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PFAS & The Immune System

United States Europe
e EPA issued three new National Primary o o
PFOS, and mixtures containing PFHXS, limit in drinking water of 0.5 pg/I.

PFNA, HFPO-DA (GenX), and PFBS in 2024 L » o
 In addition, it also specifies 20 individual

« One of the non-cancer health effects PFAS that must have levels below 0.1 pg/I.
considered for PFOA and PFOS In setting ..
these regulations was a decreased antibody * In 2020, the EFSA changed the most critical
response to tetanus and diptheria, following endpoint in PFAS risk assessment to be
PFAS exposure (although the regulation is vaccine responses measured in humans

N based on their cancer classification) Y \_ )

Information from: US EPA; Bline et al. (2024); European Environment Agency; EFSA
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PFAS & The Immune System

EFSA requested a project that would utilize new approach
methodologies (NAMSs) to further investigate PFAS mechanisms of
action, as It pertains to the immune system, especially antigen-
specific antibody responses (i.e., responses to “vaccines").

External scientific report @ Open Access

EFSA Project on the use of NAMs to explore the
Immunotoxicity of PFAS

Emanuela Corsini g2 Martina lulini, Valentina Galbiati, Ambra Maddalon, Francesco Pappalardo
Giulia Russo, Ron L.A.P. Hoogenboom, Karsten Beekmann, Aafke W.F. Janssen ... See all authors ~

First published: 23 August 2024 | https://doi.org/10.2903/sp.efsa.2024.EN-8926

Information from: EFSA
Image from: Corsini et al. (2024)
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PFAS & The Immune System

Experimental outcomes

" More accurate for Functional outcomes | Observational outcomes

prediction and <+ — The TDAR Immunophenotype

translation
~ \\Delayed-type hypersensitivity Histopathology
/
Cytotoxicity (natural killer cell
or cytotoxic T lymphocyte)

Challenges the \

whole immune __ Host resistance —* Observational
9 system ‘j \

Information from: vonderEmbse & DeWitt (2018)
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Immunotoxicology & PFAS Timeline

( Yang et al. ) ( Dong et al. ) [ T(I;I)?}égroagy j ( Bline et al. )

2002 2006 2009 2012 2016 2023 2024
4 - A
AdE\I?iéoSr(;/I%T)(;erd ( Grandjean et) (Crawford et al)
\  Assessment ) al.
(Ehrlichetal. )
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Yang et al.

Table 1

Suppression of the PFC response ol mice o ITRBC by PFOA

Dhel during Immunuee Dhel during TeM (%) TGl (%) Ie(i2b (%) [pCi3 (%a)

the imitial with [IRBC  the subsequent

| 0-day period t-day period

Conirol Conirol 10000 + 2000 ( 100) 2804+ 110 (100) 5334416 (100) 300 + 200 (100)
PIFOA PFOA 2667 + 1155 (27) 2004+0 (71) 267+ 115 (500 20040 (6T)
Control 1 Conirol 27500+ 8699 (275) 60000+ 22684 (214000 6150+ 2306 (1150) 4450+ 6R1 (1480)
PIFOA 1 PFOA 7600 + 32R6** (76) 3204+ 268*** (]14) 320+ 268%** (60) 840 + 51 8*** (280)
PIFOA 1 Conirol 26000 + 2828 (260) 23204 522%*x (§20) 2320+ 6l0%** (435) 3040+ 1228 (1010)

C57TBL/G mice were realed with PFOA and immunized with ITRBC. Splemic antibody-producing cells were quantitated employing a plague-
[orming assay as described in detail in Malenials and Methods. Data are the mean numbers ol PFC/spleen + 5D [or four or live animals.
** p<0.0].

#** p-<0.001 compared with the comesponding immunioed control group.

« Immunosuppression by peroxisome proliferators (PPs) like PFAS could be due to PPARG
activation.
e Could be competition between peripheral tissues and the liver for serum lipids.
o Leading to disturbance of membrane lipid structure and reduction in external lipid

supply

Information and image from: Yang et al. (2002)
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Dong et al.
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Fig. 7 Sheep red blood cell (SRBC)-specific IgM plaque forming cell
(PFC) response was measured using the Cunningham modification of
the Jerne plaque assay in adult male C57BL/6 mice following oral
exposure to PFOS for ol days. Data are presented as mean £ SEM.
*Significantly different from control (P = 0.05). PFC data were log
transformed for statistical analysis; 1= 10 in each group. TAD total
administered dose over the course of 6 days

Information and image from: Dong et al. (2009)

 PFOS might be involved in suppression of T
and B cell proliferation/modulation.
 Could be a function of being a PPARa agonist
- might suppress antibody response.
o Mechanism for antibody secretion
disruption is not yet known.
= More than just decreased total B cell
numbers as this was not observed
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Grandjean et al.

Table 4

Differences in Tetanus and Diphtheria Antibody Concentrations at Age 5 Years Prebooster and Age 7 Associated With a Doubled

Concentration of PFCs for Maternal Pregnancy Serum and Age-3 Serum in a Structural Equation Model [ Su p po rtS eVi d e n Ce Of d ecreased
Tetanus, % Change P  Diphtheria, % Change P P Value Joint Change, % P h umo ral | mmun I'ty fol IOWI N g P FAS

(95% CI) Value (95% CI) Value for Same Effect (95% CI) Value
exposure, in rodent models.
Maternal PFC -20.2 (—49.2 t0 25.2) .33 -47.9 (—67.7Tto—159) .008 B 5 =31.1 (-56.8 t0 9.8) 12 . -
e Supports regulations - even with
PEC at agef}' =20.5(—44.4t0 13.6) 21 —=7.9 (—38.0t0 37.0) 69 A7 =156 (—38.510 15.8) 29 n =
a full schedule of vaccinations, a
PFC at agef;;:' —-17.2(—42.1t0 18.5) .30 —1.2 (—33.6 to 46.8) o5 39 —11.0 (35210 22.3) .47

child still might not have
adequate protection.

| * This cohort study confirms the
need for further Immunotoxicity
studies of PFAS.

PFCatage>y -—332(-73353t0-250) .002 —-44.4 (—65.51t0-10.5) .02

PFC at age 5 ::"" —-58.8 (—76.0 to —29.3) .001 -45.5 (-66.9t0 —-10.3) .02

Abbreviation: PFC, perfluorinated compound

iDetermined by likelihood ratio test for the same effect of PFC on the 2 types of antibodies. \

b . .
“Adjusted for the PFC concentration in maternal pregnancy serum.

Information and image from: Grandjean et al. (2012)
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Crawford et al.

_PFOA 1l PFOS PFHxS PFNA o
Faroes Cohort3 - O eswiimms —_—— Faroas Cohort 3 -e- - = roes Cohort 3 e
Granum 2013 1  —Sr— — Granum 2013 1 < - Granum 2013
Gty @ @ Pra:Lsion (1/SE) Looksr 2044 - P:e-:‘:ILsiml (1/1SE) Looker 30
Kielsen 2016 - e @ 20 Kielsen 2016 - @ e 20 Kielsen 2016 - e
30 10 Precision (1/SE)
Stein 2016a - x < - Stein 2016a - e > P Stein 20162 =
Stein 20176 - @ @ Antibody Stein 2017b - @ Stein 20176 - 20
Faroes Cohort 5 - --e—- -e—- :aw Faroes Cohort 5 - -e-' ﬁniicl'md'f Faroes Cohort 5 - —e— ”
Piketon 2018 < (&) — = Pilkerton 2018 HAV Pilkerton 2018 - " “:“‘“'
Abraham 2020 - -e— —— : : :;:; Abraham 2020 - ::. Abraham 2020 - HAV
Timmermann 2020+ —— —— 1B Timmermann 20204 —— -@— . L:;-:;:: Timmermann 2020« s :12 aaaaa
Timmermann 20207 @ e aone :::ﬁ::;is Timmermann 2020* s —— —— Mumps Timmermann 2020* —a— v
Shih 2021 —1&'— i :ubella ey 3 _@_ + ?uhella szt | + _
Timmermann 2022+ —i- ——— Timmermann 2022 -(—-0—-— ___9__ Timmermann 2022 - —GI—
Overall - & & Overall ] + ® Overal I . &
o oguefficiuel:t for A::ﬂl;?:ulfly-PFhosﬂralatinis R " ﬂgoefficig.:t for ﬂ;-'ﬂl;?}.;v—PFﬁ.ﬁsnrﬂlmiD?“i.E " Conff'?c?enl fornﬁ.nlibodny?F‘FAS :nulla'l:ion

» Antibody responses are a suitable endpoint for assessing risk and reductions in antibody
responses could be indicative of an increased risk of infectious disease.

* There Is an association between PFAS exposure and vaccine responses across different
vaccines and antibody types investigated.

e Children are more susceptible to these effects.

Information and images from: Crawford et al. (2023)
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Ehrlich et al.

\
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Information and image from: Ehrlich et al. (2023)
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Image from: Ehrlich et al. (2023)
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FIG. 1. Effects of DEHP or clofibrate on LPS-induced production of TNF-a and NO. Thioglycolate-elicited macrophages were
isolated from C3H/HeM mice exposed to DEHP (12,000 ppm) or clofibrate (5000 ppm) in the diet for 15 days; controls received
standard diet. Macrophages were stimulated with Escherichia coli O111:84 LPS for 24 h; TMF-z and NO were determined in
cell-free culture supernatants. (A) TNF-x content in 24-h culture supematants measured by specific ELISA. (B) NO levels in
cell-free supernatants were measured as nitrite, a stable product of NO decay, by using Griess reagent. Figures from previously

unpublished data.

Information and image from: DeWitt et al. (2009)

\

 Animal models looking at PFAS exposure

(specifically to PFOA/PFQOS) reported
toxicological effects similar to effects
observed in PPARa agonists, such as
peroxisome proliferation and reductions In
splenocyte and thymocyte numbers.

PPARa ligands are involved in inflammation
— since PPARa Is expressed on
lymphocytes, macrophages, and
monocytes, these ligands might be act on
Immune cells directly.

PPARa may also function as a negative
transcription factor for proinflammatory
cytokines.
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 There was a significant
decrease in TDAR to keyhole
limpet hemocyanin (KLH) In a
mouse model following 4
weeks of PFOA exposure.

 This TDAR decrease was
accompanied by a significant
reduction of IL-12, IL5, and IL-13,
as well as a non-significant
reduction of IL.-4 and increase In
IL-2 and IFNy.

 Additionally, pro-inflammatory
cytokines IL-17 and IL-1a were
significantly decreased, IL-6 was
decreased, and TNFa was
significantly increased

J

IL-17a IL-6

.
1. 11
o =

IL-1a TNFa

*
* x5 I
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Splenic CD4/CDE Subpopulations in Aduli B6C3F1 Mice Treated with PFOS Orally for 28 Days

TABLE 4

CD4—/CDE+4

CD4H/CDE

CD4—/CDR

CD44/CDE

PFOS (mg/kg TAD) Gender (cells % 107) (eells % 10%) feells = 107 (cells % 107
0 Male 0.10 = 0.01 24110 2.1 053 52x12
0.005 Male 0.13 = 0.01 1012 32 + 031 6.3 + 0.78
0.05 Male 032 £ 0.20 0.9+ 2.1 4.2 + 068 54077
0.1 Male 1.1 £ 0L10% 0.03 + 0.00* 59 + ()38* 24 £ 0.17*
0.5 Male 1.1 £ 0.20% 0.04 + 0.00* 6.8+ 1% 23 + 0.43*
1 Male 1.1 £ 030% 02+ 17* 6.7 + 1.5¢ 3.7 + 0.74%
5 Male 1.2 & 0L10% 0.04 + 0.00* 73 + (L.68* 2.7 + 030%
0 Female 1.4 + 0.05 4.8 +0.54° 6.4 + 046 3.0 + 0.19
0.005 Female 1.4 £0.15 7.6 + 0.94° 84 + 087 34 + 039
0.05 Female 1.1 010 4.8 + 095" 55 + 047 23 + 0.18
0.1 Female 0.87 + 0.08* 4.4 + 084" 715+26 2.1 + 0.22%
0.5 Female 0.96 + 0.07* 52 1.1° 49 + 027 2.0 + 0.14%
1 Female 1.1 + 0.06 42 +041° 6.2 + (.58 23 + 0.18
5 Femake 0.75 = 020 2.4+ 072 44+12 22 +0.23

N

 B6C3F1 adult mice exposed to PFOS by gavage for 28 days showed no alterations in overall

lymphocyte proliferation.

 In females, Immunophenotypes of splenic T-cells were altered minimally, however all T-cell

subpopulations were altered in males beginning at 0.1 mg/kg.

* Measurement of both TDAR and TIAR showed reduction, pointing to B-cells, rather than T-

cells as the source of these iImmune effects.

TN

Information and image from: Peden-Adams et al. (2008)
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Quantifying the impact of PFOA exposure on B-cell

D e W i tt La b O r a t O ry development and antibody production

Krystal D. Taylor,' Tracey L. Woodlief," Aya Ahmed,’ Qing Hu,' Patrick C. Duncker,” Jamie C. DeWitt ()"

'Department of Pharmacology & Towdcology, Brody School of Medicine, East Carolina University, Greenville, Morth Carolina 27834-4300, TISA
“‘Cytek Biosciences, Mid-Atlantic Region, Fremant, California $4538-6407, USA

B cell subset immunophenotyping
Adult male & female C57BL/6 via flow cytometry

: _ TDAR
mice exposed to either 0 or 7.5

mg/kg PFOA

| B Y 4

[Sheep red blood cell (SRBC)

———
tail vein injections ]

[ Mitochondrial stress test ]

Information and image from: Taylor et al. (2023); timeline created with BioRender
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Figure 1. Mean (+ SD) SRBC-specific IgM antibody concentrations in
male and female C57BL/6 mice exposed to PFOA or a vehicle control via
gavage for 15 days. *p < .05 compared with sex-matched control group.

N =8 animals/sex/group.

Images from: Taylor et al. (2023)

DeWitt Laboratory
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Figure 2. A, Mean (*+ SD) number of B cells counted in spleens of female C57BL/6 mice exposed to PFOA or a vehicle control via gavage for 15 days. The
CD19* marker was used to define the following populations: Memory [CD19 +CD27], Plasmablasts [CD138 +CD38], Marginal [CD1D], Naive [CD43], and
Follicular [CD23]. No statistical differences were detected among the dose groups. N= 8 animals/dose. B, Mean (* SD) number of B cells counted in
spleens from male C57BL/6 mice exposed to PFOA or a vehicle control via gavage for 15 days. The CD19* marker was used to define the following
populations: Memory [CD19 +CD27], Plasmablasts [CD138 +CD38], Marginal [CD1D], Naive [CD43], and Follicular [CD23] *p < .05 compared with control

group. N = 8 animals/dose.
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DeWitt Laboratory
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Figure 3. A, Mean (* SD) number of B cells isolated from spleens of female C57BL/6 mice exposed to PFOA or a vehicle control via gavage for 15 days.
Isolated naive B cells were stimulated ex vivo with IL-4 and anti-CD40 and counted following a 24-h incubation. *p < .05 compared with respective
unstimulated group. N = 3 animals/dose. B, Mean (+ SD) number of B cells isolated from spleens of male C57BL/6 mice exposed to PFOA or a vehicle
control via gavage for 15days. Isolated naive B cells were stimulated ex vivo with IL-4 and anti-CD40 and counted following a 24-h incubation. *p < .05
compared with control group. N = 3 animals/dose.

Images from: Taylor et al. (2023)
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DeWitt Laboratory

« Performed the “B cell panel” immunophenotyping on 3 different novel PFAS since the Taylor et al. study
o PFO4DANa (decreased average TDAR value with increased dose in males and females)
o Nafion byproduct 1
o PFO2HXA

{Table 5. Mean (+ standard deviation) follicular B cell counts of male C57BL/6 mice J Table 6. Mean (& standard deviation) naive B cell counts of male C57BL/6 mice } [Table 7. Mean (% standard deviation) memory B cell counts of male C57BL/6 mice
following 30 days of exposure to Nafion byproduct 1. *(p < 0.05 compared to 0 mg/kg) following 30 days of exposure to Nafion byproduct 1. *(p < 0.05 compared to 0 mg/kg) following 30 days of exposure to Nafion byproduct 1. *p < 0.05 compared to 0 mg/kg)
Male Follicular B Cells Male Naive B Cells Male Memory B Cells
0.0 mg/kg NBP1 7550.6 £ 2198.0 0.0 mg/kg NBP1 732.8+279.3 0.0 mg/kg NBP1 289.2+61.0
0.05 mg/kg NBP1 %*3496.8 + 2495.8 0.05 mg/kg NBP1 *372.3+273.2 0.05 mg/kg NBP1 %100.3+£95.8
0.5 mg/kg NBP1 7751.7 £1132.3 0.5 mg/kg NBP1 866.0+219.2 0.5 mg/kg NBP1 264.2+47.2
5mg/kg NBP1 7220.4 £ 1581.8 5mg/kg NBP1 707.2+143.5 5mg/kg NBP1 202.8+121.2
* Female © Female average  *p<0.05 # Female & Female average +p<0.05
160 : x * . ' 25 " =
140 — = - - : =
" 120 E 20 .
g 1o % 15 .
3 5
@ 60 i e 10 o
E 40 4 E ) ’ .
% 20 ) = ’ ’ & - .
= 0 o R s B (22 s B R saane 0 o = oA '2‘
D 0.05 05 5 o 0.0% 05

PFO2HxA Dose Group [mg/kg) PFO2ZHxA Dose Group [mg/kg)

Figure 4. Memory B cell numbers from female
CHTBL/G mice following 30 days of exposure to PFO2HxA.

Figure 2. Marginal B cell numbers from female
CHTBL/S mice following 30 days of exposure to PFOZHxA.

*Unpublished data (do not copy/photograph)
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DeWitt Laboratory

Performed the “B cell panel” immunophenotyping on 3 different novel PFAS since the Taylor et al. study
o PFO4DANa (decreased average TDAR value with increased dose in males and females)
o Nafion byproduct 1
o PFO2HXA

[ Future Directions ]

Sorting B cell subsets from spleen, following 30 day PFAS exposure

Stimulating sorted memory and plasma cells to secrete antibodies

Culturing naive cells and stimulating cells to differentiate through to memory and plasma cells

Stimulating cultured memory and plasma cells to secrete antibodies

*Unpublished data

Current Research




Immunotoxicology & PFAS Timeline

Bline et al.

2024
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Bline et al.

e Healthy, robust immune function is a hallmark of a healthy population.

* It has been demonstrated through animal studies, epidemiological studies, and numerous reviews that
PFAS exposure is linked to reduction in proper immune function.

e There are multiple potential mechanisms for this immune dysfunction and continued generation of
Immunotoxicological data for PFAS is critical to better understand these compounds.

Information from Bline et al. (2024)
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Bline et al.

o Healthy, robust immune function is a hallmark of a healthy population.

* It has been demonstrated through animal studies, epidemiological studies, and numerous reviews that
PFAS exposure is linked to reduction in proper immune function.

e There are multiple potential mechanisms for this immune dysfunction and continued generation of
Immunotoxicological data for PFAS is critical to better understand these compounds.
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Information from Bline et al. (2024)
Images created with BioRender
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