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ABSTRACT

Per- and polyfluoroalkyl substances (PFASs) are a large class of compounds used in a variety of processes
and consumer products. Their unique chemical properties make them ubiquitous and persistent environ-
mental contaminants while also making them economically viable and socially convenient. To date, sev-
eral reviews have been published to synthesize information regarding the immunotoxic effects of PFASs
on the adaptive immune system. However, these reviews often do not include data on the impact of
these compounds on innate immunity. Here, current literature is reviewed to identify and incorporate
data regarding the effects of PFASs on innate immunity in humans, experimental models, and wildlife.
Known mechanisms by which PFASs modulate innate immune function are also reviewed, including dis-
ruption of cell signaling, metabolism, and tissue-level effects. For PFASs where innate immune data are
available, results are equivocal, raising additional questions about common mechanisms or pathways of
toxicity, but highlighting that the innate immune system within several species can be perturbed by
exposure to PFASs. Recommendations are provided for future research to inform hazard identification,
risk assessment, and risk management practices for PFASs to protect the immune systems of exposed
organisms as well as environmental health.
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Introduction Control Act (TSCA) Chemical Inventory, with > 600 described
as commercially active (USEPA 2019).
PFAS entered large-scale production in the 1950s, and at the

time, the most common PFAS intentionally produced were per-

Per- and polyfluoroalkyl substances (PFAS) are a large class of
fluorinated compounds that are used in the production of non-

stick cookware, food contact materials, water-, oil-, and stain-
resistant fabrics and coatings, and aqueous film-forming foams
(AFFF), among other products (reviewed in Glige et al. 2020).
PFAS are defined by the Organization for Economic Co-oper-
ation and Development (OECD) as consisting ‘of a fully (per) or
partly (poly) fluorinated carbon chain connected to different
functional groups’ (Buck et al. 2011; Wang, Buser, et al. 2021).
This class of compounds is incredibly diverse, with nearly 5000
different PFASs registered globally, according to an OECD data-
base (Organization for Economic Co-operation and Development
(OECD) 2018). However, an expansive list from the United
States Protection Agency (USEPA) greatly
expands this number to more than 14,000 compounds when
other chemical moieties containing a carbon-fluorine bond are
considered (Williams et al. 2017; USEPA 2023a). A subset of
roughly 1200 PFAS appear in the United States Toxic Substances

Environmental

fluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid
(PFOS) (Buck et al. 2011; Lindstrom et al. 2011). However, as
more studies observed the toxicities exerted by these two ‘long-
chain legacy’ PFAS, a subset of fluorochemical manufacturers
sought, in part due to a PFOA Stewardship Agreement with
USEPA, to phase out these compounds with novel replacements
with fewer carbons (i.e., ‘short-chain’) that were thought to pos-
sess more favorable toxicity profiles (USEPA 2023b). However,
these alternatives were relatively untested before entering the
market, and the manufacture of some of these replacement com-
pounds led to the creation of other PFAS as by-products
(Hopkins et al. 2018). Therefore, even though emissions of long-
chain legacy PFAS had decreased, emissions of new, short-chain
replacement PFAS, their by-products, and their degradants have
now increased (Hopkins et al. 2018). Notable members of these
new PFAS include a sub-family known as per- and polyfluori-
nated ether acids (PFEA), which possess ether linkages in the
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carbon backbone of the molecule (Hopkins et al. 2018; Cousins
et al. 2020). While some studies of how these ether linkages
impact persistence, bioaccumulation, and toxicity have been per-
formed, many are ongoing. Structures of the PFAS discussed in
this review are presented in Figure 1.

Exposure to PFAS can occur through multiple routes. Most
notably, humans are exposed to PFAS through drinking water
that is contaminated from industrial sources, use of AFFF at air-
ports and military bases, and runoff from landfill leachate or
land-applied biosolids that contain PFAS (Hu et al. 2016; Boone
et al. 2019; Domingo and Nadal 2019). It recently has been esti-
mated that the drinking water of > 200 million Americans is
contaminated with PFAS (Andrews and Naidenko 2020).
Exposure to PFAS also can occur through consumption of conta-
minated food, inhalation of indoor dust, and dermal exposure
with PFAS-treated textiles (Boronow et al. 2019; Chen et al.
2020; Poothong et al. 2020). Fetuses are exposed to PFASs in
utero, and infants can be exposed to PFAS through breast milk
(Blake and Fenton 2020). Given the distinct chemical characteris-
tics of PFAS and their well-documented, widespread exposure,
questions have been raised of the hazard and risk that PFASs
contribute to human and environmental health.

Others have reviewed the toxicity of these compounds in
humans, experimental animal models, and wildlife (DeWitt 2015;
Agency for Toxic Substances and Disease Registry [ATSDR]
2021; Fenton et al. 2021; Bangma et al. 2022), which includes
liver damage, endocrine disruption, developmental toxicity, and
cancer. Of particular interest, many studies have noted the
immunotoxicity of these compounds, which also has been
reviewed extensively (Chang et al. 2016; National Toxicology
Program (NTP)) 2016; DeWitt et al. 2019; Ehrlich et al. 2023).
Adverse immune-related outcomes associated with exposure to
PFASs include ulcerative colitis, allergic sensitization, altered
inflammatory processes, and reduced response to vaccinations.
Indeed, the immune system appears to be a sensitive target of
PFAS, and immunotoxicity has been used to drive risk assess-
ments and statewide regulations across the United States
(Cordner et al. 2019). In fact, the recent interim health advisory
levels for PFOA and PFOS were calculated based on data show-
ing that these compounds have adverse effects on the developing
human immune system (USEPA 2022). While many recent
reviews remain relevant (Chang et al. 2016; NTP 2016; DeWitt
et al. 2019; Ehrlich et al. 2023; Zhang, Louie, et al. 2023), there
remains a heightened interest in PFAS-induced immunotoxicity,
mechanisms leading to such immunotoxicity, and concerns about
understudied PFASs inducing immunotoxicity.

In the present review of the literature (portions of which
appeared in the DWP doctoral dissertation [Phelps 2022]), how-
ever, it is noted that there is a gap in previous reviews that did
not consider data indicating that PFAS impact innate immunity.
Here, the impacts of PFAS exposure on innate immunity in
humans, experimental animal models, and ecotoxicological mod-
els and wildlife are reviewed. In doing so, current data are syn-
thesized and data incongruencies examined, revealing where data
gaps exist. The toxicity of most PFAS remains unknown, and fill-
ing these gaps is necessary to understand their hazard and risk
to human and environmental health. There are even larger data
gaps with regards to these compounds’ effects on innate immun-
ity, despite it being well-established that several PFAS are immu-
notoxic. The scope of this review will be limited to previous
reports that investigate innate immunity on several fronts:
immunophenotyping of innate immune cell populations, changes
in concentrations of cytokines relevant to innate immunity, and

functional assays of innate immune cells. Finally, an attempt is
made to glean what the reviewed studies reveal about potential
mechanisms of PFAS-induced immunotoxicity. The goal of this
review is to expand the knowledge base of what is known about
PFAS in an oft-overlooked branch of the immune system when
it comes to chemical hazard identification and risk assessment.

Evidence of innate immune modulation by PFASs in
humans, primary human leukocytes, and human cell
lines

Several studies have sought to understand the impacts of PFAS
exposure in the general population as well as populations
exposed to high levels of PFAS as a result of large-scale or long-
term contamination or occupational exposure (summarized in
Table 1). Most reports have investigated the effects of PFAS
exposure on adaptive immunity in these populations, but a few
have asked essential questions about effects on innate immunity.
Immunophenotyping has shown that increasing serum levels of
PFOA, PFOS, perfluorodecanoic acid (PFDA), perfluorononanoic
acid (PFNA), and perfluorohexane sulfonic acid (PFHxS) are
correlated with decreases in innate immune cell populations in
blood, including the number of monocytes, neutrophils, eosino-
phils, basophils, and/or natural killer (NK) cells, though results
are not consistent across studies (Emmett et al. 2006; Knudsen
et al. 2018; Goodrich et al. 2021; Lopez-Espinosa et al. 2021).
Zhao et al. (2022) also found a significant correlation between
PFOA and PFOS concentrations and leukopenia, i.e. a decrease
in white blood cells, in a cohort of rheumatoid arthritis patients.
It has been reported that total serum PFASs, when analyzed as a
mixture, were linked to increases in the number of basophils in
the blood (Oulhote et al. 2017). These studies illustrate that sev-
eral PFASs are able to impact levels of innate immune cells in
circulation; however, the lack of consensus in this endpoint
makes further conclusions difficult.

Serum cytokines are relatively easy to measure from a tech-
nical perspective; however, the impact of PFAS exposure on
serum cytokine levels varies across different studies. PFOA has
been linked to both decreases and increases in serum levels of
interferon (IFN)-y (Bassler et al. 2019; Abraham et al. 2020;
Nian et al. 2022). These observations point to this PFAS having
the ability to impact this pathway, but inconsistencies in the dir-
ectionality of this endpoint make interpretations challenging.
Bassler et al. (2019) noted that increased serum concentrations
of PFOA, PFOS, PFHxS, and PFNA were associated with
decreased tumor necrosis factor (TNF)-o and/or interleukin (IL)-
8. The lack of consistent directionality in cytokine levels associ-
ated with PFAS exposures may be due to differences in exposure
levels and duration, interactions of mixtures of PFAS, interac-
tions with other toxicants, the timing of when cytokine levels
were measured, and/or genetic differences in one population to
another. It is also unknown how recent infections or other envir-
onmental conditions may be shaping these data. It must also be
noted that, due to the design of these studies, it is difficult to
ascertain from which cellular source cytokines were secreted.
Given that epithelial cells and lymphocytes, as well as other cell
types, may produce these cytokines, this response may not reflect
a direct impact on innate immune cells. More studies are neces-
sary to elucidate the immunological and mechanistic implications
from these epidemiological cytokine findings.

In experimental systems, PFAS have been studied to a greater
extent because of the flexibility that is offered by human cell
lines in vitro and primary cells ex vivo. Many studies to date
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Figure 1. Chemical structures of PFAS discussed in this review. Structures were made using ChemDraw professional (v16.0.1.4) and standard international union of
pure and applied chemistry (IUPAC) nomenclature. Structures are organized according to a previously described scheme (Wang et al. 2017).

have focused on cytokine expression at the transcript and protein  fluorotelomer alcohol (FTOH) exposures down-regulated various
level. In whole blood and THP-1 cells (a human monocytic leu- cytokines, including TNFo, as well as IL-4, —6, 8, and —10
kemia cell line), PFOA, PFOS, perfluorobutane sulfonic acid (Brieger et al. 2011; Corsini et al. 2011, 2012). However, PFOA
(PFBS), perfluorooctane sulfonamide (PFOSA), PFDA, and 8:2 also induced TNFa, as well as IL-6, —8, and -1 in HMC-1 cells,
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Table 1. Summary of innate immune modulation associated with exposure to PFASs in humans, primary human leukocytes, and human cell lines.

PFAS CAS-RN Immunophenotyping Cytokine alteration Functional endpoints Citations
PFOA 335-67-1 | neutrophils, 11 TNFa, T/ activation of NF-xB (Corsini et al. 2011, 2012; Singh
T monocytes T IFNy, et al. 2012; Bassler et al. 2019;
11 IL-6, Abraham et al. 2020; Lopez-
11 IL-8, Espinosa et al 2021; Zhao et al.
1 IL-10, 2022)
1 IL-4,
1IL-1B
PFOS 1763-23-1 | neutrophils, | TNFq, | NK cell cytolysis (Brieger et al. 2011; Corsini et al.
1| monocytes 1 IL-6, 2011, 2012; Singh et al. 2012;
| IL-8, Bassler et al. 2019, Goodrich et al.
1 IL-10, 2021, Lopez-Espinosa et al. 2021,
| IL-4, Zhao et al. 2022)
1 IL-1B
PFNA 375-95-1 | neutrophils, T IFNy, - (Bassler et al. 2019; Goodrich
| eosinophils, 1 IL-8 et al. 2021; Lopez-Espinosa et al.
| NK cells 2021)
PFDA 335-76-2 | monocytes - - (Goodrich et al. 2021)
PFOSA 754-91-6 - | IL-6, - (Corsini et al. 2012)
1 IL-8,
| IL-10,
| IL-4
PFHxS 355-46-4 T monocytes, | TNFa - (Bassler et al. 2019;
| eosinophils Lopez-Espinosa et al. 2021)
PFHXA 307-24-4 - - | ROS production (Phelps et al. 2023)
PFBS 375-73-5 - 1 IL-6, - (Corsini et al. 2012)
1 IL-8,
1 IL-10,
14
GenX 62037-80-3 - - | ROS production (Phelps et al. 2023)
8:2 FTOH 678-39-7 - 1 IL-6, - (Corsini et al. 2012)
1 IL-8,
1 IL-10,
| IL-4
Perflubron 423-55-2 - | chemotaxis, (Fernandez et al. 2001)
| phagocytosis
Perfluoro decalin 306-94-5 - | chemotaxis, (Virmani et al. 1984)
| phagocytosis,
| ROS production
PFTBA 311-89-7 - | phagocytosis (Virmani et al. 1983)
Mixtures - T basophils - (Oulhote et al. 2017)

a human mast cell leukemia cell line (Singh et al. 2012). Though
this may point to differences in susceptibility between monocytic
and granulocytic cells following exposure to PFAS, a recent study
revealed that the two cell types may share a target, as IL-1f also
was up-regulated in THP-1 cells (Wang, Liu, et al. 2021).

Functional assays using cellular systems, such as THP-1 and
HMC-1 cells, have largely focused on PFAS-mediated disruption
of nuclear factor (NF)-kB activation and peroxisome prolifer-
ator-activated receptor-o. (PPARa) pathways (see below). Other
in vitro and ex vivo functional investigations in primary human
neutrophils have shown that exposure to perflubron, perfluoro-
decalin (as an ingredient of Fluosol-DA), perfluorotributylamine
(PFTBA), PFHxA, GenX, or mixtures of several PFASs can sup-
press and activate the production of reactive oxygen species
(ROS) (Virmani et al. 1984; Berntsen et al. 2022; Phelps et al.
2023), inhibit phagocytosis (Virmani et al. 1984; Fernandez et al.
2001), and inhibit chemotaxis (Fernandez et al. 2001). NK cell
cytolysis was also suppressed by exposure to PFOS (Brieger et al.
2011).

While in vitro exposure paradigms often employ high concen-
trations of test compounds, it must be stated that modeling
chronic exposure to persistent, bioaccumulative toxicants in a
short-lived experimental model in vitro is often difficult. In the
human epidemiological studies described above, serum concen-
trations of the described PFASs are typically reported within the
nanomolar (ng/ml) range, except for Emmett et al. (2006) which

reported a single study participant with a serum level of PFOA
greater than 4000ng/ml (~9.66 uM). The in vitro studies in
human cells described above, conversely, work with concentra-
tions up to 80 pM. This may represent a challenge when extrapo-
lating experimental systems to real-world exposure scenarios;
however recent advances with in vitro to in vivo extrapolation
(IVIVE) may provide a route forward for risk assessment and
management of PFAS (Chang et al. 2022; Najjar et al. 2022).
Regardless, the studies described above - epidemiological,
in vitro, and ex vivo — illuminate the massive data gaps that
remain regarding the effects of PFAS on innate immunity in
humans. While variations in outcome measures across epidemio-
logical studies, as well as in vitro and ex vivo experiments, make
it difficult to reach firm conclusions about what the affected out-
comes mean from a disease or clinical standpoint, it is clear that
exposures to a range of PFASs can impact various innate
immune parameters in humans.

Evidence of innate immune modulation by PFASs in
mammalian models

Effects of PFAS exposure on innate immunity have been investi-
gated in several mammalian model systems. (summarized in
Table 2). Exposure to several PFAS, including PFOA, PFOS,
PENA, PFDA, perfluoroundecanoic acid (PFUnDA), PFTBA,
perfluorobutanoic acid (PFBA), or perfluoromethoxybutanoic



acid (PFMOBA), has been associated with changes in neutrophil,
macrophage, and NK cell numbers in blood and tissues of rodent
and rabbit models (Virmani et al. 1983; Fang et al. 2008; Qazi
et al. 2009, 2010a, 2010b, 2012; Bodin et al. 2016; Han et al.
2018a, 2018b; Frawley et al. 2018; NTP 2019; Guo et al. 2021;
Torres et al. 2021; Woodlief et al. 2021; Weatherly et al. 2021).
At low doses meant, in part, to recapitulate what has been
observed in the general population, PFOS was reported to have
no effect on the immunophenotype of various immune compart-
ments in mice (Pierpont et al. 2023). In contrast, PFOA exposure
was reported to change the number of neutrophils and macro-
phages in mice; however, while neutrophil decreases were
observed in the blood, increases in granulocytes were observed
in the liver (Qazi et al. 2009, 2010a). This indicates immune
compartments may be differentially affected by PFAS exposure,
potentially due to how PFAS themselves distribute in vivo.
Without further study, however, it is difficult to ascertain
whether the increase of these innate immune cells in the liver is
an inflammatory response caused by damage to the liver or a
coincidental pro-inflammatory state caused in the immune cells
independent of changes in the liver. Regardless, alterations in
immunophenotype remains a sensitive but nonspecific endpoint
by which PFASs may alter the immune system.

As with human studies, cytokine levels are often studied in
animal models because they are technically easy to collect and
measure from serum and tissues. Recent data have shown that
PFOA, PFOS, and PENA, along with three of their novel alterna-
tives, 8:2 FTOH, 6:2 fluorotelomer carboxylic acid (6:2 FTCA)
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and 6:2 fluorotelomer sulfonic acid (6:2 FTSA), alter expression
levels of TNFa, IFNY, as well as IL-4, —6, and —10 (Qazi et al.
2009, 2010a; Rockwell et al. 2013, 2017; Sheng et al. 2017; Han
et al. 2018a, 2018b; Kong et al. 2019; Shane et al. 2020; Guo
et al. 2021; Tian et al. 2021). Many of these cytokines can be
suppressed or increased in response to exposure to different
PFAS. Exposure routes as well as immunological compartments
matter in assessing the effects of PFAS on the innate immune
system. It was observed that after dietary exposure to PFOA or
PFOS and challenge with lipopolysaccharide (LPS) in mice,
TNFo and IL-6 were increased in the bone marrow and periton-
eum; however, TNFo was suppressed in the spleen in PFOS-
exposed animals but increased in the spleen in PFOA-exposed
animals (Qazi et al. 2009). Similarly, a follow-up study from this
laboratory reported TNFa, IFNY, and IL-4 reductions in the liver
after PFOA or PFOS exposure in mice (Qazi et al. 2010a). In a
different laboratory, however, increases of TNFa, IL-1f, and IL-6
were observed in the spleen of mice exposed to PFOS via oral
gavage (Dong et al. 2011). Dermal exposure to PFOA in mice
led to an increase in IL-1p in the skin (Shane et al. 2020), albeit
this may have resulted from an indirect inflammatory response.
Importantly, because these types of studies are conducted
in vivo, it is difficult to distinguish which cells are producing
these cytokines. As mentioned previously, cytokines can be pro-
duced by innate immune cells as well as other cell types includ-
ing adaptive immune cells and non-immune cells, making it
likely that multiple cell types are contributing to the observed
phenotypes. More work is needed to elucidate these phenomena,

Table 2. Summary of innate immune modulation by exposure to PFASs in experimental mammals.

PFAS CAS-RN Immunophenotyping Cytokine alteration Functional endpoints Citations
PFOA 335-67-1 11 macrophages, 11 TNFa, T1 NK cell cytolysis, (Keil et al. 2008; Peden-Adams
| neutrophils, 11 IL-6, T/ activation of NF-kB, et al. 2008; Dong et al. 2009,
T NK cells, 1 IL-4, | phagocytosis 2011; Qazi et al. 2009, 2010a,
1 granulocytes, | IFNy, 2012; Zheng et al. 2009; Han
T myeloid suppressor cells, 1 IL-1B et al. 2018a, 2018b; Singh et al.
| myeloid cells 2012; Vetvicka and Vetvickova
2013; Shane et al. 2020; Guo
et al. 2021; Tian et al. 2021)
PFOS 1763-23-1 11 macrophages, 11 TNFa, T1 NK cell cytolysis, (Keil et al. 2008; Peden-Adams
| myeloid cells, 11 IL-6, 1 inflammasome activation, et al. 2008; Zheng et al. 2009;
| neutrophils | IL-4, | phagocytosis Qazi et al. 2009, 2010b, 2012;
| IFNy, Dong et al. 2009, 2011; Vetvicka
TIL-1B, and Vetvickova 2013; Han et al.
2018a, 2018b; National Toxicology
Program (NTP) 2019)
PFNA 375-95-1 | macrophages, TTNFa - (Fang et al. 2008; Rockwell et al.
| neutrophils, 2013, 2017)
1 NK cells,
1 phagocytes,
PFDA 335-76-2 | macrophage, - | phagocytosis (Frawley et al. 2018)
1 NK cells
PFUNDA 2058-94-8 | macrophages - | phagocytosis (Bodin et al. 2016; Berntsen et al.
2018)
PFTBA 311-89-7 | neutrophils - - (Virmani et al. 1983)
PFBA 375-22-4 T neutrophils, - - (Weatherly et al. 2021)
1 dendritic cells,
1 eosinophils,
T NK cells
PFMOBA 863090-89-5 1 NK cells - - (Woodlief et al. 2021)
8:2 FTOH 678-39-7 - | TNFa, - (Kong et al. 2019)
1 IL-6,
LIL-1B
6:2 FTCA 53826-12-3 - T TNFq, 1 activation of NF-kB (Sheng et al. 2017)
6:2 FTSA 27619-97-2 - T TNFq, 1 activation of NF-kB (Sheng et al. 2017)
111,
1 IL-10,
1 1L-6
Mixtures - - | phagocytosis (Brieger et al. 2011)
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their specificity, and how observed changes in cytokine levels
may apply to functional immunological outcomes.

Relatively few functional innate immune outcomes have been
investigated using these mammalian models. Exposure to PFDA,
PFUnDA, or a mixture of several PFAS was linked to reductions
in phagocytosis by macrophages from mice and rats (Bodin et al.
2016; Berntsen et al. 2018; Frawley et al. 2018), whereas exposure
to PFOA was linked to increased phagocytosis by macrophages
in mice (Guo et al. 2021). PFOA and PFOS have also been found
to reduce phagocytosis by peripheral blood cells (Vetvicka and
Vetvickova 2013). Alterations in NK cell cytolysis have been
observed after PFOA and PFOS exposure (Keil et al. 2008;
Peden-Adams et al. 2008; Dong et al. 2009; Zheng et al. 2009),
although the directionality of this response appears to be
dependent on exposure duration, dose, and PFAS. No changes in
NK cytolysis were observed with exposure to novel, short-chain
per- and polyfluorinated ether carboxylic acids, perfluoro-
methoxyacetic acid (PFMOAA), perfluoromethoxypropanoic acid
(PFMOPrA), and PFMOBA in mice (Woodlief et al. 2021).
While not entirely functional, studies of signal transduction
within the NF-xB pathway have been performed after PFAS
exposure, with findings ranging from no effect with PENA in
mice (Fang et al. 2008), activation of the pathway with PFOA,
6:2 FTCA, 6:2 FTSA in mice and rats (Singh et al. 2012; Sheng
et al. 2017; Han et al. 2018a, 2018b), and suppression of the
pathway with PFOA in mice (Shane et al. 2020). Induction of
the inflammasome has also been observed in the liver after PFOS
exposure in mice (Qin et al. 2022). Gene expression studies after
PFAS exposure have also provided some insight, resulting in up-
regulation of immune-related genes in mouse liver after exposure
to PFAS mixtures (Lv et al. 2018), up-regulation of damage-asso-
ciated molecular pattern (DAMP) genes in the skin after expos-
ure to PFBA in mice (Weatherly et al. 2021), and down-
regulation of macrophage activation genes in rat liver after per-
fluoroheptanoic acid (PFHpA), PFOA, or PFDA exposure
(McMillian et al. 2004).

Evidence of innate immune modulation by PFASs in the
zebrafish model

One oft-overlooked model that has been used in the experimen-
tal investigation of the immunotoxicity of PFASs is the zebrafish
(Danio rerio). Zebrafish are an excellent model for toxicology
studies due to their small size, external and rapid development,
and high fecundity (Planchart et al. 2016). A recent review spe-
cifically highlighted the utility of the zebrafish model for PFAS-
induced toxicity across multiple organ systems (Rericha et al.
2023). Furthermore, given that they possess orthologs for 70% of

all protein-encoding genes in humans (Howe et al. 2013), zebra-
fish are an excellent model for human health. Immunologically,
zebrafish possess all of the same major immune lineages as
mammals, allowing for use as a comparative model (Traver et al.
2003; Traver and Yoder 2020). Their adaptive immune system,
however, is not fully functional until ~3 wk post-fertilization,
providing an experimental window when vertebrate innate
immunity can be studied in a medium- to high-throughput man-
ner independent from B- and T-lymphocytes.

Larval zebrafish can be used as a screening tool for identifying
compounds that are immunotoxic to the innate immune system
(Phelps et al. 2020). In a recent publication (Phelps et al. 2023),
this work was expanded upon to screen nine PFASs, and these
data were recapitulated using a human cell line and primary
human cells, indicating there are conserved mechanisms of
PFAS-induced immunotoxicity across species. This validates the
use of zebrafish for translational immunotoxicity studies, espe-
cially for PFAS. Despite this, zebrafish have been under-utilized
as a model for the study of PFAS immunotoxicity (summarized
in Table 3). Most studies in zebrafish to date have focused on
cytokine production at the transcript level, reporting that levels
of various cytokines, including IL-6, IL-8, IL-10, IL-1P, TNFa,
and IFN®1 [a well-studied interferon in zebrafish (Altmann
et al. 2003; Aggad et al. 2009)] have either increased or decreased
in response to PFOA, PFOS, 6:2 FTSA, 6:2 fluorotelomer sul-
fonamide alkylbetaine (6:2 FTAB), F-53B, or sodium p-perfluo-
rous nonenoxybenzene sulfonate (OBS) exposure (Liu et al. 2013,
2021; Zhang et al. 2014; Shi et al. 2018; Guo et al. 2021; Huang
et al. 2021; Zhang, Ren, et al. 2023). Transcriptomic studies after
PFOA, PFOS, or 6:2 FTSA exposure using zebrafish have been
performed and showed similar results, along with alterations in
pathways related to innate immunity, inflammation, and infec-
tion (Martinez et al. 2019; Yu et al. 2022; Zhang, Ren, et al
2023), and these findings were supported by studies of the NF-
kB pathway after exposure to PFOA, PFOS, or F-53B, a novel
PFOS replacement (Zhang et al. 2014; Guo et al. 2019; Yang
et al. 2020).

Functional assays in zebrafish are limited but nevertheless
illuminating. Exposure to PFOA in larval zebrafish reduced neu-
trophil chemotaxis to a wound site (Pecquet et al. 2020). PFOS
exposure induced granulomatous lesions in the liver (Keiter et al.
2012), indicating likely immune dysregulation. PFOS also has
been shown to increase ROS production in adult zebrafish liver
through an increase in myeloperoxidase activity, which also was
accompanied by increased lysozyme activity (Guo et al. 2019);
however, this response may be due to an inflammatory response
and recruitment of neutrophils. F-53B also induced ROS produc-
tion in zebrafish larvae, including nitric oxide (Liu et al. 2021).

Table 3. Summary of innate immune modulation by exposure to PFASs in zebrafish.

PFAS CAS-RN Cytokine alteration Functional endpoints Citations
PFOA 335-67-1 L IL-1B, | chemotaxis (Zhang et al. 2014; Pecquet et al. 2020)
11 IL-4
PFOS 1763-23-1 T IL-8, 1 granulomas, (Keiter et al. 2012; Liu et al. 2013; Guo et al. 2019)
1 IL-6, 1 ROS production,
TIL-1B, T lysozyme activity
1 TNFa
6:2 FTAB 34455-29-3 1 IL-8, - (Shi et al. 2018)
TIL-1B
1 TNFa
F-53B 756426-58-1 TIL-1B T ROS production (Liu et al. 2021)
OBS 70829-87-7 TIL-1B, - (Huang et al. 2021)
1 1L-8
PFHxA 307-24-4 - | ROS production (Phelps et al. 2023)
GenX 62037-80-3 - | ROS production (Phelps et al. 2023)




In contrast, recently published work indicates that PFOS expos-
ure does not alter ROS production in zebrafish larvae at some
concentrations administered (Phelps et al. 2023). PFHxA and
GenX suppressed ROS production in larval zebrafish, which was
then validated using a human neutrophil-like cell line (Phelps
et al. 2023).

It must be noted that, in these functional assessments, a wide
range of test concentrations have been used. Chronic or sub-
chronic studies in adult zebrafish used concentrations in the
nanomolar range, while studies of zebrafish larvae utilized con-
centrations up to 80 pM. Modeling the toxicity of persistent, bio-
accumulative compounds for human health with a short
exposure time in larval zebrafish is difficult. As discussed above
with extrapolation between in vitro studies to in vivo studies for
humans, similar challenges exist to extrapolate between species.
The toxicokinetics of PFAS in the zebrafish model are not fully
understood and present a data gap for future exploration. Direct
comparisons of serum levels to those in human populations may
be difficult; in addition to species-specific differences, zebrafish
are also typically exposed to test compounds via immersion,
which may allow for uptake of test compounds through oral,
dermal, and/or branchial routes. Even still, recent studies have
sought to elucidate the uptake of PFASs in larval zebrafish (Han
et al. 2021), and the known toxicokinetics of these compounds
were recently reviewed (Rericha et al. 2023).

Regardless, experimental animals modeling human disease,
from rodents to zebrafish, have been useful in understanding
hazards posed to innate immunity by exposure to PFAS. More
research is needed to resolve conflicting data from these models
and to confirm these models reasonably reflect the impact of
PFAS exposure on human immune response. Additional func-
tional assays are also necessary to further elucidate immunotoxic
outcomes after exposure to PFAS with little toxicity data.

Evidence of innate immune modulation by PFASs in
wildlife and ecotoxicological models

Finally, the limited amount of data regarding innate immunity in
wildlife and ecotoxicological models provides a glimpse into the
toxicity induced by PFAS (summarized in Table 4). Wildlife not
only provide insight into environmental health, but can also
serve as sentinels for human health, as they often are develop-
mentally and/or chronically exposed to similar concentrations of
persistent and ubiquitous environmental contaminants. To date,
PFAS-induced immunotoxicity in these models has not been
extensively reviewed.

In a population of bottlenose dolphins (Tursiops truncatus),
increasing serum levels of PFAS were linked to decreases in cir-
culating eosinophils but increases in phagocytosis by granulo-
cytes and monocytes (Fair et al. 2013). Increased lysozyme
activity has been observed both in striped bass (Morone saxatilis)
(Guillette et al. 2020) and white leghorn chickens (Gallus gallus
domesticus) (Peden-Adams et al. 2009) with increasing PFOS
serum levels. Similarly, increasing serum concentrations of PFAS
in American alligators (Alligator mississippiensis) were associated
with increased lysozyme activity and serum complement activity
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(Guillette et al. 2022). White-tailed eagles (Haliaeetus albicilla)
with elevated PFHxS and total PFAS levels also had suppressed
ROS production in a leukocyte respiratory burst assay (Hansen
et al. 2020). Transcriptomic analyses of wild fish species have
shown altered expression of innate immune genes after exposure
to PFOS or a mixture of several PFAS (Rodriguez-Jorquera et al.
2019; Zhang et al. 2020), although the directionality of these
responses varies among studies and genes of interest. The lack of
data regarding PFAS exposure and innate immunity in wildlife
reveals how much work remains to be done to understand the
ramifications of PFAS contamination on ecological health.

Molecular insights into PFAS-induced immunotoxicity in
innate immune cells

One major question remaining unanswered is how, on a
molecular level, PFAS disrupt innate immune function. A var-
iety of studies in recent years, on both the cellular and tissue
level, have allowed molecular pathways to emerge. Many of
these utilized non-targeted approaches, such as transcriptomics
and metabolomics, while others probed specific immune path-
ways, such as the NF-xB pathway discussed below. Of the more
than 25 studies found addressing how PFAS disrupt innate
immune signaling pathways on the cellular level, more than
half focused on macrophages, monocytes, or microglia. For
these three cell types, graphics were created summarizing the
molecular disruptions found due to PFAS exposure (Figure 2),
along with a second set of graphics summarizing innate
immune mechanisms suggested by other studies (e.g. those
done with liver tissue or whole blood) that may also be occur-
ring in innate immune cells (Figure 3). A table listing the end-
points and studies used to build these figures is provided in
Supplemental Table S1. Studies exploring molecular mechanisms
of PFAS immunotoxicity specifically in neutrophils, eosinophils,
NK cells, or dendritic cells were not found. Further research
into effects of PFASs on these/other critical innate immune cells
is strongly encouraged.

Macrophages

Several mechanistic studies have been performed in macro-
phages, and they report disruptions in NF-kB signaling, MAPK
signaling, cell cycle, and/or immunometabolism. Chang et al.
(2005) reported that FC-77 (perfluorooctane) suppressed the NF-
kB pathway in a murine macrophage cell line (RAW 264.7).
They observed decreases in NF-kB and Cox2 protein levels,
along with an increase in IxB protein, which corresponded to
decreases in the secretion of inflammatory cytokines IL-1f, IL-6,
and TNFo, and an increase in anti-inflammatory IL-10.
However, other studies have reported increased NF-xB activation
with PFAS exposure. Wang, Tan, et al. (2023) observed increases
in p65 protein expression and phosphorylation with PFOS expos-
ure in RAW 264.7 murine macrophages, along with increases in
iNOS, TNFa, IL-1f, IL-6, and IL-10 protein levels. Interestingly,
decreases in CD206 and Arg-1, which are markers of M2

Table 4. Summary of innate immune modulation by exposure to PFASs in wildlife and ecotoxicological models.

PFAS CAS-RN Immunophenotyping Functional endpoints Citations

PFOS 1763-23-1 - T lysozyme activity (striped bass, chickens) (Peden-Adams et al. 2009; Guillette et al. 2020)
PFHXS 355-46-4 - | ROS production (eagles) (Hansen et al. 2020)

Mixtures - | eosinophils (dolphins) T phagocytosis (dolphins), (Fair et al. 2013; Hansen et al. 2020)

| ROS production (eagles)
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Figure 2. Visual summary of mechanisms of PFAS toxicity observed in monocytes, microglia, and macrophages. PFAS have been shown to disrupt immune signaling
and other pathways in (A) monocytes (Corsini et al. 2011, 2012, 2021; Racchi et al. 2017; Masi et al. 2022), (B) microglia (Yang et al. 2015; Wang et al. 2015; Zhu
et al. 2015; Ge et al. 2016; Lin et al. 2022), and (C) macrophages (Chang et al. 2005; Miyano et al. 2012; Kong et al. 2019; Wang, Liu et al. 2021; Tian et al. 2021; Yu
et al. 2022; Lee et al. 2022; Wang, Tan, et al. 2023). Black arrows and red lines with a ‘T" end indicate normal function (activating and inhibiting, respectively). PFAS-
induced endpoints for each gene/protein are shown graphically as red up arrows (increase in signal and/or expression), blue down arrows (decrease in signal/expres-
sion), dash (no observed change), checkmark (binding between protein and any PFAS observed in vitro), checkmark with question mark (binding between protein and
any PFAS suggested in silico, but not demonstrated in vitro). Details are provided in Supplemental Table S1. AIM2: absent in melanoma 2; arg-1: Arginase 1; ASC:
Apoptosis-associated speck-like protein containing a CARD; BAK: Bcl-2 homologous antagonist killer; BAX: Bcl-2-associated X protein; BCL-2: B-cell lymphoma 2; BIP:
Binding immunoglobulin protein; Casp1: Caspase 1; Casp3: Caspase 3; CCL2: Chemokine ligand 2, also called MCP-1; CXCL1: Chemokine (CXC motif) ligand 1; CD:
Cluster of differentiation (multiple types); COX2: Cytochrome c oxidase II; cyt C: Cytochrome C; ERK: Extracellular signal-regulated kinase; H2-Aa: Histocompatibility 2,
class Il antigen A, alpha; H2-K1: histocompatibility 2, K1, K region; IFNy: interferon-y; IkB: nuclear factor of k-light polypeptide gene enhancer in B-cells inhibitor; IL:
Interleukin (several types); iNOS: Inducible nitric oxide synthase; JNK: c-Jun N-terminal kinase; KO: knockout; LPS: Lipopolysaccharide; MAPK: Mitogen-activated protein
kinase; MMP9: Matrix metallopeptidase-9; mtDNA: Mitochondrial DNA; NF-kB: Nuclear factor k-light-chain-enhancer of activated B-cells; NLRP3: NOD-like receptor fam-
ily pyrin domain containing 3; OPN: Osteopontin; PARP: Poly (ADP-ribose) polymerase; PGE-2: Prostaglandin E,; PI3K: Phosphoinositide 3-kinase; PKCP: protein kinase
CB; PPARa: peroxisome proliferator-activated receptor-o; RACK1: Receptor for activated C kinase 1; RCS: Reactive carbonyl species; ROS: Reactive oxygen species;
STAT3: Signal transducer and activator of transcription-3; TNFo: tumor necrosis factor-o.
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Figure 3. Visual summary of mechanisms suggested in tissue-level, acellular, and other studies not specifically in innate immune cells. PFAS have been shown to dis-
rupt (A) Toll-like receptor signaling (Singh et al. 2012; Zhang et al. 2014; Zhang et al. 2021; Sheng et al. 2017; Chen et al. 2018; Han et al. 2018b; Castano-Ortiz et al.
2019; Guo et al. 2019; Shane et al. 2020; Zhang et al. 2020; Zhong et al. 2020; Xie et al. 2021; Huang et al. 2022; Wan et al. 2022; Xu et al. 2022; Liu et al. 2023,
Tang et al. 2023) and (B) PPAR signaling (Corsini et al. 2012; Pennings et al. 2016; Sheng et al. 2017; Wu et al. 2017; Rodriguez-Jorquera et al. 2019; Shane et al.
2020; Christofides et al. 2021; Khazaee et al. 2021; Weatherly et al. 2021; Zhang, Dong, et al. 2021; Camdzic et al. 2022, Chen et al. 2022; Evans et al. 2022; Wang
et al. 2022; Xu et al. 2022; Sun et al. 2023), but the effect of PFAS on these pathways in innate immune cells remained understudied. Black arrows and red lines with
a ‘T" end indicate normal function (activating and inhibiting, respectively). PFAS-induced endpoints for each gene/protein are shown graphically as red up arrows
(increase in signal/expression), blue down arrows (decrease in signal/expression), checkmark (binding between protein and any PFAS observed in vitro), checkmark
with question mark (binding between protein and any PFAS suggested in silico, but not demonstrated in vitro). Details are provided in Supplemental Table S1.
Abbreviations: CD36: Cluster of differentiation 36; E-FABP: Fatty acid binding protein [epidermal type]; HMGB1: High mobility group box 1 protein; IxB: Nuclear factor
of k-light polypeptide gene enhancer in B-cells inhibitor; IRAK: IL-1 receptor-associated kinase; MyD88: Myeloid differentiation primary response 88; NF-«kB: Nuclear fac-
tor k-light-chain-enhancer of activated B-cells; PPAR: Peroxisome proliferator-activated receptor; TLR: Toll-like receptor; TRAF6: TNF receptor associated factor-6.

macrophage polarization were also observed. These effects were
all rescued by the use of NF-kB inhibitor, pointing to the key
role that transcription factors may play in mediating PFAS-
induced immunotoxic phenotypes.

In a study of mice exposed to GenX via inhalation, the alveo-
lar macrophage cell cycle was disrupted, resulting in a prolifera-
tive phenotype, as determined by Ki67 staining and mitotic
index (Lee et al. 2022). Cell cycle disruptions were also reported
in RAW264.7 murine macrophages exposed to 8:2 FTOH, albeit
this study observed cell cycle arrest (Kong et al. 2019). In both
of these studies, changes in immunological endpoints were also
observed, including increased expression of antigen-presenting
genes (Kong et al. 2019), decreased cytokine expression at the
transcript level (Kong et al. 2019), and increased phosphorylation
of STAT3 (Lee et al. 2022). It remains unclear how cell cycle dis-
ruption may lead to immunotoxicity in these models, but this
phenotype has also been observed in other cell types exposed to
PFAS (Pierozan and Karlsson 2018; Pierozan et al. 2018).

A study exploring mechanisms of PFAS-induced immunotox-
icity in innate immune cells from Wang, Lui, et al. (2021) inves-
tigated the effect of PFOS exposure on macrophages through

parallel studies in human macrophage-like THP-1 cells and mur-
ine bone marrow-derived macrophages (BMDM). It was
observed that increased levels of cytosolic calcium and the pro-
tein BiP, an indicator of ER stress, initiated PKC signaling. This,
in turn, activated NF-«B, contributing to the activation of
inflammatory pathways. The study also observed that PFOS-
induced activation of the AIM2 inflammasome was mediated by
mitochondrial dysfunction and the release of mitochondrial
DNA (mtDNA), also contributing to the activation of inflamma-
tory and pyroptotic pathways.

Studies of PFOA suggest that PFAS immunotoxicity in mac-
rophages may be mediated, in part, through altered metabolism.
Using non-targeted metabolomics, disruptions in glutamine,
glutathione, and fatty acid metabolism were observed in the
murine macrophage RAW264.7 cell line after PFOA exposure,
along with increases in ROS production (Tian et al. 2021). An
independent single-cell RNA-Seq study of PFOA-exposed larval
zebrafish, observed 17 differentially-expressed genes (DEG) in
macrophages; many of the genes were involved in metabolic
pathways (e.g. of fatty acids, lipids, starches and sugars, pyru-
vate), as well as the PI3K-Akt pathway (Yu et al. 2022). Several
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studies have shown that the metabolic micro-environment of a
macrophage, along with its intracellular metabolism, can modu-
late its activation state (Yan and Horng 2020). For example,
increased abundance of certain fatty acids and increased B-oxida-
tion can activate PPARy signaling, shifting the macrophage
toward an alternatively activated, anti-inflammatory state.

Kupffer cells

Five percent of all liver cells are resident macrophages known as
Kupffer cells (Racanelli and Rehermann 2006). Studies suggest
that Kupffer cells may be responsible for PFAS-induced liver
inflammation and hepatocyte proliferation (Fang et al. 2012a,
2012b; Han et al. 2018b). A study on PFOS-exposed rats (Han
et al. 2018b) indicated Kupffer cells were activated after exposure
to PFOS, as determined by increased phosphorylation of NF-«B,
IkB, and JNK, and increased secretion of TNFo and IL-6, which
drive hepatocyte proliferation. This study also reported that
Kupffer cells produce substantially higher levels of these cyto-
kines than hepatocytes in response to PFOS exposure. Earlier
studies by Fang et al. (2012a, 2012b) found that PFNA also
increases inflammatory cytokine production by Kupffer cells.

Microglia

Presently, all published mechanistic studies performed in micro-
glia have been done under conditions of PFOS exposure. A study
in a rat microglial cell line (HAPI cells) observed disruptions in
JNK and ERK, but not p38, MAPK signaling upon exposure to
PFOS (Wang et al. 2015). This study also observed increases in
iNOS and elevated ROS levels. Another study in the same cell
line also reported NF-kB activation and increased calcium levels
(Yang et al. 2015). Co-treatment with PKC or calcium inhibitors
rescued the increase in NF-«kB, suggesting that increased calcium
signaling is activating the NF-xB pathway in PFOS-exposed
microglia. Increases in JNK and ERK phosphorylation, along
with NF-kB, were also observed in the BV2 mouse microglial
cell line (Zhu et al. 2015).

Monocytes

In contrast with other cell types, decreased NF-xB activity has
been observed in monocytes exposed to PFAS, potentially
through the influence of PPARa and the glucocorticoid receptor
(GR). Corsini et al. (2011) found that both PFOS and PFOA
exposure in the THP-1 human monocytic cell line decreased NF-
kB p65 phosphorylation and promoter activity. PFOS exposure
also decreased p65 DNA binding and increased IxB protein lev-
els. These changes in NF-kB signaling resulted in decreased
secretion of TNFo and IL-8, and for PFOA, decreased MMP-9.
They showed that silencing of PPARa via siRNA rescued effects
of PFOA but not PFOS. Follow-up studies in the same cell line
(Corsini et al. 2012) found that PFOA increased PPARa pro-
moter activity, while 8:2 FTOH and PFOS decreased it. This
study also found that PFBS, PFDA, PFOSA, and 8:2 FTOH
reduced LPS-induced NF-kB promoter activity, and that PFOA,
PFOS, PFBS, PFDA, PFOSA, and 8:2 FTOH reduced NF-kB sub-
unit p65 protein levels.

PFOS has also been shown to suppress monocytic cytokine
production through glucocorticoid receptor (GR) signaling (Masi
et al. 2022). Also using THP-1 monocytes, the study reported
reductions in TNFo and IL-8 production, similar to the

previously described studies, along with decreased expression of
CD86. Investigating whether Receptor for Activated C Kinase-1
(RACK1), an endocrine responsive mediator of immune func-
tion, could play a role, the study reported decreased RACK1 pro-
moter transcriptional activity, along with decreased RACKI
mRNA and protein levels. Co-treatment with mifepristone (a GR
inhibitor) rescued the effects. Follow-up molecular docking
experiments indicated that PFOS could be a GR agonist, in part
through formation of a salt bridge between the GR active site
and the sulfonic head group of PFOS.

Promyelocytes

8:2 FTOH was found to cause GI1 cell cycle arrest in promyelo-
cytic leukemic HL-60 cells and decreases in cell cycle related
genes CCNA1, CCNA2, CCND2, and CCNE2 (Wang et al. 2019).
When these promyelocytes were differentiated into granulocytes
with all-frans retinoic acid, levels of transcripts related to the dif-
ferentiation of granulocytes, including CD11b, CSF3R, PU.1, and
C/EBPs, decreased after exposure to 8:2 FTOH relative to unex-
posed controls. The same research group also found cell cycle
disruptions in RAW264.7 macrophage-like cells (Kong et al.
2019). While this study reported no change in ROS levels, it was
observed that use of the reactive carbonyl species (RCS) inhibi-
tor, hydralazine hydrochloride, rescued the cytotoxicity caused
by 8:2 FTOH.

Mast cells

Several mast cell signaling pathways have been seen to be dis-
rupted by PFAS exposure. Increases in NF-kB activity were
measured in a human mast cell line (HMC-1) exposed to PFOA,
along with increased phosphorylation of MAPK subunit p38, cas-
pase-1, and Cox-2 (Singh et al. 2012). Another study using the
HMC-1 cell line along with murine bone marrow-derived mast
cells (BMMC) suggested that PFOS disrupted the Fyn-Lyn-Syk
pathway (Park et al. 2021). In addition to increased phosphoryl-
ation of Fyn, Lyn, and Syk, knockdown of these three genes res-
cued PFOS-induced increases in [-hexosaminidase release,
intracellular calcium levels, and phosphorylation of ERK, Akt,
and PLCyl. The study also observed that PFOA and, to a lesser
extent, PFHxS could induce activation in BMMC.

Three studies used the rat basophilic cell line RBL-2H3 to
model the effects of PFAS on mast cells. As these cells exhibit
attributes of both basophils and mast cells (Passante and
Frankish 2009), mechanistic studies using the RBL-2H3 cell line
may lend insights into how both basophil and mast cell function
may be impacted by PFAS exposure. As seen in HMC-1 cells,
PFOA elevated nuclear NF-kB levels in RBL-2H3 cells (Lee et al.
2017). The study also found decreased levels of IkBo and
increased TNFa secretion at non-cytotoxic levels. At cytotoxic
levels, increased secretion of IL-1PB, IL-6, IL-8, histamine, and
B-hexosaminidase were also seen, along with elevated levels of
intracellular calcium. Similar findings were found in a second
RBL-2H3 study that explored the role of PFAS chain length in
mast cell degranulation (Lee and Kim 2018). At non-cytotoxic
levels, PFDA and PFUnDA, but not PFHpA or PFNA, were
found to increase [-hexosaminidase, histamine, and TNFa
release along with increased intracellular calcium. This may be
mediated through the actions of NF-«B, as the study also found
increased activation using a luciferase reporter and increased
transcript levels of tnfa, il6, il8, and il1b. PFAS-mediated changes
in calcium signaling was suggested by another study reporting



that PFOS- and PFOA-induced B-hexosaminidase could be ame-
liorated by depleting extracellular calcium levels or through pre-
activation of Protein Kinase C (Yamaki and Yoshino 2010). This
study also suggested that histamine and B-hexosaminidase release
at cytotoxic levels occurred through the surfactant action of
PFOS and PFOA on cell membranes. Together, these studies
suggest that the effects of PFAS on basophils and mast cells may
be partially mediated through altered calcium signaling and NF-
kB signaling.

Pertinent findings from non-immune cell-based studies

Studies done using tissues (e.g. liver) and examining PFAS inter-
actions with specific receptors can yield insights into how innate
immune signaling may be affected. For example, some studies
suggest that Toll-like receptors (TLRs) and the signaling compo-
nent MyD88 are disrupted by PFAS exposure (Figure 3A). These
are known activators of NF-«xB in immune cells. TLRs recognize
and engage pathogen associated molecular patterns (PAMPs)
such as viral RNA or components of bacterial cell walls. Several
of these studies showed that exposure to PFOA, GenX, and/or
6:2 FTSA causes increases in TLR2 or TLR4 protein and mRNA
levels in zebrafish spleen (Zhang et al. 2014; Zhong et al. 2020)
and kidney (Zhang, Shen, et al. 2021) as well as in mouse liver
(Sheng et al. 2017; Xu, Chen, Zhang, et al. 2022) and GI tract
(Xie et al. 2021). Some of these studies also observed up- or
down-regulation of MyD88 mRNA (Zhang et al. 2014; Zhang,
Shen, et al. 2021; Zhong et al. 2020; Xu, Chen, Zhang, et al.
2022). Altered baseline levels of these receptors, along with dis-
ruption in downstream NF-xB signaling, could affect the
immune response and levels of inflammation. Additionally, path-
way analyses of RNA-Seq data from frog and fish livers, rat
blood, and whole larval zebrafish exposed to assorted PFAS have
suggested other immune pathways, including NOD-like receptor
signaling and a plethora of viral response pathways, are also
impacted by PFAS exposure (Zhang et al. 2020; Lin et al. 2022;
Wang, Zhao, et al. 2023; Zhang, Ren, et al. 2023).

Other studies have reported that PFAS bind to and/or activate
fatty acid metabolism-related proteins expressed in innate
immune cells (Figure 3B). A major family in this category is the
peroxisome proliferator-activated receptors (PPAR). These
nuclear receptors are well-known for their role in mediating
inflammation and are expressed in several immune cell types,
including macrophages, dendritic cells, mast cells, and adaptive
immune cells (Christofides et al. 2021). Several studies have
demonstrated the ability of various PFAS to bind different PPAR
and modulate their activity (Corsini et al. 2011, Khazaee et al.
2021, Evans et al. 2022). PFAS have also been shown to modu-
late PPAR mRNA levels in mouse skin and liver, human blood,
and fathead minnow blood (Pennings et al. 2016, Sheng et al.
2017, Rodriguez-Jorquera et al. 2019, Shane et al. 2020). Other
fatty acid receptors are likely also involved. While fatty acid
transporter and scavenger receptor CD36 is understudied with
respect to PFASs and the immune system, there is evidence that
it can transport multiple PFAS into cells (Camdzic et al. 2022),
potentially leading to altered lipid metabolism and activation of
PPARYy in macrophages, monocytes, dendritic cells, and micro-
glia (Chen et al. 2022). Several PFASs have also been shown to
bind human fatty acid binding protein 5 (FABP5, also known
E-FABP) (Zhang, Shen, et al. 2021), which influences immune
signaling in antigen-presenting cells (Xu, Chen, Zhan, et al.
2022). More work is needed to understand the influence of
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PFAS on innate immune cell metabolism and potential down-
stream effects on immune cell activation and function.

Molecular docking and other in silico experiments suggest that
PFAS can bind to several other receptors found in innate immune
cells. Besides the PFOS and glucocorticoid receptor study men-
tioned previously (Masi et al. 2022), in silico studies have sug-
gested that PFOS and/or PFOA can bind to select TLR, MAP
kinases, and NF-«xB in multiple species. An in silico study investi-
gating possible binding of PFBA, PFOA, and PFNA to human
TLR1, TLR2, TLR4, and TLR5 predicted that TLR1 and TLR2 can
bind all three PFAS (Tang et al. 2023). To a lesser extent, TLR4
was also suggested to bind to PFOA and PFNA, but not PFBA.
PFAS also have been suggested to bind downstream signaling
mediators. For example, an in silico study suggested that PFOS,
PFOA, and 6:2 CI-PFESA can bind to MAP kinases ERK, JNK,
and p38 from Rana nigromaculata (black-spotted frog) (Lin et al.
2022). A second docking study using proteins from the same spe-
cies indicated that PFOA and PFOS could bind both NF-xB1 and
NF-kB2 (Liu et al. 2023). This is supported by an in silico study
that predicted that PFOS, as well as two of its alternatives, OBS
and F-53B, can bind zebrafish NF-«B directly (Huang et al. 2022).
Assuming these findings are confirmed using in vitro and in vivo
experiments, it remains unclear how this binding may affect the
activity of these proteins.

A recent report investigated if PFASs interfere with myeloper-
oxidase (MPO), an enzyme involved in neutrophil respiratory
burst (Phelps et al. 2023). No significant effect was observed on
the chlorination activity of MPO (through which halogenated
ROS are produced) after treatment with GenX, PFHxA, or
PFOA. However, it was observed that PFOA and PFHxA expos-
ure increased MPO peroxidation activity, through which it
returns to a ‘ground state.” At this time, it is unclear how these
results contribute to the observed immunosuppression, if at all.

Mechanistic themes and data gaps

One major theme of these studies is that the NF-«xB signaling
pathway is disrupted by many PFAS, in many cell types, and in
diverse species. While not discussed thoroughly above, disruption
of NF-xB and several of its upstream regulators, as measured by
mRNA, protein levels, and/or phosphorylation, has been
observed in diverse tissue types, including dermal tissue, liver,
spleen, and colon (select references include: Zhang et al. 2014;
Sheng et al. 2017; Guo et al. 2019; Shane et al. 2020; Xie et al.
2021; Xu, Chen, Zhang, et al. 2022). NF-kB is perhaps the best-
studied gene/protein in PFAS-exposed innate immune cells, and
is consistently disrupted by PFAS exposure. It is possible that
binding of NF-kB could be the molecular initiating event (MIE)
of PFAS-induced immunotoxicity in the innate immune system,
particularly since two independent computational studies have
predicted that various PFAS can bind NF-«kB (Huang et al. 2022;
Liu et al. 2023). However, the MIE may be upstream of NF-kB,
given that genes such as MyD88 and several TLRs have been dis-
rupted by PFAS exposure, as previously discussed. Further, cer-
tain TLR and MAPK, both of which modulate NF-kB activation,
also have been suggested to bind PFAS. Of course, there are
other candidates for the MIE, including various PPAR. These
nuclear receptors, isoforms of which are present in most immune
cells, are known to be activated by select PFAS (Evans et al.
2022; Sederstrom et al. 2022) and interact with NF-xB (Toobian
et al. 2021). For example, PPARYy is known to inhibit NF-xB
activity through competitive binding on promoters (Bonfield
et al. 2008). Establishing different MIE for immu-notoxicity
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induced by PFAS will allow for the creation of adverse outcome
pathways (AOP) which can provide insight into tissue, organ,
and organismal health.

A second emerging theme is that basic cell functions are
being disrupted. Several studies have found exposure to various
PFAS increased levels of ROS and other reactive species, altered
cell cycle progression, and disrupted metabolism. These effects
may influence immune cell counts and interfere with the ability
of immune cells to perform basic functions when challenged.
Note that while certain immune cells, such as neutrophils, pro-
duce ROS intentionally to ward off infection, many of these
studies reported increased ROS in unstimulated immune cells.
Given that cell stress, metabolism, and cell cycle pathways are
conserved across many cell types, not just immune cells, these
findings could point to a universal target of PFAS toxicity.

Indeed, evidence of metabolic disruption by PFAS exposure
has been found in adaptive immune cells, cord blood, serum,
and hepatocytes (Rowan-Carroll et al. 2021; Ehrlich et al. 2023,
India-Aldana et al. 2023; Taylor et al. 2023). This suggests that
when it comes to innate immune cells, macrophages will not be
the only ones with disrupted metabolism. In various innate
immune cells, altered metabolism can influence activation state
and function, and vice versa (Jiang et al. 2022; Surace and di
Santo 2022). While the effect of PFAS on cell cycle, metabolism,
and oxidative stress are being studied in diverse cell types, more
work is needed to understand how various PFAS affect basic cell
functions in innate immune cells and the downstream effects on
immune function.

Another theme is that the directionality of PFAS-induced
effects is not consistent. The levels or activity of a given protein
may increase or decrease depending on the specific PFAS, the
dose, the dose duration, the cell type, and the species. For
example, a study of MyD88 mRNA in zebrafish spleen found
PFOA exposure increased levels over shorter exposures and
decreased levels over longer exposures (Zhang, Shen, et al. 2021).
One potential explanation for this is endocrine disruption,
potentially through various PPAR. In a study using a human
monocyte cell line, PFOA was found to increase promoter activ-
ity of PPARa, while PFOSA and 8:2 FTOH decreased it (Corsini
et al. 2012). Other studies have suggested that thyroid, estrogen,
and glucocorticoid signaling may be involved (Rodriguez-
Jorquera et al. 2019; Evans et al. 2022; Masi et al. 2022;
Coperchini et al. 2023). The interaction of some PFAS with dif-
fering PPAR and other endocrine receptors could explain why
some studies find both activation and suppression of immune
cell functions in a dose-dependent manner. These variations in
response present a challenge to predicting outcomes of both mix-
tures and chronic exposures.

The data gaps regarding the effects of PFAS on the innate
immune system are significant. In this review, evidence was
identified for 25 PFAS where effects were observed in the innate
immune system, representing < 1% of all known PFAS. While
limited, this dataset suggests that PFAS can act through multiple
molecular targets to cause toxicity. While some less well-studied
PFAS may act through mechanisms similar to PFOS and PFOA,
it remains unclear whether this will indeed be the case for all
PFASs. While PFASs share a set of structural motifs (e.g., per-
fluorinated carbons), they vary substantially in other structural
attributes (e.g. chain length, types of functional groups) (Wang,
DeWitt, et al. 2017; Wang, Buser et al. 2021). This structural
diversity may cause some PFAS subsets to bind better to certain
receptors, while other PFAS subsets bind better to other types of
receptors, leading to multiple distinct modes of action. For

example, while many of the perfluorosulfonic and per-fluorocar-
boxylic acids can transactivate PPARa and PPARy but not the
estrogen receptor (ER), the fluorotelomer alcohols are much
more likely to transactivate ER than either PPAR (Evans et al.
2022). This will likely lead to different downstream effects on
immune function. More side-by-side studies of structurally
diverse PFAS should be done to address the question of how
many distinct molecular pathways can be impacted by this large
chemical class, and which PFAS are operating through shared
modes of action. Additionally, more mixtures studies are needed
to better understand the impact of real-world exposures on
innate immune function.

Further, not enough is yet known to determine whether these
molecular mechanisms are shared across cell types. While differ-
ent mechanisms seem to be emerging, this may be the result of
multiple independent studies being done in different labs
addressing the impact of different PFAS on different cell types.
Even though macrophages, monocytes, and microglia currently
dominate the mechanistic studies, there is not enough data to
determine whether each of those closely related cell types are all
affected in the same way by the same PFAS. For example, the
effect of PFAS on MAPK signaling in innate immune cells has
primarily been studied in microglia and, to a lesser extent, mast
cells. Presently, mechanistic data for the effect of PFAS on sev-
eral key innate immune cell types, including neutrophils, eosino-
phils, and natural killer cells, are not available. While many
immune signaling pathways are shared across immune cells, dif-
ferent cell types may respond differently to the same stimuli due
to differences in receptor expression and other nuanced differen-
ces among immune cells. NF-kB, for example, can be activated
through at least four distinct signaling pathways in immune cells
(Vallabhapurapu and Karin 2009), each of which may be differ-
entially affected by PFAS exposure.

It is also not yet clear to what extent these mechanisms will
be shared across species. The bulk of mechanistic work has been
done in rodent or human models, with a few studies in zebrafish
and other species. While the innate immune system is remark-
ably conserved across species, there are still differences that may
affect PFAS immunotoxicity. For example, due to differences in
expression, rodents are much more sensitive than humans when
it comes to PFAS that act through PPARa (DeWitt et al. 2009).
When it comes to assessing the effects of PFAS exposure on
wildlife, there is a substantial data gap. More work is needed on
diverse models, particularly those relevant for wildlife health
(fish, birds, reptiles, etc.).

Additionally, while NF-«xB is clearly disrupted by PFAS
exposure, other important immune signaling pathways are
understudied or not studied at all. Components of JAK-STAT
and MAPK signaling pathways, where studied in innate immune
cells, seem to also be disrupted by PFAS exposure, yet there are
only a handful of studies investigating these pathways. This may
be due to a biased approach, as many of these studies measured
the expression of a limited number of genes and/or proteins.
Increased usage of unbiased approaches such as RNA-Seq will
help address this discrepancy while working toward a mode (or
modes) of action for PFAS immunotoxicity.

Another major data gap is that immune receptors are under-
represented and understudied in binding and activation assays.
The bulk of this work so far has been carried out with hepato-
toxicity in mind. While there is some overlap in proteins
expressed by liver cells and those expressed by immune cells
(e.g., PPARa, NF-xB, and CD36), PFAS-protein binding experi-
ments are often lacking for variants found in immune cells. As



an example, macrophages express adipose- and epidermal-fatty
acid binding proteins (FABP4 and 5, respectively) (Jin et al.
2021), but the bulk of work done with PFAS binding in this fam-
ily is with liver-FABP (FABP1).

Conclusions

Much remains to be learned about the impacts of PFAS expos-
ure on innate immunity. It can be concluded that as a class,
PFAS can suppress and activate innate immune functions, as
has been reported for components of the adaptive immune sys-
tem. However, the observed effects must be dissected further to
determine the doses/concentrations, exposure windows, individ-
ual PFAS, and PFAS mixtures that may contribute to the
immunotoxicity of these compounds. While some studies have
sought to elucidate universal mechanisms of PFAS toxicity, few
have been successful; given that PFAS target multiple organ sys-
tems via several different receptors, multiple mechanisms are
likely at play. Of course, this makes defining MIE difficult
when working to create AOP. Given the expanding number of
PFAS and their structural diversity, there is a need for new
high-throughput methods that can assess innate immune func-
tion. Moving forward, the field should work to establish func-
tional assays that can be used to infer the hazard potential of
PFAS in the innate immune system in humans, experimental
animal models, and wildlife. In addition to establishing func-
tional assays, the field should also increase the monitoring of
human populations with high serum levels of PFAS through
epidemiological studies to better understand the implications of
findings in the in vitro and in vivo immunotoxicity studies.
Innate immunity is critical for organismal and population
health, and given the scale of PFAS contamination across the
globe, it is imperative to work efficiently to answer the essential
questions of PFAS-induced toxicities to protect human and
environmental health.
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