic regression 
analysis (Table 6, column regarding men) as well as the moderate trend 
in the overall effect in the mixture (Fig. 5B). 

Our results showed that sex can play the role of effect modifier in the 
relationship between PFAS exposure and immune-mediated diseases. 
Sex-specific interaction of PFASs and immune-mediated health out-
comes has been already described in the literature. Some studies 

observed inverse sex-specific associations in the similar direction as our 
study showed, i.e., a negative effect for women and a positive effect for 
men. Specifically, the levels of IgE and concentrations of both PFOS and 
PFOA in cord blood were positively associated only in boys, not in girls 
(Wang et al., 2011). In the Hokkaido study, levels of maternal PFOA 
were associated with decreased IgE levels in cord blood among girls, no 
association was observed for boys (Okada et al., 2012). In the same 
study, decreased risk of eczema among girls (2 years old) was associated 
with PFUnDA and perfluorotridecanoic acid (PFTrDA) levels measured 
in maternal blood (Okada et al., 2014). The same study observed a 

Fig. 1. Univariate exposure-response function with 95% credible intervals for each of 9 PFASs and atopic eczema by BKMR model. Graphs display the effect of the 
single PFAS exposure conditional on the other PFAS exposures (other PFASs are fixed at their median). The model was adjusted for sex, age, BMI, smoking, education, 
and family history. 

Fig. 2. Univariate exposure-response function with 95% credible intervals for each of 9 PFASs and contact dermatitis by BKMR model. Graphs display the effect of 
the single PFAS exposure conditional on the other PFAS exposures (other PFASs are fixed at their median). The model was adjusted for sex, age, BMI, smoking, 
education, and family history. 
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decreased risk of total allergies associated with PFOA, PFNA, PFUnDA, 
PFDoDA, PFTrDA only for girls, not for boys (Okada et al., 2014). Pre-
natal exposure to PFUnDA was inversely associated with atopic eczema 
in 7-year-old girls in the MoBa cohort (Impinen et al., 2019). Kvalem 
et al. (2020) observed a decreased risk of atopic dermatitis associated 
with PFNA, PFDA, and PFUnDA levels in 10–16 years old girls and 
interestingly with PFHxS in boys of the same age. On the contrary, Q. 
Chen et al., 2018a observed an increased risk of atopic dermatitis in 2 
years old girls associated with PFOA and PFNA cord blood concentra-
tion, no effect was observed among boys. 

Even if the PFAS-related sex-specific differences in the health effects 

have been frequently reported in the literature, the cause is still un-
known. As one of the possible causes can be considered differences in 
PFAS blood concentrations, that is often observed between men and 
women populations (Grandjean et al., 2020; Kvalem et al., 2020; 
Nyström et al., 2022). Another possible cause can be an interplay be-
tween PFAS and sex hormones, as a more substantial health effect was 
observed in individuals with higher estradiol levels (Zhoug et al., 2016). 
Nevertheless, probably also other sex-specific differences in metabolism 
and detoxification processes can influence the effect of PFAS exposure. 
To fully elucidate the mechanism behind the contradictory associations, 
a detailed mechanistic study with individual chemicals would be 
needed. 

3.6. The putative underlying mechanism linking PFAS exposure and 
immune-mediated adverse health outcomes 

Our results together with evidence from the literature indicate that 
PFASs have an immunomodulating effect, impacting specifically T-cells. 
In both atopic eczema and contact dermatitis, T-cells play a crucial role. 
Contact dermatitis is driven by T cytotoxic cells while T helper (Th) cells 
also play an important role. Th1 cells contribute to inflammation by the 
production of cytokines e.g., interferon (IFN)-γ, and are more abundant 
than Th2 cells, which are suggested to have a regulatory function 
(Girolomoni et al., 2001). Atopic eczema, on the other hand, is 
controlled by Th2 cells and is often accompanied by increased produc-
tion of IgE, therefore humoral response also play an important role in 
aetiology of this disease (Girolomoni et al., 2001). Similarly, an 
increased occurrence of allergen-specific Th2 cells accompanied by IgE 
production is also typical for pollen, dust, and mite allergy (Bousquet 
et al., 2020). 

Several epidemiological studies found evidence for PFAS-mediated 
Th1/Th2 disbalance reported as increased production of Th2 cyto-
kines (Zhu et al., 2016) and decreased production of Th1 cytokines 
(Abraham et al., 2020; Zhu et al., 2016). Disbalance of Th1/Th2 towards 
Th2 increase induced by PFASs has been reported also in vitro (Li et al., 
2020) as well as in vivo (Zheng et al., 2011; Zhong et al., 2016). How-
ever, in vivo experiments showed also the Th1/Th2 disbalance in 
opposite direction, i.e., an increase of Th1 cytokines and a decrease of 
Th2 cytokines when exposed to PFASs (De Guise and Levin, 2021). 

Fig. 3. Univariate exposure-response function with 95% credible intervals for each of 9 PFASs and pollen, dust, and mite allergy by BKMR model. Graphs display the 
effect of the single PFAS exposure conditional on the other PFAS exposures (other PFASs are fixed at their median). The model was adjusted for sex, age, BMI, 
smoking, education, and family history. 

Table 6 
The association between PFOS and atopic eczema stratified by 
sex; results are expressed as OR (95% CI) per IQR increase.  

Women Men 

0.23 (0.10–0.53) 2.15 (0.80–5.76) 

The model was adjusted for age, BMI, smoking, education, and 
family history. Statistically significant results are marked in 
bold (p-value <0.05). OR = odds ratio, CI = confidence in-
terval, IQR = interquartile range. 

Table 7 
Posterior Inclusion Probabilities (PIPs) for the mixture of 9 PFASs for atopic 
eczema separately for women and men by BKMR model.   

Women Men 

PFPA 0.40 0.57 
PFOA 0.37 0.63 
PFNA 0.40 0.54 
PFDA 0.43 0.53 
PFUnDA 0.37 0.51 
PFBS 0.33 0.43 
PFHxS 0.41 0.49 
PFHpS 0.36 0.49 
PFOS 0.84* 0.63* 

The model was adjusted for age, BMI, smoking, education, and family history. 
PFAS with the highest PIP in the mixture is marked with *. 
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Zhang et al. (2021) observed both directions of Th1/Th2 disbalance 
dependent on the duration of the PFAS exposure (zebrafish). In sum-
mary, the available data from the mechanistic studies show that 
Th1/Th2 balance and downstream signalling can be affected by PFAS 
exposure. Nevertheless, the underlying mechanism is likely not limited 
to the Th1/Th2 disbalance. Probably, more specific processes within the 
immune system (e.g., calcium signalling) as well as other mechanisms 
within the whole organism (e.g., lipid metabolism, oxidative stress) can 
be involved in the immunotoxicity of PFAS (Ehrlich et al., 2023). Any-
way, the mechanism underlying the PFAS exposure effect on immunity 
is complex and is still not fully understood. Other important aspect is 
that PFASs, as a group of chemicals, differ in their length of carbon 
chain, functional group, and isomer forms. This can naturally influence 
their properties and subsequently also the apical effect (Sheng et al., 
2018). Thus, the effect of each individual PFAS can differ from other 
PFASs as well as from effect of the whole PFAS mixture. Our findings, 
together with the published studies support the building of the adverse 
outcome pathway (AOP) that is a current concept in epidemiology and 

toxicology (Bajard et al., 2023). Such AOP allows to explain the chain of 
events leading from exposure through deregulation of adaptive immu-
nity to higher apical adverse health outcomes (Neagu et al., 2021). 

3.7. Strengths and limitations 

Our study has several strengths. Diseases in our study were reported 
with the assistance of health practitioners, thus the information about 
the health condition is more accurate in comparison with e.g., self- 
reported questionnaires. Moreover, our study contributes to a scarce 
number of studies researching the impact of PFASs on immune-mediated 
diseases in adult populations. The present study presents both, odds 
ratios, and risk ratios to better describe the risk, which is currently not a 
common practice. Further, BKMR modelling brought novel information 
about the PFAS mixture effect and the role of its components on 
immune-mediated diseases. Our study has also several limitations. Our 
study participants are not a representative sample of the Czech popu-
lation as the recruitment of participants was based on a volunteer basis. 

Fig. 4. Univariate exposure-response function with 95% credible intervals for each of 9 PFASs and atopic eczema separately on women (5A) and men (5B) by BKMR 
model. Graphs display the effect of the single PFAS exposure conditional on the other PFAS exposures (other PFASs are fixed at their median). The model was 
adjusted for age, BMI, smoking, education, and family history. 

Fig. 5. The overall effect of the PFAS mixture on atopic eczema separately in women (6A) and men (6B) depicted in quantile graphs by BKMR model. The quantile 
graph shows the estimated change in effect when all the exposures at a particular percentile are compared to when all the exposures are at their 50th percentile. The 
estimate is accompanied by 95% CI. 
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Therefore, people with higher interest in their health, that are usually of 
higher education, are involved. Moreover, 309 people is a rather limited 
sample size. Due to the cross-sectional design of the study, there could be 
a potential risk of reverse causation. Nevertheless, many prospective 
studies (Ait Bamai et al., 2020; Q. Chen et al., 2018a; Grandjean et al., 
2017a, 2017b; Kvalem et al., 2020; Wang et al., 2011), as well as results 
from in vivo experiments (De Guise and Levin, 2021; Zhang et al., 2021; 
Zheng et al., 2011) described immunomodulation potency of PFASs. 
Thus, reverse causation in our study is less likely. Lastly, as our study is 
explanatory, we chose not to correct for multiple testing as we want to 
be as sensitive as possible accepting the risk of false positive findings, 
nevertheless the FDR-corrected significance levels are available in SI, 
Table S3, Table S5. 

4. Conclusion 

Our study investigated the association of serum PFAS concentrations 
and immune-mediated diseases in the population of adults living in the 
Czech Republic. Employing methods such as logistic regression and 
Poisson regression with robust standard errors, we found consistent 
results of immunomodulatory effects of PFASs, specifically negative 
association with atopic eczema, contact dermatitis, and pollen, dust, and 
mite allergy. By employing BKMR we described the overall mixture ef-
fect as well as the role of individual substances of the PFAS mixture in 
immune-mediated diseases and these PFASs were identified to be the 
main drivers: PFOA, PFOS and PFUnDA. Moreover, we identified a sex- 
specific association between PFOS and atopic eczema, namely a negative 
effect in women and a positive effect in men. Our study is contributing to 
the understanding of the impact of environmental chemicals on human 
health and represents a solid base for future meta-analysis regarding the 
impact of PFASs on immune-mediated diseases. 
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Gascón, M., Martínez, D., Guxens, M., Basterretxea, M., Zabaleta, C., Schettgen, T., 
Sunyer, J., Vrijheid, M., Casas, M., 2019. Prenatal exposure to perfluoroalkyl 
substances, immune-related outcomes, and lung function in children from a Spanish 
birth cohort study. Int. J. Hyg Environ. Health 222, 945–954. https://doi.org/ 
10.1016/j.ijheh.2019.06.005. 

Mattiuzzi, C., Lippi, G., 2020. Worldwide asthma epidemiology: insights from the global 
health data exchange database. Int. Forum Allergy Rhinol. 10, 75–80. https://doi. 
org/10.1002/alr.22464. 

Neagu, M., Constantin, C., Bardi, G., Duraes, L., 2021. Adverse outcome pathway in 
immunotoxicity of perfluoroalkyls. Curr. Opin. Toxicol. 25, 23–29. https://doi.org/ 
10.1016/j.cotox.2021.02.001. 

Nyström, J., Benskin, J.P., Plassmann, M., Sandblom, O., Glynn, A., Lampa, E., 
Gyllenhammar, I., Moraeus, L., Lignell, S., 2022. Demographic, life-style and 
physiological determinants of serum per- and polyfluoroalkyl substance (PFAS) 
concentrations in a national cross-sectional survey of Swedish adolescents. Environ. 
Res. 208, 112674 https://doi.org/10.1016/j.envres.2022.112674. 

Ojo, A.F., Peng, C., Ng, J.C., 2021. Assessing the human health risks of per- and 
polyfluoroalkyl substances: a need for greater focus on their interactions as mixtures. 
J. Hazard Mater. 407, 124863 https://doi.org/10.1016/j.jhazmat.2020.124863. 

Okada, E., Sasaki, S., Saijo, Y., Washino, N., Miyashita, C., Kobayashi, S., Konishi, K., 
Ito, Y.M., Ito, R., Nakata, A., Iwasaki, Y., Saito, K., Nakazawa, H., Kishi, R., 2012. 
Prenatal exposure to perfluorinated chemicals and relationship with allergies and 
infectious diseases in infants. Environ. Res. 112, 118–125. https://doi.org/10.1016/ 
j.envres.2011.10.003. 

Okada, E., Sasaki, S., Kashino, I., Matsuura, H., Miyashita, C., Kobayashi, S., Itoh, K., 
Ikeno, T., Tamakoshi, A., Kishi, R., 2014. Prenatal exposure to perfluoroalkyl acids 
and allergic diseases in early childhood. Environ. Int. 65, 127–134. https://doi.org/ 
10.1016/j.envint.2014.01.007. 

Piler, P., Kandrnal, V., Kukla, L., Andrýsková, L., Švancara, J., Jarkovský, J., Dušek, L., 
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causal inference using directed acyclic graphs: the R package ‘dagitty. Int. J. 
Epidemiol. 45, 1887–1894. https://doi.org/10.1093/ije/dyw341. 

Timmermann, C.A.G., Budtz-Jørgensen, E., Kold Jensen, T., Osuna, C.E., Skaalum 
Petersen, M., Steuerwald, U., Nielsen, F., Poulsen, L.K., Weihe, P., Grandjean, P., 
2017. Association between perfluoroalkyl substance exposure and asthma and 
allergic disease in children as modified by MMR vaccination. J. Immunot. 14, 39–49. 
https://doi.org/10.1080/1547691X.2016.1254306. 

Timmermann, C.A.G., Jensen, K.J., Nielsen, F., Budtz-Jørgensen, E., van der Klis, F., 
Benn, C.S., Grandjean, P., Fisker, A.B., 2020. Serum perfluoroalkyl substances, 
vaccine responses, and morbidity in a cohort of Guinea-bissau children. Environ. 
Health Perspect. 128 https://doi.org/10.1289/EHP6517. 

Verreault, J., Houde, M., Gabrielsen, G.W., Berger, U., Haukås, M., Letcher, R.J., Muir, D. 
C.G., 2005. Perfluorinated alkyl substances in plasma, liver, brain, and eggs of 
glaucous gulls (Larus hyperboreus) from the Norwegian arctic. Environ. Sci. 
Technol. 39, 7439–7445. https://doi.org/10.1021/es051097y. 

von Holst, H., Nayak, P., Dembek, Z., Buehler, S., Echeverria, D., Fallacara, D., John, L., 
2021. Perfluoroalkyl substances exposure and immunity, allergic response, infection, 
and asthma in children: review of epidemiologic studies. Heliyon 7, e08160. https:// 
doi.org/10.1016/j.heliyon.2021.e08160. 

Wang, I.-J., Hsieh, W.-S., Chen, C.-Y., Fletcher, T., Lien, G.-W., Chiang, H.-L., Chiang, C.- 
F., Wu, T.-N., Chen, P.-C., 2011. The effect of prenatal perfluorinated chemicals 
exposures on pediatric atopy. Environ. Res. 111, 785–791. https://doi.org/10.1016/ 
j.envres.2011.04.006. 

Wang, L., Wang, F.-S., Gershwin, M.E., 2015. Human autoimmune diseases: a 
comprehensive update. J. Intern. Med. 278, 369–395. https://doi.org/10.1111/ 
joim.12395. 

Wang, Z., Shi, R., Ding, G., Yao, Q., Pan, C., Gao, Y., Tian, Y., 2022. Association between 
maternal serum concentration of perfluoroalkyl substances (PFASs) at delivery and 
acute infectious diseases in infancy. Chemosphere 289, 133235. https://doi.org/ 
10.1016/j.chemosphere.2021.133235. 

Weir, C.B., Jan, A., 2022. BMI Classification Percentile and Cut Off Points. StatPearls 
Publishing. 

Wen, H.-J., Wang, S.-L., Chuang, Y.-C., Chen, P.-C., Guo, Y.L., 2019. Prenatal 
perfluorooctanoic acid exposure is associated with early onset atopic dermatitis in 5- 
year-old children. Chemosphere 231, 25–31. https://doi.org/10.1016/j. 
chemosphere.2019.05.100. 

Wheatley, L.M., Togias, A., 2015. Allergic Rhinitis. N. Engl. J. Med. 372, 456–463. 
https://doi.org/10.1056/NEJMcp1412282. 

Winans, B., Humble, M.C., Lawrence, B.P., 2011. Environmental toxicants and the 
developing immune system: a missing link in the global battle against infectious 
disease? Reprod. Toxicol., Prenatal Programming and Toxicity II (PPTOX II). Role of 
Environ. Stressors Dev. Origins of Disease 31, 327–336. https://doi.org/10.1016/j. 
reprotox.2010.09.004. 

Wong, F., MacLeod, M., Mueller, J.F., Cousins, I.T., 2014. Enhanced elimination of 
perfluorooctane sulfonic acid by menstruating women: evidence from population- 
based pharmacokinetic modeling. Environ. Sci. Technol. 48, 8807–8814. https:// 
doi.org/10.1021/es500796y. 

World Allergy Organization, 2013. WAO White Book on Allergy: Update 2013. World 
Allergy Organization, Milwaukee.  

Zhang, H., Shen, L., Fang, W., Zhang, X., Zhong, Y., 2021. Perfluorooctanoic acid- 
induced immunotoxicity via NF-kappa B pathway in zebrafish (Danio rerio) kidney. 
Fish Shellfish Immunol. 113, 9–19. https://doi.org/10.1016/j.fsi.2021.03.004. 

Zhang, Y., Mustieles, V., Sun, Y., Oulhote, Y., Wang, Y.-X., Messerlian, C., 2022. 
Association between serum per- and polyfluoroalkyl substances concentrations and 
common cold among children and adolescents in the United States. Environ. Int. 
164, 107239 https://doi.org/10.1016/j.envint.2022.107239. 

Zheng, L., Dong, G.-H., Zhang, Y.-H., Liang, Z.-F., Jin, Y.-H., He, Q.-C., 2011. Type 1 and 
Type 2 cytokines imbalance in adult male C57BL/6 mice following a 7-day oral 
exposure to perfluorooctanesulfonate (PFOS). J. Immunot. 8, 30–38. https://doi. 
org/10.3109/1547691X.2010.537287. 

Zhong, S.-Q., Chen, Z.-X., Kong, M.-L., Xie, Y.-Q., Zhou, Y., Qin, X.-D., Paul, G., Zeng, X.- 
W., Dong, G.-H., 2016. Testosterone-mediated endocrine function and TH1/TH2 
cytokine balance after prenatal exposure to perfluorooctane sulfonate: by sex status. 
Int. J. Mol. Sci. 17, 1509. https://doi.org/10.3390/ijms17091509. 

Zhu, Y., Qin, X.-D., Zeng, X.-W., Paul, G., Morawska, L., Su, M.-W., Tsai, C.-H., Wang, S.- 
Q., Lee, Y.L., Dong, G.-H., 2016. Associations of serum perfluoroalkyl acid levels 
with T-helper cell-specific cytokines in children: by gender and asthma status. Sci. 
Total Environ. 559, 166–173. https://doi.org/10.1016/j.scitotenv.2016.03.187. 

Zou, G., 2004. A modified Poisson regression approach to prospective studies with binary 
data. Am. J. Epidemiol. 159, 702–706. https://doi.org/10.1093/aje/kwh090. 

B. Rudzanova et al.                                                                                                                                                                                                                            

https://doi.org/10.1080/1547691X.2021.1922957
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref61
https://doi.org/10.1111/all.12605
https://doi.org/10.1111/all.12605
https://doi.org/10.1136/oemed-2014-102364
https://doi.org/10.1136/oemed-2014-102364
https://doi.org/10.1038/pr.2015.213
https://doi.org/10.1093/ije/dyw341
https://doi.org/10.1080/1547691X.2016.1254306
https://doi.org/10.1289/EHP6517
https://doi.org/10.1021/es051097y
https://doi.org/10.1016/j.heliyon.2021.e08160
https://doi.org/10.1016/j.heliyon.2021.e08160
https://doi.org/10.1016/j.envres.2011.04.006
https://doi.org/10.1016/j.envres.2011.04.006
https://doi.org/10.1111/joim.12395
https://doi.org/10.1111/joim.12395
https://doi.org/10.1016/j.chemosphere.2021.133235
https://doi.org/10.1016/j.chemosphere.2021.133235
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref73
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref73
https://doi.org/10.1016/j.chemosphere.2019.05.100
https://doi.org/10.1016/j.chemosphere.2019.05.100
https://doi.org/10.1056/NEJMcp1412282
https://doi.org/10.1016/j.reprotox.2010.09.004
https://doi.org/10.1016/j.reprotox.2010.09.004
https://doi.org/10.1021/es500796y
https://doi.org/10.1021/es500796y
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref78
http://refhub.elsevier.com/S0013-9351(23)00761-2/sref78
https://doi.org/10.1016/j.fsi.2021.03.004
https://doi.org/10.1016/j.envint.2022.107239
https://doi.org/10.3109/1547691X.2010.537287
https://doi.org/10.3109/1547691X.2010.537287
https://doi.org/10.3390/ijms17091509
https://doi.org/10.1016/j.scitotenv.2016.03.187
https://doi.org/10.1093/aje/kwh090

	Impact of PFAS exposure on prevalence of immune-mediated diseases in adults in the Czech Republic
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Analysis of PFASs in blood samples
	2.3 Data processing and statistical analysis

	3 Results and discussion
	3.1 Population characteristics
	3.2 Serum PFAS concentrations in the study population
	3.3 Individual PFAS exposures and immune-mediated diseases
	3.4 Exposure to PFAS mixture and immune-mediated diseases
	3.5 PFAS exposure and immune-mediated diseases stratified by sex
	3.6 The putative underlying mechanism linking PFAS exposure and immune-mediated adverse health outcomes
	3.7 Strengths and limitations

	4 Conclusion
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	Appendix A Supplementary data
	References


