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Abstract

Per- and polyfluoroalkyl substances (PFAS) have been widely used and represent a class of environmental persistent chemi-
cals. An association of a reduction of vaccination efficacy with PFAS serum levels in humans was used by the European
Food Safety Authority as a key effect for PFAS risk assessment. The data support for using this association is reviewed by a
critical analysis of the respective human epidemiology and the available animal studies on the immunomodulation of PFAS.
Based on an analysis of the available human epidemiology, the overall level of evidence regarding associations between
PFAS serum levels and reduced antibody response remains weak. Absence of an association between an increase in clinical
infections and PFAS serum levels and the limited understanding of the importance of antibody levels as an isolated data
point further support this conclusion. Animal toxicity studies with PFAS focusing on immunomodulation also provide only
limited support for immunomodulation as an important endpoint in PFAS toxicity. While immunomodulation is observed
after PFAS administration, generally at blood concentrations several orders of magnitude above those seen in environmentally
exposed humans, the relevance of these observation is hampered by the high doses required to influence immune endpoints,
the limited number of endpoints assessed, and inconsistent results. The limitations of the current database on associations
of human PFAS exposures outlined here indicate that more evidence is required to select immunomodulation as a critical
endpoint for human PFAS risk assessment.
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Introduction functional groups have been developed for commercial

applications or are formed by degradation of other PFAS in

In per- and polyfluoroalkyl substances (PFAS), multiple
hydrogen atoms in an aliphatic carbon chain are replaced
by fluorine and a hydrophilic functional group is present
at the end of the carbon chain, typical chain lengths range
from four to 16. Perfluorinated acids such as perfluoroocta-
noic acid (PFOA) and perfluorinated alkylsulfonates such as
perfluorooctane sulfonic acid (PFOS) are the major PFAS
of concern, but a large number of other PFAS with different
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the environment.

PFAS have varying physicochemical properties depend-
ing on the number of carbon atoms and the presence of
functional groups (Buck et al. 2011; OECD 2018). Due to
the stability of the carbon—fluorine bond to chemical degra-
dation, many PFAS are stable in the environment and may
accumulate in the food chain to result in ubiquitous human
exposure.

For the majority of the many PFAS with past and present
uses, few or no data on chemical properties and potential
health effects are available (Cousins et al. 2020). The avail-
able data include associations of PFAS concentrations in
blood with birth weight, reduced vaccination responses,
increases in blood cholesterol, and changes in enzymes
indicative of liver dysfunction in humans (overview in
EFSA-CONTAM Panel et al. 2020). In experimental ani-
mals, the toxicological database is also limited even for
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well-studied PFAS such PFOA and PFOS as many endpoints
considered relevant for a human health risk assessment have
not been addressed by adequate toxicity testing (ATSDR
2021; EFSA-CONTAM Panel et al. 2020). Hepatotoxicity
may represent the most sensitive toxicity endpoint in rodents
for both PFOS and PFOA (ATSDR 2021; EFSA-CONTAM
Panel et al. 2020; Fragki et al. 2021). Limited developmental
toxicity studies with PFAS in rodents showed high offspring
mortality early after birth, reduced fetal weight, litter sizes
and post-natal growth, increased liver weight, and indica-
tions for immunomodulation at doses at or below those
inducing maternal toxicity (ATSDR 2021; EFSA-CONTAM
Panel et al. 2020). Liver effects of PFAS may be due to an
interaction with the peroxisome proliferator-activate receptor
a (PPAR ) but modes of action for the many other effects of
PFAS have not been defined (EFSA-CONTAM Panel et al.
2020).

Major species differences in toxicokinetics complicate
the human health risk assessment of PFAS (Pizzurro et al.
2019). For PFOS and PFOA, rapid absorption from the
gastrointestinal (GI) tract is evident in rodents and, likely,
in humans. In rodents, absorbed PFOS and PFOA mainly
distribute to the liver and serum. PFAS also reach the fetus
by placental transfer and PFAS are distributed into mater-
nal milk resulting in human exposure by lactation. Neither
PFOS nor PFOA is subjected to biotransformation and is
excreted as parent compound in both urine and feces. Kinet-
ics of elimination show significant sex differences in rats and
elimination half-lives range from several weeks in rodents to
up to 10 years in humans (Pizzurro et al. 2019). Due to these
differences in elimination kinetics, blood concentrations at
the points of departure are considered as much more relevant
than doses applied for human risk characterization.

The presence of PFAS in environmental media and in
human blood has resulted in a number of health risk assess-
ments by regulatory agencies and advisory groups using
different endpoints as points of departure and different
approaches to risk characterization. Several of the assess-
ments relied on the limited animal toxicity information for
PFOA and PFOS. Others used associations of a reduced
antibody response in children with PFAS exposures were
also applied as endpoints to derive a tolerable exposures to
PFAS, but such associations may not be suitable for human
risk characterization due to inconsistencies in the database
(ATSDR 2021; Health-Canada 2018; UBA-HBM-Kommis-
sion 2020; US-EPA 2016a, 2016b).

In this review, the data support for the use of reduced
antibody responses indicative of immunomodulatory effects
(defined as change in the immune system caused by agents
that activate or suppress its function) of PFAS in humans
is assessed applying general weight of evidence criteria
to both the animal database and the human epidemiologi-
cal studies that investigated associations between human
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PFAS exposures and antibody response to vaccination and
incidences of clinical infections. The evaluation used the
database from the most recent EFSA evaluation to critically
analyze support for EFSAs conclusions. Additional literature
searches were performed to identify potential information
published after the deadline of the search performed for the
EFSA opinion (EFSA-CONTAM Panel et al. 2020). Details
of these searches are reported in the epidemiology and ani-
mal toxicity sections.

Human studies reporting associations
between PFAS and biomarkers

of susceptibility to infections

and with clinical infections

Methods

This study conforms to the “Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRSMA) guide-
lines” (Page et al. 2021). The existing studies related to
PFAS and human health published from database inception
through 1 November 2021 were identified via Medline/Pub-
med using the following search string: "perfluoro* [tiab] OR
pfas [tiab] OR perfluorinated*[tiab] AND human health”
without language or other restrictions. Key search terms
were required to appear in the article title or abstract. Title
and abstract of the retrieved reports were independently
screened by two reviewers as well as the full texts screen-
ing for eligibility. To be included in our analysis, studies
had to have an epidemiological study design and must have
performed a (logistic) regression analyses of gestational or
childhood exposure to PFAS against either (1) antibody lev-
els for pediatric vaccines or (2) the occurrence of child’s
infectious diseases. Studies were excluded if they presented
non-human data, asthma or allergies, non-vaccine-related
antibodies, and were reviews or letters. Of the 2161 screened
studies, 2115 were considered irrelevant based on title and
abstract. Of the remaining 46 articles that were assessed in
full text, 22 studies were excluded because they reported
on outcomes not relevant to this study, were reviews/let-
ters, or reported secondary data analyses. Two articles were
retrospectively identified during the review process of this
manuscript. Finally, 26 articles were identified as relevant
and included in the review.

Vaccine response

The relationship between PFAS exposures and biomarkers
of immunomodulation such as vaccine responses in humans
has been investigated in 13 studies. These include six birth
cohort studies conducted in Norway (Granum et al. 2013),
the Faroe islands (Grandjean et al. 2012, 2017a, b; Shih
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et al. 2021), Germany (Abraham et al. 2020), and China
(Zeng et al. 2019); one longitudinal analysis of adult resi-
dents in the US state of West Virginia with higher PFOA
levels in drinking water (Looker et al. 2014); three cross-
sectional studies based on data from the US National Health
and Nutrition Examination Survey (NHANES) (Stein et al.
20164, b), a study using adult volunteers from a hospital in
Denmark (Kielsen et al. 2016), one study using cross-sec-
tional data from the cohort Isomer of C8 Health Project in
China (Zeng et al. 2020) and a prospective study based on a
subset of data from a randomized controlled trial conducted
in West Africa (Timmermann et al. 2020).

Seven studies (Abraham et al. 2020; Grandjean et al.
2012, 2017a, b; Granum et al. 2013; Kielsen et al. 2016;
Shih et al. 2021) examined tetanus antibody concentrations.
Diphtheria antibody concentrations were examined in five
studies (Abraham et al. 2020; Grandjean et al. 2012, 2017a;
Kielsen et al. 2016; Shih et al. 2021). Three studies exam-
ined measles antibody concentrations (Granum et al. 2013;
Stein et al. 2016b; Timmermann et al. 2020) and one study
(Stein et al. 2016a) investigated antibody concentrations of
mumps. Rubella antibody concentrations were investigated
in one study (Granum et al. 2013). Haemophilus influenza
type b (Hib), A/HIN1 and A/H3N2 antibody concentra-
tions were investigated by Looker et al. (2014). Antibody
concentrations of FluMist were investigated by Stein et al.
(2016a) and hepatitis B surface (HBsAB) antibody concen-
trations were investigated by Zeng et al. (2020) and Shih
et al. (2021). Serum antibodies were investigated by Zeng
et al. (2019). One study (Shih et al. 2021) investigated hepa-
titis type A serum antibody concentrations.

An overview of the design and observations of the human
studies on PFAS exposure and antibody response is given
in Table 1.

Prospective studies

The first prospective study of PFAS and immune-related
health effects that evaluated vaccine responses in children
exposed to PFAS in utero was published in 2012 (Grandjean
et al. 2012). Further studies in this cohort followed. The
study was conducted in the Faroe Islands, where high dietary
intake of seafood may be associated with increased expo-
sures to PFAS. The 1st analysis reported that maternal PFOS
serum concentrations collected during the last trimester of
pregnancy were negatively associated with anti-diphtheria
antibody concentrations in 5-year-old children (n=532). A
more recent retrospective analysis (Grandjean et al. 2017b)
extended on the existing Faroe Islands birth cohort (Grand-
jean et al. 2012) by analyzing serum samples (n=349) for
PFAS at the ages of 18 months and 5 years in children and
in maternal serum during infancy. PFOS was the dominant
PFAS with a mean concentration of 27.3 ng/mL in maternal

and 16.7 ng/mL in serum collected from children when these
were at age five. Again, inverse associations between serum
PFAS concentrations and antibody concentrations were
observed in most analyses. The strongest inverse associa-
tions were found for tetanus, most pronounced with pre-natal
PFAS exposures. For all three sets of serum analyses, PFOA
showed the strongest associations with lower tetanus anti-
body concentrations at age five. Cross-sectional comparisons
in the joint analysis at age 5 also showed inverse associations
for PENA and PFDA, though with regards to diphtheria only.

Later, serum concentrations of PFAS and of antibodies
against diphtheria and tetanus were measured in the same
cohort when the children were at age 13 (n=516) and results
were compared with data from the previous examination
at 7 years (Grandjean et al. 2017a). Serum concentrations
of PFAS and antibodies generally declined with age from
7 to 13 years. However, 68 subjects had visited the emer-
gency room and had likely received a vaccination booster,
and a total of 202 children showed higher vaccine antibody
concentrations at 13 years than at 7 years. Therefore, sepa-
rate analyses were conducted after exclusion of these two
subgroups. Diphtheria antibody concentrations decreased
at elevated PFAS concentrations at age 7 and 13 years; the
associations were statistically significant for perfluorodeca-
noic acid (PFDA) at age 7 and for PFOA at age 13, both sug-
gesting a decrease by ~25% for each doubling of exposure.
Structural equation models showed that a doubling in PFAS
exposure at age 7 was associated with losses in diphthe-
ria antibody concentrations at 13 years of 10-30% for the
four PFAS. Few associations were observed for anti-tetanus
concentrations.

In the most recent study of the Faroese birth cohort (Shih
et al. 2021), concentrations of PFAS were collected in sam-
ples of the umbilical cord blood and serum at ages 7, 14,
22 and 28 years. Median concentrations for PFOS, PFOA,
PFHxS, PENA and PFDA were 6.1, 1.1, 0.2 and 0.1 at birth;
32.9,5.1,0.9 and 0.2 at 7 years; 31.3, 5.0, 0.6, 0.7 and 0.3
at 14 years; 12.5, 3.0, 0.5, 0.9 and 0.4 at 22 years and 7.0,
1.3,0.4, 1.0 and 0.3 at 28 years. Serum antibody concentra-
tions against hepatitis type A and B, diphtheria and tetanus
were analyzed at age 28 years. Inverse trends (although non-
significant) were observed between PFOA at ages 14 and
28 years and hepatitis type A concentrations per doubling of
exposure. Inverse trends were also observed between serum
PFOA at ages 22 and 28 years and hepatitis type B antibody
concentration per doubling of exposure. Some sex-specific
associations observed with hepatitis A were also observed
for cord blood PFAS and concentrations art 7 and 14 years.
No inverse associations between PFAS exposures were
observed for tetanus or diphtheria.

In a Norwegian Mother and Child Cohort Study, which is
considered representative of the general population in Nor-
way, Granum et al. (2013) observed that concentrations of
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PFOA, PFOS, perfluorohexanoic acid sulfonate (PFHxS),
and perfluorononanoic acid (PFNA) in maternal blood
(median concentrations were 1.1, 5.5, 0.3, and 0.3 ng/mL,
respectively) collected at the time of delivery, were all
inversely associated with the level of anti-rubella antibod-
ies measured in the children at age three (n=56). Maternal
serum levels of PFOA and PFNA were positively associated
with the number of episodes of common colds in the group
of children, and PFOA and PFHxS were positively corre-
lated with the number of episodes of gastroenteritis.

A prospective study (known as the “C8 Health Project”)
of 403 adults who were exposed to PFOA and PFOS via
water contaminated from a nearby PFAS manufacturing
facility, was conducted in the Ohio/West Virginia area
(Looker et al. 2014). Sera were tested for influenza-specific
antibodies for A/H3N2, A/HIN1 and influenza B. Samples
were analyzed for PFOA and PFOS concentrations (median
concentrations of 31.5 and 9.2 ng/mL, respectively). Ele-
vated PFOA serum levels were associated with reduced anti-
body titer rise, particularly to A/H3N2 influenza vaccine
and an increased risk of not attaining the antibody thresh-
old considered to offer long-term protection. No association
between self-reported colds or influenza and PFOA or PFOS
serum concentrations was reported.

More recently, the association between plasma concentra-
tions of PFHxS, PFOS, PFOA and PFNA and antibodies to
diphtheria, tetanus and haemophilus influenza type b (Hib)
was examined in a comparably small cross-sectional study
in a cohort of 101 infants from Germany (Abraham et al.
2020). This study was used by EFSA as key study to derive
a PoD for human health risk assessment of PFAS. Mothers
and their children were recruited in 1997-1999 when the
infants were between 341 and 369 days old. Of these, 21
were formula-fed (<2 weeks of breastfeeding) and 80 were
breastfed for >4 months. When combining exclusive and
partial breastfeeding into ‘equivalent to exclusive breastfeed-
ing’, the median duration of breastfeeding was 7.4 months.
Mean levels of PFASs in plasma from, respectively, non-
breastfed and breastfed infants were 3.8 and 16.8 ng/mL for
PFOA, 6.8 and 15.2 ng/mL for PFOS, 1.7 and 2.1 ng/mL for
PFHxS, and 0.2 and 0.6 ng/mL for PENA. For the mothers,
the mean concentrations in plasma among those who did not
breastfeed (n=21) and those who breastfed (n=80) were 4.9
and 3.2 ng/mL for PFOA, 17.2 and 14.1 ng/mL for PFOS,
1.8 and 1.0 ng/mL for PFHxS, and 0.4 and 0.3 ng/mL for
PFNA. The results showed significant correlations between
adjusted antibody levels and PFOA levels for Hib (r=-0.23)
tetanus (r=—0.25) and diphtheria (r=—0.23). No significant
correlations were observed for PFOS and of the vaccines.
Moreover, effect sizes (means for PFOA quintiles Q1 vs. Q5)
were estimated to be lower by 86% for Hib, 54% for tetanus
and 53% for diphtheria.

Antigens/vaccines tested

and results
HBSAB T

odds ratios (OR) for the

associations between
PFAAS and hepatitis
B surface antibody

sion analyses to estimate
(HBsAb)

Multiple logistic regres-

Analysis

Antibody measured at
(2015-2016)

Adults

assessment
(2015-2016)

n for antibody data Timing of exposure
Adults

605

Study design (Location/

study type)

Cross-sectional
AB: Antibody level significantly (p <0.05) decreased in at least one measure associated with (*) PFOA or (7) PFOS exposure

ns non-significant

Table 1 (continued)
Zeng et al. (2020)

Reference
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The higher concentrations of PFAS in plasma among
breastfed infants and lower concentrations of PFAS among
mothers who breastfed were explained by lactational transfer
of PFASs from the mother to the baby. This transfer into
breast milk is more effective for PFOA compared to PFOS,
which also explains the differences in PFOS/PFOA ratio
between mothers and infants.

A prospective cohort study, which included a randomized
controlled trial based on a subset of data from West Africa
(Timmermann et al. 2020) included measurements of 237
children. PFAS were quantified in infant serum at the time
of inclusion (mean age of 5.6 months) and measles antibody
concentrations were measured at least once after receiving a
measles vaccination. Low concentrations (compared to other
reports) of PFHxS, PFOS, PFOA PFNA PFDA and PFUnDA
(median concentrations of 0.10, 0.77, 0.68, 0.21, 0.19 and
0.12 ng/mL, respectively) were detected in all but one child.
A doubling in PFOS and PFDA was associated with 21 and
25% lower measles concentrations at the 9-month visit.

Cross-sectional studies

In a large cross-sectional analysis of data (n=1191) from 12-
to 19-year-old children based on data from NHANES in the
US, associations between mean concentrations of PFHxS,
PFOS, PFOA and PFNA (mean concentrations of 1.1, 5.22,
2.28 and 0.77 ng/mL, respectively) and serum antibody con-
centrations to measles, mumps and rubella were investigated
(Stein et al. 2016b). The study reported that decreases in
mumps antibodies were associated with increases in serum
concentrations of PFOA and PFOS and anti-rubella anti-
bodies were associated with increases in serum concentra-
tions of PFOA, PFOS, and PFHxS. PFOS and PFOA showed
slightly weaker but significant inverse associations with
antibody concentrations to mumps (~ 6—7% decrease per ng/
mL increase). Non-significant, but inverse associations were
observed for PFHxS and non-significant associations were
observed for measles for all four compounds.

In a representative sample of individuals > 12 years from
NHANES for years 1999-2000 and 2003-2004 (Pilker-
ton et al. 2018), associations between rubella titers, PFOA
(mean concentrations of 4.8 ng/mL in youth, 4.3 ng/mL in
women and 6 ng/mL in men) and PFOS (mean concentra-
tions of 25.1 ng/mL in youth, 22.1 ng/mL in women and
28.1 ng/mL in men) were investigated in two samples, in
youth (12-18 years) and in adult men and women. No sig-
nificant associations with rubella titers for either PFOA or
PFOS were reported for the youth. In adults, there was a sig-
nificant association between both PFOA and PFOS quartiles
and rubella titers, but when stratifying the analysis by sex,
the associations remained significant for PFOA and anti-
rubella titers in men only.

@ Springer

In a very small cross-sectional study of 12 adult volun-
teers selected from the general human population in Den-
mark, Kielsen et al. (2016) reported a negative association
between serum concentrations of PFOS, PFNA, PFDA, per-
fluoroundecanoic acid (PFUnDA) and perfluorododecanoic
acid (PFDoDA) (median concentrations of 9.52, 0.66, 0.30,
0.21 and 0.039 ng/mL, respectively), and anti-tetanus and
diphtheria antibodies were reported.

Associations between several PFASs measured in cord
blood and antibodies to hand, foot and mouth disease (CA16
and EV71) were examined in 201 Chinese mother—child
pairs both in cord blood and at three months of age (Zeng
et al. 2019). Except for PFHxS and PFDoDA, all PFASs
quantified (including the sum) were inversely associated
with antibodies to hand, foot, and mouth disease in cord
blood (mean concentrations of 0.12 ng/mL for PFDA, of
3.96 ng/mL for PFHxS, of 0.16 ng/mL for PFNA, of 0.13 ng/
mL for PFUnDA, of 1.22 ng/mL for PFOA and 3.17 ng/mL
for PFOS). Similar inverse associations were observed at
3 months, but statistical significance was not reached for
any compound. Cord blood concentrations of individual
PFASs (including the sum) were, however, associated with
increased odds of having serum antibodies below protective
levels in both cord blood and in offspring serum drawn at
3 months. The only exception from this pattern was PFHxS.

Finally, in a cross-sectional study conducted with adults
based on data from the Isomer C8 Health Project in China,
associations between serum PFOS and PFOA and hepa-
titis B surface antibody (HBsAb) were examined (Zeng
et al. 2020). Median PFOS concentrations were reported
as 10.1 ng/mL for HBsAb seropositive and 14.1 ng/mL for
seronegative HBsADb participants, respectively. PFOA con-
centrations were 5.10 ng/mL for HBsAb seropositive and
5.54 ng/mL for seronegative HBsAb participants respec-
tively. Statistically significant inverse associations were
observed between PFOS and HBsAb, but no associations
were observed between PFOA exposure concentrations and
HBsADb antibody response.

Summary of human studies reporting associations
of blood/serum PFAS with vaccination responses

Figure 1 summarizes the number of studies in which the
association of PFOA and PFOS and reduced antibody was
found significantly (p <0.05) negative, meaning a reduced
antibody response per vaccine tested, significantly positive
or no association was found. Results are presented only for
PFOA and PFOS as these two compounds have the highest
prevalence in the blood samples and their concentrations
are most frequently assessed in the studies as compared to
the other PFAS. That groups studies by the antigen/vaccine
assessed and includes effect sizes and exposure measures
(NTP 2016).
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Fig. 1 Frequency of studies with a reduced antibody response (red) and no association (green) of the antigen tested with PFOA and PFOS expo-

sure in humans

No studies were found with a significant positive associa-
tion. Most studies reported a negative association between
PFOA exposure and antibody concentrations against diph-
theria (n=3) and tetanus (n=3), predominantly in children.
Two studies conducted with children also reported negative
associations between PFOA and PFOS exposure and anti-
body concentrations against rubella and one retrospective
study reported a negative association only between PFOA
and antibody concentrations against Haemophilus influenza
type b (Hib) in children, while a second cross-sectional
study reported no significant association. A study conducted
in youth and adults reported negative associations between
rubella and adults only. Two studies in children reported no
association between PFOA or PFOS and antibody concen-
trations against measles. Meanwhile, a study reported an
inverse association between PFOS exposure and measles in
children. In one study, both PFOA and PFOS exposures were
negatively associated with antibody concentrations against
mumps, and PFOS exposure was inversely associated with
hepatitis B surface antibody (HBsAb) in a single study con-
ducted with adults. In a study conducted with adults, PFOA

was associated with lower A/H3N2 antibody titers. In a ret-
rospective study of adults, PFOA and PFOS were negatively
associated with hepatitis A, and PFOA only was negatively
associated with PFOA.

None of the studies reported an association between
either PFOA or PFOS exposure and antibody concentrations
against A/HIN1, influenza type b, influenza and antibody
seronegativity.

Associations between PFAS in serum/blood
and susceptibility to infectious diseases

Ten prospective cohort studies (Abraham et al. 2020; Dal-
sager et al. 2016; Fei et al. 2010; Goudarzi et al. 2017; Gra-
num et al. 2013; Impinen et al. 2019, 2018; Okada et al.
2012; Timmermann et al. 2020) and one cross-sectional
study (Looker et al. 2014) in adult residents exposed to
higher PFOA concentrations in drinking water (part of the
C8 studies) evaluated the association between exposure to
PFAS (usually PFOA and PFOS) and infectious diseases
(see Table 2).
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Across the studies, there is mixed evidence on the asso-
ciation between PFAS exposure and incidences of infectious
diseases. Fei et al. (2010) found that children who were pre-
natally exposed to higher levels of PFOA had lower risks of
hospitalization due to infections, but the incidence rate was
statistically significant only for the second quartile of expo-
sure compared to the first. No associations were observed
for PFOS. However, in a stratified analysis, a slightly higher
risk of hospitalization for infections among girls associated
with higher maternal exposure PFOS or PFOA levels in the
higher three quartiles compared with the lowest. Incidence
rates were all below 1.0 among boys whose mothers were
exposed to higher levels of PFOA or PFOS compared to the
lowest. Granum et al. (2013) reported a significant positive
association between the total number of reported episodes of
common cold for both the children’s third years of life and
all three years merged and maternal concentrations of PFOA.
Concentrations of PFOA were positively associated with
the number of episodes of gastroenteritis for all three years
merged. Higher concentrations of PFOS and PFOA tended
to increase the number of episodes of fever during the 1-year
period study (Dalsager et al. 2016). No associations were
reported for the other compounds. PFOS exposure in the
high tertile compared to the low tertile was associated with
an increased proportion of days with fever and increased
odds of experiencing days with fever above the median. The
latter tendency was also apparent for PFOA (Dalsager et al.
2016). Similarly, more days with fever among children with
higher pre-natal exposure to PFOS and PFOA were reported
in a recent study (Dalsager et al. 2021). In this study, the
risk for any infection increased at elevated PFOS concen-
trations, whereas the specific risk of lower respiratory tract
infections increased with higher concentration of both PFOS
and PFOA.

Timmermann et al. (2020) examined the associations
between PFAS and coughing, fever and diarrhea and found
that the effects were generally more pronounced at the
9-month visit (mean age of child: 9.9 months), while the
strongest results were seen for PFOA in relation to cough-
ing. Positive trends between PFAS and diarrhea were also
observed, generally in boys, but they did not reach sta-
tistical significance. Positive associations were reported
between cord blood concentrations of PFOS and PFOA and
the number of episodes of respiratory tract infection until
10 years of age (Impinen et al. 2018). Maternal PFOS levels
(in the highest quartile) were associated with a greater risk
of total infectious diseases in all children. No associations
were observed for the other compounds. Positive associa-
tions were reported between cord blood concentrations of
PFOS and PFOA and the number of episodes of respiratory
tract infection until 10 years of age. Maternal PFOS levels
(in the highest quartile) were associated with a greater risk
of total infectious diseases in all children. No associations
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were observed for the other compounds. Among 7-year-old
children, exposure to PFOS was inversely associated with
rhino-conjunctivitis (RSV), while exposure to PFOA was
associated with an increased risk of pneumonia (Ait Bamai
et al. 2020).

Positive associations were reported between cord blood
concentrations of PFOS and PFOA and the number of epi-
sodes of respiratory tract infection until 10 years of age
(Impinen et al. 2018). Maternal PFOS levels (in the highest
quartile) were associated with a greater risk of total infec-
tious diseases in all children. No associations were observed
for the other compounds.

In summary, there are relatively few human studies avail-
able that investigated the association between PFAS expo-
sure and subsequent immunomodulation. While PFOA and
PFOS have been investigated in relation to the antibody
response against mainly diphtheria and tetanus in children,
the results remain mixed and not conclusive for the associa-
tion between PFAS and infectious diseases.

Data on immunomodulation by PFAS
in experimental animals

The associations of PFAS blood/serum concentrations
with reduced vaccination efficacy in the human studies
indicates a potential for immunomodulation of PFAS in
humans. As defined in the Bradford—Hill criteria, causal-
ity of reported associations in epidemiology studies can
be supported by concordance with experimental results in
animals. In the case of PFAS, a number of animal studies
have addressed immunomodulation as an endpoint after
PFAS administration and report blood concentrations
where effects indicative of immunomodulation occur.
While immunotoxicity has been observed after PFAS
administration in animals in a number of studies with
widely differing designs, assessing extent of support for
causality of the associations reported in the human studies
requires a detailed analysis of the animal data, the rel-
evance of the endpoints assessed, and their strengths and
weaknesses. Moreover, it needs to be assessed if effects
of PFAS on the immune system in animals are sufficiently
solid to serve as a point of departure (PoD) for human risk
characterization.

Key studies on PFAS-induced immunomodulation in
animals were identified from EFSA-CONTAM Panel et al.
(2020) which covered studies through to August 2019. In
addition, a literature search was performed in November
2021 to identify additional relevant peer-reviewed papers
published after August 2019. PubMed/Toxline was identi-
fied as relevant database, and the following search terms
were employed: (PFAS OR perfluoroalkyl* OR poly-
fluoroalkyl*) AND (immunotox* OR Immunosuppr* OR
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immunomodul* OR TDAR) AND ("in vivo" OR mice
OR mouse OR animal OR rat OR rats). This literature
search for publications published from August 01, 2019
to November 30, 2021, yielded 23 results. Based on a
review of the titles and abstracts, 22 of these papers were
excluded since they did not contain primary data, did not
evaluate internal exposure (serum levels), and assessed
endpoints or species not relevant for the present analysis.
Only one publication assessed effects of poly-fluorinated
aliphatics, but focused on compounds that were outside the
scope of this review (short chain perfluoroethers; Woodlief
et al. 2021).

General remarks on the available immunotoxicity
studies with PFAS in experimental animals

While a large number of studies has been addressing
immune effects of PFAS (EFSA-CONTAM Panel et al.
2020; NTP 2016), this review restricts the evaluation to
animal studies on immunotoxicity-related findings by
PFAS that report plasma or serum levels at the time of
effects assessment (app. 50% of the studies available).
Information on internal exposures to PFAS (i.e., plasma
or serum concentrations) is required for an extrapolation of
the effects seen in animals and their relevance to humans
due to significant interspecies differences in toxicokinetics
of PFAS (Pizzurro et al. 2019). Results of studies giving
applied doses (in mg/kg/day) as only dose metric cannot
be readily extrapolated to humans (Chou and Lin 2019,
2020) and thus do not permit a comparison of NOAELs/
LOAELSs with present human exposures (ATSDR 2021;
Gomis et al. 2018). When internal exposures are consid-
ered, a comparison of NOAECs/LOAECs in animals with
human blood levels is possible.

In addition, the endpoints selected in animals require
consideration regarding relevance for conclusions on
effects levels and applicability to humans. Across available
human studies, effects indicate that immunosuppression
by PFAS (i.e., the reduced ability of the immune system
to respond to a challenge from a level considered nor-
mal, regardless of whether clinical disease is present) is
of greatest concern (DeWitt et al. 2019). Immunosuppres-
sion can be assessed in experimental animals using dif-
ferent study designs and endpoints. The endpoints can be
separated into screening (tier 1) studies i.e., using effects
covered in standard animal toxicity testing (i.e., histopa-
thology of immune organs) and results from functional
immunotoxicity assays (like NK cell activity, lipopoly-
saccharide (LPS) response, IgM antibody PFC response),
and more comprehensive (tier 2) studies usually assessing
chemical-related effects on sensitivity to infections with

model organisms. Observations of immunomodulation in
tier 1 studies only indicate a concern for immunotoxic-
ity and a need to perform tier 2 studies. Therefore, tier 1
studies should not be used to define points of departure
for human risk characterization (ICH 2005; Luster et al.
1988, 1992; US-EPA 1996a, b). Among the many tier 1
studies, the T cell-dependent antibody response (TDAR)
or plaque-forming cell (PFC) assay (Ladics 2018) is con-
sidered as “gold standard” (DeWitt et al. 2019) and the
most sensitive functional assay for immunosuppression
(FDA 2002; Luster et al. 1992). In this assay, rodents are
exposed to the chemical of interest for a minimum of four
weeks. Four to five days before the end of the experiment,
a T cell-dependent antigen (typically sheep red blood cells,
SRBC) is injected, resulting in IgM antibodies binding to
epitopes on the surface of the sheep erythrocyte. After
lysis of the erythrocyte by the classical complement path-
way, hemoglobin diffuses into the agar matrix resulting in
a clear area on the red lawn of sRBCs.

Overview of the available studies
on immunomodulation by PFAS

Most of the studies on immunomodulation by PFAS stud-
ied PFOA and PFOS and used mice as model organism.
The studies used endpoints like disease resistance, antibody
response, NK cell activity, delayed-type hypersensitivity
response, or monocyte phagocytosis. Additionally, some
studies investigated effects of PFAS on secondary outcomes
like lymphoid organ weights, lymphocyte counts or subpop-
ulations, lymphocyte proliferation, cytokine levels, serum
antibody levels, or histological alterations in immune organs.
Overviews of the study design, effects and effective plasma
levels are presented in Tables 3 (PFOS) and 4 (PFOA).

Qazi et al. (2009b) studied changes in the cellular compo-
sitions of the thymus and spleen in mice after a short-term
exposure to PFOS or PFOA. Groups of male mice received
diets containing different concentrations of PFOS or 0.02%
PFOA. At the end of the 10-day treatment, blood was taken
and thymus, spleen, liver and epididymal fat were isolated,
weighed and submitted to histopathological evaluation.
Serum levels of PFOS and PFOA, thymic and splenic cellu-
larity and cell viability were determined, and immunopheno-
typing of thymocytes and splenocytes was performed. While
mean daily intakes of PFAS were not presented, daily intake
was calculated as 2, 10, 40, 100, 200, 500, or 1000 mg/kg
PFOS or 40 mg/kg PFOA based on EFSA default values for
food intake in mice (EC-EFSA 2012). Due to general toxic-
ity, animals treated with >100 mg/kg/day had to be with-
drawn. Serum levels achieved at 2, 10, and 40 mg/kg/day
PFOS were 50, 100, or 340 ug/mL; serum level at 40 mg/
kg/day PFOA was 150 pg/mL.
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Mice treated with 40 mg/kg/day PFOS or PFOA had a
decreased food consumption and subsequent reduced body
weight gain. Liver weights were increased at >2 mg/kg/day
PFOS and by PFOA. Thymus, spleen, and fat weights were
negatively affected only at 40 mg/kg/day PFOS. Regard-
ing cellularity and cell surface-phenotypes of thymocytes
and splenocytes, only 40 mg/kg/day PFOS or 40 mg/kg/
day PFOA led to a marked decrease in the total number
of thymocytes and splenocytes. PFOA induced more pro-
nounced effects as compared to PFOS. Moreover, all of the
individual subpopulations of thymocytes and splenocytes
examined were also significantly reduced in size. Histopa-
thology showed that the thymic cortex of animals exposed to
40 mg/kg/day PFOS or the same dose of PFOA was smaller
and virtually devoid of cells, and the cortical/medullary
junction was not distinguishable. Regarding the spleen,
with the exception of a moderate reduction in the size of the
lymphoid nodules, atrophy was not associated with other
structural changes.

In a second study (Qazi et al. 2009a), the same author
assessed the effects of high-dose, short-term exposure of
mice to PFOS or PFOA on the innate immune system.
Groups of male mice received chow containing 0.001 or
0.02% PFOS or PFOA for 10 days. In a second experiment,
groups of mice were treated as before and, thereafter, on day
10, each of the three groups was divided randomly into two
subgroups, one of which was injected with saline containing
300 ug LPS to induce acute inflammation. Either directly
following the exposure (in the first series of studies) or two
hours after administration of LPS (in the second series),
blood samples were obtained and liver, spleen, thymus, and
epididymal fat were collected. Total and differential white
blood cell counts (WBC) as well as levels of TNF-alpha and
IL-6 were determined, and immunofluorescent staining and
flow cytometric analysis of peritoneal, bone marrow and
spleen macrophages were performed.

Since mean daily intakes for all dietary levels were not
presented, daily intake was calculated to be 2 or 40 mg/
kg PFOS or PFOA. Serum concentrations were 50 and
340 pg/mL for PFOS and 152 pg/mL for the high dose of
PFOA (data for low-dose group not available). No effect
was observed at low dose. Following 0.02% PFOS or
PFOA administration, food consumption and body weight
gain were reduced. Liver weight was increased while body
weight, thymus, spleen and epididymal fat weights were
reduced. Both compounds reduced the total numbers of
WBC and lymphocytes, whereas the number of neutrophils
was decreased only by PFOA. PFOS or PFOA elevated
the proportion, but not the total number of macrophages
(CD11b%*) among the cells isolated from the peritoneal cav-
ity. They also reduced both the proportion and total number
of these cells in the bone marrow. Effects on the size of the
splenic population of macrophages were not seen, despite
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the fact that the overall cellularity of the spleen was strik-
ingly reduced. In vitro stimulation with LPS of cells isolated
from the peritoneal cavity and bone marrow increased the
production of both TNF alpha and IL-6 in animals treated
with PFOS; a similar pattern was observed following treat-
ment with PFOA. PFOA also significantly enhanced the
ex vivo production of TNF-alpha and IL-6 by splenic cells in
response to in vitro stimulation with LPS. When mice were
challenged in vivo with an intravenous injection of LPS,
pretreatment with PFOS or PFOA prior to the challenge with
LPS further potentiated production of these cytokines by
both peritoneal and bone marrow cells, while attenuating the
ex vivo responses of splenocytes to LPS-induced inflamma-
tion. Circulating levels of TNF-a and IL-6, however, were
increased only in animals treated with PFOA.

Peden-Adams et al. (2008) investigated the suppres-
sion of humoral immunity in mice following exposure to
PFOS. Mice were administered 0.166, 1.66, 3.31, 16.6,
33.1, or 166 pg PFOS/kg bw for 28 consecutive days. At
termination, blood samples were obtained and spleen,
thymus, liver, kidney, uterus, and testis were collected.
Lymphocyte proliferation, serum lysozyme and natural
killer cell activity, T cell-dependent IgM production, as
well as splenic and thymic CD4/CD8 subpopulations were
determined. In a separate experiment conducted to assess
T cell-independent antibody production, female mice were
administered 334 pg/kg/day PFOS or vehicle for 21 days
(10 mice/treatment group). Seven days prior to euthaniza-
tion, these mice were injected with trinitrophenyl conju-
gated to LPS (TNP-LPS) and serum anti-trinitrophenyl
IgM levels were measured.

Body weight gain, organ weights, and lymphocytic pro-
liferation were not affected by PFOS. Overall, the effects on
immune parameters differed in males and females despite
similar blood concentrations of PFOS and dose-response
was inconsistent. Lysozyme activity increased significantly
in females, but not males, at 33 and 166 ug PFOS/kg/day;
however, the response was not dose-related. NK cell activity
was increased significantly in males at >16.6 ng PFOS/kg /
day, but was not affected in females. Splenic CD4/CDS sub-
populations were only slightly affected by PFOS in females,
but were significantly altered in males treated at >3.3 pg/kg/
day. Male thymic T cell subpopulations were not affected
with PFOS treatment and in females were increased only at
the two highest dose groups.

T cell-dependent IgM production in response to sheep red
blood cells (SRBC) was suppressed in both sexes, but males
were more sensitive. Suppression of the plaque-forming cell
(PFC) response was seen without dose—response in males
from 1.66 pg/kg/day and with dose—response in females
from 16.6 pg/kg/day. The authors calculated EDs, values
for this effect of 0.69 pg/kg/day (0.05 pg PFOS/mL serum)
in males and 21 pg/kg/day (0.78 ug PFOS/mL serum) in
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Table 3 Overview of study designs and results of immunotoxicity studies with perfluorooctane sulfonic acid (PFOS) in experimental animals

Strain and Species
Administration
method

Doses in mg/kg/

day mL)

Plasma levels (ug/

Effects NOAEL/NOAEC

Immunotoxicity

LOAEL/LOAEC Reference
Immunotoxicity

B6C3F1 mice
5 per sex per group
28-day gavage

Male B6C3F1
mice

5 per group

28-day diet

Male C57BL/6
mice

4 per group

10-day diet

Male C57BL/6
mice

4-8 per group

10-day diet

0.014
0.018 (m only)
0.09

Controls
0.0002
0.002
0.003 0.13

0.017 0.67 (f only)
0.033 n.r

0.166 n.r

0.25 12

1.7 50
8.3 100
23.6 340

1.7 50
27 340

(from Qazi et al.

2009a)

Authors:

0.0002 mg/kg/day
0.02 pg/mL
Overall WoE:
0.003 mg/kg/day
0.13 pg/mL

>0.002 mg/kg:

| IgM (PFC)
males (no dose—
response)

>0.003 mg/kg:

CD4—-/CD8+1
in males but |
in females (not
dose-related)

CD4+/CD8+ |
in males (not
dose-related)
but no change in
females

CD4-/CD8— 1
in males (not
dose-related)
but no change in
females

CD4+/CD8- | in
both sexes (not
dose-related)

>0.017 mg/kg:

1 NK cells (males
only)

| IgM (PFC)
females (dose—
response)

0.166 mg/kg:

1 lysozyme activ-
ity (females only)

1 liver weight

| body weight gain

No effect on
T-helper, T-cyto-
toxic or NK
cells, no effect
on IgM or IgG in
PFC assay

23.6 mg/kg/day:

| body weight
gain and food
consumption

| thymus, spleen,
and fat weights

| thymocytes and
splenocytes

23.6 mg/kg/day:

| body weight
gain and food
consumption

| Total WBC and
lymphocytes,
neutrophils
(PFOA, only)

other immune
parameters up or
down

0.2 mg/kg/day
12 pg/mL

8.3 mg/kg/day
100 pg/mL

1.7 mg/kg/day
50 pg/mL

Peden-Adams et al.
(2008)

Authors:

0.002 mg/kg/day
0.09 ug/mL
Overall WoE:
0.017 mg/kg/day
0.67 ug/mL

>0.2 mg/kg/day  Qazi et al. (2010)

>12 pg/mL

23.6 mg/kg/day
340 pg/mL

Qazi et al. (2009b)

23.6 mg/kg/day
340 pg/mL

Qazi et al. (2009a)
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Table 3 (continued)

Strain and Species Doses in mg/kg/ Plasma levels (ug/  Effects NOAEL/NOAEC LOAEL/LOAEC Reference
Administration day mL) Immunotoxicity Immunotoxicity
method
Male C57BL/6 0.008 0.7 >0.083 mg/kg: 0.008 mg/kg/day  0.083 mg/kg/day Dong et al. (2009)
mice 0.083 7 1 liver weight 0.7 pg/mL 7 pg/mL
10 per group 0.417 22 | IgM PFC
60-day gavage 0.833 65 (—30%)
2.083 120 >0.417 mg/kg:
| body weight
gain and food
consumption
| spleen, thymus,
kidney weights
| splenic and
thymic cellular-
ity
| T-cells, B-cells
>0.833 mg/kg:
| NK cells
Male C57BL/6 0.008 1 >0.083 mg/kg: 0.017 mg/kg/day  0.083 mg/kg/day Dong et al. (2011)
mice 0.017 2 11L-4 2 ug/mL 10 ug/mL
6-12 per group 0.083 10 | IgM ELISA
60-day gavage 0417 22 (—30%)
0.833 51 >0.417 mg/kg:
| body weight
gain and food
consumption
1 liver weight
| thymus weight
0.833 mg/kg:
| spleen weight
JIL-2
11L-10
1 IgG, IgGl, IgE
Male C57BL/6 0.008 0.6 >0.083 mg/kg: 0.083 mg/kg/day  0.417 mg/kg/day Dong et al. (2012)
mice 0.017 4 1 liver weight 8 ug/mL 25 pg/mL
6—12 per group 0.083 8 1 IL-1b (perito-
60-day gavage 0.417 25 neum), effect
0.833 60 disappears with
2.083 115 LPS, no effect

on serum levels,
questionable
effect

>0.417 mg/kg:

| body weight gain

| spleen and thy-
mus weights

| total spleen cells

0.833 mg/kg:

1 %age mac-
rophage spleen

1 IL-1b, IL-6
(serum)

1 IL-1b (spleen)

2.083 mg/kg:

1 TNF-a, IL-6b
(spleen)
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Table 3 (continued)

Strain and Species Doses in mg/kg/ Plasma levels (ug/  Effects NOAEL/NOAEC LOAEL/LOAEC Reference
Administration day mL) Immunotoxicity Immunotoxicity
method
Male C57BL/6 5 110 >5 mg/kg/day: <5 mg/kg/day 5 mg/kg/day Zheng et al. (2009)
mice 20 280 | IgM in PFC <110 pg/mL 110 pg/mL
6-12 per group 40 340 assay, | splenic T
7-day gavage cell proliferation
>20 mg/kg/day:
| body weight
gain and food
consumption,
| spleen and
thymus weights,
1 liver weight,
| spleen and
thymus cellular-
ity, | thymic and
splenic CD4/
CD8 subpopula-
tions, | NK cell
activity, | splenic
B-cell prolifera-
tion
Male C57BL/6 5 100 >5 mg/kg/day: <5 mg/kg/day 5 mg/kg/day Zheng et al. (2011)
mice 20 250 | IgM (ELISA) <100 pg/mL 100 pg/mL
6-12 per group 20 mg/kg/day:
7-day gavage | body weight
gain and food
consumption,
| spleen and
thymus weights,
1 liver weight,
J IFNg, IL-2, 1
IL-4
Female B6C3F1 0.005 0.19 0.025 mg/kg/day:  0.005 mg/kg/day  0.025 mg/kg/day  Guruge et al. (2009)
mice 0.025 0.67 | survival rate 0.19 pg/mL 0.67 pug/mL
30/group after influenza A
(analysis and infection
organ weights: 3/
group)
21-day gavage
Sprague Dawley 0.15 0.95/1.5 > 1.4 mg/kg/day: 1.4 mg/kg/day 3.5 mg/kg/day Lefebvre et al.
rats 1.4 13.5/15 1 liver weight 13-15 pg/mL 20-30 pg/mL (2008)
15/sex/group 35 20/32 >3.5 mg/kg/day:  authors set
28-day diet 7 30/43 | body weight
m/f gain, apoptotic

cells in thymic
cortex
7 mg/kg/day:
trend for 1 IgM (f)

females. When studying the T cell-independent antibody
production in response to TNP-LPS, serum levels of TNP-
specific IgM were significantly suppressed (62% decrease)
in animals treated with 334 ug/kg/day.

Qazi et al. (2010) attempted to confirm observations by
Peden-Adams et al. (2008), but used dietary administration
instead of gavage dosing and applied only one high-dose
level of PFOS. Groups of five male mice received mean

daily PFOS doses of 250 pg/kg/day. At the termination,
blood samples, spleen and thymus were collected. T cell-
dependent IgM production in response to SRBC was deter-
mined both in the plaque-forming assay and by measuring
circulating IgM and IgG serum levels; T cell-independent
IgM production was measured in response to TNP. Splenic
and thymic phenotyping was performed. PFOS serum con-
centration at the end of dosing was 12 pg/mL. While food
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Table 4 Overview of study designs and results of immunotoxicity studies with perfluorooctanoic acid (PFOA) in experimental animals

Strain and species Doses Plasma levels Effects NOAEL/NOAEC LOAEL/LOAEC Reference
Administration method (mg/kg/day) (ug/mL) Immunotoxicity ~ Immunotoxicity
Female C57BL/6 mice 0.94 n.r >0.94 mg/kg/day: 1.88 mg/kg/day 3.75 mg/kg/day  Dewitt et al. (2008)
8 per group 1.88 35 1 liver weight 35 pug/mL 75 ug/mL
15-day drinking water ~ 3.75 75 >3.75 mg/kg/day:
7.5 87 | spleen weight, |
15 128 IgM (ELISA), 1 IgG
30 163 (ELISA)
>15 mg/kg/day:
| body weight gain and
food consumption, |
thymus weight
Male C57BL/6 mice 22 152 | body weight gain and <22 mg/kg/day 22 mg/kg/day Qazi et al. (2009b)
4 per group food consumption <152 pg/mL 152 pg/mL
10-day diet | thymus, spleen, and
fat weights
| thymocytes and sple-
nocytes
Male C57BL/6 mice 2 n.r 22 mg/kg/day: 2 mg/kg/day 24 mg/kg/day Qazi et al. (2009a)
4-8 per group 24 152 | body weight gain and 152 pg/mL
10-day diet (from Qazi 2009a)  food consumption

| Total WBC and lym-
phocytes, neutrophils
(PFOA, only)

other immune param-

eters up or down

(l)=decrease, (1) =increase

consumption was unaffected by PFOS, body weight gain
was lower in exposed animals. Relative liver weight was
increased while thymus and spleen weights were unchanged.
Dietary exposure had no effect on the total numbers of cir-
culating leukocytes or of cells in the thymus and spleen of
males. Dietary exposure of mice to 250 pg/kg/day did not
alter the relative numbers of the phenotypically distinct
types of cells present in the thymus or spleen. Likewise, no
effect of PFOS exposure on T cell-dependent or independent
antibody response was observed in this study.

Zheng et al. (2009) studied the humoral immune response
in mice orally exposed to PFOS. Groups of male mice were
dosed by gavage with 5, 20, or 40 mg PFOS/kg/day for seven
days. At termination of the study, spleen, thymus, liver, and
kidneys were collected and weighed, and the spleen and
thymus were processed into suspensions to look at NK cell
activity, lymphocyte proliferation and the plaque-forming
cell (PFC) response.

PFOS serum concentrations were 110, 280, and 340 pg/
mL for the 5, 20, and 40 mg/kg/day dose groups, respec-
tively. Food intake and body weight gain were significantly
reduced at the two higher dose groups. Relative spleen
and thymus weights were reduced at 20 and 40 mg/kg/
day and relative liver weight was significantly increased
at all dose levels. Splenic and thymic cellularity were sig-
nificantly decreased at 20 and 40 mg/kg/day. To determine
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population changes in functional cell types of spleen and
thymic lymphocytes, CD4/CD8 marker analysis was per-
formed. Significant decreases in CD4™ and CD8™ cells were
observed in both the spleen and thymus in the mice admin-
istered >20 mg/kg/day PFOS. Likewise, splenic NK cell
activity was reduced in the two top dose groups. The SRBC-
specific IgM plaque-forming cell response was reduced in
a dose-related manner from the lowest tested dose of 5 mg/
kg/day.

To observe chronic effects of immunotoxicity, groups of
male mice were administered five different dose levels of
PFOS daily by gavage for 60 days (Dong et al. 2009). Param-
eters similar to those described above (Zheng et al. 2009)
were measured. Food intake and body weight gain were sig-
nificantly reduced at >0.417 mg/kg/day and relative spleen
and thymus weights were reduced; relative liver weight
was significantly increased at>0.083 mg/kg/day. Splenic
and thymic cellularity were significantly decreased from
0.417 mg/kg/day. To determine population changes in func-
tional cell types of spleen and thymic lymphocytes, CD4/
CDS8 marker analysis was performed. Significant decreases
in CD4+ and CD8+ cells were observed in both the spleen
and thymus in the mice administered 0.417 mg/kg/day PFOS
or greater. Splenic NK cell activity was reduced in the two
top dose groups. The SRBC-specific IgM plaque-forming
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cell response was reduced in a dose-related manner from
0.083 mg/kg/day.

Only one study on immunosuppression of PFOS in rats is
available (Lefebvre et al. 2008). Rats received diets deliver-
ing mean daily intakes of 0.15, 1.4, 3.5, or 7 mg PFOS/kg
for 28 days. Plasma levels of PFOS were 0.95 and 1.5 pg/
mL in males and females at 0.15 mg PFOS/kg, 13.5 and
15 pg/mL at 1.4 mg PFOS/kg, 20 and 32 pg/mL at 3.5 mg
PFOS/kg, and 30 and 43 pg/mL at 7 mg PFOS/kg. At the
end of the exposure period, blood samples were obtained,
and spleen, thymus, mesenteric lymph nodes, and small and
large intestines were collected, weighed, and submitted to
histopathological evaluation. Serum immunoglobulins were
determined, and lymphocyte phenotyping and splenocyte
proliferation analysis were performed. T cell-dependent
antibody response was assessed after immunization with
keyhole limpet hemocyanin (KLH). Body weight gain was
lower in the two top dose groups; relative liver weight was
increased from 1.4 mg/kg/day. Relative spleen and thymus
weights were unaffected. Histopathology revealed increased
apoptosis of thymic lymphocytes in the thymic cortex and
medulla of male rats treated with 3.5 or 7 mg/kg/day and in
the cortex of female high-dose rats. No significant differ-
ences in lymphocyte subsets were observed; likewise, there
was no effect on splenocyte proliferation. Regarding circu-
lating immunoglobulin levels, in males, serum IgG1 was sig-
nificantly reduced in the two lower dose groups and reverted
to baseline at higher doses, while trend analyses indicated
that there was a significant elevation in serum total IgG,
IgG2a, and IgG2c levels with increasing PFOS dose; IgM
was not affected. In females, there was a significant increase
in serum total IgM and IgG2c with increasing PFOS expo-
sure. After challenge with the T-dependent antigen KLH,
in male rats there was a significant trend toward elevated
KLH-specific IgG levels with increasing PFOS dose, while
there were no significant changes in KLH-specific IgG titers
in PFOS-treated female rats. Overall, the significant reduc-
tion of IgG1 observed in males at the lowest tested dose
was considered of questionable relevance by the authors as
(1) no similar effect was observed in female animals, (2)
the effect was not evident at higher doses, and (3) was not
associated with functional changes in response to challenge
with KLH antigen.

Effects of PFAS administration on immune
responses in animal infection models

Only two studies in animal infection models report plasma
levels of PFAS, both applied PFOS. Guruge et al. (2009)
studied host resistance to infections with influenza A virus
(HINT1) in female mice exposed by gavage to 5 or 25 pg/
kg/day PFOS for 21 days. At the end of the exposure, three
animals per dose group were sacrificed to collect plasma for

PFOS analysis; liver, kidney, lung, thymus and spleen were
collected and weighed. The remaining animals were exposed
intranasally to influenza A virus and observed for 20 days
past inoculation using mortality as endpoint. PFOS levels
in spleen, thymus, and lung also showed a dose-dependent
increase. Body and organ weights were not affected. While
there was no significant difference in mean survival time,
there was a significant trend for a dose-related decrease in
survival rate of mice on day 20 after virus infection, the
eventual survival rate, however, was significantly lower than
in controls only in high-dose mice.

Dewitt et al. (2008) studied the effects of PFOA in drink-
ing water on humoral and cellular immunity using standard
assays for assessing immune function. Groups of female
mice received PFOA at daily doses of 0.94, 1.88, 3.75, 7.5,
15, or 30 mg/kg for 15 consecutive days. Plasma levels at
the lowest dose were not reported, plasma levels at the other
doses in ascending order were 35, 75, 87, 128 and 163 pg
PFOA/mL. Mice were immunized with sheep red blood cells
or sensitized to bovine serum albumin in Freund’s complete
adjuvant (CFA) on day 10 of exposure; immune responses
and PFOA serum levels were determined 1 day post expo-
sure. A subgroup of animals were given a booster immuniza-
tion of SRBCs two weeks after primary immunization, these
were sacrificed 5 days later. Circulating IgG and IgM levels
were determined in animals immunized with SRBC; foot-
pad thickness was determined in animals immunized with
CFA as a measure of delayed-type hypersensitivity response.
Lymphoid organ weights were measured in animals sacri-
ficed for IgM (1 day after exposure ended) and IgG (15 days
after exposure ended) antibody determinations. Body weight
gain was reduced in the two top doses. Relative liver weight
was increased in animals of all dose groups, while relative
spleen and thymus weights were reduced at >3.75 mg/kg/
day. SRBC-specific IgM antibody titers (measured on day 1
after end of exposure) were reduced as compared to controls
at doses of >3.75 mg/kg/day in a dose-related manner; no
suppression of SRBC-specific IgG antibody titers (measured
on day 15 after end of exposure) was observed.

Discussion

Human studies reporting associations of PFAS
in blood/serum with immune parameters

In the studies evaluated, a decrease in antibody response was
associated with PFOA and PFOS exposure for some of the
vaccines examined, which is intriguing. The methodology
used by most studies to measure antibody response seems to
be reliable and valid. While the observed differences across
vaccines with regards to the antibody level and length of
time that an effective antibody response is maintained are

@ Springer



2280

Archives of Toxicology (2022) 96:2261-2285

expected, most evidence is based on studies with children.
Effects within these studies vary with regards to the timing
of the exposure. Therefore, we cannot be certain about the
“best” age or time to study this association.

While Granum et al. (2013) and Grandjean et al. (2012)
report that maternal concentrations of PFOA and PFOS are
associated with decreased antibody levels in children; these
studies cannot exclude the potential impact of post-natal
exposure. There is no a priori reason or a biological hypoth-
esis to suggest a specific window of susceptibility for PFOA
and PFOS exposure to affect the antibody response (i.e.,
developmental, childhood, or adult). The only study that
tested both developmental and childhood exposures (Grand-
jean et al. 2012) reported that both exposure windows were
associated with lower antibody levels to diphtheria vaccina-
tions and the most consistent results were for the association
with childhood exposure measures.

Only two (both conducted with the Faroese birth cohorts)
of the thirteen studies showed associations with antibody
titers falling below protective levels (Grandjean et al. 2012,
2017b). It is therefore difficult to assess the clinical rele-
vance of reduced antibody responses in the other studies,
as it is unknown whether small to moderate reductions in
antibody levels influence an immune response. It is known
that the antibody response to rubella and mumps are typi-
cally robust and last for decades, whereas diphtheria and
tetanus require booster vaccinations to maintain higher
antibody levels that provide effective immunity. In the stud-
ies above, the antibody response to diphtheria showed the
most consistent response and was suppressed in relation to
maternal, childhood and adult PFOA and PFOS concentra-
tions (Abraham et al. 2020; Grandjean et al. 2012, 2017b;
Kielsen et al. 2016). Higher PFOA and PFOS concentra-
tions were also associated with lower antibody response for
tetanus; but the antibody response was only associated with
maternal PFOA and PFOS in one study (Grandjean et al.
2017b). The antibody response to measles was not associ-
ated with PFOA or PFOS in two (Granum et al. 2013; Stein
et al. 2016b) of the three (Timmermann et al. 2020) studies
in which it was measured while the antibody response to
mumps was only significant in one study (Stein et al. 2016b).
It is possible that heterogeneity in the association between
PFOA and PFOS exposure and reduced antibody levels for
different vaccines is a result of differences in the strength of
the response (i.e., higher antibody levels/clinical relevance)
or the rates at which antibody titers change over time (NTP
2016).

The effects of PFAS fetal, infant and childhood exposures
on the development of childhood response to vaccines, infec-
tious diseases, allergic reactions, atopic dermatitis, asthma,
and lung function were recently reviewed by von Holst et al.
(2021). Compared to that review, we decided to only focus
our review on studies examining the association between
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PFAS exposure and immunosuppression and infectious dis-
eases in children but also in adults. Our aim was to provide
more targeted evidence and inform regulatory agencies in
their decision whether immunomodulation is a critical end-
point for human PFAS assessment. Thus, we combined the
existing evidence from studies on animal toxicity and human
toxicity, an important compilation of the evidence missing
from von Holst.

With regard to the results, the von Holst review authors
concluded that there was a strong indication of immunosup-
pression, demonstrated as diminished childhood antibody
response to vaccination, particularly with the three PFOA,
PFOS and PFHxS exposures. Some indication of increased
risks of childhood infectious diseases/infections particularly
from PFOS exposure was suggested by the authors, while
limited indication of an effect of PFAS exposure on allergic
reactions, atopic dermatitis, asthma, and lung function was
suggested.

In our review, however, we suggested that there is not
consistent evidence to support a strong association between
PFAS and diminished response to vaccination. Nonetheless,
we suggest that there is some consistency in the findings
of the association between PFOA exposure and specifically
tetanus and diphtheria predominantly in children, but not
in adults.

With regard to infectious diseases, aligned with von
Holst, we support the mixed evidence on the association
between PFAS exposure and infectious diseases.

In summary, although some epidemiological studies sug-
gest an inverse association between antibody response and
PFAS exposure, the evidence remains weak due to a small
number of studies, especially per vaccine type or per PFAS
exposure; relatively high heterogeneity of study methodolo-
gies; and small effect sizes. In addition, results on reduc-
tion of antibody levels are not consistent with an increase
in infectious diseases as consequence of PFAS exposures.

Therefore, the epidemiological human evidence is at best
“suggestive” of an association but is considered too weak to
draw a solid conclusion.

The extrapolation of the epidemiological data is fur-
ther hampered by the fact that many of the associations
were seen with high PFAS exposures in cohorts examined
between 1997 and 2009 with PFAS exposures which are not
observed anymore in contemporary populations. Although
the releases of these compounds and especially PFOS,
PFHxS and PFOA have been considerably reduced since
2000, it should be noted that in certain populations aver-
age increases of PFAS concentrations have been observed
(Lin et al. 2021). Moreover, residual confounding that may
occur in the relationship between PFAS and health outcomes
due to co-exposure to other compounds, such as methyl-
mercury and polychlorinated biphenyls (PCBs), cannot be
safely ruled out. Furthermore, it has been shown that mainly
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Arctic populations, included in PFAS studies, due to their
diet and lifestyle are more likely to have elevated levels of
methylmercury and PCBs concentrations (Bjerregaard et al.
2001; Johansen et al. 2000). Irrespective of the outcome
on the relationship between PFAS and health effects, even
when these confounding exposures are controlled in a sta-
tistical analysis, we cannot eliminate the a priori correlation
between PFAS and PCBs or other human toxicant exposures
and their combined effect on the outcome.

This field needs large-scale, prospective studies with real-
world exposure data on PFAS, methylmercury and PCBs and
antibody responses on a variety of vaccinations. Moreover,
studies on effects of various human toxicant exposures on
vaccine responses and effectiveness have been proposed as
a means to demonstrate that tests on immunotoxicity per-
formed mainly with animals showing immune suppression
can predict human responses (Hessel et al. 2015; Luster et al.
2005; Selgrade 2007). However, whether these immunotoxic
agents, and especially PFAS in this case, work in a transient
fashion to suppress the developing immune system, or, alter
developmental events that can have profound permanent
effects remains to be confirmed in humans. These effects
should become clearer with well-designed human epidemi-
ologic studies including tests of immunophenotyping and
serum immunoglobulin levels at various time points. Such
tests have been already validated in humans, although dif-
ficult to implement in experimental settings (Luster et al.
2005).

Furthermore, studies investigating the association
between PFAS exposure and vaccine response in regions,
which have received less attention by researchers, such as
Veneto (Italy) and Ronneby (Sweden), where high levels
of water contamination and their associations with, among
other diseases, high mortality rates and thyroid hormone
levels respectively, have been observed (Panieri et al. 2022)
are warranted.

Animal studies on immunotoxicity of PFAS

While all reviewed studies report effects on immune param-
eters of PFAS in animals under the conditions of the experi-
ment, their reliability is limited due to design deviations
from guidance documents on immunotoxicity testing and
widely varying effect levels in the same species and in differ-
ent species despite close similarities of study designs, PFAS
serum levels, and endpoints assessed (FDA 2002; Ladics
2018; US-EPA 1996a).

Regarding issues with study design, many studies
included less than the recommended minimum number of
10 animals per dose group and none of the studies included a
positive control to assess the sensitivity of methods applied.
In addition, host resistance assays, which allow the assess-
ment of effects on the innate immune system, should focus

on non-lethal resistance models like those quantifying viral
titers or bacterial counts in target tissues, as those models
provide greater sensitivity than mortality as they are deemed
to be a better reflection of protective immunity in the organ-
ism (WHO/IPCS 2012).

Regarding effect levels, a comparison of no-observed-
adverse-effect-levels/serum concentrations and lowest-
observed-adverse-effect-levels/serum concentrations of the
most conclusive assays to characterize immunotoxicity of
PFAS in animals in Table 5 summarizes the significant dif-
ferences in PFAS plasma/serum levels required to induce
effects in studies (Dong et al. 2009; Lefebvre et al. 2008;
Peden-Adams et al. 2008; Qazi et al. 2010) that used a
minimum exposure of 28 days and of the only one host
resistance assay available. In general, the serum/plasma
concentrations of PFAS in animals at the NOAELs varied
widely. While the wide range of NOAECs/LOAECs may
be due to differences in routes of exposure, species, strain
and sex, inconsistencies in results (ATSDR 2021; Health-
Canada 2018; US-EPA 2016a, 2016b) remain even when
closely corresponding study designs were applied (Peden-
Adams et al. 2008; Qazi et al. 2010). The lowest effect
levels in the reviewed studies with PFAS were reported in
male mice for IgM response (Peden-Adams et al. 2008).
However, the IgM response only showed dose—response
in female mice and no explanation for the absence of
dose-response in males was provided; a difference in
PFOS serum levels can be discarded as a contributing fac-
tor to this inconsistency. In contrast, effects of PFOS were
not seen at the effect levels of (Peden-Adams et al. 2008)
in study using a longer exposure period (Dong et al. 2009).
However, that study observed dose-response for PFAS-
induced effects in both male and female mice, but at higher
doses. In addition, an attempt to replicate the results (Qazi
et al. 2010) of Peden-Adams et al. (2008) using dietary
administration did not observe effects on [gM production
at even higher serum levels. The serum levels (Qazi et al.
2010) were also higher than the serum levels in Dong
et al. (2009) for the lowest effect level for suppression
of IgM production suggesting that the low-dose effects
observed in males (Peden-Adams et al. 2008) are question-
able. These inconsistencies were pointed out in several
PFAS assessments (ATSDR 2021; Health-Canada 2018;
US-EPA 20164, b) and a review concluded that the very
low NOAEL/NOAEC in (Peden-Adams et al. 2008) “may
be an outlier of the PFC response dataset in terms of its
dose-response” (Pachkowski et al. 2019).

While host resistance models are more conclusive as
compared to the tier 1 studies described above (WHO/IPCS
2012), the only host resistance to the influenza A virus with
PFAS (Guruge et al. 2009) included only two dose groups
and mortality as the only endpoint used. The observations
therefore do not permit conclusions since “the biological
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Table 5 Comparison of PFC assays with perfluorooctane sulfonic acid (PFOS)

Study NOAEL LOAEL Route/duration Species/strain
mg/kg/day pg/mL mg/kg/day pg/mL
TDAR assays in mice
Peden-Adams et al. (2008) 0.0002 0.02 0.002 0.09 28-day gavage Male B6C3F1 mice
0.003 0.13 0.017 0.67 28-day gavage Female B6C3F1 mice
Qazi et al. (2010) 0.2 12 >0.2 >12 28-day diet Male B6C3F1 mice
Dong et al. (2009) 0.008 0.7 0.083 7 60-day gavage Male C57BL/6 mice
TDAR assays in rats
Lefebvre et al. (2008) 14 13 35 20 28-day diet Sprague-Dawley rats
Host resistance assay
Guruge et al. (2009) 0.005 0.19 0.025 0.67 21-day gavage Female B6C3F1 mice

NOAEL/NOAEC: no-observed-adverse-effect-levels/serum concentrations; LOAEL/LOAEC lowest-observed-adverse-effect-levels/serum con-

centrations

relevance of death as an endpoint is questionable when most
or all of the immunocompetent controls do not survive,
because the virulence or number of the challenge agents
simply overwhelms the initial response to infection, kill-
ing the host before a protective response can be mounted”
(WHO/IPCS 2012).

Other issues that induce difficulties in an assessment of
the human relevance of the results of the animal studies are
widely differing blood levels regarding effects on immune
parameters in animals and human blood levels of PFAS that
were seen in populations with a possible immunomodulation
by PFAS as most NOAECs from the animal studies were
several orders of magnitude above the human blood levels
for PFAS where associations with vaccination efficacy and
PFAS concentrations were reported.

While a mode of action for the immunotoxicity seen in
animal models after exposure to PFOS and PFOA has not
been established (ATSDR 2021; EFSA-CONTAM Panel
et al. 2020), additional uncertainty regarding utility of the
animal data on immunotoxicity for human risk assessment
is introduced by the major species difference in potency of
PFAS between mice and rats and the observation that immu-
nomodulation by PFAS in mice was partially dependent on
an interaction of PFAS with PPAR« (Qazi et al. 2009b).
This may question the use of the mouse as animal model
to predict potential immunomodulatory effects in humans
as PPARa activation shows marked species differences in
responses to PFAS (Takacs and Abbott 2007; Wolf et al.
2012, 2008) and major species differences have been demon-
strated for many other compounds interacting with PPAR«
(Ashby et al. 1994; Bentley et al. 1993; Cattley et al. 1998).

In conclusion, while there is some support for an asso-
ciation of decreased antibody levels in humans with PFAS
exposures, the absence of an increased incidence of diphthe-
ria, tetanus, measles, mumps in children exposed to PFAS
questions the clinical relevance of the ‘surrogate’ endpoint

@ Springer

antibody levels (Edwards 2001; Plotkin 2010, 2013). In
addition, the much higher PFAS serum/plasma levels at the
NOAELSs in animals study also argue against a clinical rel-
evance of the “surrogate” endpoints. A dedicated large-scale
study would be required to conclusively establish a reduced
vaccination efficacy as an endpoint of PFAS in humans.
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