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Abstract

Perfluorooctanoic acid (PFOA) is a per- and polyfluoroalkyl substance (PFAS) once used as a
surfactant in the polymerization of chemicals. Because of its ubiquitous nature and long half-life,
PFOA is commonly detected in the environment, wildlife, and humans. While skin exposure to
PFOA is of concern, studies evaluating the immunotoxicity of dermal exposure are lacking. These
studies evaluated the immunotoxicity of PFOA (0.5-2% wiv, or 12.5-50 mg/kg/dose) following
dermal exposure using a murine model. PFOA (0.5-2%) was not identified to be an irritant or
sensitizer using the local lymph node assay. The IgM antibody response to sheep red blood cell.
was significantly reduced in the spleen following 4-days of dermal exposure (2%). PFOA exposure
produced a significant decrease in thymus (1 and 2%) and spleen (0.5-2%) weight along with an
increase in liver weight (0.5-2%). Immune cell phenotyping identified a reduction in the
frequency (1 and 2%) and number (0.5-2%) of splenic B-cells. To further define the mechanism of
immunotoxicity, gene expression was also evaluated in the skin. The findings support a potential
involvement of the nuclear receptor PPARa.. These results demonstrate that dermal exposure to
PFOA is immunotoxic and raise concern about potential adverse effects from dermal exposure.
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1. Introduction

Perfluorooctanoic acid (PFOA) is a per- and polyfluoroalkyl substance (PFAS) once widely
used beginning in the 1950s primarily as a surfactant in the polymerization of chemicals
including fluoroacrylic esters, fluoropolymers, and fluoroelastomers. Commercial
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applications pertinent to these processes include manufacturing of flame retardants and
extinguishers, surfactants, waxes and gloss finish enhancers, and water repellants in fabrics
(Kudo et al., 2003; Starkov et al., 2002). Industrial production and emission of PFOA in
North America and Europe was phased-out beginning in the early 2000s, with a complete
cessation of PFOA production in the U.S. being achieved by 2015 (ITRC, 2017).
Correspondingly, serum levels evaluated in human study populations have declined over
time in these regions (Herrick et al., 2017). However, production of these chemicals or their
precursors has increased in parts of Asia, and materials imported to the U.S. may still
contain PFOA and/or related precursors. The hydrolytic half-life of PFOA in the
environment is estimated to be greater than 97 years and the biological half-life in humans is
reported to be 4.37 years (Kudo et al., 2003). Because of its ubiquitous nature, PFOA is
commonly detected in the environment, wildlife, and humans (Giesy et al., 2001; Kannan et
al., 2001, 2002a, 2002b, 2002c; Nakata et al., 2006). Additionally, PFOA has been identified
in the blood of occupationally exposed individuals (Kudo et al., 2003; Ubel et al., 1980), as
well as the general population (Emmett et al., 2006a, 2006b; Olsen et al., 1998, 2003).
Occupational surveillance has demonstrated an increase in PFOA levels in the serum of
individuals with and without workplace exposure; while several studies observed no
discernable health effects (Olsen et al., 2003b; Olsen et al., 1998) the majority of evidence
associates PFOA exposure with detrimental health outcomes including associations with
numerous cancers (testicular and kidney), organ toxicity (hepatic, renal, etc.), endocrine,
reproductive, developmental, and immunological effects (ATSDR, 2018; Gilliland et al.,
1996; Kudo et al., 2003). Much of what we know about PFOA-mediated health effects was
generated from epidemiological studies on occupationally exposed individuals with
increased levels of PFOA present in their blood (Olsen et al., 2007) and individuals exposed
to high environmental concentrations of PFOA (Barry et al., 2013; Frishee et al., 2009).

The long clearance half-life of PFOA in humans has provoked intense interest in
understanding the potential associated human health effects (Chang et al., 2016). Largely
guided by evidence of immunotoxic effects of PFOA in in vitroand in vivo experimental
systems, much epidemiologic research in recent years has focused on the possible effects of
these chemicals on the immune system. Numerous reports have demonstrated PFOA-
induced organ (liver, thymus, spleen) and systemic (body weight) toxicity following oral
exposure (Betts, 2007; Kudo et al., 2003), in various animal models. Other adverse effects
commonly reported in experimental animals exposed to PFOA include: carcinogenicity,
hepatomegaly and hepatocyte proliferation, hormone disruption, and a myriad of
developmental effects, including neonatal mortality (DeWitt et al., 2009b). PFOA is also
immunosuppressive following oral exposure in murine models. A reduction in thymocyte
and splenocyte populations, altered T lymphocyte populations, and an inhibition of T-cell-
dependent IgM and 1gG antibody responses have been documented (DeWitt et al., 2009a;
Dewitt et al., 2008; DeWitt et al., 2009b; Yang et al., 2002; Yang et al., 2001). In addition to
its immunosuppressive effects, it was also demonstrated that dermal exposure to PFOA,
although not allergenic by itself, enhances ovalbumin (OVA)-induced IgE production and
airway hypersensitivity in a murine model (Fairley et al., 2007b). These data suggest that
PFOA has the potential to augment IgE-mediated responses induced by other environmental
and occupational allergens.
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The potential for dermal exposure to PFOA is high, both during the manufacturing process,
as well as in commercial products such as firefighting foams and carpet and fabric
protectants. As one of the major uses of PFOA has been in carpet and fabric protectants, the
potential exists for children to be exposed through dermal contact (as well as hand to mouth
contact) and adults through both environmental and occupational exposures (Begley et al.,
2005) (Kubwabo et al., 2005). Also, due it its persistance there is also concern for exposure
in ground water which could occur during bathing or swimming, especially near sites where
production once occured. (EPA, 2019). Despite the potential for dermal exposure, most
research has focused on the immunotoxic effects of oral and inhalation PFOA exposure.

Previous data published in our laboratory suggest that PFOA is dermally absorbed and that
under certain conditions the skin may be a significant route of exposure (Franko et al.,
2012). Other than our previous findings, and a report of occupational dermal absorption in
Chemolite workers (EPA, 2002), most investigations have ignored dermal PFOA exposure
due to the assumption that it is not well absorbed by the skin (EPA, 2002). With the
exception of a few older studies and unpublished reports that have conducted limited
research looking at dermal irritancy and sensitization following PFOA exposure (Kennedy et
al., 2004), there is an overall lack of data regarding the toxicity and/or immunogenicity of
dermal exposure. Since the potential for PFOA dermal exposure still exists due to its
environmental persistence, it is important to fully understand the potential for dermal
penetration and the risk from exposure to PFOA through the dermal route.

In these studies, we show that dermal PFOA exposure induces immunotoxicity in a murine
model, similar to that reported for oral and dietary exposure, and begin to define the
associated mechanisms. These findings raise additional concerns about the immunotoxicity
of PFOA and the dermal exposure route. In view of the ongoing environmental release and
persistence of PFOA, widespread detection in humans, experimental and epidemiological
evidence of immunotoxicity following oral exposure, and lack of data from the dermal route
of exposure, these additional data enrich the database with respect to the immune hazard of
PFOA.

2. Materials and methods

2.1. Test articles and chemicals

Acetone [CAS #67-64-1], perfluorooctanoic acid (PFOA; 96%) [CAS #335-67-1], a-
hexylcinnamaldehyde (HCA) [CAS# 101-86-0], and cyclophosphamide [CP; CAS# 50—
18-0] were purchased from Aldrich Chemical Company, Inc. (Milwaukee, WI).

2.2. Species selection

Female BALB/c and BgC3F1 mice were used in these studies. BALB/c mice have a T-helper
(Tw)-2 bias and are commonly used to evaluate potential IgE-mediated sensitization, and
were therefore used in the hypersensitivity studies (Klink et al., 2003; Woolhiser et al.,
2000). BgC3F4 mice are the strain of choice for immunotoxicity studies and were used to
evaluate the IgM response to sheep red blood cells (SRBC) (Luster et al., 1992).
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All mice were purchased from Taconic (Germantown, NY) at 6-8 weeks-of-age. Upon
arrival, the animals were allowed to acclimate for a minimum of 5 days. Each shipment of
animals was randomly assigned to treatment group, weighed, and individually identified via
tail marking using a permanent marker. A preliminary analysis of variance on body weights
was performed to insure a homogeneous distribution of animals across treatment groups.
The animals were housed at a maximum of 5 mice/cage in ventilated plastic shoebox cages
with hardwood chip bedding. NIH-31 modified 6% irradiated rodent diet (Harlan Teklad)
and tap water was provided from water bottles, ad /ibitum. The temperature in the animal
facility was maintained between 68 and 72°F and the relative humidity between 36 and 57%;
a light/dark cycle was maintained at 12-h intervals. All animal experiments were performed
in an AAALAC International accredited National Institute for Occupational Safety and
Health (NIOSH) animal facility in accordance with an animal protocol approved by the
Institutional Animal Care and Use Committee.

PFOA exposures

For the sensitization study, BALB/c mice (5 mice/group) were topically treated on the dorsal
surface of each ear with acetone vehicle, increasing concentrations of PFOA (0.5-2% wiv, or
12.5-50 mg/kg/dose) or positive control [30% HCA (v/v; sensitization positive control) once
a day for three consecutive days. For the immune phenotyping and gene expression studies,
BALB/c mice (5 mice/group) were topically exposed to acetone or increasing concentrations
of PFOA (0.5-2% wl/v, or 12.5-50 mg/kg/dose) on the dorsal surface of each ear once a day
for 4 or 14 days. For analysis of the IgM response to SRBC, BgC3F1 mice (N = 5) were
topically exposed to acetone or increasing concentrations of PFOA (0.5-2%) on the dorsal
surface of each ear once a day for 4 consecutive days. Cyclophosphamide (20 mg/kg in
isotonic sterile saline) was included as the positive control for the analysis of the IgM
response to SRBC and was injected intraperitoneally 4 days prior to sacrifice.

2.4. Combined local lymph node and irritancy assay

To determine the irritancy and sensitization potential of PFOA, a combined local lymph
node assay (LLNA) was conducted according to the methods previously described
(Anderson et al., 2013a). PFOA dosing concentrations (0.5-2% w/v, or 12.5-50 mg/kg/dose)
and vehicle (acetone) were selected based on solubility and preliminary concentration range
finding studies. HCA (30%) was included as the assay positive control.

2.5. Spleenin vivo response to the T-cell-dependent antigen SRBC

The primary IgM response to sheep red blood cells (SRBC) was enumerated using a
modified hemolytic plaque assay of Jerne and Nordin (1963). Four days prior to euthanasia,
the mice were immunized with 7.5 x 107 SRBC (in 200 pul volume) by intravenous injection.
All SRBC for these studies were drawn from a single donor animal (Lampire Laboratories,
Pipersville, PA). On the day of sacrifice, mice were euthanized by CO, asphyxiation, body
and organ weights were recorded, and spleens were collected in 3 mL of Hank's balanced
salt solution (HBSS). Single cell suspensions of the spleens from individual animals were
prepared in HBSS by disrupting the spleen between the frosted ends of microscopic slides.
To identify the total number of spleen cells, 20 pl of cells were added to 10 mL of Isoton Il
diluent (1:500; Beckman Coulter, Brea, CA) and two drops of Zap-o-globin (Beckman
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Coulter, Brea, CA) were added to lyse red blood cells. Cells were then counted in the
Coulter counter. Dilutions (1:30 and 1:120) of spleen cells were then prepared and 100 pl of
each dilution were added to test tubes containing a 0.5 mL warm agar/dextran mixture (0.5%
Bacto-Agar, DIFCO; and 0.05% DEAE dextran; Sigma, St. Louis, MO), 25 ul of 1:1 ratio of
SRBC suspension, and 25 pl of 1:4 dilution (1 mL lyophilized) guinea pig complement
(Cedarlane Labs, Burlington, Canada). Each sample was vortexed, poured into a petri dish,
covered with a microscope coverslip, and incubated for 3 h at 37 °C. The plaques
(representing antibody-forming B-cells) were then counted. Results were expressed in terms
of both specific activity (IgM PFC per 106 spleen cells) and total activity (IgM PFC per
spleen).

2.6. Immune phenotyping

Animals were euthanized by CO, inhalation 24 h after the final exposure, weighed, and
examined for gross pathology. The liver, spleen, kidneys, and thymus were removed, cleaned
of connective tissue and weighed. Left and right auricular draining lymph nodes (DLNs;
drain the site of chemical application) and spleen were collected in 4 mL sterile phosphate-
buffered saline (pH 7.4). Spleen and DLN cell suspensions (2 nodes/animal) were prepared
by mechanical disruption of tissues between frosted microscope slides in phosphate buffered
saline (PBS) and cells were counted after RBC lysis using a Z2 Coulter Particle Count and
Size Analyzer (Beckman Coulter). One ear was collected in 2 mL of RPMI for immune
phenotyping and one ear was collected in 0.5 mL of RNAlater for subsequent gene
expression analysis (see below). Ear cell suspensions were prepared by splitting ear into
ventral and dorsal halves, followed by an enzymatic digestion for 90 min at 37 °C with 0.25
mg/mL Liberase-TL Research grade (Roche) in RPMI with 100 pg/mL DNase I (Sigma-
Aldrich). Digestion was stopped by the addition of 3 mL of RPMI +10% FBS, the ears +
media were transferred to gentleMACS C Tubes (Miltenyi Biotec), then cells were
mechanically disrupted on a gentleMACS™ Dissocciator (Miltenyi Biotec). Following
disruption, cells were passed through a 70 um cell strainer to make a single cell suspension,
washed with RPMI 10% FBS, then live cells were counted on a Cellometer using AO/PI
(Nexcelom) in order to quantify cells. For staining, single cell suspensions were resuspended
in staining buffer containing a-mouse CD16/32 antibody (Fc Block) (BD Biosciences) then
incubated with a cocktail of fluorochrome-conjugated antibodies specific for mouse cell
surface antigens. For LN and Spleen cells: a-IgE-FITC (R35-72), a-B220-V500 (RA3-
6B2), a-CD8a-PE (53-6.7) (BD Biosciences, San Jose, CA), a-CD4-BV-605 (GK1.4)
(BioLegend, San Diego, CA), a-CD11b-PerCP-Cyanine5.5 (M1/70), a-CD11c-eF-450
(N418), a-CD25 PE-eF-601 (PC61.5), a-CD86-APC (GL1), a-MHC 11-AF700
(M5/14.15.2), and a-CD44-eFluor 780 (IM7) (eBioscience). For ear cells: a-CD45-BV605
(30-F11), a-CD3-V500 (500A2), a-Siglec-F-PE (E50-2440), a-Ly6G-FITC (1A8) (BD
Biosciences), Lineage-PerCP-Cyanine5.5 (a-Ter-119 [TER-119], a-CD19 [eBiolD3], a-
CD11b [M1/70], and a-CD11c [N418]), a-CD90.2-Super Bright 780 (30-H12), a-CD117-
eFlour 450 (2B8), a-FceRI-APC (MAR-1) (eBioscience), and a-F4/80-APC-Fire750
(BMS8) (Biolegend). Cells were then washed, fixed in Cytofix buffer (BD Biosciences),
resuspended in staining buffer, and events were collected on an LSR 11 flow cytometer (BD
Biosciences), compensation controls were prepared with eBioscience UltraComp
eBeads.Analysis was performed using FlowJo v10 software (TreeStar Inc., Ashland, OR).
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All cells were gated on single events prior to subsequent gating. The IgE*B220* (IgE* B-
cells) population were analyzed as described by Manetz and Meade (1999). Gating for the
spleen and LN phenotyping was performed as previously described (Shane et al., 2017). For
the phenotyping of the ear, cellular populations were defined as follows: hematopoietic cells/
leukocytes (CD45%), T cells (CD45%,SSC!oW CD45* Lin~,CD90*,CD3"), mast cells
(CD45*,SSChi CD45*,Lin~,ckitt FceRI*), neutrophils (CD45*, CD11b* Ly-6G*, SiglecF™),
eosinophils (CD45*, CD11b* Ly-6Gi SiglecF* SSC), monocytes/macrophages (CD45™,
Lin*, F4/80*, SSClow),

2.7. Gene expression analysis

Ears (1/mouse) were mechanically disrupted on a TissueLyser Il in Buffer RLT (Qiagen).
Total RNA was extracted using Qiagen's RNeasy mini spin column Kits with DNase
treatment on a QlAcube workstation. RNA concentrations and purity were analyzed on a
NanoDrop spec-trophotomer (Thermo Fisher Scientific). The cDNA (1-2 pg) was prepared
on an Eppendorf Mastercycler using Applied Biosystems' High Capacity Reverse
Transcription kit. The cDNA was used as template for real-time PCR reactions containing
TagMan PCR Master Mix with gene-specific primers (Applied Biosystems) on a 7500 Real-
Time PCR System. Relative fold gene expression changes (2722CT) were determined
compared to acetone controls and normalized for expression of housekeeping gene beta-
actin (Actb). Genes that were evaluated include: 7s/p (MmO01157588_m1), //1b
(MmO00434228_m1), //6(Mm00446190_m1), PPARa (Mm00440930_m1), Nfkb1
(Mm00476361_m1), Flg2 (Mm02744902_ g1), Lor(MmO01962659_s1), and /{gb/1
(Mm01200043_m1).

2.8. Statistical analyses

For analysis of the data generated from the described animal studies, the data were first
tested for homogeneity using the Bartletts Chi Square test. If homogeneous, a one-way
analysis of variance (ANOVA) was conducted. If the ANOVA showed significance at p <
0.05 or less, the Dunnetts Multiple Range #test was used to compare treatment groups with
the control group. Linear trend analysis was performed to determine if PFOA had exposure
concentration-related effects for the specified endpoints. Statistical analysis was performed
using Graph Pad Prism version 5.0 (San Diego, CA). Statistical significance is designated by
*p <0.05 and **p < 0.01.

3. Results

3.1.

In vivo studies did not identify PFOA to be an allergic sensitizer or dermal irritant

Dermal exposure to PFOA was found to be toxic (greater than 20% loss in body weigh) at
concentrations greater than 2% (data not shown). For this reason, concentrations of PFOA
up to 2% were tested in the subsequent studies. No ear swelling was observed in mice after
dermal exposure to PFOA (data not shown). No increase in auricular DLN proliferation was
identified after treatment with PFOA (Fig. 1). HCA (30%) was used as a positive control for
these experiments and resulted in an average DPM/node of 4,704, indicating a 9.8 fold
increase over vehicle (data not shown).
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3.2. Dermal exposure to PFOA suppressed the splenic IgM response to SRBC

To evaluate if exposure to PFOA was immunosuppressive, the murine IgM response to
SRBC was examined following a 4-day exposure to PFOA. Statistically significant
reductions in the specific (PFC/106 cells) and PFC/spleen IgM antibody activity against
SRBC were observed after exposure to PFOA (Fig. 2A and 2B). Exposure of mice to 2%
PFOA resulted in a suppression of the values for PFC/10° cells and PFC/spleen (62 and
64%, respectively, vs. values for vehicle-treated mice); 1% PFOA resulted in suppressions of
PFC/106 cells (20%) and PFC/spleen (27%); although it did not reach statistical significance
(Fig. 2). However, there was a dose-responsive decrease in both PFC/108 cells and PFC/
spleen (Linear Trend Test p < 0.05). Mice exposed to cyclophosphamide had a significantly
reduced specific spleen IgM response (70% reduction) and total IgM response (67%
reduction) compared to levels noted in vehicle-treated controls (data not shown).

3.3. Dermal exposure to PFOA for 4 and 14 days results in significant alterations in organ

weights

A statistically significant decrease in thymus and spleen weights (% body weight) was
observed following exposure to PFOA (Fig. 3A and B). Thymus weight was significantly
decreased by 4-days of 2% PFOA exposure and for 1 and 2% for 14-days of exposure (Fig.
3A). Spleen weight was significantly decreased for all concentrations of PFOA at 4 and 14-
days of exposures (Fig. 3B). Liver weight (% body weight) was significantly increased for
all concentrations of PFOA at 4 and 14-days of exposures (Fig. 3C). Kidney weight (% body
weight) was significantly decreased at 4-days but only following 2% exposure (Fig. 3D). In
contrast, by 14-days of PFOA exposure, kidney weight was increased for both the 1% and
2% exposure groups. Organ weights not corrected for total body weight are reported in
Supplemental Table 1, where significant decreases in mass of the thymus (14 days, 0.5%—
2%) and spleen (4 and 14 days; 0.5%-2%) were observed with significant increases in liver
mass (4 and 14 days; 0.5%-2%). Exposure to 2% PFOA was terminated after 10 days due to
a greater than 20% loss in body weight. No changes in body weight were observed following
4 days of PFOA exposure however, 14 days of exposure resulted in dose responsive
decreases in body weight (Supplemental Fig. 1).

3.4. Dermal exposure to PFOA for 4 and 14 days results in significant phenotypic
changes in the spleen and DLN

Overall, the splenic cellularity was reduced, and reductions in cell numbers were observed
after both 4 and 14 days of exposure to PFOA (0.5%, 1% and 2%) in all subsets of cells
analyzed (Table 1), reflective of the reduction in total spleen mass (Fig. 3). However, certain
subsets of cells were disproportionally reduced. Dermal exposure to PFOA for 4 days did
not result in changes in the frequency of spleen CD4 T-cells, CD8 T-cells, B-cells, dendritic
cells (DCs), or monocytes (Table 1). However, following 14 days of dermal PFOA exposure
increases were observed in the frequency of CD4 T-cells (0.5%, 1%, and 2%) and CD8 T-
cells (0.5%, 1%, and 2%) along with a significant decrease in the frequency of B-cells (1%
and 2%) (Table 1). A dose dependent increase in monocytes (reaching statistical significance
at the 2% PFOA concentration) was also observed. Phenotypic analysis of the DLN
following 4 days of PFOA exposure resulted in a significant increase in the frequency of
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DCs (2%) and a decrease in the frequency of monocytes (1%) (Table 2). The significant
increase in DCs was also observed following 14 days of exposure to 2% PFOA. However, no
changes in the frequency of monocytes was observed following 14-days of PFOA exposure.
The extended PFOA exposure also resulted in a decrease in the frequency of CD4 T-cells in
the LN (1% and 2%) and a decrease in the frequency of CD8 T-cells (1% and 2%) in the
DLN. Exposure to 2% PFOA for 4 days produced statistically significant increases in the
absolute number of total cells, B-cells, CD4" T-cells, CD8* T-cells, DCs, and monocytes
(Table 2). However, for the 14-day exposure statistically significant decreases were observed
for total cells (1% and 2%), B-cells (1%), and CD4" T-cells (1% and 2%).

3.5. Dermal PFOA exposure results in immunological changes in the skin

Dermal exposure to PFOA for 4 days did not result in changes in the frequency of CD45
cells, T-cells, mast cells, eosinophils, or monocytes in the ear tissue (Table 3). A statistically
significant increase in the frequency of neutrophils was observed but only following 4 days
of 2% PFOA exposure. Following 14 days of dermal PFOA exposure decreases were
observed in the total number of cells (2%), frequency of CD45 cells (1% and 2%) and
eosinophils (0.5%, 1%, 2%). Increases were observed in the frequency of T-cells (1%, and
2%) and mast cells (1%). A small but statistically significant decrease in cellularity was
observed but only following 14 days of 2% PFOA (1.21 x 106 + 1.03 x 10°) compared to the
acetone control (1.56 x 10° + 8.5 x 10%). Significant increases in absolute numbers of CD45,
T-cells, neutrophils, and monocytes were observed but only following exposure to 2% PFOA
for 4 days (Table 3). However, following 14 days of PFOA exposure decreases in CD45 cells
(1% and 2%), eosinophils (0.5%, 1%, 2%) and monocytes (1% and 2%) were observed.

In an attempt to better define the mechanism of dermal immunotoxicity, select MRNA
transcripts were evaluated in the skin following PFOA exposure. Increases in the Th2
skewing cytokine 7s/pwere observed at both PFOA exposure durations (Fig. 4A). A small
but significant increase in the inflammatory cytokines //Zband //6 were observed but only
following the 4 day 2% PFOA exposure (Fig. 4B and C). Interestingly, decreases in
peroxisome proliferator-activated receptor alpha (PPARa) and nuclear factor kappa B
(NrfkbI) expression were observed at all concentrations but only for the 14-day exposure
duration (Fig. 4D and E). Expression in genes involved in skin barrier integrity were also
evaluated. Decreases in filaggrin (F/g2), integrin subunit beta like 1 (/fgb/1) and loricrin
(Lon were observed, but only for the extended PFOA exposure duration (Fig. 4F-H).

4. Discussion

A large number of workers in the United States are potentially exposed to chemicals that can
be absorbed through the skin (Anderson et al., 2014). Since immune dysfunction can affect
multiple organ systems, there is an increasing need to evaluate these chemicals and/or
substances. A major role of the skin, as the largest organ in the body, is to serve as a barrier
to protect from environmental and chemical insults. Disruption of barrier function may lead
to inflammatory and immunological responses in the skin and other tissues (Hanel et al.,
2013). In addition to providing protection from the outside environment, the skin is an
extremely important player in immunological responses. The skin is an immunologically
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active organ that must maintain a delicate balance between pro-inflammatory and anti-
inflammatory immune responses in order to react against pathogens and yet mitigate
unnecessary tissue damage. In order to achieve this balance, the skin is highly integrated
with a diverse milieu of regulatory and inflammatory immune cells and mediators that are
unique to this tissue. In an attempt to fill some of the data gaps associated with dermal
PFOA exposure-related health effects, the immunotoxicity of PFOA was evaluated using a
murine model in the studies described here. It is important to note that the overall purpose of
this paper is for hazard identification, as such the concentrations of PFOA used in this
manuscript were chosen based on preliminary data generated in our laboratory which
showed immunotoxic effects following dermal exposure. Dermal exposure to 0.5%—-2%
PFOA resulted in detectable levels of PFOA in the serum, with 4 d of dermal exposure to
1% PFOA resulting in serum levels of 188 + 16 pg/mL (Franko et al., 2012). These
experimental concentrations are approximately 15- to 30-fold higher than those measured in
the serum of the highest occupationally exposed human populations, (Kudo and Kawashima,
2003). It should be noted that comparisons between species can be difficult to make as
human exposures are often chronic in nature and PFAS are excreted/eliminated at different
rates in humans (Ubel et al., 1980) and in different experimental animal systems/sexes
(Vanden Heuvel et al., 1991). However, the serum PFOA levels occurring after dermal
exposure are for the purposes of hazard identification and are comparable to other
experimental animal studies in the literature based on oral exposure to PFOA via gavage
(Dewitt et al., 2008).

Similar to what has been described in the literature following oral exposure, suppression of
the 1gM response to SRBC was observed following dermal exposure to this chemical (Fig.
2). Phenotypic analysis of the spleen showed decreased cellularity in addition to decreases in
absolute number and frequency of B-cells, further supporting the suppressive effect (Table
1). The T-cell dependent antibody response is one of the most sensitive indicators of immune
integrity because it relies on an organized immune response that is dependent on the
functional capacity and cooperation of numerous cell types including B-cells, T-cells, and
macrophages (Anderson et al., 2006). Additional evidence for suppression and
immunotoxicity was evidenced by decreases in spleen and thymus weights along with
increases in liver weights as early as 4 days following dermal PFOA exposure (Fig. 3). In the
DLN, by 14 days of exposure, total cell numbers and the frequency of CD4" subsets were
significantly decreased (Table 2). While earlier studies identified immunotoxicity following
a 4 day dermal PFOA exposure (Fairley et al., 2007a), recent findings in our laboratory
suggest that exposure duration might also influence immunological response (Shane et al.,
2017). Therefore, a 4 day and 14 day exposure duration were examined in the current study.
While the exposure duration for the mice exposed to 2% PFOA had to be terminated due to
the onset of overt toxicity (Supplemental Fig. 1), the majority of significant effects were also
observed at lower concentrations that did not result in excessive loss in body weight.

In addition to other pathways, PFOA has been shown to trigger biological activity by
activating the alpha isotype of peroxisome proliferator-activated receptors (PPARa), ligand-
activated transcription factors that regulate gene expression (Li et al., 2017).
Mechanistically, PPARa ligands block the NF-kB pathway and thereby modulate
subsequent immune responses. Activation of PPARa modulates lipid and glucose
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homeostasis, cell proliferation and differentiation, and inflammation (DeWitt et al., 2009b).
However, PPARa independent PFOA induced immunological effects have also been
demonstrated in PPARa knockout animal models and it has been suggested PFOA induced
immune suppression is mediated via a PPARa independent pathway most likely due to B-
cell disruption (DeWitt et al., 2016). PPARa is expressed in many cutaneous immune cells
types including macrophages, keratinocytes, and T-lymphocytes where it regulates
inflammatory responses (Dubrac et al., 2011). In an attempt to better define the dermal
PFOA immunotoxicity, PPARa expression was examined in the skin. Interestingly, PFOA
did not increase expression of PPARa in the skin following dermal exposure at the time
points evaluated but instead resulted in significant decreases following the 14 days of
exposure (Fig. 4). However, expression of PPARa at early time points (less than 4 days of
exposure) was not evaluated. Consistent with PPARa activation, expression of NfkbI was
decreased by 14 days and no persistent signs of inflammation (evidenced by increases in //6
and 1/1b) were observed. However, a slight inflammatory response was observed after 4 days
of exposure supported by increases in T-cell numbers in the DLN and skin, increases in
eosinophil and neutrophil number and increases in inflammatory cytokines (//Zband //6) in
the skin which completely resolved or decreased by 14 days (Tables 2 & 3 and Fig. 4).

While described as a PPARa. agonist, no increases in PPARa were observed in the skin
suggesting PFOA might not activate PPARa in the skin or that increases occurred at early
time points which were not examined. Although this relationship has not been thoroughly
investigated, differential expression and sensitivity of PFOA activation of PPARa has been
reported (Abbott et al., 2012). The results from the present study demonstrate that PFOA is a
non-irritating and non-sensitizing chemical as evidenced by the lack of increase in ear
swelling and lymphocyte proliferation (Fig. 1). However, PFOA has also been shown to
augment allergic disease in an animal model, but specific mechanisms have not been
described (Fairley et al., 2007a). A lot of research has explored the therapeutic potential of
PPARa agonists in inflammatory and allergic diseases and anti-inflammatory effects of
PPARa activation have been reported in mouse models of irritant and allergic contact
dermatitis (Furue et al., 2018). While PFOA might not induce direct activation of PPARa in
the skin, there is involvement of this pathway as evidenced by significant reductions in
expression. Research has demonstrated decreased expression of PPARa following
permeability barrier abrogation and additional increases in Th2 cytokines in cultured normal
human keratinocytes (Adachi et al., 2013). Due to the potential involvement of PPARa in
skin barrier integrity, expression of the related mMRNA transcripts Flg2, Lor, and /tgbl1 were
evaluated. Filaggrin is a protein involved in epidermal barrier function and research has
shown that its expression is decreased in individuals with skin barrier disorder and atopic
dermatitis (Cabanillas et al., 2016). Loricrin is a protein important for skin barrier formation
and integrity and has been shown to be reduced in the skin of individuals with atopic
dermatitis (Kim et al., 2008). Itgbl1 has been suggested to play a role in intracellular
adhesions (Symington et al., 1993). Consistent with these studies, results from the current
study demonstrate a significant decrease in the expression of Flg2, Lor, and /tgb/ following
dermal PFOA exposure (Fig. 4). This suggests the potential involvement of PPARa in a
cycle between barrier dysfunction and allergic inflammation. Although the findings support
that PFOA might induce compromised skin integrity, no visual (irritation) or molecular
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indicators (inflammation) were identified. In addition, previous work has shown that PFOA
solid is corrosive, but not at the 1% applied dose when evaluated in a cultured epidermis /n
vitromodel (Franko et al., 2012).

In addition to allergic responses in the skin, inverse relationships have been identified
between PPARa expression and asthma (Kobayashi et al., 2005). While direct PPARa
agonists have been shown to reduce airway inflammation, decreases in PPARa expression
may cause elevations in this response (Trifilieff et al., 2003) and PPARa agonists have been
shown to reduce TSLP expression (Jung et al., 2018). Consistent with the decrease in
PPARa expression, expression of the Th2 skewing cytokine, 7s/pwas elevated in PFOA
exposed skin by 4 days of exposure and persisted throughout exposure duration (Fig. 4).
Elevations in 7s/p following dermal chemical exposure have also previously been shown by
our laboratory to contribute to immune ad-juvancy (Anderson et al., 2013b; Marshall et al.,
2015). Additional studies have associated PFOA exposure with allergic disease including
previous work conducted in our laboratory that demonstrated dermal exposure to PFOA
enhances allergen-specific responses in a murine model (Fairley et al., 2007b). Consistent
with this hypothesis, a significantly greater prevalence of self-reported cases of chronic
bronchitis and asthma were documented in individuals residing in a community with
prolonged exposure to PFOA in their drinking water as compared to the general population
(Anderson-Mahoney et al., 2008). A recent study also associated PFOA exposure with
earlier onset of atopic dermatitis further supporting the association of PFOA exposure with
allergic disease (Wen et al., 2019).

These are the first studies to evaluate the allergenic potential and immunotoxicity induced by
dermal exposure to PFOA using a murine model. The findings suggest the potential
immunological pathway include direct and/or indirect PPARa effects which might be a
result of compromised skin barrier integrity. As human PPARa expression is significantly
less than that of rodents, potential PPARa independence indicates that future research
should explore mechanisms of action of PFOA and similar compounds, including PPARa.-
dependent and independent pathways (Chang et al., 2016; DeWitt et al., 2009b). Although
significant data gaps still exist for the complete toxicological evaluation of this chemical,
these results suggest that PFOA is an immunotoxic chemical following dermal exposure.
Understanding the exposure routes relevant to PFOA toxicity will aid in establishing more
effective guidelines for personal protective device usage and engineering controls that can
help reduce exposure, as well as provide insight into potential mechanisms of action.
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Abbreviations:

ANOVA analysis of variance

DC dendritic cell

DLN draining lymph nodes

HCA a-hexylcinnamaldehyde

LLNA local lymph node assay

NF- xB nuclear factor kappa B

PFAS per- and polyfluoroalkyl substance
PFC plaque forming cells

PFOA Perfluorooctanoic acid

PPARa alpha isotype of peroxisome proliferator-activated receptors
SRBC sheep red blood cell

TSLP thymic stromal lymphopoietin
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Fig. 1. Allergic sensitization potential after dermal exposureto PFOA.
Analysis of the allergic sensitization potential of PFOA using the LLNA. DPM represent

[3H]-thymidine incorporation into draining lymph node cells of BALB/c mice following
exposure to vehicle (0%) or concentration of PFOA. Bars represent mean (+ SE) of 5 mice
per group.
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Fig. 2. Dermal PFOA exposure suppresses the spleen IgM responseto SRBC.
Analysis of antibody producing spleen cells after a 4-day dermal exposure to PFOA

suppressed the (A) specific and (B) total activity IgM response to SRBC. Bars represent
mean fold-change (+ SE) of 5 mice per group. Levels of statistical significance are denoted
(*p < 0.05) as compared to acetone vehicle (0%). Linear Trend Test #p < 0.05.
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Fig. 3. Changesin organ weights after dermal exposureto PFOA.
Analysis of changes in thymus (A), spleen (B), liver (C), and kidney (D) weights following 4

and 14 days of PFOA exposure. Data is displayed as organ weight as % of body weight in
order to normalize between different sizes of mice. Bars represent mean (+ SE) of 5 mice
per group. Levels of statistical significance are denoted (**p < 0.01 and * p < 0.05) as
compared to acetone vehicle (0%).
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Fig. 4. Skin gene expression following der mal exposure to PFOA.
Gene expression in the skin following 4 and 14 days of PFOA exposure. Changes in 7sip

(A), /I-1beta (B), 1I-6 (C), PPARa (D), Nfkbl1 (E), Flg2 (F), Lor(G), and /tgbl1 (H) were
evaluated. Bars represent mean (+ SE) of 5 mice per group. Levels of statistical significance
are denoted (**p < 0.01 and * p < 0.05) as compared to acetone vehicle (0%).
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