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ABSTRACT

Although emissions of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) have been
dramatically reduced, the persistence and bioaccumulation of these chemicals result in detectable levels
in the U.S. population. Despite declining emissions, there is continued widespread exposure to both
chemicals and a number of studies have reported potential PFOA- and PFOS-associated immunotoxicity
in both humans and non-human animals. The NTP conducted a systematic review to evaluate the
evidence on exposure to PFOS or PFOA and immune-related health effects to determine whether
exposure to either chemical is associated with immunotoxicity for humans. The literature search and
screening process identified 33 human studies, 93 animal studies, and 27 in vitro/mechanistic studies
relevant for addressing the objective. The health effects data for PFOA and PFOS were considered
separately in developing hazard identification conclusions. Conclusions for each chemical were reached
by integrating evidence from human and animal studies with consideration of any mechanistic data.

The NTP concludes that PFOA is presumed to be an immune hazard to humans based on a high level of
evidence that PFOA suppressed the antibody response from animal studies and a moderate level of
evidence from studies in humans. Although the strongest evidence for an effect of PFOA on the immune
system is for suppression of the antibody response, there is additional, although weaker, evidence that
is primarily from epidemiological studies that PFOA reduced infectious disease resistance, increased
hypersensitivity-related outcomes, and increased autoimmune disease incidence. The evidence
indicating that PFOA affects multiple aspects of the immune system supports the overall conclusion that
PFOA alters immune function in humans. However, the mechanism(s) of PFOA-associated
immunotoxicity is not clearly understood and effects on diverse endpoints such as suppression of the
antibody response and increased hypersensitivity may be unrelated.

The NTP concludes that PFOS is presumed to be an immune hazard to humans based on a high level of
evidence that PFOS suppressed the antibody response from animal studies and a moderate level of
evidence from studies in humans. Although the strongest evidence for an effect of PFOS on the immune
system is for suppression of the antibody response, there is additional, although weaker, evidence that
is primarily from studies in experimental animals that PFOS suppresses disease resistance and natural
killer (NK) cell activity. The evidence indicating that PFOS suppresses multiple aspects of the immune
system supports the overall conclusion that PFOS alters immune function in humans. Although the
mechanism(s) of PFOS-associated immunotoxicity is not clearly understood, suppression of the antibody
response and NK cell function are both potential mechanisms by which PFOS may reduce disease
resistance.
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PEER REVIEW OF THE DRAFT NTP MONOGRAPH

Peer review of the draft NTP Monograph was conducted by an ad hoc expert panel in a public meeting
held July 19, 2016, at the National Institute of Environmental Health Sciences, Research triangle park
and via WebEx (see http://ntp.niehs.nih.gov/go/37090 for meeting materials and peer review report).
The selection of panel members and conduct of the peer review were performed in accordance with the
Federal Advisory Committee Act and Federal policies and regulations. The panel members served as
independent scientists, not as representatives of any institution, company, or governmental agency. In
this capacity, panel members had two major responsibilities in reviewing the draft NTP Monograph:

(1) to determine whether the scientific information cited in the draft monograph was technically correct
and clearly stated, and whether NTP has objectively presented and assessed the scientific evidence;

(2) to determine whether the scientific evidence presented in the draft monograph supported the NTP’s
conclusions regarding whether immunotoxicity is associated with exposure to PFOA or PFOS.

The panel agreed with the draft conclusions that PFOA and PFOS are both presumed to be immune
hazards to humans; however, they recommended changing the level of evidence conclusion for
hypersensitivity-related outcomes for the animal body of evidence from “high” to “moderate”. NTP
concurred with this recommendation. Comments from the peer reviewers and written public comments
were considered during finalization of the document.

Peer-Review Panel

Name Affiliation
College of Veterinary Medicine and Biomedical Sciences, Texas A&M
University, College Station, TX

Weihsueh Chiu, PhD (chair)

Joseph Braun, PhD Department of Epidemiology, School of Public Health, Brown
University, Providence, RI

Emanuela Corsini, PhD School of Pharmacy, Universita degli Studi di Milano, Milano, Italy

Berit Granum, PhD Department of Food, Water, and Cosmetics Norwegian Institute of

Public Health, Oslo, Norway

Deborah Keil, PhD, DABT Department of Microbiology and Immunology, Montana State
University, Bozeman, MT

Michael Woolhiser, PhD Toxicology and Environmental Research and Consulting, The Dow
Chemical Company, Midland, Ml
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INTRODUCTION

The NTP’s Office of Health Assessment and Translation (OHAT) conducted a systematic review to
evaluate the evidence that exposure to perfluorooctanoic acid (PFOA) or perfluorooctane sulfonate
(PFOS) is associated with immune-related health effects. This review was initiated because there are
studies reporting immune-related health effects of PFOA and PFOS in both humans and animals [e.g.,
epidemiological studies of the antibody response to vaccines (Grandjean et al. 2012, Granum et al. 2013,
Looker et al. 2014), experimental animal studies of both innate and adaptive immunity (reviewed in
DeWitt et al. 2012) and wildlife studies of infectious disease (Kannan et al. 2006, Kannan et al. 2010)],
and the observation that the general U.S. population has detectable blood levels of these chemicals
(CDC 2015) despite actions that have substantially reduced emissions.

PFOA and PFOS are extremely persistent chemicals (Figure 1) that are widely distributed in the
environment as a result of extensive use over the last 50 years in commercial and industrial applications
including fluoropolymer manufacturing, food packaging, lubricants, water-resistant coatings, and
aqueous fire-fighting foams. They have high chemical stability and are not expected to degrade under
typical environmental conditions (Lau et al. 2007, EFSA 2008, ATSDR 2009, US EPA 2014b, ATSDR 2015,
US EPA 2016b, a). Once in surface water, apparent half-lives of PFOS and PFOA are 41 and 92 years
respectively. Estimated half-lives in the human body are also long, ranging from 2 to 8 years (ATSDR
2009, Steenland et al. 2010, US EPA 2014b).

Figure 1. Structure of PFOA and PFOS
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perfluorooctanoic acid (PFOA; CAS# 335-67-1) perfluorooctane sulfonate (PFOS; CAS# 1763-23-1)

Through voluntary agreements, the primary manufacturer of PFOS phased out production in 2002 and
PFOS is no longer manufactured in the United States (US EPA 2006, ATSDR 2009, US EPA 2009, 2014b,
ATSDR 2015, US EPA 2015). Similar arrangements were made for PFOA and eight companies that
manufactured PFOA in the United States eliminated emissions and product content by the end of 2015
(US EPA 2006, ATSDR 2009, US EPA 2013, 2014b, ATSDR 2015, US EPA 2015).

Although emissions have been dramatically reduced in the United States and Western Europe, it is not
clear if global production has changed as there has been a shift in production and use of long-chain
perfluoroalkyl acids (PFAAs) including PFOA and PFOS to emerging economies in continental Asia (Wang
et al. 2014, Li et al. 2015, OECD 2015). The persistence and presence of both PFOA and PFOS as drinking
water contaminants (e.g., reviewed in Lindstrom et al. 2011, Post et al. 2012) along with
bioaccumulation result in detectable levels in the U.S. population and therefore they remain of public
health concern (US EPA 2014b). PFOA and PFOS were present in all serum samples tested for
perfluorinated compounds from the general U.S. population in the 1999 National Health and Nutrition
Examination Survey (NHANES 1999-2000) (Calafat et al. 2007). While blood levels have declined from
1999 to 2012, PFOA (from 5.2 to 2.08 ng/ml or ug/L geometric mean) and PFOS (from 30.4 to 6.3 ng/ml
geometric mean) remain the two highest concentrations among perfluorinated compounds (PFCs) or
more specifically the PFAAs) measured in the general U.S. population in the most recent National Report
on Human Exposure to Environmental Chemicals for 2009-2012 (CDC 2015). There are also regions in
the United States such as Washington County Minnesota where higher levels of PFOA and PFOS have
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been detected in drinking water and serum samples from community members (Landsteiner et al.
2014), and the Ohio Valley where residents and workers have higher serum PFOA concentrations

(33.74 ng/ml geometric mean or ~4- to 10-times the general US population) due to high levels of PFOA
in drinking source water contaminated by fluorochemical production facilities (e.g., C8 studies Steenland
et al. 2010).

Given the widespread exposure to PFOA and PFOS and the availability of data to evaluate
immunotoxicity in both humans and non-human animals, this systematic review was developed to
evaluate the evidence of PFOA- and PFOS-associated immunotoxicity.

OBIJECTIVE AND SPECIFIC AIMS

Objective

The overall objective of this evaluation is to undertake a systematic review to develop NTP hazard
identification conclusions on the association between exposure to PFOA or PFOS (or their salts) and
immunotoxicity based on integrating levels of evidence from human and non-human animal studies
with consideration of the degree of support from mechanistic data.

Specific Aims

Identify literature reporting the effects of PFOA or PFOS exposure on immune endpoints in
humans, animals (experimental and wildlife), or in vitro model systems.

Extract data on immune health effects from relevant studies.
Assess the internal validity (risk of bias) of individual studies.
Summarize the extent of evidence available.

Synthesize the evidence using a narrative approach or meta-analysis (if appropriate) considering
limitations on data integration such as study design heterogeneity.

Rate the confidence in the body of evidence for human and animal studies separately according
to one of four statements: (1) High, (2) Moderate, (3) Low, or (4) Very Low/No Evidence
Available.

Translate confidence ratings into level of evidence of health effects for human and animal
studies separately according to one of four statements: (1) High, (2) Moderate, (3) Low, or
(4) Inadequate.

Combine the level of evidence ratings for human and animal data and consider the degree of
support from mechanistic data to reach one of five possible hazard identification conclusions:
(1) Known, (2) Presumed, (3) Suspected, (4) Not classifiable, or (5) Not identified to be an
immune hazard to humans.

Describe limitations of the systematic review, limitations of the evidence base, identify data
gaps and key research needs, and describe findings in the context of human exposure levels.
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METHODS

Problem Formulation and Protocol Development

The research question and specific aims stated above were developed and refined through a series of
problem formulation steps including: (1) review of the topic by the evaluation design team and other
technical experts with backgrounds in immunotoxicology, PFOA and PFOS, and systematic review;

(2) deliberation with NTP staff and consultation with scientists at other Federal agencies represented on
the NTP Executive Committee?!; (3) comments received on the draft case-study protocol posted for
public comment April 9, 2013 (http://ntp.niehs.nih.gov/go/36501); (4) public review of the concept for
“Evaluation of Immunotoxicity Associated with Exposure to PFOA or PFOS” at the December 10, 2014
meeting of the NTP Board of Scientific Counselors (http://ntp.niehs.nih.gov/go/9741); (5) guidance
outlined in the OHAT Handbook for Conducting a Literature-Based Health Assessment (NTP 2015b); and
(6) external peer-review of the draft protocol. The protocol was posted in June 2015
(http://ntp.niehs.nih.gov/go/749926) and used to conduct this review. A brief summary of the methods
is presented below.

PECO Statements

PECO (Population, Exposure, Comparators and QOutcomes) statements were developed as an aid to
identify search terms and inclusion/exclusion criteria as appropriate for addressing the research
guestion for the systematic review (Higgins and Green 2011). The PECO statements are listed below for
the human and animal studies (Table 1) and the in vitro/mechanistic studies (Table 2).

For the evaluation of immunotoxicity associated with PFOA or PFOS exposure, the evaluation focused on
primary immune outcomes (i.e., immune function and immune disease data) from studies in humans,
animals, or in vitro exposures because primary outcomes are more predictive of an immune-related
health effect. The evaluation also collected information on secondary immune outcomes (i.e.,
observational immune data or data on upstream indicators that are less predictive of immune-related
health effects) that were used to provide supportive evidence.

Many of the studies on secondary immune outcomes provide data that are relevant for potential
mechanisms of immune-related health effects. Mechanistic data can come from a wide variety of
studies that are not intended to identify a disease phenotype. This source of experimental data includes
in vitro and in vivo laboratory studies directed at cellular, biochemical, and molecular mechanisms that
explain how a chemical produces particular adverse health effects.

! Consumer Product Safety Commission (CPSC), Department of Defense (DoD), Environmental Protection Agency
(EPA), Food and Drug Administration (FDA), National Cancer Institute (NCI), National Center for Environmental
Health/Agency for Toxic Substances and Disease Registry (NCEH/ATSDR), National Institute of Environmental
Health Sciences (NIEHS), National Institute for Occupational Safety and Health (NIOSH), Occupational Safety and
Health Administration (OSHA) http://ntp.niehs.nih.gov/go/163
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Table 1. Human and Animal PECO (Population, Exposure, Comparator and Qutcome) Statement

Element

Evidence

Population

Humans or animals (experimental and wildlife) without restriction based on age or sex

Exposure

Exposure to PFOA (CAS# 335-67-1) and PFOS (CAS# 1763-23-1) based on administered dose
or concentration, biomonitoring data (e.g., urine, blood, or other specimens), environmental
measures (e.g., air, water levels), or (humans only) indirect measures such as job title

Comparators

Humans: Comparable populations exposed to lower levels of PFOA or PFOS

Animals: Comparable animal populations exposed to vehicle-only treatment in experimental
animal studies or lower levels of PFOA or PFOS in wildlife studies

Outcomes

Primary outcomes:

Humans: Immune-related diseases and measures of immune function: immunosuppression
(e.g., otitis, infections, or decreased vaccine antibody response); hypersensitivity-related
outcomes (e.g., atopic dermatitis or asthma); autoimmunity (e.g., thyroiditis)

Animals: Disease resistance assays (e.g., host resistance to influenza A) or Immune function
assays following in vivo exposure to PFOA or PFOS (e.g., antibody response [T-cell
dependent IgM antibody response], natural killer cell [NK] activity, delayed-type hyper-
sensitivity [DTH] response, phagocytosis by monocytes, local lymph-node assay [LLNA])

Secondary outcomes:

Humans or animals: Observational immune endpoints (e.g., lymphocyte counts, lymphocyte
proliferation, cytokine levels, serum antibody levels, serum autoantibody levels); or
immunostimulation (e.g., unintended stimulation of humoral immune function)

Table 2. In Vitro/mechanistic PECO (Population, Exposure, Comparator and Outcome) Statement
Element Evidence
Population Human or animal cells, tissues or model systems with in vitro exposure regimens
Exposure Exposure to PFOA (CAS# 335-67-1) and PFOS (CAS# 1763-23-1) based on administered
P dose or concentration
Comparators Comparable cells or tissues exposed to vehicle-only treatment or untreated controls
Primary outcomes:
Immune function assays following in vitro exposure to PFOA or PFOS (e.g., natural killer
cell [NK] activity, phagocytosis or bacterial killing by monocytes, proliferation
Outcomes following anti-CD3 antibody stimulation of lymphocytes)
Secondary outcomes:
Observational immune endpoints in vitro exposure to PFOA or PFOS (e.g., general
mitogen-stimulated lymphocyte proliferation, cytokine production)

Literature Search

Search terms were developed to identify all relevant published evidence on immunotoxicity or immune-
related health effects potentially associated with exposure to PFOA or PFOS by (1) reviewing Medical
Subject Headings for relevant and appropriate immune terms, (2) extracting key immune health effects
and immunotoxicity terminology from reviews and a sample of relevant primary data studies, (3) use of
the chemical-specific search terms for PFOA from a draft systematic review of developmental PFOA
exposure and fetal growth (Johnson et al. 2013, Koustas et al. 2013), and adaptation of the chemical-
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specific PFOA search strategy to generate search terms for PFOS. A combination of relevant subject
headings and keywords were subsequently identified. A test set of relevant studies was used to ensure
the search terms retrieve 100% of the test set. The following 9 electronic databases were searched using
a search strategy tailored for each database (specific search terms used for the PubMed search are
presented in Appendix 1; the search strategy for other databases are available in the protocol
http://ntp.niehs.nih.gov/g0/749926). No language restrictions or publication year limits were imposed,
and databases were searched October of 2014 and 2015, with a final updated search on May 18, 2016.

Databases Searched
e Cochrane Library
e EMBASE
e PubChem
e PubMed
e Scopus
e Toxline

e Web of Science

Searching Other Resources

The reference lists of all included studies, relevant reviews, finalized or recent draft federal hazard
assessments (US EPA 2005, ATSDR 2009, US EPA 2014c, a, ATSDR 2015, US EPA 20164, b),
commentaries, and other non-research articles were manually searched for additional relevant
publications. NTP published a Request for Information about ongoing studies or upcoming publications
on immune-related health effects of PFOA or PFOS in the Federal Register [80 FR 48886 (August 14,
2015)]. Studies identified by the public in response to the 2015 request for information or after posting
of the protocol were also included.

Unpublished Data
Unpublished data were eligible for inclusion provided the owner of the data was willing to have the data
made public and peer reviewed (see protocol for more details http://ntp.niehs.nih.gov/g0/749926).

Study Selection

Evidence Selection Criteria

In order to be eligible for inclusion, studies had to satisfy eligibility criteria that reflect the PECO
statements in Table 1 and Table 2. The following additional exclusion criteria were applied: (1) studies
only reporting concentrations of PFOA or PFOS in immune tissues are not considered immune
outcomes; (2) articles without original data (e.g., editorials or reviews); (3) studies published in abstract
form only (grant awards and conference abstracts); and (4) retracted articles.

Screening Process

References retrieved from the literature search were screened for relevance and eligibility against the
evidence selection criteria using DistillerSR® (Evidence Partners; http://www.systematic-review.net).
Screeners from the evaluation team were trained with an initial pilot phase on 25 studies undertaken to
improve clarity of the evidence selection criteria and to improve accuracy and consistency among
screeners. All references were independently screened by two trained screeners (one of which was the
project lead) at the title and abstract level to determine whether a reference met the evidence selection
criteria. Studies that were not excluded by reviewing the title and abstract were screened with a full-text
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review. Screening conflicts were resolved through discussion. Following full-text review, the remaining
studies were “included” and used for the evaluation.

Data Extraction

Extraction Process and Data Warehousing

Data were collected (i.e., extracted) from included studies by one member of the evaluation team and
checked by a second member for completeness and accuracy. Any discrepancies in data extraction were
resolved by discussion. Information that was inferred, converted, or estimated during data extraction is
annotated, e.g., using brackets [n = 10]. The study extraction files note whether an attempt was made to
contact study authors by email for missing data considered important for evaluating key study findings
(and whether or not a response was received).

Data extraction was completed using ICF International’s proprietary Dose Response Analytical Generator
and Organizational Network (DRAGON) software? and exported to the Health Assessment Workspace
Collaborative (HAWC) software, an open source and freely available web-based interface application, for
visualization and warehousing.? Data extraction elements are listed separately for human, animal, and in
vitro studies in the protocol (http://ntp.niehs.nih.gov/go/749926). The data extraction results for
included studies are publicly available (https://hawcproject.org/assessment/57/) and can be
downloaded in Excel format through HAWC.

Quality Assessment of Individual Studies

Risk of bias was assessed for individual studies using a tool developed by OHAT that outlines a parallel
approach to evaluating risk of bias from human, animal, and in vitro studies to facilitate consideration of
risk of bias across evidence streams with common terms and categories (NTP 2015a). The risk-of-bias
tool is comprised of a common set of 11 questions that are answered based on the specific details of
individual studies to develop risk-of-bias ratings for each question. Study design determines the subset
of questions used to assess risk of bias for an individual study (Table 3).

Assessors were trained with an initial pilot phase undertaken to improve clarity of rating criteria and to
improve consistency among assessors. Studies were independently evaluated by two trained assessors
who answered all applicable risk-of-bias questions with one of four options in Table 4 following pre-
specified criteria detailed in the protocol (http://ntp.niehs.nih.gov/go0/749926). The criteria describe
aspects of study design, conduct, and reporting required to reach risk-of-bias ratings for each question
and specify factors that can distinguish among ratings (e.g., what separates “definitely low” from
“probably low” risk of bias).

Several risk-of-bias questions were considered Key Questions or key elements in evaluating the studies
because the questions may have greater impact on the overall bias. There were three Key Questions for
observational human studies: confounding, exposure characterization, and outcome assessment. There
were also three Key Questions for experimental animal studies: randomization, exposure
characterization, and outcome assessment.

2 DRAGON (Dose Response Analytical Generator and Organizational Network) developed by ICF International
(http://www.icfi.com/insights/products-and-tools/dragon-online-tool-systematic-review).

3 HAWC (Health Assessment Workspace Collaborative): A Modular Web-based Interface to Facilitate Development
of Human Health Assessments of Chemicals (https://hawcproject.org/portal/).
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Table 3. OHAT Risk-of-Bias Questions and Applicability by Study Design
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. Was administered dose or exposure level adequately randomized? X X X
. Was allocation to study groups adequately concealed? X X X
. Did selection of study participants result in the appropriate comparison groups? X X X
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>
>
>

. Did study design or analysis account for important confounding and modifying variables?

. Were experimental conditions identical across study groups?

. Were research personnel blinded to the study group during the study?

. Were outcome data complete without attrition or exclusion from analysis?

. Can we be confident in the exposure characterization?

Ol |IN|ojn]||WIN]EF

. Can we be confident in the outcome assessment (including blinding of outcome assessors)?

X | X |X|X|X|X
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10. Were all measured outcomes reported?

X [ X[ XX

11. Were there no other potential threats to internal validity? X X X X X X

*Experimental animal studies are controlled exposure studies. Non-human animal observational studies can be evaluated using the design features of
observational human studies such as cross-sectional study design.

""Human Controlled Trials are studies in humans with controlled exposure (e.g., Randomized Controlled Trials, non-randomized experimental studies)

*"Cross-sectional studies include population surveys with individual data (e.g., NHANES) and surveys with aggregate data (i.e., ecological studies).
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Any discrepancies in ratings between assessors were resolved through discussion to reach the final
recorded risk-of-bias rating for each question along with a statement of the basis for that rating.
Members of the evaluation team were consulted for assistance if additional expertise was necessary to
reach final risk of bias ratings based on specific aspects of study design or performance reported for
individual studies. Information or study procedures that were not reported is assumed not to have been
conducted, resulting in an assessment of “probably high” risk of bias. Authors were queried by email to
obtain missing information and responses received were used to update risk-of-bias ratings.

Table 4. The Four Risk-of-Bias Rating Options
Answers to the risk-of-bias questions result in one of the following four risk-of-bias ratings

' Definitely Low risk of bias:
There is direct evidence of low risk-of-bias practices

+ Probably Low risk of bias:

There is indirect evidence of low risk-of-bias practices OR it is deemed that deviations
from low risk-of-bias practices for these criteria during the study would not appreciably
bias results, including consideration of direction and magnitude of bias

- (NR | Probably High risk of bias:

There is indirect evidence of high risk—of-bias practices (indicated with “-“)

OR there is insufficient information provided about relevant risk-of-bias practices
(indicated with “NR” for not reported). Both symbols indicate probably high risk of bias.

‘ Definitely High risk of bias:
There is direct evidence of high risk-of-bias practices

Organizing and Rating Confidence in Bodies of Evidence

Health Outcome and Endpoint Grouping by Three Main Categories of Immune Response
After data were extracted from all studies, the health effects results were grouped across studies to
develop bodies of evidence or collections of studies with data on the same or related outcomes for the 3
main categories of immune response: (1) immunosuppression, (2) hypersensitivity-related outcomes
and (3) autoimmunity (see Table 5). Within each of the main categories, the focus for evaluating the
evidence of immunotoxicity was on primary outcomes — the endpoints generally considered to have
greater predictive value for overall immunotoxicity or a health effect (e.g., disease resistance assays and
functional immune parameters)(WHO 1999). Outcomes that alone would be considered indirect
evidence or less indicative of overall immunotoxicity (e.g., organ weights, cell counts, cytokine levels or
other observational parameters) were considered secondary outcomes. Because there was sufficient
evidence for health effects based on primary health outcomes, data on secondary outcomes were
considered with the corresponding primary health effects to examine support for biological plausibility
of those outcomes. Table 5 lists representative endpoints or assays considered primary outcomes and
secondary outcomes for each of these categories.
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Table 5. Health Outcome Grouping and Identification of Primary and Secondary Outcomes

Humans Animals* In vitro Assays
Immune-related diseases and Disease resistance assay or measures of Immune function assays
measures of immune function: immune function following in vivo exposure: | following in vitro
(1) Immunosuppression (e.g., otitis, | (1) Inmunosuppression disease resistance €éxposure:

@| infections, or decreased vaccine assays (e.g., host resistance to influenza) or | (1) Immunosuppression
g antibody response); immune function assays (e.g., antibody immune function assays
8| (2) Hypersensitivity-related response [T-cell dependent IgM antibody (e.g., natural killer cell
8 outcomes (e.g., atopic dermatitis response (TDAR)], natural killer cell [NK] [NK] activity, phago-
> asthma, total IgE, rhinitis); activity, delayed-type hypersensitivity cytosis or bacterial
g (3) Autoimmunity (e.g., thyroiditis [DTH] response, monocyte phagocytosis); k|II|rTg by .monocyte_s,
‘| or ulcerative colitis) (2) Hypersensitivity (e.g., airway resistance, proliferation following
o local lymph-node assay); anti-CD3 antibody
(3) Autoimmunity changes in incidence or stimulation of spleen
progression in animal models of cells or lymphocytes)
autoimmune disease
Observational immune endpoints | Observational immune endpoints (e.g., Observational immune
2 (e.g., lymphocyte counts, lymphoid organ weight, lymphocyte counts endpoints (e.g., general
% proliferation, cytokine levels, or or subpopulations, lymphocyte mitogen-stimulated
g serum antibody levels) proliferation, cytokine production, serum lymphocyte
&| Immunostimulation™* (e.g., antibody levels, serum or tissue proliferation, cytokine
n unintended stimulation of autoantibody levels, or histological changes production)
humoral immune function) in immune organs)

* Note the evaluation considered experimental animal and observational animal studies (e.g., wildlife studies).
** Note that stimulation of the immune response is not adverse per se. It is generally agreed that stimulation of
the immune system should not be disregarded (WHO 2012). Unintended immunostimulation was considered for
possible hazard if there is consistent evidence for persistent elevated immune response.

This dichotomy separating the more from less predictive measures of immunotoxicity is consistent with
testing strategies that rely on more sensitive and predictive immune assays (see Luster et al. 1992, US
EPA 19963, b, 1998) and the NTP and WHO methods to categorize the evidence of immune system
toxicity. Under these systems, measures of immune function or the ability of the immune system to
respond to a challenge are weighed more heavily than observational parameters (Germolec 2009, WHO
2012).

Considerations for Pursuing a Narrative or Quantitative Evidence Synthesis

Heterogeneity within the available evidence was used to determine the type of evidence integration
that is appropriate: either a quantitative synthesis (meta-analysis) or narrative approach for evidence
integration. No meta-analyses were conducted due to heterogeneity of studies and small bodies of
evidence across primary health outcomes including the antibody response, disease resistance,
hypersensitivity, and autoimmunity-related endpoints. Meta-analysis approaches are considered most
suitable if there are at least six to ten studies for a continuous variable and at least four studies for a
categorical variable (Fu et al. 2011). Although there were larger bodies of evidence for spleen and
thymus weight (see Appendix 5), both are secondary health outcomes and therefore a meta-analysis for
these endpoints was not performed.

Confidence Rating: Assessment of Body of Evidence
The quality of evidence for each immune outcome was evaluated using the GRADE system for rating the
confidence in the body of evidence (Guyatt et al. 2011, Rooney et al. 2014). More detailed guidance on

11
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reaching confidence ratings in the body of evidence as “high,” “moderate,” “low,” or “very low” is
provided in the OHAT Handbook for Conducting a Literature-Based Health Assessment
(http://ntp.niehs.nih.gov/go/38673, see STEP 5). In brief, available human and animal studies on a
particular health outcome in Table 5 (i.e., immunosuppression, hypersensitivity, and autoimmunity)
were initially grouped by key study design features, and each grouping of studies was given an initial
confidence rating by those features. Starting at this initial rating (column 1 of Figure 2), potential
downgrading of the confidence rating was considered for factors that decrease confidence in the results
(column 2 of Figure 2 [risk of bias, unexplained inconsistency, indirectness or lack of applicability,
imprecision, and publication bias]); and potential upgrading of the confidence rating was considered for
factors that increase confidence in the results (column 3 of Figure 2 [large magnitude of effect, dose
response, consistency across study designs/populations/animal models or species, consideration of
residual confounding, and other factors that increase our confidence in the association or effect]).
Consideration of consistency across study designs, human populations, or animal species is not included
in the GRADE guidance (Guyatt et al. 2011); however, it is considered in the modified version of GRADE
used by OHAT (Rooney et al. 2014, NTP 2015b).

Figure 2. Assessing Confidence in the Body of Evidence

Initial Confidence Factors Factors Confidence
by Key Features ==p Decreasing ==p Increasing == in the Body
of Study Design Confidence Confidence of Evidence
High (++++) - Risk of Bias « Large Magnitude of Effect Hioh (s54s
4 Features S - Dose Response igh ( )
Features | . Unexplained . .
* Controlled Inconsistency | * Residual Confounding
EXpOsure ) )
+++ — Studies reportan effect and residual
Moderate ( - Exposure . confounding is toward null Moderate (+++)
3 Features prior to * Indirectness ) _
outcome — Studies reportno effect and residual
L confounding is away from null
*inavidual | . imprecision
Low (++) dat - Consistency Low (+4)
2 Features « Comparison | - Publication — Across animal models or species
group used Bias — Across dizsimilar populations
h, — Across study design types
Very Low (+) Very Low (+)
<1 Features - Other
— &.g., particularly rare outcomes

Confidence ratings were assessed by federal staff and reviewed by members of the evaluation review
team for accuracy and consistency, and discrepancies were resolved by consensus and consultation with
technical advisors as needed. Confidence ratings for the primary outcomes are summarized in evidence
profile tables for each outcome.

Preparation of Level of Evidence Conclusions
The confidence ratings were translated into level of evidence of health effects for each type of health

outcome separately according to one of four statements: (1) High, (2) Moderate, (3) Low, or
(4) Inadequate (Figure 3). The descriptor “evidence of no health effect” is used to indicate confidence
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that the substance is not associated with a health effect. Because of the inherent difficulty in proving a
negative, the conclusion “evidence of no health effect" is only reached when there is high confidence in
the body of evidence.

Figure 3. Translate Confidence Ratings into Evidence of Health Effect Conclusions

(i Bodies of Evidence that Support a Health Effect are Considered Separately from Evidence that Does Not I\

P et Y i st

Confidence in the Direction Level of Evidence Confidence in the Direction Level of Evidence

BodyofEvidence NEIFRTINLS AN for Health Effect Body of Evidence L CR LIS EE) Y for Health Effect
(++++) High Health effect  sspGIEG] (++++} High b2 Noeffect = =) I'E:Iadlf:ceifzfc:_n

(+++) Moderate DEEEG N — > Moderate (+++) Moderate > [Si2as > Inadequate
(++) Low Health effect =Ry (++) Low > [ =isee > Inadequate

{1 ey rawoniie Inadequate +)Very Low or No
Q\fidence Identified izl Lo 9 %V}ider:ze Identified No effect  mmpRLELILVELS

' 4

Evidence Descriptors Definition

There is high confidence in the body of evidence for an
High Level of Evidence association between exposure to PFOA or PFOS and the health
outcome(s).

There is moderate confidence in the body of evidence for an
Moderate Level of Evidence association between exposure to PFOA or PFOS and the health
outcome(s).

There is low confidence in the body of evidence for an
Low Level of Evidence association between exposure to PFOA or PFOS and the health
outcome(s), or no data are available.

There is insufficient evidence available to assess if exposure to

Inadequate Evidence PFOA or PFOS is associated with the health outcome(s).

There is high confidence in the body of evidence that exposure to

Evidence of No Health Effect PFOA or PFOS is not associated with the health outcome(s).

Integrate Evidence to Develop Hazard Identification Conclusions

Finally, the levels of evidence ratings for human and animal data will be integrated with consideration of
mechanistic data to reach one of five possible hazard identification categories: (1) Known, (2) Presumed,
(3) Suspected, (4) Not classifiable, or (5) Not identified to be an immune hazard to humans (Figure 4).

Consideration of Human and Animal Data

Initial hazard identification conclusions were reached by integrating the highest level-of-evidence
conclusion for immune effects on an outcome basis for the human and the animal evidence streams.
Hazard identification conclusions were reached on the groups of biologically related outcomes using
outcome groups identified in Table 5) for: (1) immunosuppression, (2) hypersensitivity, and

(3) autoimmunity as well as more specific endpoints (e.g., the conclusion on immunosuppression is
primarily based on suppression of the antibody response). The level-of-evidence conclusion for human
data for each health outcome was considered together with the level of evidence for non-human animal
data on that outcome to reach one of four initial hazard identification conclusions: Known, Presumed,
Suspected, or Not classifiable. When either the human or animal evidence stream was characterized as
“Inadequate Evidence,” then conclusions were based on the remaining evidence stream alone (which is
equivalent to treating the missing evidence stream as “Low” in Figure 4).
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Figure 4. Hazard Identification Scheme
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Consideration of Mechanistic Data

The NTP does not require mechanistic or mode-of-action data in order to reach hazard identification
conclusions, although when available, this and other relevant supporting types of evidence may be used
to raise (or lower) the category of the hazard identification conclusion. Mechanistic data can come from
a wide variety of studies that are not intended to identify a disease phenotype. This source of
experimental data includes in vitro and in vivo laboratory studies directed at cellular, biochemical, and
molecular mechanisms that explain how a chemical produces particular adverse effects.

For the evaluation of immunotoxicity associated with PFOA or PFOS exposure, we were interested in
mechanistic data that were relevant for immune outcomes reported from in vivo studies in animals or
humans. In general, the mechanisms for PFOA- or PFOS- associated immune effects are not well
understood at this time (DeWitt et al. 2012 for review); however, established mechanisms for the
specific immune effects evaluated were used to organize the available data. Mechanistic data from in
vitro or in vivo studies were then used to examine the biological plausibility of the primary health
outcomes considered in developing a hazard conclusion (e.g., antibody response). In brief, data on early
events in a given immune response (i.e., cell signaling, cell activation, and key cell populations) were
examined to inform the biological plausibility of the association between PFOA and PFOS and specific
immune effects. PFOA- or PFOS-associated changes in cell populations or cytokines would present a
possible mechanism if they occurred at the same or lower concentrations at which the immune effects
were reported.

The factors outlined for increasing or decreasing confidence that the mechanistic data support biological
plausibility are conceptually similar to those used to rate confidence in bodies of evidence for human or
animal in vivo studies are listed below and described in depth in the protocol
(http://ntp.niehs.nih.gov/g0/749926). Four factors were considered that contribute to increased
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confidence: potency, dose-response, consistency in terms of cellular events observed at the same or
lower doses than in vivo health effects, and consistency across cellular targets on the same pathway.
And four factors were considered that contribute to decreased confidence: unexplained inconsistency
across studies of the same endpoint, risk of bias, indirectness/applicability of the pathway for human
health or concentrations for human exposure, and publication bias. Evaluations of the strength of
evidence provided by mechanistic data were made on an outcome-specific basis based on discussion by
the evaluation team and consultation with technical advisors as needed.

e If mechanistic data provided strong support for biological plausibility of the relationship
between exposure and the health effect, the hazard identification conclusion may be
upgraded (indicated by black “up” arrows in Figure 4) from that initially derived by considering
the human and non-human animal evidence together.

e If mechanistic data provided strong opposition for biological plausibility of the relationship
between exposure and the health effect, the hazard identification conclusion may be
downgraded (indicated by gray “down” arrows in Figure 4) from that initially derived by
considering the human and non-human animal evidence together.

Although it is envisioned that strong evidence for a relevant immune process from mechanistic data
alone could indicate a greater potential that the substance is an immune hazard to humans, for this
evaluation the mechanistic data were only considered to inform the biological plausibility of observed
outcomes from in vivo exposure studies in humans or animals. The mechanistic data were collected and
then grouped by the immune effects that it would be relevant to and considered when integrating
evidence to develop hazard identification conclusions. For example, observational data on total serum
immunoglobulin E (IgE) or in vitro IgE production would support a functional measure of
hypersensitivity-related outcomes, but it would not support suppression of the natural killer (NK) cell
response.

15



Systematic Review of Immunotoxicity Associated with Exposure to PFOA or PFOS

RESULTS AND EVIDENCE SYNTHESIS

Literature Search Results

The electronic database searches retrieved 3197 individual references and 20 additional references
were identified by technical advisors or from reviewing reference lists in published reviews and included
studies. From the total references retrieved, 2788 were excluded during the title and abstract screening
and 241 were excluded during the full text review. The screening results are outlined in a study selection
diagram with reasons for exclusion documented at the full text review stage (Figure 5). The 148 included
studies are listed in Appendix 2; there are 33 human studies, 93* animal studies, and 27* in vitro/
mechanistic studies.

Figure 5. Study Selection Diagram

E References identified References identified through
" through other sources database searches
= (n=20) (n=5,639)
=
£
(7]
B
References after duplicate removal )
Title-abstract screened for References excluded as not relevant
- relevance_and eligibility [ to PECO criteria (n=2,788)
= (n=3,197) )
5 3 3
o . - . Full-text articles excluded
(77] R = > TUPEAEAL NTLIES EACTVIUES
[ Full-text articles assessed for relevance and eligibility (n= 389) | Exposure not relevant (n=49)
Outcome not relevant (n=42)
Other (n=150)
+ Review/editorial (n=88)
Studies included for data extraction in step 3, and ) Pharr.nacoklnetmdata on_ly (n=13)
. - i _ + Meeting abstract only (n=37)
E risk of bias assessmentin step 4 (n=148) . Grants (n=12)
=]
7 7 7
=

Human studies Animal studies In vitro studies
(n=33) (n=93)* (n=27)*

* Five publications contained data relevant to both experimental animal studies and in vitro studies

Health Effects Results

The human and animal immune data across all studies were sorted separately for PFOA and PFOS into
the 3 main categories of immune response presented earlier in Table 5: (1) immunosuppression,

(2) hypersensitivity-related outcomes, and (3) autoimmunity. Within immunosuppression, evidence for
effects on the antibody response, natural killer cell (NK) activity, infectious disease resistance and
delayed-hyper hypersensitivity (DTH) response were considered separately, as these endpoints may
involve different cell populations and mechanisms. For each chemical, the results were organized and
presented for primary immune outcomes in these 3 categories. Results for primary outcomes were
grouped across studies to develop bodies of evidence or collections of studies with data on the same or
related outcomes. More indirect or secondary outcomes such as thymus weight, cell counts and other
observational endpoints were summarized in Appendix 5.

16



Systematic Review of Immunotoxicity Associated with Exposure to PFOA or PFOS

The majority of data on primary health outcomes were on the antibody response for both PFOA and
PFOS, and the collection of studies on this outcome represented the strongest bodies of evidence for
both human and experimental animal studies.

For PFOA, there were also epidemiological studies on infectious disease resistance, hypersensitivity-
related outcomes and autoimmunity. There were no human studies of PFOA and NK cell activity. Within
the animal body of evidence, several PFOA exposure studies were identified that examined airway-
hypersensitivity in mouse models of asthma, but there was only a single study on NK cell activity and no
experimental studies of disease resistance or autoimmunity.

Similarly for PFOS, there were epidemiological studies on infectious disease resistance and
hypersensitivity-related outcomes. There were no human studies of PFOS and NK cell activity and a
single study on autoimmunity-related endpoints. Several experimental animal studies were located that
tested the effects of PFOS exposure on disease resistance and NK-cell activity, and a single study was
located that tested the effect of PFOS on airway-hypersensitivity. There were no experimental studies of
autoimmunity in animal models.

The main findings for immune effects of PFOA and PFOS are summarized below. Then, the following
sections on PFOA Immune Evidence and PFOS Immune Evidence present the results and evidence
synthesis in detail for all of the primary immune health outcomes considered (antibody response,
disease resistance, NK cell activity, hypersensitivity, and autoimmunity). There were no human studies
of DTH identified for PFOA or PFOS and few experimental animal studies on the DTH response, the
endpoint was not considered for hazard identification and the evidence is discussed in Appendix 4.

Main Findings PFOA

The principal findings are outlined below including a brief description of the basis for the confidence
ratings and level of evidence conclusions for the human and non-human animal data that support the
immune hazard identification conclusions for PFOA. These conclusions are based on evidence that PFOA
exposure results in suppression of the antibody response and increased hypersensitivity-related effects,
the primary immune outcome with the strongest bodies of evidence from human and experimental
animal studies. The human and animal bodies of evidence both indicate that higher serum levels of
PFOA are associated with suppression of the antibody response. Table 6 outlines the evidence profile for
PFOA immunotoxicity based on the antibody response data and presents the confidence ratings
summaries for the bodies of evidence.

There is moderate confidence that exposure to PFOA is associated with suppression of the antibody
response in humans based on the available studies. The results present a consistent pattern of findings
that higher prenatal, childhood, and adult serum concentrations of PFOA were associated with
suppression in at least one measure of the anti-vaccine antibody response to common vaccines across
multiple studies. There were no changes in the confidence rating for the human body of evidence after
considering factors that may increase or decrease confidence. Heterogeneity in the findings may be
explained by variation between studies in the different vaccinations tested, time between vaccination
and measurement of the antibody response, and analyses or ways to measure the antibody response.

There is high confidence that exposure to PFOA is associated with suppression of the antibody response
in animals based on consistent suppression of the primary antibody response from experimental studies
in mice. Confidence in the body of evidence was decreased because of serious concern for risk of bias
and increased for evidence of dose-response observed across multiple studies to support the final rating
of high confidence.
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Table 6. Evidence Profile of the Main Findings for PFOA Immunotoxicity

Factors decreasing confidence Factors increasing confidence
“__" if no concern; “4” if serious “__” if not present; “1” if
concern to downgrade confidence sufficient to upgrade confidence
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Immunotoxicity Based on Evidence for Suppression of the Antibody Response
Human
Initial Mode.rate . . . . . . . . . . Moderate
(4 prospective studies)?
Initial Low Low
(2 cross-sectional studies)P
Confidence Across Human No change for considering across study designs Moderate
Bodies of Evidence € & v g
Animal
Initial High .
(7 mammal studies) v B B B B B T B B High

References:
Human: Granum (2013)?, Grandjean (2012), Kielsen (2016)®, Looker (2014)3, Mogensen (2015)3?, Stein (2016)P
Animal: DeWitt (2008, 2009a, 2016), Hu (2010), Loveless (2008), Vetvicka (2013), Yang (2002a)

The moderate confidence in the human body of evidence for suppression of the antibody response
translates into a moderate level of evidence and the high confidence in the experimental animal studies
translates into a high level of evidence. Integration of these level-of-evidence conclusions supports an
initial hazard identification conclusion of presumed to be an immune hazard to humans based on the
antibody response data. Relevant mechanistic data (e.g., effects of PFOA on key cell populations,
antigen processing and cell activation, or cytokines important for cell signaling during the antibody
response) were not considered to provide evidence to support or refute the biological plausibility of
PFOA-associated suppression of the antibody response.

e Human body of evidence: Moderate Confidence = Moderate Level of Evidence
e Animal body of evidence: High Confidence = High Level of Evidence
e Initial hazard conclusion (Moderate x High) = Presumed to be an Immune Hazard to Humans

¢ Final hazard conclusion
(after consideration of biological plausibility) = Presumed to be an Immune Hazard to Humans

Therefore, the antibody data support a final hazard identification conclusion that PFOA is presumed to
be an immune hazard in humans (see Table 7).

Table 7. PFOA Main Immune Effects Summary Table

Category of Confidence Ratings in | Level of Evidence in
Immune Immune the Body of Evidence | the Body of Evidence
Response Outcomes Human Animal Human Animal Hazard Conclusion
. . . . Presumed to be an Immune
Immunosuppression|Antibody response| Moderate |High Moderate |High —Hazard to Humans
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Although the main findings are based on the effects of PFOA on the antibody response, there is
additional evidence that PFOA affects the immune system and the following sections (see PFOA Immune
Evidence) include detailed discussions of the available evidence for effects of PFOA on all of the primary
immune health outcomes considered. The additional data are primarily from epidemiological studies
reporting that PFOA reduced infectious disease resistance, increased hypersensitivity-related outcomes,
and increased autoimmune disease incidence of ulcerative colitis. The evidence indicating that PFOA
affects multiple aspects of the immune system supports the overall conclusion that PFOA alters immune
function in humans. However, the mechanism(s) of PFOA-associated immunotoxicity is not well
understood and effects on diverse endpoints such as suppression of the antibody response and
increased hypersensitivity-related endpoints may be unrelated.

Main Findings PFOS

The principal findings are outlined below including a brief description of the basis for the confidence
ratings and level of evidence conclusions for the human and non-human animal data that support the
immune hazard identification conclusions for PFOS. These conclusions are based on the antibody
response, the primary immune outcome with the strongest bodies of evidence for effects of PFOS
exposure for both human and experimental animal studies. The human and animal bodies of evidence
both indicate that higher serum levels of PFOS are associated with suppression of the antibody
response. Table 8 outlines the evidence profile for PFOS immunotoxicity based on the antibody
response data and presents the confidence ratings summaries for the bodies of evidence.

There is moderate confidence that exposure to PFOS is associated with suppression of the antibody
response in humans based on the available studies. The results present a consistent pattern of findings
that higher prenatal, childhood, and adult serum concentrations of PFOS were associated with
suppression in at least one measure of the anti-vaccine antibody response to common vaccines across
multiple studies. There were no changes in the confidence rating for the human body of evidence after
considering factors that may increase or decrease confidence. Heterogeneity in the findings may be
explained by variation between studies in the different vaccinations tested, time between vaccination
and measurement of the antibody response, and analyses or ways to measure the antibody response.

There is high confidence that exposure to PFOS is associated with suppression of the antibody response
in animals based on consistent suppression of the primary antibody response from experimental studies
in mice. Confidence in the body of evidence was decreased because of serious concern for risk of bias
and increased for evidence of dose-response observed across multiple studies to support the final rating
of high confidence.

The moderate confidence in the human body of evidence for suppression of the antibody response
translates into a moderate level of evidence and the high confidence in the experimental animal studies
translates into a high level of evidence. These level-of-evidence conclusions support an initial hazard
identification conclusion of presumed to be an immune hazard to humans based on the antibody
response data. Relevant mechanistic data (e.g., effects of PFOS on key cell populations, antigen
processing and cell activation, or cytokines important for cell signaling during the antibody response)
were not considered to provide evidence to support or refute the biological plausibility of PFOS-
associated suppression of the antibody response.

e Human body of evidence: Moderate Confidence = Moderate Level of Evidence
e Animal body of evidence: High Confidence = High Level of Evidence

o Initial hazard conclusion (Moderate x High) = Presumed to be an Immune Hazard to Humans
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e Final hazard conclusion
(after consideration of biological plausibility) = Presumed to be an Immune Hazard to Humans

Therefore, the antibody data support a final hazard identification conclusion that PFOS is presumed to
be an immune hazard in humans (see Table 9).

Table 8. Evidence Profile of the Main Findings for PFOS Immunotoxicity
Factors decreasing confidence Factors increasing confidence
“__” if no concern; “J” if serious “_" if not present; “1” if
concern to downgrade confidence sufficient to upgrade confidence
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Immunotoxicity Based on Evidence for Suppression of the Antibody Response
Human
Initial Mode.rate . Moderate
(4 prospective studies)?
Initial Low - . . - . - . . - Low
(2 cross-sectional studies)P
Confidence Across Human No change for considering across study designs Moderate
Bodies of Evidence
Animal
Initial High .
(8 mammal studies) v B B B B B T B B High
References:
Human: Granum (2013)?, Grandjean (2012)?, Kielsen (2016)®, Looker (2014)2, Mogensen (2015)2, Stein (2016)P
Animal: Dong (2009b, 2011), Keil (2008), Lefebvre (2008), Peden-Adams (2008), Qazi (2010b), Vetvicka (2013),
Zheng (2009)

Although the main findings are based on the effects of PFOS on the antibody response, there is
additional evidence that PFOS affects the immune system and the following sections (see PFOS Immune
Evidence) include detailed discussions of the available evidence for effects of PFOS on all of the primary
immune health outcomes considered. There is also evidence based primarily on experimental animal
studies that PFOS suppresses disease resistance to influenza A virus challenge and NK cell activity.
Disease resistance involves multiple components of the immune system, and successful immune
response to viral challenge includes rapid responses from the innate arm of the immune system (e.g., NK
cell activity) as well as slower responses from the humoral arm of the immune system (antibody
mediated responses). Although the mechanism(s) of PFOS-associated immunotoxicity is unclear,
suppression of the antibody response and NK cell function are both potential mechanisms by which
PFOS may reduce disease resistance. The evidence indicating that PFOS suppresses multiple aspects of
the immune system supports the overall conclusion that PFOS alters immune function in humans.

Table 9. PFOS Main Immune Effects Summary Table
Category of Confidence Ratings in | Level of Evidence in
Immune Immune the Body of Evidence | the Body of Evidence
Response Outcomes Human Animal Human Animal Hazard Conclusion
. . . . Presumed to be an Immune
Immunosuppression|Antibody response| Moderate |High Moderate |High —Hazard to Humans
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Risk of Bias Considerations

Risk-of-bias ratings of all of the individual studies for all questions are available in Appendix 3. The risk
of bias of individual studies in the body of evidence and for the body of evidence as a whole was
considered in developing the confidence ratings for each health effect. The key risk-of-bias questions
(e.g., confounding, exposure characterization, and outcome assessment for human studies) are
discussed in the consideration of the body of evidence for each health effect. Although no study was
excluded based on concerns for risk of bias, confidence conclusions were considered with and without
high risk of bias studies (e.g., studies rating probably high or definitively high risk of bias for two key risk-
of-bias questions) to assess the impact of the high risk of bias studies.

21



Systematic Review of Immunotoxicity Associated with Exposure to PFOA or PFOS

PFOA Immune Evidence

The sections below on each primary immune health effect begin with a brief description of the health
effect, followed by a summary of the human evidence and the confidence rating of the body of evidence
from human studies. A similar summary of the animal evidence and confidence rating in the animal body
of evidence is then presented. In vitro or mechanistic studies are then summarized. Then evidence
synthesis was conducted in a three-part process for each outcome. First, the confidence ratings were
translated into level-of-evidence of health effects conclusions using the procedure outlined in Figure 3.
Next, initial hazard identification conclusions were reached by integrating the level-of-evidence
conclusions for the human and animal evidence streams using the procedure outlined in Figure 4.
Finally, the degree of support from mechanistic data was considered and discussed in reaching final
hazard identification conclusions for each of the major immune health outcomes.

Immunosuppression: Antibody Response

The development of specific antibodies in response to an immune challenge (e.g., injection with sheep
red blood cells or SRBC) is a well-accepted measure of immune function included in many guidelines or
testing requirements for immunotoxicity (US EPA 1998, ICH 2005, WHO 2012). Antibodies are proteins
found in blood and other body fluids that bind to antigens (generally proteins on the cell surface of
infectious agents such as viruses or bacteria) and thereby identify them for destruction or removal. The
production, release, and increase in circulating levels of antigen-specific antibodies are important for
protection against the infectious agent and preventing or reducing severity of influenza, respiratory
infection, colds, and other diseases as part of the humoral immune response. Reduced antibody
production is an indication of decreased immune function or immunosuppression that may indicate a
greater risk of disease. There are 5 antibody or immunoglobulin (Ig) classes in mammals: I1gM, 1gG, IgA,
IgD, and IgE that differ in structure and function.

Antibody assays for immunosuppression generally measure IgM or I1gG. IgM is important for the early or
primary response after a single antigen challenge and IgG is a later response that is important in
recognizing the antigen following re-exposure. Antigen-specific IgM to a T-cell-dependent antigen (e.g.,
SRBC) is considered one of the most predictive measures of overall immune function because proper
response requires cooperation between T-cells, B-cells, and antigen-presenting cells to develop an
antibody response (Luster et al. 1992). This antibody response can be examined by measuring antigen-
specific antibody levels after vaccination in humans and after challenge with SRBC or other antigens in
laboratory animals. Measurement of total immunoglobulin levels (rather than antigen-specific IgM or
IgG) is considered observational data that is less predictive for immunotoxicity (WHO 2012).

Human Antibody Response Data for PFOA (and PFOS)

The human body of evidence for PFOA and PFOS on the antibody response is based on the same six
epidemiological studies with very similar results and findings for both chemicals. The confidence ratings
for the human data are the same for both chemicals. Therefore, to avoid repetition, the following text
includes discussion of the human data for both PFOA and PFOS. The reader is referred to the section on
Human Antibody Response Data for PFOS for the summary and confidence conclusion on the human
body of evidence for the PFOS antibody data.

Summary: There is moderate confidence that exposure to PFOA is associated with suppression of the
antibody response based on the available human studies. The results show consistent PFOA- associated
suppression in at least one measure of the anti-vaccine antibody response across multiple studies with
evidence from developmental, childhood, and adult exposures (see Table 10 for list of studies). There
were no changes in confidence rating for the body of evidence after considering factors that may
increase or decrease confidence (see Table 12 for confidence ratings summaries for the body of
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evidence). Heterogeneity in the findings may be explained by variation between studies in the different
vaccinations tested, time between vaccination and measurement of the antibody response, and

analyses or ways to measure the antibody response. The confidence rating for the human antibody data
is the same for PFOA and PFOS.

Table 10. Studies on Antibody Response in Humans (4 prospective; 2 cross-sectional)

Study design Exposure Antibody Antigens
(Location / n for Ab |measure measure /vaccines

Study Study) data timing timing Analysis tested

Granum (2013) |Prospective 49 to 51 Maternal 0-3d Children Linear regression (bivariate measles, Hib,
(Norwegian/ MoBa post delivery (age 3) and multivariate) B coefficient | rubella*-¥,
birth cohort) tetanus

Grandjean (2012) | Prospective (Faroe |Age 5 (509) [Maternal Children Multiple analyses for different |diphtheria*,

Mogensen (2015)|Islands birth cohort) |Age 7 (419) |[Child (age 5) (age 5, 7) antibody endpoints including |tetanus*-t

(log transformed) |(log transformed) |Linear regression for: 1) Linear
regression (multivariate) %
change in antibody level; and
2) Logistic regression OR of
antibodies falling below a
clinically protective level. Both
analyses per 2-fold increase of
individual PFAAs(PFOA, PFOS);
also structural equation
models to examine joint PFAAs

Kielsen (2016) Cross-sectional 12 10-days post Adult 2-30 days  |Regression model with diphtheriat,
(Denmark hospital vaccination post vaccination |different phases (linear day 4 |tetanus
volunteers) (log transformed) |(log transformed) |to10 with cubic spline

function) % change antibody
from day 4 to 10 post
vaccination per 2-fold increase
individual PFAAs(PFOA, PFOS)

Looker (2014) Prospective (USA 403 At vaccination Adult 21 days post| Multiple analyses for different | Influenza type B,
OH/ WV residents (log transformed |vaccination antibody endpoints including |[A/H1N1,
with elevated PFOA and quartiles) Linear regression for: 1) mean [A/H3N2*
in drinking water) rise following vaccination;

2) log-antibody rise; 3) log-
antibody titer ratio (post-
vaccine: pre-vaccine).

And Logistic regression OR of:
1) seroconversion (4-fold
increase post vaccination); and
2) seroprotection (1:40 post
vaccination)

Stein (2016) Cross-sectional (USA,| 1101 to In same sample as|Children Linear regression % change in | measles,
NHANES) 1190 antibody (age 12-19) antibody per 2-fold increase | mumps*t,

(log transformed) |(log transformed) |individual PFAAs (PFOA, PFOS) | rubella*-t

Antibody level significantly (p<0.05) decreased in at least one measure associated with (*) PFOA or (1) PFOS exposure

The available epidemiological studies in the human body of evidence that evaluated the association
between exposure to PFOA or PFOS and the antibody response include: (1) two birth cohort studies
conducted in Norway and the Faroe Islands; (2) a longitudinal analysis of adult residents and workers in
a region of the Ohio Valley with higher PFOA levels in drinking water (part of the C8 studies); and (3) two
cross-sectional studies, one using NHANES data on U.S. children ages 12 to 19, and a small study of adult
volunteers from a Denmark hospital (see Table 10 for details). In addition to study design and age of the
population when the antibody response was measured (children age 2-19 or adults), the studies varied
greatly in size (from n = 12 to over 1100), age and timing of the exposure measurement (maternal, at
the same time as vaccination, same time as antibody response), methods for evaluating the antibody
response (circulating antibody level or rise in antibody concentration following vaccination), type of
statistical analyses (P coefficient from linear regression, change in antibody response for 2-fold increase
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in specific PFAAs or OR), and the specific vaccine tested. The two Faroe Island birth cohort studies
evaluated different exposure timing (maternal, 5 and 7 years) and antibody concentrations in the same
population. Most studies measured antibody concentrations to common childhood vaccines. The study
in adults measured antibody concentration, rise and ratio (from pre to post vaccination), and
seroconversion and seroprotection to flu vaccines (Looker et al. 2014). Some of the studies also
measured other immunological related endpoints such as hypersensitivity and infectious disease (see
following sections for discussion of these other health outcomes).

As shown in Table 11, the results of multiple studies reported PFOA- and PFOS-associated suppression in
at least one measure of the anti-vaccine antibody response with evidence from developmental,
childhood, and adult exposures. Increased maternal serum or plasma concentrations of PFOA and PFOS
were associated with lower anti-vaccine antibody levels for some vaccines, but not others, in children
(ages 3-7) in both available prospective studies that examined antibody response in relation to
developmental exposure (Grandjean et al. 2012, Granum et al. 2013). A 2-fold increase in serum
concentrations of PFOA and PFOS measured in children were also associated with lower anti-vaccine
antibody levels in children (age 5-19), and again for some vaccines, but not all, in a prospective study
(Grandjean et al. 2012) measuring exposure in 5-year old children and antibody levels at age 7 and in a
cross-sectional study of children (age 12-19) using NHANES data (Stein et al. 2016). There are also two
studies in adults that reported that either PFOA or PFOS (but not both) were associated with reductions
in the initial rise in anti-vaccine antibody levels in the first 10-30 days after vaccination (Looker et al.
2014, Kielsen et al. 2016). After a discussion of common issues such as different methods for measuring
the antibody response, the following sections address the three exposure times separately.

One challenge common to the epidemiological studies in general is the ability to control for other
exposures, particularly between PFOA and PFOS or for other PFAAs that may also be
immunomodulatory. While the available studies corrected for major immunotoxicants if there was a
strong reason to suspect they were present (e.g., the Faroe Island study corrected for PCBs because the
known exposure and immunotoxicity in this population) (Grandjean et al. 2012), the adjustment for
other PFAAs was generally not performed. The correlation between individual PFAA exposures varied
widely between compounds and between studies. For example, there was moderate to high correlation
between PFOA and PFOS (r = 0.70 to 0.72) in the study of children age 12-19 from NHANES depending
on survey year (Stein et al. 2016). Higher concentrations of PFOA and PFOS were both associated with
reduced antibody levels to mumps and rubella, but the analyses were not performed to correct for
potential effects of other PFAAs. The NHANES study also measured perfluorohexane sulfonate (PFHxS)
and perfluorononanoate (PFNA) and the correlation between all four PFAAs ranged more widely
(r=0.14 10 0.72). Stein et al. (2016) reported that PFHxS was also associated with lower antibody levels
to rubella, but not to mumps, and that PFNA was not significantly associated with antibody levels to any
vaccine. A wider range of correlations were reported across PFAAs in the Faroe Island birth cohort
(r=0.01to 0.78) for PFOA, PFOS, PFHxS, PFNA and perfluorodecanoate (PFDA); and all of the different
PFAAs were associated with reduced antibody response in at least one vaccine/analysis (e.g., diphtheria
or tetanus relative to maternal serum or age 5 serum PFAAs) (Grandjean et al. 2012). In further analyses,
the authors (Grandjean et al. 2012, Mogensen et al. 2015) report that the antibody response to
diphtheria and tetanus and a combined exposure model to a single variable for joint latent exposure to
PFAAs that included PFOA, PFOS and PFHxS. The association for PFOA or PFOS was less apparent when
adjusted for the other PFAAs, with anti-tetanus antibody borderline significant decrease by 29% (95% ClI
-0.4 to 50.6). The analysis suggests that individual PFAAs (including PFOA and PFOS) suppressed the
antibody response, and there may be some degree of additive effects or cumulative effects of several
PFAAs as indicated by the stronger association reported in the combined exposure model. The authors
indicate that using the data from this study alone (Grandjean et al. 2012, Mogensen et al. 2015), the
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effects could not be attributed to individual compounds, and that the combined variable to the three
major PFAAs (PFOA, PFOS and PFHxS) showed a stronger association with reduced antibody levels.

Table 11. Summary of PFOA/PFOS and Selected Data on Antibody Response in Humans

Change in
antibodies with

Change in
antibodies with

Possible sources of

Exposure

Vaccine |PFOA® PFOS?® heterogeneity measure timing |Study
Rubella -0.4(-0.64 to 0.17) -0.08 (-0.14 to -0.02) e developmental exposure metric Ma.ternal 0-3d post | Granum (2013)
delivery
i i Children: t Stei
-8.9(-14.6 to -2.9) -13.3(-19.9 to -6.2) e childhood eXIPOSl.Jre metric ildren: curren ein
e booster vaccination (2016)
Diphtheria |-22.8(-39.4 to -1.7) -19.7 (-41.8 t0 10.7) e developmental exposure metric Maternal week 32 Grandjean
e antibody levels measured at age 7 | gestation (2012)
o childhood exposure metric Children (age 5) Grandjean
-25.2 (-42.9 to -2.0 -27.6 (-45.8 to -3.3
( 0-2.0) ( 0-3.3) o antibody levels measured at age 7 (2012)
e outcome is OR of falling below Children (age 5) Grandjean
i . 2012
OR=3.27(1.43t07.51) |OR=2.38 (0.89 to6.35)| Protective level of 0.L1U/mi) (2012)
o childhood exposure metric
e antibody levels measured at age 7
i i i Adults 10-d t | Kiel 2016
-8.2(-20.810 6.4) -11.9 (-21.9t0 -0.3) e outcome !s antibody rise not levels u . S ( ays pos ielsen ( )
e outcome in adults vaccination
M i i Children: t Stei
umps 6.6 (-11.7 to -1.5) -5.9(-9.9 to -1.6) e childhood EX.pOSl;IFQ metric ildren: curren ein
e booster vaccination (2016)
Measles -0.13 (-0.35 t0 0.09) -0.05 (0.1 t0 0.01) e developmental exposure metric Ma.ternal 0-3d post | Granum (2013)
delivery
e childhood exposure metric Children: current Stein
-3.4(-16.7 t0 11.9) -2.9(-17.3t013.9) « booster vaccination (2016)
Tetanus -0.01 (-0.09 0 0.1) -0.002 (-0.03 to 0.02) e developmental exposure metric Ma.ternal 0-3d post | Granum (2013)
delivery
e developmental exposure metric Maternal week 32 Grandjean
7.4 (-17.1t0 39.0 35.3(-3.9t0 90.6 )
( ° ) ( ° ) e antibody levels measured at age 7 |gestation (2012)
e childhood exposure metric Children (age 5) Grandjean
-35.8 (-51.9 to -14.2 -23.8(-44.3t04.2
( ) ( 04.2) e antibody levels measured at age 7 (2012)
e outcome is OR of falling below Children (age 5) Grandjean
i . 2012
OR =4.20 (1.54 to 11.44) | OR = 2.61 (0.77 to 8.92) | Protective level of 0.11U/ml) (2012)
e childhood exposure metric
e antibody levels measured at age 7
i i i Adult 10-d t |Kiel 2016
0.23 (-10.4 t0 12.1) -3.6(-11.9t05.5) e outcome !s antibody rise not levels u. . ays pos ielsen ( )
e outcome in adults vaccination
Influenza A | Antibody titer ratio Antibody titer ratio e outcome is antibody rise not levels |Adult at vaccination |Looker (2014)
H3N2 27 -0.1(-0.3t00.1) 2" -0.06 (-0.26 t0 0.14) | e outcome in adults

374-0.07 (-0.28 to -0.14)
4th-0.22 (-0.43 to -0.01)
Antibody titer rise

2 .0.28 (-0.51 to -0.06)
3r.0.37 (-0.60 to -0.13)
4th 0,12 (-0.36 t0 0.13)

3r9-0.02 (-0.18 to -0.23)
4t -0.03 (-0.24 to -0.19)
Antibody titer rise

2" 0.03 (-0.19 to 0.26)
314 0.18 (-0.00 to 0.41)
4t -0.04 (-0.28 t0 0.21)

alinear regression (3 or % change in antibody per 2-fold increase of individual PFAAs unless noted as OR).

Bold text indicates statistically significant decreased or increased association.

This table highlights select findings to illustrate reductions in the antibody response across multiple vaccines (rubella,
diphtheria, mumps, tetanus, and influenza A), multiple measures of the antibody response (anti-vaccine antibody levels,
OR of falling below seroprotective antibody levels, antibody rise, and antibody ratio pre- to post-vaccination) and in
different populations relative to PFOA and PFOS measured in pregnant women, children, and adults; for additional data
see Figure D1, Figure D2, Figure D3, Figure D4, Figure D5.

Risk-of-bias ratings of individual studies of the antibody response for all questions are available in
Figure D10 and Figure D11 (see protocol for additional details http://ntp.niehs.nih.gov/go/749926). The
assessment of the key risk-of-bias questions (confounding, exposure characterization, and outcome
assessment) are discussed in the following sections when there are particular issues for studies of
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exposure during development, childhood, or as adults and measures of the antibody response. A
general discussion of each of the key questions is included below.

Risk-of-bias assessment of potential confounders included age, sex, race/ethnicity, smoking, body mass
index (BMI), alcohol consumption, variables that represent socioeconomic status, and exposure to other
known or suspected immunotoxicants (e.g., PCBs and other potentially immunomodulatory PFAAs)
based on prior reports of associations with PFOA and PFOS exposure levels (Calafat et al. 2007, Nelson
et al. 2010) and immune outcomes (WHO 1996, Dallaire et al. 2005) (see protocol
http://ntp.niehs.nih.gov/go/749926 for more details). The Grandjean et al. (2012) population in the
Faroe Islands has known exposure to PCBs that have been shown to suppress the antibody response;
however, the analysis accounted for PCBs as potential confounders, and the authors report no effect of
adjustment for PCBs on the analyses. As discussed above, there may be limited ability to differentiate
effects of PFOA or PFOS from other PFAAs given that there is likely to be co-exposure with other PFAAs
and there may be similar inmunomodulatory effects of the different PFAAs (e.g., suppression of the
antibody response as discussed above). Therefore, unless a study controlled for other PFAAs, studies
were rated probably high risk of bias in accounting for potential confounders and modifiers because of
the limited ability to differentiate effects of PFOA or PFOS from other PFAAs. The effects of individual
PFAAs on the antibody response can be considered effect modifiers, rather than true confounders of the
association between exposures to individual PFAAs (e.g., PFOA and PFOS) and lower antibody response.
No study was excluded based on concerns for risk of bias.

Risk-of-bias assessment of the exposure characterization assessed the consistency and reliability of the
exposure measures such as use of established test methods (e.g., high pressure liquid chromatography
with tandem mass spectrometry) and whether exposure was assessed in a relevant time-window for
development of the outcome (see protocol for more details http://ntp.niehs.nih.gov/go/749926). Given
the slow clearance and long biological half-life of PFOA and PFOS in humans (2 to 8 years)(Olsen et al.
2007a, Kudo 2015), exposure measured from a single sample/time point is considered a good measure
of PFOA or PFOS exposure. The range of exposure was also considered for these studies to determine if
it was sufficiently broad to detect an association between exposure and potential differences in the
outcome. In general, serum or plasma concentrations spanned a range that was at least 10-fold,
suggesting a sufficient range [e.g., 0.2 to 2.7 ng/ml PFOA minimum to maximum in the Granum et al.
(2013) study]. All of the human studies of antibody response were rated probably low or definitely low
risk of bias for exposure (Figure D10 and Figure D11).

Risk-of-bias evaluation of the outcome assessment considered the use of established methods, whether
the outcome had been assessed consistently across all groups and whether or not the outcome
assessors had been blinded to the study groups or exposure levels prior to assessing the outcomes.
Given the study designs for the epidemiological studies that examined antibody response (as for many
of the epidemiological studies in this data set), it was unlikely that the laboratory personnel measuring
antibody levels would have been aware of the PFOA or PFOS serum levels of individuals and therefore
lack of blinding was not a concern. Across studies there were several methods used to measure the
antibody response, and all of the methods are considered both valid and reliable; however, they may
differ in their clinical relevance as a measure of the ability of individuals to respond to infectious agents
such as viruses, bacteria, or mount an effective antibody response to vaccination. Most of the studies of
PFOA and PFOS evaluated specific antibody levels to vaccines at a time point substantially removed from
vaccination by months or years. Antibody levels rise dramatically in the first several weeks following
vaccination, and then decrease over time with a greater time between vaccination and measurement of
antibody response; for example dropping 90% by 3-years after primary vaccination (Swartz et al. 2003).
Lower concentrations of specific antibodies to vaccines are likely to have biological significance on a
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population level with some proportion of the population having a decreased ability to mount a defense
against viruses or bacteria (WHO 2012). However, for individuals, it is unknown if small to moderate
reductions in circulating antibody levels (e.g., 15 to 35%) would affect the immune response to
challenge.

In addition to measuring antibody levels, several studies of PFOA and PFOS included analysis of the
antibody response that are considered more clinically relevant to the ability of individuals to respond to
viral or bacterial challenge. Three studies included analysis for antibody levels dropping below a clinically
protective level or failing to increase sufficiently at vaccination to produce immunity considered
protective (Grandjean et al. 2012, Looker et al. 2014, Kielsen et al. 2016). For example, a 2-fold increase
in serum concentrations of PFOA and PFOS was associated with a greater OR 4.20 (95% Cl, 1.54 to 11.44)
for falling below the clinically protective antibody level 0.1 IU/ml for diphtheria antibodies in a study of
children from the Faroe Islands (Grandjean et al. 2012). Both of the studies in adults reported that
exposure (one for PFOA and the other for PFOS) were associated with a decreased rise in antibody
concentrations post vaccination which would suggest a lower likelihood of achieving a sufficient
antibody level to provide effective immunity (Looker et al. 2014, Kielsen et al. 2016). The outcome
measures used in the Looker et al. (2014) study are considered particularly strong, clinically and
biologically relevant to the individuals in the study as well as on a population level.

Levels of PFOA/PFQOS in pregnant women and antibody response in children

Increased maternal PFOA and PFOS concentrations were associated with lower antibody levels to
rubella vaccination, but not measles, Haemophilus influenzae type b (Hib), or tetanus in 3-year old
children from a sub-cohort of the Norwegian Mother and Child Cohort (MoBa) study (n = 49-51)
(Granum et al. 2013) (Figure D1). In another study, increased maternal PFOS was associated with lower
antibody levels to diphtheria vaccination in 5-year old children (pre-booster) and maternal PFOA was
associated with lower antibody levels to diphtheria in 7-year old children from a Faroe Islands birth
cohort (n =419-509) (Grandjean et al. 2012) with additional data on exposure at 7-years of age and
analysis in (Mogensen et al. 2015) (Figure D2). Across these vaccine antibody studies that measured
maternal PFOA or PFOS concentrations, only one vaccine (tetanus) was tested in more than one study to
allow an examination of consistency of the association. In both studies, there was no association
between maternal PFOA or PFOS concentrations and antibody levels to tetanus in children.

Risk-of-bias assessment of potential confounders for the antibody response was discussed previously
and both the Grandjean et al. (2012) and Granum et al. (2013) study adjusted for most important
confounders other than co-exposure to other PFAAs. Duration of breastfeeding was considered as a
confounder the Granum et al. (2013) and the Grandjean et al. (2012) studies because of evidence that
breast feeding may support immune function and duration of breastfeeding may affect PFOA exposure
as well (Karrman et al. 2007). In addition, the Grandjean et al. (2012) population in the Faroe Islands has
known exposure to PCBs that have been shown to suppress the antibody response; however, the
analysis accounted for PCBs as potential confounders, and the authors report no effect of adjustment
for PCBs on the analyses. Both studies were rated probably high risk of bias in accounting for potential
confounders because of the limited ability to differentiate effects of PFOA or PFOS from other PFAAs
(Figure D10 and Figure D11). For example, the Granum et al. (2013) study of the MoBa birth cohort
reported suppression of the antibody response to rubella with higher serum concentrations of PFOA and
PFOS, and also with serum levels of PFHxS and PFNA. Within the Granum et al. (2013) study the different
PFAAs were not highly correlated (r = 0.26 to 0.60) and analyses of individual PFAAs supported effects all
in the same direction (i.e., suppression), but the analyses of PFOA or PFOS were not performed to
correct for potential effects of other PFAAs.
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Risk-of-bias assessment of the exposure characterization for the developmental studies assessed the
consistency and reliability of the exposure measures as discussed previously. However, for the
developmental studies, there was further consideration of maternal serum or plasma as an indirect
measure of exposure to the offspring. Maternal serum PFOA and PFOS were used as the exposure
metric for both studies examining potential effects of prenatal exposure on antibody levels in children.
The mean maternal serum PFOA concentrations were 1.1 and 3.2 ng/ml, and mean serum PFOS
concentrations were 5.6 and 27.3 ng/ml in the Granum et al. (2013) and Grandjean et al. (2012) studies
respectively. The mean serum levels for PFOA and PFOS in these studies are within the range of US
exposures [e.g., latest NHANES data for 1999-2012 reported mean (95% Cl) was 2.08 ng/ml (1.95-2.22)
for serum PFOA (CDC 2015)]. Strong positive correlations (e.g., Pearson’s correlation between 0.79 —
0.93) have been reported between maternal PFOA and PFOS and cord levels as a measure of fetal
exposure (Glynn et al. 2012). However, Glynn et al. (2012) did show that the correlation between
maternal and fetal levels was strongest for maternal samples taken closer to delivery (i.e., third
trimester or within 3 weeks after delivery), with the weakest correlations during the first trimester
(Pearson’s correlation 0.78 for PFOA and 0.60 for PFOS). Maternal serum concentrations of PFOA and
PFOS were measured close to delivery in the Granum et al. (2013) (within 3 days of birth) and Grandjean
et al. (2012) (at week 32 of pregnancy) studies, and therefore, the studies minimize the likelihood of
exposure misclassification for prenatal exposure and were rated definitely low risk of bias for exposure
characterization (Figure D10 and Figure D11).

Although Granum et al. (2013) and Grandjean et al. (2012) reported that maternal concentrations of
PFOA and PFOS were associated with decreased antibody levels in children, the studies cannot exclude
the potential impact of post-natal exposure directly to children. There is no a priori reason to suspect a
specific window of susceptibility for PFOA or PFOS exposure to affect the antibody response (i.e.,
developmental, childhood, or adult). The one study that tested both developmental and childhood
exposure (Grandjean et al. 2012) reported that both exposure windows were associated with lower
antibody levels to diphtheria vaccinations and the most consistent results were for the association with
childhood exposure measures (Figure D2 and Figure D3). The authors found that maternal PFOA and
PFOS serum concentrations had low correlations with exposure measured in children at age 5 (0.19 to
0.27 for PFOA and PFOS respectively). As discussed below, lower antibody levels to vaccines were also
reported to be associated with childhood and adult measurements of PFOA and PFOS.

Levels of PFOA/PFOS in children and antibody response

The Grandjean et al. (2012) study of children in the Faroe Islands discussed earlier in the context of
maternal exposure also reported that serum PFOA at age 5 was associated with lower antibody levels to
both tetanus and diphtheria at age 7, and age 7 adjusted for age 5 results; similarly, serum PFOS at age 5
was associated with decreased antibody levels for diphtheria at age 7 and for tetanus at age 5

(Figure D3). Adjustment for age 5 results somewhat attenuated the effect size. In addition to a lower
antibody level, the results included a separate analysis for the antibody level dropping below a clinically
protective level. A 2-fold increase in PFOA and PFOS concentrations at age 5 was associated with odds
ratios between 2.38 (95% Cl, 0.89 to 6.35) and 4.20 (95% Cl, 1.54 to 11.44) for falling below the clinically
protective level of 0.1 IU/mL for tetanus and diphtheria antibodies at age 7. As discussed above, lower
antibody levels are likely to have biological significance on a population level, and the lower OR for
children having antibody levels below the value considered clinically protective is stronger data that is
likely to also be meaningful to the individuals in this study. The researchers added additional data on
exposure at 7-years of age and further analysis in a subsequent publication that also supported lower
antibody levels with 2-fold increases in serum PFOA and PFOS at age 7 (Mogensen et al. 2015). The
consistency in direction of the effect (i.e., decreased antibody levels) across multiple measures of the
antibody response supports PFOA- and PFOS-associated suppression of the antibody response and an
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association with both developmental and post-natal exposure. However, chance cannot be ruled out
given the number of different analyses in this study (antibody levels pre- and post-booster age 5, age 7,
and age 7 adjusted for age 5 response examined in relation to maternal and age 5 serum levels of PFOA
and PFOS).

There is also one cross-sectional study based on NHANES data on children age 12-19 (n = 1101 to 1190)
that reported current serum concentrations of PFOA and PFOS were associated with lower antibody
levels for mumps and rubella (but not measles) using NHANES (1999-2000 and 2003-2004) data (Stein et
al. 2016). Although these NHANES exposure data were taken from individuals at the same time as the
antibody levels, the long (2-8 year) half-lives of PFOA and PFOS increase the likelihood that serum
measurements represent past exposure that would be biologically relevant for the antibody response.
The cross-sectional nature of the study design is considered in setting the initial confidence as low
confidence for this design (see Table 12), and therefore the study was not further down-graded for risk
of bias in the exposure characterization given the long half-lives of PFOA and PFOS. Both available
studies reported that serum concentrations of PFOA and PFOS in children were associated with lower
antibody response to vaccinations and there were no shared vaccines to allow examination of the
consistency of the association across studies (Figure D3).

Levels of PFOA/PFOS in adults and antibody response

The two adult studies measured the antibody response using a different metric — the change in antibody
concentration following vaccination was evaluated, rather than circulating antibody concentrations. The
Looker et al. (2014) study performed prospective analysis using serum exposure concentrations taken
immediately prior to vaccination and then subsequent measurement of the antibody response after 21
days in a study of 403 adults living in the Ohio Valley (as part of the C8 studies), a region with elevated
drinking water PFOA levels. Serum levels of PFOA were associated with a reduced rise in antibody levels
in response to influenza A/H3N2 vaccination (not influenza B or A/H1N1) as determined in several
measures (e.g., titer rise, titer ratio, and seroprotection or antibody titer post vaccination >1:40 defined
as protective) (Looker et al. 2014) (Figure D4). The antibody outcome measures used in this study,
particularly seroprotection or that higher PFOA concentrations were associated with decreased
likelihood of attaining the antibody level considered to provide long-term protection, were considered
meaningful to the individuals in this study as well as biologically relevant on a population level. The area
is known to have elevated water levels of PFOA and residents have higher serum PFOA than the general
US population. Interestingly, this is the only human study that did not report an effect of PFOS on
antibody levels and it is the only study where PFOA concentrations were higher than PFOS (in all other
studies mean PFOS concentrations are 5x PFOA levels or more). This study was not downgraded for risk
of bias for potential confounding due to the potential impact of other PFAAs given the established high
concentrations of PFOA in this population, and that the study results did not find and effect of PFOS on
measured endpoints. The Looker et al. (2014) study provides increased confidence that the observed
antibody suppression in humans can be attributed to PFOA rather than a combined effect of PFOA and
other PFAAs. In a small study of 12 volunteer hospital workers in Denmark, serum levels of PFOS (but
not PFOA) were associated with reduced rise in antibody levels following booster vaccination for
diphtheria (but not tetanus) (Kielsen et al. 2016) (Figure D5). This study was rated probably high risk of
bias for two Key Questions (1) selection, for lack of information on the methods and time frame of
participant recruitment and (2) confounding, for failing to account for important confounders including
race, smoking, BMI, socioeconomic status, and potential exposure to agents that may affect antibody
response as part of working in a hospital setting, and additional threats to internal validity given the
small sample size (n = 12). Therefore, the Kielsen et al. (2016) study was only used for support, rather
than deriving conclusions because of the serious risk of bias concerns (Figure D10 and Figure D11).
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Total IgM, IgG, and IgA levels were not associated with serum PFOA as part of a medical surveillance of
workers in a PFOA production plant (Costa et al. 2009); however, as discussed above, total
immunoglobulin (IgM or IgG) levels are not considered reliable measures of immunotoxicity or of the
antibody response. The medical surveillance did not include any vaccine-specific or antigen-specific
antibody measures so these results cannot be compared to the other studies and were not used in
deriving conclusions on the antibody response.

Sources of heterogeneity

Suppression of the antibody response was only associated with PFOA and PFOS exposure for a subset of
the vaccines examined within each study. This is not considered to represent inconsistency in the results
because different responses to different vaccines are expected and often observed in human and
experimental animal data as antigens such as vaccines may stimulate different components of the
immune system. The strength of an antibody response in terms of antibody level and length of time that
an elevated/effective antibody response is maintained is known to differ across vaccines. For example,
the antibody response to rubella and mumps are typically robust and last for decades (Vandermeulen et
al. 2007, Kakoulidou et al. 2010); whereas diphtheria and tetanus require booster vaccinations to
maintain higher antibody levels that provide effective immunity.

Although a PFOA- and PFOS- associated decrease in specific antibody level to vaccination is reported in
almost all of the available human studies, there is limited ability to compare results across studies
because studies generally tested the antibody response to different vaccinations. When the antibody
response to the same vaccine was examined in multiple studies for the same exposure lifestage
(developmental, childhood, or adult), the consistency and potential sources of heterogeneity were
discussed in the sections above. Consistency can also be examined across lifestage for diphtheria,
measles, rubella and tetanus. The antibody response to diphtheria showed the most consistent
response and was suppressed in relation to maternal, childhood, and adult PFOA and PFOS
concentrations (Grandjean et al. 2012, Mogensen et al. 2015, Kielsen et al. 2016). The antibody
response to measles may represent a specific antibody response that is less susceptible to suppression
by PFOA or PFOS exposure, due to a different mechanism or stronger antibody response to this vaccine;
it was not associated with PFOA or PFOS in any study (Granum et al. 2013, Stein et al. 2016). Higher
PFOA and PFOS concentrations in children were associated with lower antibody levels for tetanus; but
the antibody response was not associated with maternal PFOA or PFOS (Grandjean et al. 2012, Granum
et al. 2013). It is possible that heterogeneity in the association between PFOA and PFOS exposure and
reduced antibody levels for different vaccines is a result of differences in the strength of the response
(i.e., higher antibody levels), rates at which antibody titers erode over time, or other factors.

It is unclear from these data if exposure during childhood is more likely to be associated with reduced
antibody response or if there is a “best” age group to study the association. However, it is well
established that antibody levels decrease substantially in the months and years following vaccination.
For example, in a study of vaccination to diphtheria, tetanus and pertussis, antibody levels dropped 90%
by 3-years after primary vaccination (Swartz et al. 2003). There is a greater decrease in antibody level
with more time between vaccination and the measurement of the antibody response. It appears that
studies in this data set with a greater time since vaccination were more likely to report decreased
antibody levels associated with PFOA and PFOS [e.g., antibody levels to tetanus and diphtheria two
years after booster vaccination (age 7) were more likely to be associated with PFOA and PFOS than
antibody levels immediately following booster (age 5) (Grandjean et al. 2012)(Granum et al. 2013, Stein
etal. 2016)].

30



Systematic Review of Immunotoxicity Associated with Exposure to PFOA or PFOS

Confidence in the body of evidence was not increased for dose-response for several reasons including
the difficulty in attributing effects to individual compounds. Multiple studies did report that higher PFOA
and PFOS concentrations were associated with lower antibody levels; however, none of the studies
clearly demonstrated an increase in the effect size (greater reduction in the antibody level or reduced
rise in antibody level following vaccination) with higher exposure levels of PFOA or PFOS after
controlling for other PFAAs. For example, Grandjean et al. (2012) presented mean antibody
concentrations in children from the Faroe Islands relative to exposure tertiles for PFOA and PFOS
concentrations from both the maternal and childhood (age 5) metrics. Antibody concentrations to
diphtheria and tetanus at age 7 show a negative dose response relative to childhood exposure to PFOA
and PFOS at age 5 (Grandjean et al. 2012). In further analysis on the same population, Mogensen et al.
(2015) developed general additive models for combined exposure to PFOA, PFOS and PFHxS that
indicated a negative dose response for antibody concentrations relative to exposure at age 5. However,
when adjusting the model for the impact of other PFAAs, the results were no longer significant. Multiple
studies did demonstrate that higher PFOA and PFOS concentrations were associated with lower
antibody levels; however, few studies analyzed the data by quartiles to examine the dose-response
relationship. Granum et al. (2013) reported significant B coefficients or the slope, which support a dose
response relationship; however, the analysis did not include adjustment for other PFAAs measured in
the study. The Looker et al. (2014) study of adults in the Ohio Valley (part of the C8 studies) examined
the antibody response where PFOA was more likely to be the important PFAA because of high
concentrations of PFOA in this population and no association between PFOS and antibody response in
this study. In addition, only the Looker et al. (2014) study analyzed the antibody response data by
quartiles. Although PFOA was associated with reduced antibody response to influenza A/H1N1, there
was inconsistent evidence of a dose-response relationship. The highest quartile was significantly
elevated for antibody titer ratio (see Figure D4); in contrast the highest exposure quartile was not
significantly elevated when evaluating antibody titer rise, although the second and third quartile were
elevated. Confidence in the body of evidence was not increased for dose-response given the uncertainty
on the dose-response relationship that could be attributed to PFOA or PFOS.

The NHANES data in children 12-19 reported a 15% reduction in antibody levels to rubella for a doubling
of PFOS concentration (Stein et al. 2016) and the Faroe Islands birth cohort reported 25 to 38%
reduction in antibody levels to diphtheria for doubling of childhood or maternal PFOA or PFOS
(Grandjean et al. 2012). It is unknown if this level of reduction would affect the immune response to a
viral or bacterial challenge for these individuals. Nevertheless, immune suppression resulting in a lower
antibody response is not a desirable outcome and any lowering of the antibody response may be
considered adverse on a population level such that individuals with lower antibody levels may be less
able to mount a defense against viruses or bacteria (WHO 2012). In addition to a lower antibody level,
several studies included analysis for antibody levels below a clinically protective level (Grandjean et al.
2012, Looker et al. 2014). A 2-fold increase in PFOS and PFOA concentrations at age 5 was associated
with a greater OR 4.20 (95% Cl, 1.54 to 11.44) for falling below the clinically protective antibody level for
diphtheria antibodies at age 7 in children from the Faroe Islands (Grandjean et al. 2012). Both of the
adult studies reported that exposure to PFOA and PFOS were associated with a reduced rise in antibody
concentrations post vaccination (Looker et al. 2014, Kielsen et al. 2016). The outcome measures used in
the Looker et al. (2014) study are considered particularly strong and biologically relevant to the
individuals in the study as well as on a population level. The results indicated that higher PFOA
concentrations were associated with decreased likelihood of attaining the antibody level considered to
provide long-term protection against influenza A/H2N2. Studies of infectious disease or disease
resistance may provide additional insight on the relevance of reduced antibody response for health
outcomes; however, there are few studies of PFOA or PFOS and infectious disease and the body of
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evidence for human studies provides low confidence for PFOA or PFOS associations with infectious
disease as discussed in the following section.

Taken together, these studies provide evidence that higher developmental, childhood, or adult serum
concentrations of PFOA and PFOS are associated with lower specific antibody responses to commonly
used vaccines. The data are considered a consistent pattern of findings for PFOA- and PFOS-associated
antibody suppression. The animal and in vitro studies on the antibody response are presented below for
PFOA (see Human Antibody Response Data for PFOS for further discussion of the PFOS antibody
response data).

Animal Antibody Response Data for PFOA

Summary: There is high confidence that exposure to PFOA is associated with suppression of the
antibody response based on the available animal studies. The results show consistent suppression of the
primary antibody response in mice (see Figure D6 for data figure and study details and Table 12 for
confidence ratings summary for the body of evidence). Confidence in the body of evidence was
decreased because of serious concern for risk of bias and increased for evidence of dose-response
observed across multiple studies (Figure D6) to support the final rating of high confidence. Half of the
studies were rated probably high or definitely high risk of bias for exposure characterization (one of the
Key Questions) due to use of PFOA <98% purity without independent confirmation. In addition, all of the
studies in mammals were rated probably high risk of bias for lack of allocation concealment and lack of
researcher blinding during the study (see Figure D12 and Figure D13). Although a conservative approach
was taken to downgrade for risk of bias, the studies with probably high risk of bias for exposure
characterization reported suppression of the antibody response at similar doses of PFOA as studies with
probably low risk of bias for exposure.

There is consistent evidence that PFOA exposure results in suppression of the primary antibody
response as determined by antigen-specific IgM antibody production to single challenge with T-cell
specific antigens (SRBC and HRBC) in male and female mice (Yang et al. 2002a, Dewitt et al. 2008,
Loveless et al. 2008, DeWitt et al. 2009a, Vetvicka and Vetvickova 2013, DeWitt et al. 2016) (Figure D6)
at oral doses from 3.75 to 30 mg/kg/day. PFOA exposure of male C57BL/6 mice via diet for 10-16 days
was associated with suppression of the primary IgG response as indicated by lower antibody levels for
multiple 1gG isotypes (IgG1, 1gG2, 1gG3) (Yang et al. 2002a) (Figure D7). Antibody suppression in the
lower dose range (3.75 to 15 mg/kg/day PFOA) takes place without changes in body weight, spleen or
thymus cellularity, or other signs of overt toxicity (e.g., DeWitt et al. 2009a).

The antibody response data from mice demonstrate a consistent pattern of findings to support PFOA-
associated suppression. The heterogeneity in the data can be explained by differences in the antibody
response by species (mice vs rats) and outcome (primary vs secondary response). Rats appear to be less
susceptible than mice to PFOA-associated antibody suppression, and the one rat study reported no
effect of PFOA up to 30 mg/kg/day on the antibody response (Loveless et al. 2008). This may be a result
of rapid clearance of PFOA in rats relative to mice (e.g., estimated half-life for PFOA in female rats is 2-4
hours compared to 20-30 days in mice Rodriguez et al. 2009). There is limited data on the secondary IgG
response from which to draw a conclusion on the effect of PFOA exposure; it was not suppressed in the
one study testing it in mice (Dewitt et al. 2008) or in Japanese quail (Smits and Nain 2013). In the one
developmental exposure study (Hu et al. 2010), doses up to 1 mg/kg/day PFOA on GD 7-16 (just below
the lowest observed adverse effect level [LOAEL] of 3.75 in other studies) were not associated with
suppression of the antibody response in C57BL/6 mice.

The primary antibody response to T-cell specific antigens as determined by antigen-specific IgM is
considered among the most predictive measures of immunotoxicity and part of multiple testing
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guidelines. Therefore, the data are considered a consistent pattern of findings for PFOA-associated
antibody suppression.

In Vitro /Mechanistic Data on Antibody Response for PFOA

The results of in vitro antibody response assays can be highly variable; however, Mishell-Dutton assays
that include the key cell types for producing a T-cell dependent antibody response (antigen presenting
cells, T-cells and B-cells) have been successful in demonstrating reduced antibody production in vitro for
known immunotoxic chemicals (Fischer et al. 2011, Hartung and Corsini 2013). No in vitro studies were
located that tested PFOA or PFOS effects on antibody production using a Mishell-Dutton assay with
antigen (e.g., SRBC) challenge. Two studies were identified that examined the effects of PFOA on IgM
antibody secretion and surface IgM expression in B-cells in the absence of antigen challenge. Levitt et al.
(1986, 1987) tested the effect of high concentrations of PFOA 0.75 mM (~310000 ng/ml) on antibody
production in human (F4 and Hurwitz) and mouse (HPCM2) B-cell lines cultured in vitro. At these high
concentrations, PFOA had no effect on in vitro IgM synthesis or expression of surface IgM. Higher
concentrations (0.8 mM or ~330000 ng/ml and above) were associated with decreased cell viability for
all three B-cell lines. Messina et al. (2007a, 2007b) reported that in vitro exposure to high
concentrations of the sodium salt of PFOA (0.1-6 mM or 43600 to 2616000 ng/ml) induced
conformational changes in human 1gG; however, IgG binding or functionality were not tested.

The available assays were considered less informative or indirect evidence for predicting effects on the
antibody response because they fail to include antigen stimulation, do not involve necessary cell types
to test cell-to-cell interactions, and these unstimulated B-cell cultures are not generally supported as
predictive for the antibody response. In addition, the concentrations of PFOA tested are well above
typical human exposure range of the general population [e.g., Olsen et al. reported a range of 1.9 to
52.3 ng/ml PFOA in serum from American Red Cross blood donors (2003b), Looker et al. (2014) reported
a range of 0.25 to 2140 ng/ml PFOA in serum of residents of the Ohio Valley as part of the C8 studies
and the latest NHANES for 1999-2012 reported mean (95% ClI) for serum PFOA was 2.08 ng/ml (1.95-
2.22)](CDC 2015). The concentrations tested were even above high occupational exposure levels [serum
range from 200 to 91900 ng/ml PFOA (Costa et al. 2009)]. Finally, both studies were rated probably high
risk of bias for multiple questions including exposure characterization (because purity of PFOA was not
reported) and outcome assessment (due to lack of blinding of outcome assessors) (see Figure A3-4).

The two in vitro assays were not considered to provide strong support or opposition for evaluating the
biological plausibility of PFOA effects on the antibody response because the study design does not
directly address the antibody response, only high concentrations were tested, and there are multiple
risk of bias concerns. No other in vitro or mechanistic studies were located that directly test the
antibody response. Other mechanistic data relevant for evaluating potential PFOA effects on the
antibody response are discussed below in the evidence synthesis section in the context of biological
plausibility. Relevant mechanistic data would include PFOA effects on antigen processing and cell
activation, cytokines important for cell signaling during the antibody response, and changes in key cell
populations including B- and T-cells.
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Table 12. Antibody Response Evidence Profile for PFOA
Factors decreasing confidence Factors increasing confidence
“__" if no concern; “J” if serious “__” if not present; “1” if
concern to downgrade confidence sufficient to upgrade confidence
INITIAL CONFIDENCE for - T 20 E
b body of evid g | 25| & 5 |5 gl | _$|E2| ma
each body of evidence © |s8B| S R = 2 2| % S| &% |CONFIDENCE
(# of studies) S o 2 o b} o ¥= 6| 2o o
x 2 b = Yw| ol Te| @0 RATING
% |28 2| g |58\ 5|83 35|54%
& S £ S E eo| S8S=S|oz| 8|8 &
PFOA
Human
Initial Modgrate _ - . - . - . . . . Moderate
(4 prospective studies)?
Initial Low . . . . . . . . . Low
(2 cross-sectional studies)®
Confidence Across Human No change for considering across study designs Moderate
Bodies of Evidence 3 € v J
Animal
Initial High .
(7 mammal studies)© v B B B B B T B B High
References:
Human: Granum (2013)?, Grandjean (2012)2, Kielsen (2016)?, Looker (2014)2, Mogensen (2015)2, Stein (2016)b
Animalc: DeWitt (2008, 2009a, 2016), Hu (2010), Loveless (2008), Vetvicka (2013), Yang (2002a)

Evidence Synthesis for Antibody Response for PFOA

Higher serum levels of PFOA are associated with suppression of the antibody response based on the
human and animal bodies of evidence (see Table 12 for confidence ratings summaries for the bodies of
evidence). There is moderate confidence that exposure to PFOA is associated with suppression of the
antibody response in humans based on consistent suppression in at least one measure of the anti-
vaccine antibody response across multiple studies with evidence from prenatal, childhood, and adult
exposures to PFOA. There is high confidence that exposure to PFOA is associated with suppression of
the antibody response in animals based on consistent suppression of the primary antibody response in
mice. These confidence ratings translate directly into level-of-evidence conclusions and support an initial
hazard identification conclusion of presumed to be an immune hazard to humans or PFOA exposure is
presumed to suppress the antibody response in humans.

e Human body of evidence: Moderate Confidence = Moderate Level of Evidence
e Animal body of evidence: High Confidence = High Level of Evidence
o Initial hazard conclusion (Moderate x High) = Presumed to be an Immune Hazard to Humans

¢ Final hazard conclusion
(after consideration of biological plausibility) = Presumed to be an Immune Hazard to Humans

Taken together, the human and animal bodies of evidence present a consistent pattern of findings that
higher prenatal, childhood, or adult serum concentrations of PFOA are associated with suppression of
the antibody response. Mechanistic data from in vitro or in vivo studies can then be used to examine the
biological plausibility of PFOA- associated suppression of the antibody response to develop the final
hazard identification conclusion.
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The antibody response begins with B-cell surface antibody recognizing a specific antigen. Then, fora T-
cell dependent antibody response (e.g., most of the experimental animal data on SRBC-specific antibody
response), T-cells must also recognize the specific antigen involved (generally after processing by a
macrophage, dendritic cell, or other antigen presenting cell). When B- and T-cells both recognize the
same antigen, the T-cell activates the B-cell and releases cytokines to help the B-cell multiply and
mature into an antibody secreting plasma cells that produces the antigen-specific antibody response.
Therefore, relevant mechanistic data would include effects of PFOA at relevant concentrations on key
cell populations (B-cells, T-cells, or macrophages as antigen presenting cells), antigen processing and cell
activation, or cytokines important for cell signaling during the antibody response.

PFOA-related decrease in B-cell or T-cell numbers would present a possible mechanism for reduced
antibody response if it was observed at the same or lower concentrations at which reduced antibody
response was observed. However, there is inconsistent evidence of reduced B-cell number (see B cells
(B220)) at higher exposure levels for PFOA (=20 mg/kg) and no change in B-cell or T-cell (CD4 or CD8
subpopulations) numbers observed at lower doses of PFOA (3.75 mg/kg) associated with decreased
antibody levels (see cell phenotyping data, spleen and thymus cellularity in Appendix 5) (DeWitt et al.
2012, DeWitt et al. 2016). Similarly, at lower exposure levels of PFOA, there are no changes in
percentage or cell numbers of macrophages or other antigen presenting cells (Qazi et al. 2009a). Overall
changes in leukocyte numbers and cellularity in the spleen and thymus are also not affected at lower
doses of PFOA. There is no evidence that PFOA-induced changes in cell populations could explain the
reduced antibody response at lower doses.

Cytokine release of interleukin-4 (IL-4), IL-5, and IL-6 by T-cells are important for T-cell dependent
antibody response (e.g., to SRBC). There are few studies of the potential effect of PFOA on these
cytokines, with most data coming from effects on macrophages from the spleen and peritoneal cavity in
mice (see cytokine data in Appendix 5). PFOA exposure was associated with increased IL-6 secretion
from mouse macrophages in culture (Qazi et al. 2009a). As would be expected, the specific effects of
PFOA on cytokine secretion vary by dose, cell type, and stimulation conditions.

The effects of in vitro exposure to PFOA on IL-4 and IL-6 secretion have also been explored in several
studies using whole blood from human volunteers. Plasma levels of PFOA from the human volunteers
were associated with increased IL-6 under LPS stimulation suggesting B-cell or monocyte origin (Brieger
et al. 2011). In contrast, in vitro exposure at doses 100 to 100000 ng/ml of PFOA had no impact on IL-6
(Brieger et al. 2011). In a separate set of studies using human cells, Corsini et al. (2011, 2012) reported
that in vitro exposure to PFOA reduced IL-6 and IL-4 levels, but only at the highest doses tested
(210000 ng/ml PFOA). The results also suggest that PFOA-associated changes in cytokines may be
peroxisome proliferator-activated receptor alpha (PPARa) dependent based on a role for PPARa. in
PFOA-mediated inhibition of other cytokines (IL-8 and TNF-a) (Corsini et al. 2011). In further tests of
potential mechanisms for the observed cytokine changes, Corsini et al. (2011, 2012) demonstrated that
PFOA inhibited pathways that regulate NF-kB activation, which plays a role in cytokine production as
well as apoptosis, inflammation, and other immune functions.

Although there is evidence that PFOA exposure in vivo to mice and in vitro to human peripheral blood
alter levels of IL-4 and IL-6, further study is necessary to demonstrate consistent changes in cytokines at
relevant exposure concentrations (e.g., see DeWitt et al. 2012 for review). Unfortunately, there are no
studies that identify the specific cell types involved or link the cytokine changes to suppression of the
antibody response. These cytokines have multiple physiological roles and may reflect inflammation
rather than changes in antibody-related cell signaling.
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The potential role of peroxisome proliferator-activated receptor alpha (PPARa) in the mechanism for
immune effects was considered because PFOA activates mouse PPARa. (the primary PPAR expressed in
lymphocytes). A number of PPARa-activating compounds cause liver tumors in rodents and the human
relevance of these tumors is subject to debate because of lower levels and/or lower activity of PPARa in
human liver (NRC 2006, Corton 2010, Post et al. 2012). However, uncertainty over the human relevance
does not necessarily apply to non-hepatic effects mediated by PPARa. (Post et al. 2012). Some of the
health effects observed in experimental animals have been linked to the ability of PFOA to activate
PPARaq, and others have been shown to be independent of PPARa. For example, developmental effects
of PFOA including neonatal lethality were shown to be PPARa-dependent (Abbott et al. 2007), while
PFOS induced neonatal lethality and delayed eye opening was independent of PPARa (Abbott et al.
2009). PPARa. appears to play a role in several immune effects of PFOA in mice, including decreased
spleen and thymus weight, reduced spleen and thymus cellularity, and mitogen (ConA and LPS)-induced
lymphoproliferation (Yang et al. 2002b). Yang et al. (2002b) reported that PFOA (0.02% diet or
approximately 40 mg/kg/day) resulted in decreased spleen and thymus weight and cellularity in wild-
type mice (C57BL/6), but not in PPARa knockout mice (SV/129). The background SV/129 mouse strain
for the PPARa knockout used by Yang et al. (2002b) appears to be less sensitive to PFOA than others
(e.g., C57BL/6); however, PPARo-dependence has been reported for reduced spleen and thymus weight
in other strains. Dewitt et al. (2016) reported that PFOA (30 mg/kg/day) reduced spleen and thymus
weight in wild-type mice (C57BL/6), but not in PPARa knockout mice (C57BL/6).

In contrast to the importance of PPARa for reduced organ weight at high doses of PFOA, targeted
immune studies suggest that PFOA- and PFOS-associated suppression of the antibody response in mice
are independent of PPARa (reviewed in DeWitt et al. 2009b, DeWitt et al. 2012). Several studies
demonstrated antibody suppression in PPARa knockout mice (DeWitt et al. 2009b, DeWitt et al. 2016).
Dewitt et al. (2016) reported PFOA-associated (30 mg/kg/day) suppression of the antibody response in
both wild-type (C57BL/6) and PPARa knockout mice (C57BL/6). While PPARa. appears to contribute to
reduced organ weight and changes in immune cell populations at higher doses (30-40 mg/kg PFOA),
there is no indication that PPARa is involved at lower doses associated with reduced antibody response
(i.e., 3.75 mg/kg/day PFOA). Although no in vivo studies directly examined the role of PPARa. in human
immune outcomes, in vitro studies demonstrated that PFOA only altered cytokines at high doses
(100000 ng/ml) and the effects on some cytokines (IL-8 and TNF-a) were PPARa-dependent (Corsini et
al. 2011).

There is some evidence that immunotoxicity in CD-1 mice may involve stress and systemic effects,
particularly at higher doses (10-30 mg/kg/day PFOA) (Loveless et al. 2008); however, reduced antibody
response at lower doses (3.75 to 15 mg/kg/day PFOA) in C57BL6 mice were not stress or corticosterone
mediated (DeWitt et al. 2009a).

The mechanisms for PFOA-associated suppression of the antibody response are not fully understood at
this time (DeWitt et al. 2012 for review) and the mechanistic data were not considered to provide
evidence to support or refute biological plausibility of this affect. Furthermore, the animal data indicates
that effects of PFOA on the antibody response are independent of PPARa.. Hazard conclusions are based
on a consistent pattern of findings from both the human and animal bodies of evidence that exposure to
PFOA is associated with suppression of the antibody response. Therefore, the antibody data support a
final hazard identification conclusion that PFOA is presumed to be an immune hazard in humans.

Immunosuppression: Disease Resistance/Infectious Disease Outcomes
Direct measures of infectious disease incidence or severity such as respiratory tract infections,
pneumonia or otitis media are clearly relevant for evaluating potential immunotoxicity in humans. In
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experimental animals, disease outcomes are generally referred to as “disease resistance”, and there are
a number of disease resistance models that evaluate the animal’s ability to defend against viral,
bacterial, or parasitic infections. Endpoints include direct measures of disease resistance such as viral or
parasitic load in target tissues, indirect measures such as body weight after infection, and mortality.
Disease resistance assays are considered some of the best indicators of immunotoxicity because they
generally measure clearly adverse health outcomes and therefore these assays are included in most
guidelines or testing requirements for immunotoxicity (ICH 2005, WHO 2012).

Human Infectious Disease Data for PFOA

Summary: There is low confidence that exposure to PFOA is associated with increased incidence of
infectious disease (or lower ability to resist or respond to infectious disease). Two of three prospective
studies that examined the relationship between maternal PFOA exposure and disease outcomes in
offspring reported some evidence of PFOA-associated increases in infectious disease (Fei et al. 2010,
Granum et al. 2013) and no association was found in the third prospective study (Okada et al. 2012) or
the single adult cross-sectional study (Looker et al. 2014). Confidence in the body of evidence for the
three prospective studies was decreased for a lack of consistency across studies, and within the Fei et al.
(2010) study by sex (PFOA was associated with increased hospitalization in girls, not boys) or age group
analyzed (PFOA was associated with increased hospitalization in analyses combining ages 0-10, but not
for individual age groups), to support a final rating of low confidence (see Table 13 for list of studies,
Figure D16, Figure D17 and Figure D18 for data figures). As discussed below, the fact that few specific
infectious disease endpoints have been examined (e.g., data are restricted to colds, influenza,
gastroenteritis and otitis media) contributes to the low confidence for drawing a conclusion on
infectious disease in general. In contrast, the findings by Fei et al. (2010) of an association between
maternal PFOA and what is likely to be a less sensitive measure of disease (i.e., hospitalization for any
infectious disease, which would only capture the most severe outcomes and could miss potential
associations with individual diseases) contributes to the confidence in the association.

The available epidemiological studies in the human body of evidence that evaluated the association
between exposure to PFOA and infectious disease resistance include: (1) three prospective birth cohort
studies in Demark, Norway and Japan that evaluated maternal exposure and (2) a cross-sectional
analysis of adult residents in the Ohio Valley with higher PFOA in drinking water (part of the C8 studies)
(see Table 13 for study details). Analysis in the adult residents of the Ohio Valley was done on
concurrent PFOA levels although the major source of exposure to PFOA occurred in the past. The Danish
birth cohort study evaluated hospitalization from infectious diseases (which is of greater severity and
likely results in less sensitivity) and the remaining studies looked at any or the frequency of self-reported
common infections (the specific infections examined varied across studies). The birth cohorts also varied
in the time period between exposure (birth) and measurement of the disease and on their statistical
models (e.g., B-coefficients/linear regression, Poisson regression). The Danish birth cohort study and the
C8 study evaluated exposure response relationships using quartiles of exposure to PFOA (the lowest
exposure group served as the comparison group) and the latter also calculated ORs for continuous log
transformed PFOA level. Both the Danish and Japanese study reported findings for males and females
separately as well as combined (see Table 13 for additional details). As discussed in the previous section,
the Norway study and the C8 study also reported findings for antibody responses to vaccines.
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Table 13. Studies on Infectious Disease in Humans (3 prospective; 1 cross-sectional
Study design Disease
(Location/Study) Exposure assessment Infectious disease
Study [n cohort] n cases measure timing|timing Analysis outcomes assessed
Fei (2010) Prospective (subset of |363 children |Maternal from birth to Poisson regression | hospitalization for
the Danish National Birth| (577 hospital- age 10 IRR; trend; infectious disease link to
Cohort, record linkage) |izations) comparison group |hospital records; different
[1400] lowest exposure results by age-group
analyzed: inconsistent
age 0-1, 1-2, 2-4, 4-10
years; age 0-10 years:
girls T 1 boys I*
Granum (2013) | Prospective (Norwegian/ |94 common | Maternal From birthto | Any disease: log- |self-reported common
MoBa birth cohort) [99] |cold; 87 0-3d post delivery |age 3 istic regression OR | coldT*, gastroenteritisT*,
gastro- Frequency: linear |otitis media
enteritis; 27 regression f3
otitis media coefficient
Okada (2012) |Prospective (Sapporo 61 Maternal From birthto | Logistic regression |self-reported otitis media
Japan birth cohort) [343] (log transformed) |age 18 months |OR for 10-fold (any, frequency)
increase in
individual PFAAs
(PFOA, PFOS)
Looker (2014) |Cross-sectional (USA 163 flu; Adult: current Adult: previous | Logistic regression |self-reported cold or
OH/WV residents 538 colds (quartiles and log [ 12 months OR influenza
elevated PFOA in transformed ) (any, frequency)
drinking water) [755]

significantly increased (1) or decreased ({) associated with (*) PFOA or (t) PFOS exposure

As described in Table 14, two of three prospective studies that examined the relationship between
maternal PFOA exposure and disease outcomes in offspring reported evidence of PFOA-associated
increase in infectious disease (Fei et al. 2010, Granum et al. 2013) and no association was found in the
single adult cross-sectional study. Higher maternal plasma concentrations of PFOA were associated with
increased number of episodes of common cold and gastroenteritis in children up to age 3 from a sub-
cohort of the MoBa study (n = 63-93)(Granum et al. 2013). The Granum et al. (2013) study provides
evidence for PFOA-associated increases in infectious disease incidence in children from a study with a
relatively small sample size (n = 63-93) (see Table 14, Figure D16 and Figure D17). The number of

episodes of common cold and gastroenteritis may be more sensitive measure of disease than incidence
data; however, this cannot be assessed in this dataset as no other studies examined number of episodes
for disease endpoints in children. Within the Granum et al. (2013) study, no associations were detected
when examining common cold or gastroenteritis as a binary outcome (yes/no), and incidence of otitis
media was not associated with PFOA.

Fei et al. (2010) examined the association between maternal PFOA and hospitalizations for infectious
diseases in children (n = 1400; from birth to age 10 years) from a subset of the Danish National Birth
Cohort (1996-2002) with outcomes based on National Hospital Discharge Register. The Fei et al. (2010)
study only evaluated infectious disease outcomes that were severe enough to warrant hospitalization
and therefore the outcome was likely to be a less sensitive measure of disease incidence than doctor
diagnosis or prescription-based measures. The authors state that there were too few hospitalization
events to support infection-specific analyses, and therefore potential associations with specific
infections could have been missed. Analyses of the association between maternal PFOA and
hospitalization by different age groups (0-1, 1-2, 2-4, and 4-10 years of age) were inconclusive without
clear increase or decrease in hospitalization. However, in analyses of the combined age group (0-10
years of age) and split by sex, maternal PFOA was associated with increased incidence of hospitalization
in girls and decreased hospitalization in boys (Table 14 and Figure D18). This study also evaluated and
reported similar results with maternal PFOS.
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The third prospective study evaluated otitis media and reported that no relationship was found between
maternal PFOA and otitis media in children at 18 months of age in a prospective cohort in Sapporo Japan
(n =343) (Okada et al. 2012). Although data were collected on chicken pox, bronchitis, RSV disease,
pneumonia and other infectious diseases, the low number of cases (n<20) did not allow analyses of
these outcomes. The outcomes in the Okada et al. (2012) study were assessed by mothers’ self-
administered questionnaire. Therefore, outcome assessment was rated probably high risk of bias given
there was no evidence that the questionnaire was validated (and the authors did not respond to email
request for clarification; see Figure D21).

Table 14. Summary of PFOA and Selected Data on Infectious Disease in Humans

Possible sources of Exposure
Disease PFOA Results heterogeneity measurement timing |Study
Hospitalization | Adj. IRR (95% Cl) Highest vs. lowest o lower sensitivity of the outcome Maternal Fei (2010)
for infectious All: 0.84 (0.62-1.13) (hospitalization vs. incidence)
diseases F:1.74 (1.06-2.87) e no measure of specific diseases for
M: 0.57 (0.38-0.86) incidence or frequency

Trend

All: 0.96 (0.87-1.06)
F:1.21 (1.04-1.42)
M: 0.83 (0.73-0.95)

developmental exposure metric

Gastroenteritis | £(95% CI)? o only study of this disease Maternal Granum (2013)
(No. episodes/ |0.31 (0.00-0.61) p=0.048 o frequency as measure 0-3 day post delivery
frequency) e developmental exposure metric
Otitis media . e developmental exposure metric Maternal Granum (2013)
NR (no association) L .
(any) e incidence as measure 0-3 day post delivery
Adj. OR (95% ClI) e developmental exposure metric Maternal Okada (2012)

incidence as measure

All: 1.51 (0.45-5.12)
F:0.95 (0.16-5.69)
M. 1.92 (0.35-10.40)

Common cold | #(95% Cl) 3 yrs® o developmental exposure metric Maternal Granum (2013)

(No. episodes/ |0.42 (0.21-0.72) p<0.001 o frequency as measure 0-3d post delivery

frequency) Adj. OR (95%Cl) (continuous)® e developmental exposure metric Adult Looker (2014)
0.91(0.70-1.19) o frequency as measure Current

Flu (any) Adj. OR (95%Cl) (continuous)® e outcome in adults Adult Looker (2014)
0.98 (0.70-1.38) Current

amultivariate models

bno association observed in categorical analyses

F=female; M=male; NR = not reported; bold text indicates statistically significant decreased or increased association.

This table highlights select findings to illustrate data informing the potential relationship with infectious disease; for additional
data see Figure D16, Figure D17 and Figure D18.

In adults, current serum concentrations of PFOA were not associated with self-reported cold or influenza
over the previous 12 months despite evidence of PFOA-associated suppression of the antibody response
to influenza A/H3N2 in a cross-sectional analysis of adults (n = 403) from the C8 study living in the Ohio
Valley, a region with elevated drinking water PFOA levels (Looker et al. 2014). A retrospective mortality
study on workers at a US polymer manufacturing facility was identified as it performed some analyses
for potential disease relationships with PFOA (Leonard et al. 2008); however, that study was not utilized
in developing conclusions as the study was not considered to provide reliable data on infectious disease
incidence because it relied on cause of death from mortality data rather than measures of disease
incidence for infectious disease. Therefore, the Leonard et al. (2008) study was rated definitely high risk
of bias for outcome assessment. The Leonard et al. (2008) study was also rated, definitely high risk of
bias for exposure given the lack of any quantitative exposure data and probably high risk of bias for
failing to account for important confounders given the lack of adjustment for a number of confounders
including smoking, alcohol consumption, BMI, and potential co-exposures given the manufacturing
setting of the study (see Figure D21).
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As discussed in the antibody response section above, exposure characterization risk of bias assessment
examined the consistency and reliability of the exposure measures such as use of established test
methods (e.g., high pressure liquid chromatography with tandem mass spectrometry) and whether
exposure was assessed in a relevant time-window for development of the outcome (see protocol
http://ntp.niehs.nih.gov/g0/749926 for details). Maternal serum PFOA was used as the exposure metric
for all three studies examining potential effects of prenatal exposure on infectious disease in children
(Fei et al. 2010, Okada et al. 2012, Granum et al. 2013). Although the studies cannot exclude the
potential impact of post-natal exposure directly to children, maternal concentrations of PFOA are
considered good measures of fetal exposure due to the strong positive correlations (e.g., Pearson’s
correlation between 0.79 — 0.93) reported between maternal PFOA and cord PFOA (Glynn et al. 2012).
Given the slow clearance and long biological half-life of PFOA in humans (2 to 8 years)(Olsen et al.
200743, Kudo 2015), a single sample during pregnancy is considered a good measure of PFOA exposure.
Risk-of-bias assessment of important confounders included age, sex, race/ethnicity, smoking, body mass
index, alcohol consumption, and variables that represent socioeconomic status based on prior reports of
associations with PFOA exposure levels (Calafat et al. 2007, Nelson et al. 2010) and immune outcomes
(WHO 1996, Dallaire et al. 2005). Most studies included consideration of all the important confounders
listed in the protocol at a minimum but did not adjust for potential effects of other PFAAs. Duration of
breastfeeding was considered as a confounder the Granum et al. (2013) study because of evidence that
breast feeding may support immune function and duration of breastfeeding may affect PFOA exposure
as well (Karrman et al. 2007). The failure to adjust for breastfeeding in the other studies may result in an
underestimation of the association between PFOA and infectious disease incidence. The Fei et al. (2010)
and Granum et al. (2013) studies were rated probably high risk of bias for consideration of confounding
for limited ability to differentiate the effects of PFOA from PFOS or other PFAAs. As discussed previously,
the Leonard et al. (2008) study was not considered in developing conclusions because the study relied
on cause of death from mortality registry. All of the studies considered in developing conclusions were
rated probably low or definitely low risk of bias for exposure characterization. Most studies were rated
probably low risk of bias for infectious disease outcome assessment as methods included questionnaires
relying on medical records, assessment by interviewer, or parent’s report of doctor diagnosis (see
Figure D20 and Figure D21).

Relationship to antibody response data for PFOA

Studies of infectious disease may provide additional insight on health outcomes potentially associated
with reduced antibody response. However, only two human studies measured antibody response to
vaccination and infectious disease outcomes in the same populations. One study provides support for
PFOA-associated decreased antibody response and infectious disease (Granum et al. 2013) and the
other does not (Looker et al. 2014). There is low confidence in this body of evidence and limited ability
to support or refute immunosuppression-related health effects that would be expected based on PFOA-
associated reduced antibody response.

Maternal plasma concentration of PFOA was associated with increased number of episodes of common
cold and gastroenteritis in children up to age three (Granum et al. 2013) in the same population that
PFOA was associated with lower antibody levels to rubella vaccination. The consistency of finding for
these immunosuppression-related outcomes that could be causally related (i.e., reduced antibody
response leading to increased incidence of infectious disease) supports both effects, although it is a
relatively small study (n = 49 to 93). It may be worth noting that Granum et al. (2013) also measured
PFOA, PFNA, and PFHxS and reported maternal PFOA, PFNA, and PFHxS were associated with both lower
antibody levels to vaccination and increased number of episodes of common cold (PFOA, PFNA, and
PFHxS) and gastroenteritis (PFOA, PFHxS) in children. The strength of the association between PFOA

(B =-0.40[-0.64, -0.17]), PFNA (B =-1.26[-2.32, -0.20]), and PFHxS (B =-0.38[-0.66, -0.11]) and lower
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antibody levels are stronger than the association with PFOS (3 =-0.08[-0.14, -0.02]). The weaker
association with PFOS and lower antibody levels may explain why the Granum et al. (2013) study did not
find an association between PFOS and infectious disease. As discussed for the antibody response, the
effect of PFAAs on infectious disease resistance appears to be in the same direction (reduced ability to
respond to infectious disease or increased incidence of disease). The effects of individual PFAAs on the
disease resistance can be considered effect modifiers, rather than true confounders of the association
between exposures to individual PFAAs (e.g., PFOA and PFOS) and lower disease resistance.

Although the Looker et al. (2014) study reported that elevated serum PFOA was associated with
suppression of the antibody response to influenza A/H3N2 vaccination (not influenza B or A/H1N1) in
adults, there was no evidence for clinical effect on infectious disease (i.e., no increase in colds or
influenza). It is unclear why an association between PFOA and infectious disease incidence was not
found as would be expected with decreased antibody response. The authors (2014) note several
possibilities including: that the extent of antibody suppression may not have been great enough to
detect a change in infectious disease given the small population size; the high background rate of colds
(>70%) may have made it harder to detect an increase in infectious disease; and the major strain of virus
circulating (A/H1N1) was different from the strain for which the antibody response was lower (A/H3N2).

Animal Disease Resistance Data for PFOA

Summary: There is very low confidence that exposure to PFOA is associated with a change in the ability
of animals to respond to infectious disease because there are no experimental studies on disease
resistance endpoints in mammals and the wildlife studies have serious risk of bias concerns. PFOA

(2.1 mg/kg/day for 8 weeks) had no effect on morbidity or mortality to E. coli exposure in Japanese quail
(Smits and Nain 2013); however, this study would be downgraded for indirectness if used because it
used a non-mammalian research model. Two wildlife studies were identified that reported PFOA
exposure levels in relation to disease status. Higher concentrations of PFOA were found in sea otters
with clinical signs of disease compared to healthy animals (Kannan et al. 2006). There was no difference
in PFOA levels between bats in populations with white-nose syndrome compared to a healthy reference
population (Kannan et al. 2010). Confidence in the body of evidence for the mammalian wildlife studies
was decreased because of serious concern for risk of bias to support the final rating of very low
confidence (see Figure D19 for data figure and study details). Both wildlife studies (Kannan et al. 2006,
Kannan et al. 2010) were rated probably high risk of bias for two of the key risk of bias questions:

(1) exposure characterization and (2) confounding (Figure D22). There were concerns in the sea otter
study that exposure measurements taken from the liver of animals found dead (generally the diseased
animals) may bias exposure when compared to live animals (Kannan et al. 2006); and the bat study was
rated probably high risk of bias for exposure because there was no difference in exposure levels
between the reference and diseased population (Kannan et al. 2010). Both studies were rated probably
high risk of bias for confounding for failure to consider important confounders including other
immunotoxicants (e.g., PCBs and butyltins) shown to be elevated in the wildlife populations examined.

Evidence Synthesis for Disease Resistance/Infectious Disease Outcomes for PFOA

For PFOA, there are no experimental animal studies in mammalian species and few human
epidemiological studies available to evaluate the potential relationship between PFOA exposure and
infectious disease resistance. Two of three prospective studies reported that higher maternal plasma
concentrations of PFOA were associated with a disease outcome in offspring. There is low confidence
from the human body of evidence that exposure to PFOA is associated with increased incidence of
infectious disease due to lack of consistency across studies and within the Fei et al. (2010) study by sex
or age group analyzed. The very low confidence in the animal evidence translates into inadequate level
of evidence and the low confidence in the human body of evidence translates directly into a low level of
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evidence. Therefore, an evidence profile or detailed discussions of the evidence synthesis were not
developed for PFOA and disease resistance and this health effect was not considered for hazard
identification conclusions.

Immunosuppression: Natural Killer (NK) Cell Activity

Natural killer (NK) cells are important for resistance against viruses and tumor cells. Successful defense
by NK cells involves killing of target cell through release of cytolytic granules or inducing apoptosis
(Dietert 2010). Assays for NK cell activity are included in many immunotoxicity testing guidelines as a
measure of immune function because they are considered good predictors for overall immunotoxicity
(Luster et al. 1992, US EPA 1998, ICH 2005, WHO 2012).

Human NK Data for PFOA
No human data were identified on potential association between PFOA and NK cell activity.

Animal NK Data for PFOA

Summary: There is very low confidence that exposure to PFOA is associated with suppression of NK cell
activity in animals because the body of evidence is from a single experimental mouse study at a single
dose (20 mg/kg/day) with very serious risk of bias concerns that reported PFOA-associated suppression
of NK cell activity (Vetvicka and Vetvickova 2013) and a wildlife study in dolphins (Fair et al. 2013) that
did not find any association between serum PFOA (mean 55ng/ml; range 0.5-561 ng/ml) and NK cell
activity. Confidence in the body of evidence was downgraded twice for very serious concern for risk of
bias in the Vetvicka and Vetvickova (2013) study and also downgraded because of serious concern for
unexplained inconsistency because all of the experimental data are from a single study and a single dose
(Figure D23) so there is no ability to evaluate consistency across doses or studies to support the final
rating of very low confidence.

There were multiple risk of bias concerns to support a very serious risk of bias rating for the Vetvicka
and Vetvickova (2013) study: (1) the study was rated as probably high risk of bias for all 3 Key Questions
(failure to randomize animals to treatment groups, exposure characterization for use of PFOA with
below 98% purity without independent confirmation of purity, and outcome assessment [due to lack of
blinding of outcome assessors]); and (2) the study was rated probably high risk of bias for lack of
allocation concealment and researcher blinding during study (Figure D26).

In vitro /Mechanistic Data on NK Cell Activity for PFOA

One study was identified that evaluated NK cell activity following in vitro exposure to PFOA. In a small
pilot study of 11 volunteers, Brieger et al. (2011) tested the effect of in vitro exposure to PFOA on NK
cell activity in human cells. Exposure consisted of pre-treatment of peripheral blood cells with 0, 1000,
10000, or 100000 ng/ml PFOA for 24 hours and PFOA had no effect (Brieger et al. 2011)(see Figure D24).
Concentrations used for the NK cell assay had no effect on cell viability. The concentration of PFOA used
were well above typical human exposure range of the general population [e.g., Olsen et al. (2003b)
reported a range of 1.9 to 52.3 ng/ml PFOA in serum from American Red Cross blood donors in 2000-
2001 and the latest NHANES data for 1999-2012 reported mean (95% Cl) was 2.08 ng/ml (1.95-2.22) for
serum PFOA (CDC 2015)].

Evidence Synthesis for NK Cell Activity for PFOA

There is no human evidence to evaluate the potential association between exposure to PFOA and NK
cell function because no epidemiological studies of PFOA and NK cell activity were identified. There is
very low confidence in the body of evidence for evaluating potential effects of PFOA on NK cell activity
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in non-human animals. Both the human and animal evidence translate into inadequate level of
evidence. Therefore, an evidence profile table and detailed discussion of the evidence synthesis were
not developed for PFOA and NK cell activity and this health effect was not considered for hazard
identification conclusions.

Hypersensitivity-related Effects and Outcomes

Sensitization or hypersensitivity-related responses include a number of undesirable or exaggerated
immune reactions (e.g., allergies or asthma) to foreign agents. These responses are complicated by the
two-phase nature of a hypersensitivity reaction. The first phase, sensitization, is without symptoms and
it is during this step that a specific interaction is developed to the sensitizing agent so that the immune
system is prepared to react to the next exposure. Once an individual or animal has been sensitized,
contact with that same agent leads to the second phase, elicitation, and symptoms of allergic disease.
While hypersensitivity responses are mediated by circulating factors such as T-cells, IgE and
inflammatory cytokines, many of the health effects associated with hypersensitivity and allergic
response are respiratory or dermal (e.g., asthma, airway hyper-responsiveness, and contact dermatitis).
Chemicals may exacerbate or promote a hypersensitivity-related outcome without being direct
sensitizers.

Human Hypersensitivity Data for PFOA

Summary: There is low confidence that exposure to PFOA during childhood is associated with increased
hypersensitivity responses based on the available human studies. Several cross-sectional studies report
increased incidence of ever having had a diagnosis of asthma and elevated serum IgE levels in children
age 10-19 with higher current serum PFOA concentrations (Figure D27). No prospective studies were
located that assessed the potential relationship between childhood PFOA exposure and hypersensitivity;
however, prospective studies in younger children (birth to age 9) report no association between
maternal levels of PFOA and hypersensitivity endpoints (see Table 15 for list of studies). The low
confidence in the body of evidence for studies that evaluated the relationship between childhood PFOA
levels and asthma is primarily due to the cross-sectional nature of the studies and uncertainty as to
whether exposure levels reflect exposure prior to the development of hypersensitivity. There were no
changes in the confidence rating for the body of evidence after considering factors that may increase or
decrease confidence (see Table 17 for confidence ratings summaries for the body of evidence).
Heterogeneity in the findings may be explained by differences in the timing of the exposure measures
(developmental vs. childhood).

The available epidemiological studies that satisfy the criteria for inclusion in the systematic review and
that measured sensitivity or hypersensitivity response in relation to PFOS or PFOA include (1) studies in
five birth cohorts conducted in Canada, Norway, Japan, Ukraine, and Taiwan measured maternal
exposures or cord blood levels of PFOA and PFOS in relation to outcomes in children from birth through
the age of 9; (2) five cross-sectional analyses of children, three of which were NHANES analyses in
children ages 12-19, and two studies analyzed children ages 10-15 from the Taiwanese Genetic and
Biomarker study for Childhood Asthma, (3) an adult ecological study of communities with elevated
drinking water, and (4) a retrospective cohort study of workers exposed to PFOA in the Ohio Valley who
were part of the C8 studies (see Table 15 for study details and Table 16 for summary of the asthma and
IgE data). In addition to study design and age of the population, the studies varied in size (from 49 to
3700), age and timing of the exposure measurement (e.g., maternal or cord blood, or in childhood when
hypersensitivity was evaluated), methods for evaluating hypersensitivity/sensitivity response (self-
reported physician-diagnosed asthma or allergy (ever or current), total or cord blood IgE, or self-
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reported allergic sensitization, food sensitization by specific IgE or self-report), type of statistical
analyses (Odds ratios contrasting quartiles or tertiles, or for a shift from 25™ to 75 percentile, or for a
certain standard deviation change, Log10 quadratic ORs, or 3 coefficients from linear regression). The
prospective birth cohort in Taiwan evaluated different outcomes (IgE in cord blood or at 2 years of age).
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Table 15. Studies on Hypersensitivity-related Outcomes in Humans

Exposure |Disease
Study design measure |assessment Hypersensitivity
Study |(Location / Study) |n timing timing Analysis outcomes assessed
Maternal Exposure (6 prospective)
Ashley- Prospective (Canadian |1242 |Maternal Birth ORs for elevated IgE cord IgE
Martin MIREC birth cohort) (log
(2015) transformed)
Granum | Prospective 63to |Maternal 0- |From birthto |[Linear regression Eczema/itchiness, wheeze,
(2013) (Norwegian/ MoBa birth|93 3d post age 3 (bivariate and atopic eczema or asthma
cohort) delivery multivariate) B coefficient
Okada Prospective (Sapporo 231to |Maternal From birth to |Logistic regression OR for | food allergy, eczema or
(2012) Hospital, Hokkaido 343 (log age 18 months | 10-fold increase PFOA or | wheezing, cord IgEi*
Japan birth cohort 2002- transformed) PFOS for symptoms
2005) Polynomial regression IgE
Okada Prospective (One of 37 |2062 |Maternal From birth to |Logistic regression OR wheezing, allergic
(2014) hospitals, Hokkaido (quartiles) age 2 rhinoconjuctivitis
Japan birth cohort 2003- symptoms, eczemad * total
2009) allergic diseasesd *
Smit Prospective (Greenland, |1024 |Maternal Children Logistic regression OR asthma, eczema or
(2015) Ukraine from the age 5-9 (principal component wheezelt
INUENDO birth cohort) analysis)
Wang Prospective (Taiwan 244 Cord Blood From birth to |Linear regression 3 atopic dermatitis, cord
(2011) birth cohort) (quartiles) age 2 coefficient for log IgE; IgET* 1, total IgE at 2 years

Logistic regression OR for
dermatitis

of age

Child Exposure (5 cross-sectional)

Buser Cross-sectional (USA, 2005-6 | Child: current | Children Logistic regression OR for | (1) Food allergy indicated
(2016) NHANES 2005-2006 and | (637) |(quartiles) (12-19) food sensitization (1) by food-specific IgE or (2)
2007-2010) 2007- food-specific IgE or (2) self-reported food
(701) self-reported food allergy |allergyT*
Dong Case-control (Taiwan, |asthma|Child: current | Children Logistic regression OR for | asthmaT*, total IgET*1,
(2013) Genetic and Biomarker | (231) |[(quartiles) (10-15) asthma; Linear regression| eosinophil countT*,
and study for Childhood non for continuous measures | eosinophil cationic
Zhu Asthma) (225) in children with and proteinT*,T; association
(2016) without asthma with asthma stronger in
males; males IL-4T, IL-
5T+, 1L-2, IFN-y,
Humblet |Cross-sectional (USA, 1877 | Child: current | Children Odds of asthma, wheeze |ever having asthmaT*i«’r,
(2014) NHANES 1999-2000 and (linear; In- (12-19) with two fold increase wheezelt
2003-2008) linear) individual PFAAs(PFOA,
(tertiles) PFOS)
Stein Cross-sectional (USA, 638 Child: current | Children Linear regression for total| current rhinitisT*, total
(2016) NHANES 2005-2006) (12-19) IgE per 2-fold increase of IgET*, current wheeze,
individual PFAAsS(PFOA, |current asthma, allergen-
PFOS); Logistic regression | specific IgEl«‘r
OR (shift from 25 to 75
percentile) for effects
Adult Exposure (1 ecological, 1 retrospective cohort)
Anderson-| Ecological (residents in 566 None: Current Standardized Prevalence |asthmaT*, chronic
Mahoney |OH/ WV region with residence- Ratios (SPRs) computed bronchitisT*, shortness of
(2008) elevated drinking water based to compare the exposed |preathT*
PFOA levels) comparison group and NHANES 2001-
to SPR 2002
Steenland | Retrospective Cohort 3713 |Lifetime Self-reported |Cox regression (survival), |asthma with current
(2015) (workers exposed to cumulative | chronic age as the time variable | medicationd*, COPD
PFOA in OH/ WV part of estimated diseases and time-varying
C8 studies) (quartiles) exposure and covariates;
(lagged and Rate ratios (RR)
unlagged) estimated for quartiles

significantly (p<0.05) decreased () orincreased (1) associated with (*) PFOA or (t) PFOS exposure
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relative to measures of PFOA/PFOS in cord blood. The study in adults measured self-reported asthma
with medication in which the proportion validated was not reported

The available epidemiological studies that satisfy the criteria for inclusion in the systematic review and
that measured sensitivity or hypersensitivity response in relation to PFOS or PFOA include (1) studies in
five birth cohorts conducted in Canada, Norway, Japan, Ukraine, and Taiwan measured maternal
exposures or cord blood levels of PFOA and PFOS in relation to outcomes in children from birth through
the age of 9; (2) five cross-sectional analyses of children, three of which were NHANES analyses in
children ages 12-19, and two studies analyzed children ages 10-15 from the Taiwanese Genetic and
Biomarker study for Childhood Asthma, (3) an adult ecological study of communities with elevated
drinking water, and (4) a retrospective cohort study of workers exposed to PFOA in the Ohio Valley who
were part of the C8 studies (see Table 15 for study details and Table 16 for summary of the asthma and
IgE data). In addition to study design and age of the population, the studies varied in size (from 49 to
3700), age and timing of the exposure measurement (e.g., maternal or cord blood, or in childhood when
hypersensitivity was evaluated), methods for evaluating hypersensitivity/sensitivity response (self-
reported physician-diagnosed asthma or allergy (ever or current), total or cord blood IgE, or self-
reported allergic sensitization, food sensitization by specific IgE or self-report), type of statistical
analyses (Odds ratios contrasting quartiles or tertiles, or for a shift from 25™ to 75 percentile, or for a
certain standard deviation change, Log10 quadratic ORs, or 3 coefficients from linear regression). The
prospective birth cohort in Taiwan evaluated different outcomes (IgE in cord blood or at 2 years of age)
relative to measures of PFOA/PFOS in cord blood. The study in adults measured self-reported asthma
with medication in which the proportion validated was not reported.

Levels of PFOA in pregnant women and hypersensitivity response in children

Maternal serum or plasma concentrations of PFOA were not associated with hypersensitivity across
multiple indicators (e.g., asthma or wheeze) in children age 18 months to 9 years across five prospective
studies (Table 15). Maternal PFOA concentration was not associated with eczema or itchiness, wheeze,
or doctor-diagnosed atopic eczema or asthma in 3-year old children from a sub-cohort of the MoBa
study (n = 63-93) (Granum et al. 2013). Similarly, PFOA was not associated with food allergy, eczema or
wheezing in children through 18 months of age from a prospective cohort in Sapporo Hospital Japan
(n=231) (Okada et al. 2012). Wang et al. (2011) also reported that maternal PFOA was not associated
with atopic dermatitis at 2 years of age in a prospective cohort in Taiwan (n = 244). Okada et al. (2014)
reported that maternal PFOA was not associated with wheezing or allergic rhinoconjuctivitis symptoms;
however, there was a significant trend for PFOA-associated reductions in eczema (p = 0.032) and total
allergic diseases (p = 0.030) in children through 2 years of age from a prospective cohort in Hokkaido
Japan (n =2062). In a fifth prospective cohort study that examined children at 5-9 years of age, maternal
PFOA was not associated with asthma, eczema or wheeze in children from Greenland or Ukraine
(n=1024) (Smit et al. 2015).

The body of evidence with exposure measured during development presents inconclusive results and for
most studies with maternal exposure measures there is a lack of an association between maternal PFOA
concentrations and hypersensitivity outcomes in children; however, there is conflicting evidence that
maternal or cord PFOA is associated with cord blood levels of IgE. Maternal PFOA was associated with
decreased cord IgE levels in female infants from the Japanese Sapporo birth cohort (Okada et al. 2012).
In contrast, cord serum PFOA was associated with increased cord IgE for male infants of the Taiwan Birth
Panel cohort (Wang et al. 2011). In a third study, there was no association between maternal PFOA and
cord IgE in the Canadian MIREC cohort (n = 1242)(Ashley-Martin et al. 2015).
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Table 16. Summary of PFOA and Selected Data on Hypersensitivity in Humans

Possible sources of Exposure
Disease |PFOA heterogeneity measurement |Study
Asthma |Adj OR (95% Cl) e ever asthma Child: current serum |Dong (2013)
4thys, lowest quartile o childhood exposure metric and
OR =4.05 (221 - 742) . sig, for males, females, Zhu (2016)

3rdys, lowest quartile combined
OR = 2.67 (1.49 - 4.79)
Trend p<0.001 (males + females)

OR =3.56 (0.84 — 15.02) e ever asthma or current Maternal plasma Granum (2013)
e maternal exposure metric 0-3d post delivery
Adj OR (95% Cl) e ever asthma Child: current serum [Humblet (2014)

Ln-linear or linear p=0.04
OR=1.18 (1.01 - 1.39)

not sig. for current asthma
childhood exposure metric

OR for 1 SD change in serum PFOA e current asthma Maternal: serum Smit (2015)
OR=0.93(0.47-1.84) e maternal exposure metric
Disease-specific Cox regression not significant e adult modeled exposure Adult: modeled Steenland (2015)
Trend: p=0.05 for inverse association with e not sig. lagged exposure
PFOA exposure via categories e not sig. cumulative exposure

Total IgE | Adj OR log10 PFOA concentration e cord blood IgE measure Maternal: first Ashley-Martin (2015)
OR=1.1(0.6-1.9) e maternal exposure metric trimester plasma
Mean IgE (95% ClI) quartiles PFOA in asthmatics |e childhood exposure metric Total IgE in serum in | Dong (2013)
Q1:512.1 (329.4 - 694.8) e childhood IgE measure children (age 12-19) |and
Q2: 604.6 (422.1-787.1) e outcome in asthmatics Zhu (2016)

Q3:788.2 (274.6 - 537.9)
Q4: 836.4 (652.0 — 1020.8)

not sig. in non-asthmatics
sig for females, combined, not

Trend: p=0.005 (males + females) males (p trend=0.100)

Log10 quadratic PFOA quadratic polynomial ® maternal exposure metric Maternal serum Okada (2012)
regression coefficient e cord blood IgE measure after the second

F:-1.429 (-2.416 — -0.0422) trimester of

M: 0.227 (-1.584 — 2.037) pregnancy

Adj % change (95% Cl) for doubling of PFOA: o childhood exposure metric Child: Current serum | Stein (2016)
OR=10.5(0.17 - 22)

Adjusted B (S.E.) e cord exposure metric Cord blood serum Wang (2011)
B =0.134 (0.115), p=0.047 e cord blood IgE measure sample measures of

F: B =0.067 (0.231), p=0.823
M: B=0.206 (0.165), p=0.025

not sig. in childhood IgE measure| PFOA/PFOS (ng/ml)

Rhinitis Adj OR for shift from 25t to 75t percentile e childhood exposure metric Child: Current serum | Stein (2016)
(95% Cl) of PFOA:
OR =1.35(1.10 - 1.66)

Bold text indicates statistically significant decreased or increased association; sig. = significant.

This table highlights select findings to illustrate studies that evaluated asthma (having ever had a diagnosis or some analyses
current asthma) and total IgkE in different populations relative to PFOA measured in pregnant women, children, and adults;
for additional data see Figure D27.

Risk-of-bias assessment of the exposure characterization considered the consistency and reliability of
the exposure measures such as use of established test methods and whether exposure was assessed in a
relevant time-window for development of the outcome (see protocol for more details
http://ntp.niehs.nih.gov/go0/749926). All of the studies were rated probably low or definitely low risk of
bias for exposure (see Figure D34). Maternal serum PFOA was used as the exposure metric for five of
the studies (Okada et al. 2012, Granum et al. 2013, Okada et al. 2014, Ashley-Martin et al. 2015, Smit et
al. 2015), and cord serum for the sixth (Wang et al. 2011). Strong positive correlations (e.g., Pearson’s
correlation between 0.79 —0.93) have been reported between maternal PFOA and cord levels as a
measure of fetal exposure (Glynn et al. 2012). Given the slow clearance and long biological half-life of
PFOA in humans (2 to 8 years)(Olsen et al. 2007a, Kudo 2015), exposure measured from a single
sample/time point is considered a good measure of PFOA exposure. However, Glynn et al. (2012) did
show that the correlation between maternal and fetal levels was strongest for maternal samples taken
closer to delivery (i.e., third trimester or within 3 weeks after delivery), with the weakest correlations for
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the first trimester (Pearson’s correlations between PFOA in cord blood are 0.78 and 0.93 for first and
third trimester respectively). Samples from the first trimester are still highly correlated with cord blood
and only the Ashley-Martin et al. (2015) study used exposure measured in the first trimester; the other
studies measured PFOA in maternal serum from the 3" trimester, at birth, or from cord blood taken at
birth.

Risk-of-bias assessment of potential confounders included age, sex, race/ethnicity, smoking, body mass
index, alcohol consumption, parental asthma or allergy, anti-inflammatory medication, and variables
that represent socioeconomic status based on prior reports of associations with PFOA exposure levels
(Calafat et al. 2007, Nelson et al. 2010) and immune outcomes (WHO 1996, Dallaire et al. 2005) (see
protocol http://ntp.niehs.nih.gov/g0/749926 for more details). The six studies of hypersensitivity
endpoints in children with maternal or cord blood exposure levels considered all of the important
confounders other than anti-inflammatory medication and were rated probably low risk of bias for
confounding because of lack of information on the validity of the questionnaires used to assess
confounding (see Figure D34).

Levels of PFOA in children and hypersensitivity response in children

Current serum concentrations of PFOA in children were associated ever having had a diagnosis of
asthma, increased total IgE and several other indicators of respiratory hypersensitivity or food allergy in
all five studies that investigated the potential association between serum concentrations of PFOA in
children and hypersensitivity (Table 16 and Figure D27). These studies included three cross-sectional
studies based on NHANES data on children age 12-19 (Humblet et al. 2014, Buser and Scinicariello 2016,
Stein et al. 2016) and two publications from a case-control study of asthma in children age 10-15 in
Taiwan (Dong et al. 2013, Zhu et al. 2016). No prospective studies were located that examined the
potential relationship with childhood PFOA exposure and hypersensitivity. An unpublished report from
the C8 Science Panel was located that examined asthma and COPD in relation to PFOA exposure in the
Ohio Valley, a region associated with elevated PFOA levels in drinking water (Fletcher et al. 2012);
however, the report did not include full methods or results and was therefore not used in developing
conclusions.

Current serum PFOA was associated with a higher odds ratio of doctor diagnosed asthma in a case-
control study of 231 asthmatic and 225 nonasthmatic children age 10-15 from Taiwan (Dong et al. 2013)
(Figure D27). PFOA was also positively associated with increased total serum IgE, absolute eosinophil
count and eosinophilic cationic protein concentration among the asthmatics. In subsequent analyses of
the case-control study of asthmatics in Taiwan, Zhu et al. (2016) explored the potential role of TH; (IL-2
and IFN-y) and TH; cytokines (IL-4 and IL-5) as a mechanism by which PFOA or other PFAAs may
contribute to the development of asthma and the role of the child’s sex. There is overlap in cytokine
function, but in general IL-4, IL-5 and other TH, cytokines are associated with promotion of IgE and
eosinophilic responses associated with atopy, asthma and hypersensitivity. In contrast, the IL-2, INFy and
other TH; cytokines function in cell-mediated immunity against intracellular pathogens. Zhu et al. (2016)
reported that in male children with asthma (n = 158), serum PFOA was associated with polarization
toward a TH; response indicative of hypersensitivity (i.e., increased TH, cytokines and non-significant
decreases in TH; cytokines). However, they did not find a significant PFOA-associated change in TH; or
TH; cytokines in females despite the finding that serum PFOA was associated with diagnosis of asthma
when considering males and females together (p < 0.001) or split by sex [males (p = 0.001) and females
(p =0.005)] (Zhu et al. 2016).

Humblet et al. (2014) reported that increased serum PFOA was associated with higher odds of ever
having received a diagnosis of asthma using NHANES data from 1999-2000 and 2003-2008 (n = 1877);
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although there was no association with wheezing or current asthma (Figure D27). Using a smaller
NHANES population restricted to fewer sample years (n = 638; from 2005-2006), Stein et al. (2016)
reported that PFOA was associated with current rhinitis, and similar to Humblet et al. (2014) there was
no association with current asthma or wheeze. In addition to respiratory endpoints, Stein et al. (2016)
examined potential association with total serum IgE and specific IgE levels to common allergens. Serum
PFOA concentration was associated with 10% increase in total IgE (see Table 16), but not allergen-
specific IgE. Elevated serum total IgE is considered a hallmark of atopy or hypersensitivity and the
tendency to develop allergic diseases in general. Increased total serum IgE is commonly associated with
asthma, and multiple studies have demonstrated the association between total IgE and asthma that is
independent of specific IgE levels or other indications of allergy (Sunyer et al. 1996, Beeh et al. 2000).

Buser and Scinicariello (2016) used multivariate logistic regression to analyze the potential association
between current serum PFOA concentrations and two separate indicators of food sensitization: (1) food-
specific IgE over a concentration clinically considered to indicated an allergic response (0.35 kU/L) and
(2) self-reported food allergies in children ages 12-19 from NHANES. Serum PFOA was associated with an
increased OR for self-reported food allergies (OR = 9.09 [95%CI 3.32 to 24.90] for highest quartile vs.
lowest; p-trend < 0.001) in children from NHANES 2007-2010. However, PFOA was not associated with
food-specific IgE in children from NHANES 2005-2006.

As discussed above, the protocol has details on the risk-of-bias assessment of potential confounders
including those considered for hypersensitivity endpoints (http://ntp.niehs.nih.gov/g0/749926). The
three studies of asthma in children with current exposure levels considered most of the important
confounders and were rated probably low risk of bias for confounding (see Figure D32 and Figure D33).
Parental history of asthma and duration of breastfeeding were not considered in any study although
both of these factors may influence the incidence of asthma in children (Matheson et al. 2012,
Nurmatov et al. 2012) and there is some evidence that duration of breastfeeding may affect PFOA
exposure as well (Karrman et al. 2007). Humblet et al., (2014) discussed breastfeeding as a potential
confounder, but no information is available in NHANES on duration of breastfeeding so its potential
influence could not be considered. The failure to adjust for breastfeeding could result in an
underestimation of the association between PFOA and hypersensitivity-related effects because
breastfeeding has been associated with lower incidence of asthma but elevated child PFOA
concentrations.

Risk-of-bias assessment of the exposure characterization considered the consistency and reliability of
the exposure measures such as use of established test methods and whether exposure was assessed in a
relevant time-window for development of the outcome (see protocol for more details
http://ntp.niehs.nih.gov/g0/749926). All three of the studies assessing asthma relative to childhood
PFOA levels rely on current exposure data, and the long biological half-life of PFOA in humans (2 to 8
years) (Olsen et al. 2007a, Kudo 2015) increases the likelihood that these serum measurements
represent past exposure that would be biologically relevant for development of asthma or other
hypersensitivity responses. Nevertheless, the measurement of outcome and exposure simultaneously is
likely to result in some exposure misclassification. The three NHANES studies (Humblet et al. 2014, Buser
and Scinicariello 2016, Stein et al. 2016) were rated probably low risk of bias for exposure
characterization due to the long half-life of PFOA (see Figure D32 and Figure D33). In contrast, the
relevance of the exposure measurement timing is of particular concern for the Taiwanese case control
(Dong et al. 2013, Zhu et al. 2016) studies where PFOA were measured in serum samples taken from
children when they were enrolled in the study (i.e., at age 10-15). However, 52% of the cases were
diagnosed with asthma before 5 years of age and exposure was measured 5 to 10 years after the
development of asthma. Therefore, the Dong et al. (2013) and Zhu et al. (2016) studies were rated
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probably high risk of bias for exposure because of the high likelihood of exposure misclassification
(Figure D33).

Confidence in the body of evidence was not downgraded for risk of bias, although there is likely to be
some exposure misclassification for all three studies and the Dong study was rated probably high risk of
bias for exposure characterization. Care is taken not to double count or downgrade confidence in the
body of evidence twice for the same factor. In the OHAT method, the relevance of the exposure
assessment for the time-window appropriate to the development of the outcome can be considered in
two places: (1) in assessing the risk of bias for the exposure characterization as described above, and
(2) in setting the initial confidence in bodies of evidence based on study design factors. When rating
confidence in the body of evidence, studies with a cross-sectional study design (e.g., the body of
evidence with data on childhood PFOA exposure and asthma) start at a lower initial confidence because
cross-sectional exposure sampling cannot assure exposure took place before development of the
outcome. Ratings of definitely high risk of bias in the exposure characterization or probably high risk of
bias across all studies would have been considered further and may have resulted in further
downgrading the confidence in the body of evidence.

Current serum concentrations of PFOA in children were consistently associated with ever having had a
diagnosis of asthma, increased total IgE and several other indicators of respiratory hypersensitivity. The
data are considered a consistent pattern of findings for PFOA-associated increase in asthma and related
indicators of hypersensitivity in children in relation to PFOA levels in the children. The low confidence in
this body of evidence is primarily due to the cross-sectional nature of the studies and uncertainty as to
whether exposure levels reflect exposure prior to the development of hypersensitivity. There are no
prospective studies examining the potential relationship with childhood PFOA exposure and
hypersensitivity.

Levels of PFOA in adults and hypersensitivity response in adults

There are two studies in adults living in a region with elevated drinking water PFOA levels, and they
present conflicting results. Anderson-Mahoney et al. (2008) reported residents had increased
prevalence of effects associated with airway hypersensitivity (e.g., asthma, chronic bronchitis) compared
to standardized prevalence ratios, whereas Steenland et al. (2015) reported PFOA was negatively
associated with asthma with medication in a study of workers.

A study of adults (n = 566) living in a region with elevated drinking water PFOA levels found an increase
in the reported prevalence of respiratory effects including asthma, chronic bronchitis and shortness of
breath on stairs compared to standardized prevalence ratios estimated from NHANES data (Anderson-
Mahoney et al. 2008). However, the study had a number of serious risk-of-bias concerns and was rated
probably high for all three key risk of bias questions: (1) failure to consider most important confounders
(e.g., smoking, body mass index, and socioeconomic status), (2) exposure characterization was based on
residence in an area with drinking water contamination for at least one year with no information as to
how variables such as percent of residents reporting water consumption were used, and (3) disease
outcomes were obtained by questionnaire with no indication that the questionnaire had been validated
(see Figure D34). In addition, the participants were plaintiffs or potential plaintiffs in a lawsuit regarding
PFOA exposure of residents near a Teflon manufacturing plant on the Ohio River in West Virginia and
therefore likely knew of their exposure and potential health effects.

Steenland et al. (2015) reported a significant negative trend (p = 0.05 trend via categories with no lag
exposure analysis) for lifetime PFOA exposure and asthma with medication in a study of workers

(n =3713) with established PFOA exposure (Steenland et al. 2015). The workers were a subset of a
larger cohort (part of the C8 studies) of community residents in Ohio and West Virginia with higher
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levels of PFOA in drinking water. Cumulative PFOA exposure was estimated based on plant emissions,
residence, work history and modeling during follow-up.

Animal Hypersensitivity Data for PFOA

Summary: There is moderate confidence that exposure to PFOA is associated with increased
hypersensitivity responses based on the available animal studies. The results show consistent
enhancements in hypersensitivity-related endpoints in two studies of airway hypersensitivity in mice
(see Figure D29 for data figure and study details). PFOA-associated hypersensitivity is further indicated
by a study in mice reporting increased histamine release and exacerbation of IgE-dependent allergic
reaction in a passive cutaneous anaphylaxis assay following PFOA exposure. A conservative approach
was taken to downgrade the confidence rating for the body of evidence for serious risk of bias(see
Table 17 for confidence ratings summary for the body of evidence). Although one of the airway
hypersensitivity studies was rated probably low or definitely low risk of bias for the key questions, there
were only two airway studies and the other was rated probably high for two of the key risk of bias
guestions (exposure characterization and outcome assessment)(see Figure D35 and Figure D36).

Both of the available studies that directly tested airway hypersensitivity after exposure to PFOA
reported enhancement across multiple airway hypersensitivity-related endpoints in mice (Fairley et al.
2007, Ryu et al. 2014). The two studies differed substantially in duration (4-day vs. gestational day 2
through 12-weeks) and route of exposure (dermal vs. dietary). The results show enhancement across
multiple airway hypersensitivity-related endpoints in mice and the heterogeneity across endpoints may
be explained by variation between studies in exposure route (dermal vs dietary) and duration (4-day vs.
gestational day 2 through 12 weeks).

Dietary exposure to PFOA (4 mg/kg diet through 12 weeks of age) was associated with increased airway
hyperresponsiveness in male and female mice following methacholine challenge characterized by
increased airway resistance, greater peripheral tissue resistance, elevated elastance (indicating stiffer
lungs requiring greater work for breathing), greater airway sensitivity to methacholine, elevated lung
leukocyte and macrophage number in bronchial alveolar lavage fluid (BALF) (Ryu et al. 2014)

(Figure D29). In this dietary exposure mouse model, PFOA exposure alone increased airway
hyperresponsiveness consistent with asthma; however, dietary PFOA exposure had no effect on OVA-
induced airway hyperresponsiveness. Fairley et al. (2007) also reported increased hypersensitivity
related-responses with PFOA exposure using a different route of exposure and model of asthma. Fairley
et al. (2007) tested the hypersensitivity response to OVA in a mouse model of asthma after 4-day dermal
exposure to PFOA (0, 0.25, 2.5, 6.25, 12.5, 18.75, 25, or 50 mg/kg) in female mice (Figure D29). Dermal
exposure to PFOA at higher doses (18.75 to 50 mg/kg/day) enhanced the hypersensitivity response to
OVA including increased OVA-specific IgE (Figure D30), total IgE (Figure D31), and OVA-specific airway
hypersensitivity characterized by lung histopathology indicating eosinophilia and mucin production
(Fairley et al. 2007). There was no indication that PFOA was a sensitizer, as PFOA exposure alone (i.e.,
without OVA) did not increase total IgE (Fairley et al. 2007). PFOA exposure increased the
hypersensitivity response to OVA in a mouse model of asthma, suggesting that PFOA may increase
hypersensitivity responses to environmental allergens. Singh et al. (2012) reported PFOA-associated
increases in dye accumulation following 4-day dermal PFOA (0, 10, 50 mg/kg/day on the ear) treatment
to mice in the IgE-dependent passive cutaneous anaphylaxis assay using anti-dinitrophenyl-IgE. In a
separate experiment, a single intraperitoneal injection (0, 1, 5 mg/kg PFOA) resulted in increased serum
histamine 1 hour after treatment (Singh et al. 2012).

The confidence in the body of evidence was not increased for evidence of a dose response because the
data do not clearly indicate a dose-response for airway hypersensitivity, antigen-specific IgE, or total IgE
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(Figure D29, Figure D30, or Figure D31). The Fairley et al. (2007) study reported significant effects at
higher doses (18.75 to 50 mg/kg/day) but the highest dose did not result in a response that was larger or
even significantly elevated relative to control. The Ryu et al. (2014) study only tested one dose (4 mg/kg
diet), and therefore the results are not informative as to whether or not there is a dose response.
Although Singh et al. (2012) study only tested two doses; both histamine release and PCA appear to
support a dose response. Although both studies reported multiple endpoints that indicate PFOA-
associated increase in hypersensitivity, there are differences in the response to the specific antigen OVA
that may relate to differences in duration and route of exposure between the studies. The Ryu et al.
(2014) study included prenatal, juvenile, and adult exposure to PFOA, and therefore does not directly
address if developmental-only exposure is, or is not, associated with hypersensitivity in animal models.

The results of animal studies show PFOA-associated enhancement of hypersensitivity across multiple
airway hypersensitivity-related endpoints and the clear involvement of IgE in a passive cutaneous
anaphylaxis assay in mice. Therefore, the data are considered a consistent pattern of findings for PFOA-
associated increases in the hypersensitivity response.

In vitro /Mechanistic Data on Hypersensitivity-related Endpoints for PFOA

Two studies were identified that evaluated hypersensitivity-related endpoints after exposure to PFOA:
1) a study using cells from a human a mast cell line (HMC-1) and 2) a study using cells from a rat
basophilic leukemia cell line (RBL2H3). Both studies were modeling potential effects of PFOA on mast
cells, a type of leukocyte that plays a central role in asthma, eczema and allergic reactions by rapidly
releasing hypersensitivity mediators (e.g., cytokines and histamine) when allergens bind to cell surface
IgE (Yamashita 2007, Oh and Lim 2010).

Singh et al. (2012) tested the effects of in vitro PFOA exposure on histamine release, pro-inflammatory
cytokine gene expression, and the role of NF-kB in human mast cells. Treatment of HMC-1 cells with 25-
100 pM of PFOA (10350 — 41400 ng/ml) increased histamine release, and higher concentrations (20700
— 165600 ng/ml PFOA) increased intracellular calcium and gene expression (mRNA) for multiple
cytokines (TNF-q, IL-1p3, IL-6, and IL-8) (Singh et al. 2012). The PFOA-associated histamine release by
human mast cells in vitro, supports a similar finding with in vivo exposure to PFOA in mice. Singh (2012)
reported PFOA given by intraperitoneal injection (1 — 5 mg/kg) resulted in increased histamine release.
The results suggest that in vitro PFOA exposure promoted a hypersensitivity response from mast cells
via activation of NF-kB and pre-transcriptional increase in inflammatory cytokines (although cytokine
secretion was not measured).

In a similar experiment with rat RBL2H3 cells, Yamaki and Yoshino (2010) examined the effects of in vitro
PFOA exposure on release of histamine and other indicators of degranulation (e.g., B-hexosaminidase).
Pre-treatment of RBL2H3 cells with 10-300 uM of PFOA (4140 - 124200 ng/ml) for 20 minutes resulted in
the increased release of B-hexosaminidase following activation by antigen (OVA) and IgE (Yamaki and
Yoshino 2010). The -hexosaminidase release was calcium, and antigen/IgE-dependent, suggesting it
represented active degranulation characteristic of mast cell response. Histamine was not affected at
doses that did not cause cell death.

The release of hypersensitivity mediators from human HMC-1 cells and rat RBL2H3 cells after in vitro
exposure support PFOA-associated increases in airway hypersensitivity. However, the available in vitro
assays are limited to evaluations of a single cell type (mast cells) testing degranulation, and cytokine
release. The lower dose with the rat RBL2H3 cells (4140 ng/ml) is similar to internal doses from the Ryu
et al. (2014) hypersensitivity study in mice (4 mg/kg-diet resulted in serum concentrations of 4800 ng/ml
PFOA). However, the lowest concentrations (10350 ng/ml PFOA) tested on human mast cells in vitro by
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Singh et al. (2012) are well above typical human exposure range of the general population [e.g., Olsen et
al. (2003b) reported a range of 1.9 to 52.3 ng/ml PFOA in serum from American Red Cross blood donors
and the latest NHANES for 1999-2012 reported mean (95% Cl) for serum PFOA was 2.08 ng/ml (1.95-
2.22)](CDC 2015). The concentrations tested were within occupational exposure levels (range from
approximately 200 to 90000 ng/ml PFOA (Costa et al. 2009)). In addition, both studies were rated
probably high risk of bias for multiple questions including exposure characterization (because purity of
PFOA was not reported or below 98%) and outcome assessment (due to lack of blinding of outcome
assessors) (see Figure A3-4).

These two in vitro assays provided support, but were not considered to provide strong support for the
biological plausibility of PFOA-related increase in hypersensitivity. Mast cells are important to allergic
reactions, but the in vitro database is limited to this one cell type, few endpoints, and only two studies.
Although the concentrations used for the human cell data are within occupational exposure levels, there
were no data at concentrations reported for the general population. Other mechanistic data relevant for
evaluating potential PFOA effects on hypersensitivity are discussed below in the evidence synthesis
section in the context of biological plausibility. Relevant mechanistic data would include PFOA-related
increases in IgE levels or a change in cytokine production favoring hypersensitivity or a TH, response.

Table 17. Hypersensitivity—related Outcomes Evidence Profile for PFOA
Factors decreasing confidence Factors increasing confidence
“---""if no concern; “l” if serious “---""if not present; “A if
concern to downgrade confidence sufficient to upgrade confidence
- o
INITIAL CONFIDI?NCE for p @ % ﬁ < c o g’ > 'é EINAL
each body of evidence @ | msh| £ 2 |2 3 2| % 2| &% |CONFIDENCE
(# of studies) % o @ 2 2 3 o = 5| 23| b2y
o 5 6 % 5 EQ g o 2ol 2« 29 RATING
2 | S52| = E|2a|S8Ss|8&|&£8|8&
PFOA
Human
Initial Low
(3 cross-sectional child - - - - - - - - - Low
exposure studies)?
Animal
Initial High
(2 mamrial studies)b v Moderate
References:
Human: Dong (2013)2, Humblet (2014)2, Stein (2016)2
Animal: Fairley (2007)®, Ryu (2014)b

Evidence Synthesis for Hypersensitivity-related Outcomes for PFOA

The body of evidence for increased hypersensitivity associated with PFOA measured during childhood is
supported by experimental animal studies of PFOA-associated increases in airway hypersensitivity. The
human studies on hypersensitivity-related outcomes differed depending on the exposure window
evaluated. There is no evidence of an association between maternal PFOA concentrations and
hypersensitivity outcomes in children and few studies in adults.

Current serum concentrations of PFOA in children were consistently associated with ever having had a
diagnosis of asthma, increased total IgE and several other indicators of respiratory hypersensitivity in
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studies based on analysis of NHANES data on children age 12-19 and a case-control study of asthma in
children age 10-15 in Taiwan. Because these studies are cross-sectional in nature, there is low
confidence that exposure to PFOA during childhood is associated with increased hypersensitivity based
on these studies (see Table 17 for confidence ratings summaries for the bodies of evidence). The animal
data also consistently support PFOA-associated hypersensitivity and there is moderate confidence that
PFOA exposure is associated with increased hypersensitivity response based on several studies of airway
hypersensitivity and increased IgE in mice. These confidence ratings translate directly into level-of-
evidence conclusions and support an initial hazard identification conclusion of suspected to be an
immune hazard to humans or that PFOA exposure is suspected to increase hypersensitivity-related
outcomes in humans.

e Human body of evidence: Low Confidence = Low Level of Evidence
e Animal body of evidence: Moderate Confidence = Moderate Level of Evidence
e Initial hazard conclusion (Low x Moderate) = Suspected to be an Immune Hazard to Humans

¢ Final hazard conclusion
(after consideration of biological plausibility) = Suspected to be an Immune Hazard to Humans

Collectively, the human and animal bodies of evidence present a consistent pattern of findings that
higher exposure to PFOA is associated with hypersensitivity based on increased diagnosis of asthma, IgE,
and airway hypersensitivity measures. The human data are based on cross-sectional studies with
exposure and outcome evaluated in children from 10-19 years of age. Biological plausibility of the
association between PFOA and hypersensitivity could be supported by mechanistic data showing PFOA-
associated promotion of hypersensitivity such as increased IgE levels or a change in cytokine production
favoring a TH, response. There is overlap in cytokine function, but in general TH; cytokines (e.g., IL-4, 5,
6 and 13) are associated with promotion of IgE and eosinophilic responses associated with atopy and
hypersensitivity. TH1 cytokines (e.g., IL-2 and INFy) are involved in cell-mediated immunity against
intracellular pathogens.

Part of the evidence for PFOA-associated hypersensitivity is based on data reporting increased IgE levels
and therefore the data supporting this aspect of mechanistic data have been discussed earlier. Elevated
total serum IgE is commonly associated with asthma, and that link may be independent of allergen-
specific IgE levels or other indications of allergy (Sunyer et al. 1996, Beeh et al. 2000). To summarize
briefly, there is evidence from human and animal studies that PFOA exposure results in increased total
IgE. Serum concentrations of PFOA in children were associated with increased total serum IgE in both of
the epidemiological studies that examined this endpoint. A doubling of serum PFOA was associated with
10% increase in total IgE in children ages 12-19 (n = 638; NHANES 2005-2006) (Stein et al. 2016). Current
serum PFOA was associated with increased total serum IgE (over 60% increase in the highest quartile) in
a study of asthma in Taiwanese children ages 10-15 (n = 456) (Dong et al. 2013). The link between PFOA,
IgE and asthma is further supported in this study because the association was only significant in children
diagnosed with asthma, and was not observed in children without asthma. Dong et al. (2013) also
reported that PFOA and PFOS were both associated with increased serum eosinophil counts and higher
eosinophilic cationic protein levels in the children with asthma.

The animal data support increased IgE with PFOA exposure and provide evidence that PFOA-associated
hypersensitivity responses are IgE mediated. Fairley et al. (2007) reported PFOA-associated elevations in
total and OVA-specific IgE in mice following 4-day dermal exposure to PFOA (20 to 50 mg/kg/day). The
clear involvement of IgE and exacerbation of IgE-dependent allergic reaction in response to PFOA
exposure was shown in a passive cutaneous anaphylaxis assay in mice. Singh et al. (2012) reported
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PFOA-associated increases in dye accumulation following 4-day dermal PFOA (0, 10, 50 mg/kg/day on
the ear) treatment to mice in a passive cutaneous anaphylaxis assay using anti-dinitrophenyl-IgE.

Several studies of mast cells provide another line of mechanistic data supporting PFOA-associated
hypersensitivity. Along with IgE, mast cells are key drivers of immediate hypersensitivity and play an
important role in promoting and maintain asthma and other allergic diseases (Galli and Tsai 2012). Singh
(2012) reported Intraperitoneal injection of PFOA (1 — 5 mg/kg) resulted in increased serum histamine
levels. In the same study, in vitro PFOA (10350 — 41400 ng/ml) exposure to human MHC-1 mast cells
resulted in degranulation characterized by increased histamine release and higher PFOA concentrations
(20700 — 165600 ng/ml) increased intracellular calcium and gene expression (MRNA) for multiple
inflammatory cytokines (TNF-a., IL-1P3, IL-6, and IL-8) (Singh et al. 2012). PFOA exposure also resulted in
active degranulation (e.g., release of f-hexosaminidase and histamine) in a rat model for mast cells
(RBL2H3 basophilic cells) that was calcium and antigen/IgE-dependent (Yamaki and Yoshino 2010). The
lowest effective dose (4140 ng/ml PFOA) in the rat mast cell model is similar to internal doses from the
Ryu et al. (2014) hypersensitivity study in mice (4800 ng/ml PFOA). However, the PFOA concentrations
(10350 ng/ml PFOA) tested on human mast cells are well above typical human exposure range of the
general population [e.g., Olsen et al. (2003b) reported a range of 1.9 to 52.3 ng/ml PFOA in serum from
American Red Cross blood donors and the latest NHANES for 1999-2012 reported mean (95% Cl) for
serum PFOA was 2.08 ng/ml (1.95-2.22)](CDC 2015).

Few studies have examined potential effects of PFOA on general inflammatory response or
inflammatory cytokine changes. Zhu et al. (2016) reported that in male Taiwanese children with asthma
(n =158), serum PFOA was associated with polarization toward a TH; response indicative of
hypersensitivity [i.e., increased TH; cytokines (IL-4 and IL-5) and non-significant decreases in TH;
cytokines]. The increase in TH; cytokines indicates a potential mechanism for PFOA-associated increases
in asthma diagnosis in the same population (Dong et al. 2013, Zhu et al. 2016). However, they did not
find a significant PFOA-associated change in TH; or TH; cytokines in females despite the association
between higher serum PFOA and asthma when considering males and females together (p < 0.001) or
split by sex [males (p = 0.001) and females (p = 0.005)] (Zhu et al. 2016). Given the limited database it is
difficult to evaluate whether or not there is a clear or consistent pattern for changes in inflammation or
cytokine signaling after exposure to PFOA (see cytokine data in Appendix 5). Taylor et al. (2002, 2005)
demonstrated that PFOA (at doses 2100 mg/kg) inhibited paw edema in a carrageenan-induced rat
model of cutaneous inflammation. Qazi et al. (2010a, 2013) reported that dietary exposure to mice at
does as low as 3 mg/kg PFOA resulted in decreased IL-4 levels. The same research group also examined
the effect of dietary PFOA in mice on IL-6 in serum and for cell populations from spleen, bone marrow,
peritoneal cavity, and liver in culture (Qazi et al. 2009a). Under most conditions, PFOA (0.02% diet or
approximately 40 mg/kg/day) was associated with increased levels of IL-6 and TNF-a in mice, although
results differed by organ and culture conditions (e.g., plasma levels of TNF-a. were not increased).

The effects of in vitro exposure to PFOA on cytokine production of peripheral blood leukocytes has also
been explored in several studies using whole blood from in human volunteers (Brieger et al. 2011,
Corsini et al. 2011, Corsini et al. 2012). Similar to the mouse data, plasma levels of PFOA from the
human volunteers were associated with increased TNF-a. and IL-6 under LPS stimulation (Brieger et al.
2011). In contrast, in vitro exposure at doses 100 to 100000 ng/ml of PFOA had no impact on IL-6 or
TNF-o (Brieger et al. 2011). Corsini et al. (2011) reported that PFOA exposure at concentrations relevant
to human exposure (100-1000 ng/ml PFOA) had no effect on cytokine secretion including several TH»
cytokines (IL-4, IL-6, or IL-10) from peripheral blood leukocytes. In further studies of mechanistic
endpoints using peripheral blood and a human promylocytic cell line THP-1, Corsini et al. (2011, 2012)
demonstrated that PFOA inhibited pathways that regulate NF-kB activation, which plays a role in
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cytokine production, inflammation, and other immune functions. Most of the mechanistic endpoints
were significant at concentrations of 100000 ng/ml PFOA; however, inhibition of NF-kB promotor
activity was demonstrated at substantially lower concentrations (i.e., 1000 ng/ml PFOA). Although these
data present potential mechanisms, there are no data to support PFOA-induced changes in cytokines or
NF-kB occur in humans at environmentally relevant exposure levels.

The mechanistic data were not considered to provide evidence to support or refute biological
plausibility of this affect. Mechanistic data for PFOA-associated hypersensitivity suggest the response is
IgE-mediated and may involve stimulation of mast cells, but a clear pattern of effects on inflammatory
cytokines or the role for NF-kB at relevant PFOA concentrations has not been established. Therefore, the
hypersensitivity data support a final hazard identification conclusion that PFOA is suspected to be an
immune hazard in humans.

Autoimmunity-related Effects and Outcomes

Autoimmune disease and related effects are the result of immune responses against self-molecules
(WHO 2012). Autoimmune disorders are frequently tissue or organ specific, although they may be
systemic when the reaction is to antigens present across multiple tissues. Autoimmune diseases are
usually examined in the context of the damaged tissues or organs (e.g., rheumatoid arthritis, thyroiditis,
or ulcerative colitis). Tests for chemical induced autoimmunity in animals generally involve model
systems developed to evaluate one specific type of autoimmune response. Due to the specificity of the
assays, these tests are used when autoimmunity is suspected and not as part of routine screening for
autoimmunity.

Human Autoimmunity Data for PFOA

Summary: There is low confidence that exposure to PFOA is associated with ulcerative colitis, an
autoimmune disease in the colon and rectum based on the few available human studies. The results of
two studies show PFOA-associated increases in the incidence of ulcerative colitis in residents of the Ohio
Valley, a region associated with elevated PFOA levels in drinking water and workers from the same
population exposed to PFOA. Higher cumulative exposure to PFOA was associated with rheumatoid
arthritis in the workers, but not the community residents. The low confidence in the body of evidence is
due to the evidence being restricted to studies from a single population. As a result, confidence in the
body of evidence was decreased because it was not possible to evaluate consistency across populations
to support a final rating of low confidence. There was inconsistent evidence of an association with
rheumatoid arthritis in the same studies and no evidence of an association with other autoimmune
diseases (see Table 18 for list of studies, Figure D37 for data figure).

Higher PFOA exposure was associated with increased incidence of ulcerative colitis in a study of adult
residents of the Ohio Valley (n = 32254), a region with elevated PFOA levels in drinking water (Steenland
et al. 2013) (see Table 19 for summary and study details). Cumulative PFOA exposure was estimated
based on plant emissions, residence, work history and modeling during follow-up. Incidence of self-
reported autoimmune disease was confirmed with medical records. Steenland et al. (2013) reported an
increased incidence of ulcerative colitis (151 validated cases) by quartile of PFOA exposure in
retrospective analysis for a combined cohort (total n = 32254) of residents (n = 28541) and workers

(n =3713) with both 10-year lagged and unlagged exposure. There was no evidence of an association
with other autoimmune diseases (Crohn’s disease, insulin-dependent diabetes, lupus, multiple sclerosis,
and rheumatoid arthritis). In a follow-up study of workers (n = 3713) exposed to PFOA that were a
subset of the original analysis, there was a significant trend (p < 0.05) for ulcerative colitis (28 validated
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cases) with increasing PFOA exposure level based on unlagged or 10-year lagged exposure at much
higher exposure levels (mean serum PFOA in 2005-2006 was 325 ng/ml for workers versus 87 ng/ml in
the combined cohort) (Steenland et al. 2015).

In contrast to the community study, there is some evidence that rheumatoid arthritis (28 cases) is
associated with PFOA exposure in the workers. There was a positive trend for rheumatoid arthritis by
quartiles of PFOA exposure; however, only the trend test using midpoint of the quartiles was statistically
significant (p <0.05), whereas analyses using continuous log transformed cumulative exposure were not
significant (p = 0.54 and p = 0.75 for 10-year lag or no lag exposure) (Steenland et al. 2015). The only
other autoimmune study located is a pilot study that reported prenatal concentrations of PFOA were
not associated with autoantibodies to several neural or non-neural antigens in 7 year old children

(n = 38) from the Faroe Island birth cohort (Osuna et al. 2014). Although the study did not find an
association with PFOA exposure, autoantibody data without support from other related endpoints (e.g.,
for the neural antigens studied) is not considered to provide clear evidence for or against an effect on
autoimmunity (WHO 2012).

Table 18. Studies on Autoimmunity in Humans (2 retrospective cohort, 1 prospective)
Exposure |Disease
Study design (Location measure |assessment Autoimmune disease
Study |/ Study) n timing timing Analyses outcomes assessed
Steenland |Retrospective Cohort 32254 | Lifetime Self-reported | Cox regression (survival), Crohn’s disease, lupus, insulin-
(2013) (residents with higher PFOA cumulative |autoimmune age as the time variable dependent diabetes, multiple
in drinking water in OH/ WV estimated diseases and time-varying exposure |sclerosis, rheumatoid arthritis,
part of C8 studies) (quartiles) and covariates; Rate ratios |ulcerative colitisT*
and prospective analysis of (lagged and (RR) estimated for quartiles | (self-reported disease
ulcerative colitis after 2005- unlagged) confirmed by medical records)
2006 baseline survey (n =29
cases)
Steenland |Retrospective Cohort 3713 |Lifetime Self-reported | Cox regression (survival), |Autoimmune disease
(2015) (workers exposed to PFOA in cumulative | chronic age as the time variable combined, rheumatoid
OH/ WV part of C8 studies) estimated diseases and time-varying exposure |arthritisT*, ulcerative colitis T*
(quartiles) and covariates; Rate ratios |(self-reported disease
(lagged and (RR) estimated for quartiles | confirmed by medical records)
unlagged)
Osuna Prospective pilot study 38 Maternal Children age 7 |Linear regressions assessed | Autoantibodies to neural and
(2014) (Faroe Islands birth cohort) Child (age 7) associations of non-neural antigens, only anti-
autoantibody levels with actin 1gG associated with
chemical exposures maternal exposure It
significantly (p<0.05) increased (1) or decreased ({) associated with (*) PFOA or () PFOS exposure

The available epidemiological studies that evaluated the association between exposure to PFOA and
that satisfy the criteria for inclusion in the systematic review include (1) two publications of overlapping
cohorts that reported the incidence of self-reported autoimmune diseases (from 1952 to 2008/2011) in
adult residents in the Ohio Valley with higher PFOA in drinking water (part of the C8 studies) and (2) a
pilot study using data from the Faroe Island birth cohort that evaluated the association between
maternal and childhood PFOA levels and autoimmune antibodies at age 7. The C8 studies consist of a
large community-based cohort of individuals that worked or lived in PFOA contaminated water districts
and a sub cohort of the same PFOA exposed workers. Both studies assessed lifetime cumulative
exposure retrospectively from estimated yearly serum PFOA levels based on historical data and
ecological modeling (community) or a JEM combined with residual exposure (workers). Rate ratios for
autoimmune disease were calculated using Cox regression (lagged and 10 year lagged) for quartile of
cumulative exposure, using the lowest exposure group as the reference group and test for trends were
based on cumulative exposure modeled as continuous variable (both studies) or via categories
(workers). The community study also conducted a prospective analysis of autoimmune cases that
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developed after base-line (2005-2006). Although stratified analyses were not reported for the
community members only, it seems unlikely that the findings for ulcerative colitis could be explained by

the worker population because there were only 28 reported in the worker cohort and 596 cases
reported in the residential and worker combined cohort.

Table 19. Summary of PFOA and Select Data on Autoimmune Diseases in humans

Changes in incidence

Possible sources of

Disease with PFOA?® heterogeneity Exposure measurement Study
Rheumatoid Adj. OR (95% Cl) e combined community and worker Estimated cumulative exposure: Job | Steenland
Arthritis Highest vs. lowest -10 yr. lag population exposure matrix for workers and an |(2013)

OR =1.35(0.87-2.11)

Trend p=0.73

Adj. RR (95% Cl)

Highest vs. lowest - 10 yr. lag
RR = 2.62 (0.47 to 14.7)
Trend p=.75

Trend categories p = 0.06

environmental fate and transport
model for community exposure
Estimated cumulative exposure: Job
exposure matrix for workers plus
consideration of residential
component with fate and transport
model; and quartiles

Steenland
(2015)

analyses (trend by cumulative and
quartiles of exposure)
worker only population

Steenland
(2013)

Ulcerative colitis [Adj. OR (95% Cl)

Highest vs. lowest -10 yr. lag
OR =3.05 (1.56 to 5.96)
Trend p <.0001

Adj. RR (95% Cl),

Highest vs. lowest — 10 yr. lag
RR = 6.57 (1.47 to 29.40)
Trend = 0.05

Trend categories p = 0.05

Estimated cumulative exposure: Job
exposure matrix for workers and an
environmental fate and transport
model for community exposure
Estimated cumulative exposure: Job
exposure matrix for workers plus
consideration of residential
component with fate and transport
model; and quartiles

combined community and worker
population

Steenland
(2015)

worker only population
analyses (trend by cumulative and
quartiles of exposure)

Auto-antibodies Prenatal cord blood
specific to neural
and non-neural

antigens

low number of participants Osuna (2014)
autoantibodies without additional
indications of autoimmunity

considered inconclusive evidence

-22% change in actin IgG
concentration per 2-fold
increase in PFOS exposure
(p<0.05)

alinear regression (B or % change in antibody per 2-fold increase of PFOA unless noted as OR or RR).

Bold text indicates statistically significant decreased or increased association or trend.

This table highlights select findings to illustrate data informing the potential relationship with autoimmune disease; for
additional data see Figure D37.

Risk-of-bias assessment of the exposure characterization considered the consistency and reliability of
the exposure measures such as use of established test methods and whether exposure was assessed in a
relevant time-window for development of the outcome (see protocol for more details
http://ntp.niehs.nih.gov/go/749926). Both studies were rated definitely low risk of bias for exposure
because the exposure modeling methods have been previously published with a moderate to high
degree of correlation between predicted and observed serum PFOA concentrations (e.g., Spearman’s
rank correlation coefficients from 0.67 to 0.82 for residents in 2005-2006) (see Figure D38 and

Figure D39). Cumulative PFOA exposure of residents, and the non-occupational portion of workers, was
derived from estimates of annual mean serum PFOA levels during follow-up, which were based on plant
emissions, residential and work history, and a fate-transport model (Shin et al. 2011, Woskie et al.
2012). Worker PFOA exposure was modeled based on job category, cumulative years worked, and
change in process/plan emissions over time (Woskie et al. 2012).

Risk-of-bias assessment of potential confounders included age, sex, race/ethnicity, smoking, body mass
index, alcohol consumption, and variables that represent socioeconomic status based on prior reports of
associations with PFOA levels (Calafat et al. 2007, Nelson et al. 2010) and immune outcomes (WHO
1996, Dallaire et al. 2005) (see protocol http://ntp.niehs.nih.gov/g0/749926 for more details). Although
the general resident study (Steenland et al. 2013) was rated probably low risk of bias for confounding,
the worker study (Steenland et al. 2015) was rated probably high risk of bias because other potential
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workplace exposures in the fluoropolymer manufacturing plant were not considered (see Figure D38
and Figure D39).

The data from both the community resident study and the worker analysis support a dose-response
relationship between PFOA exposure and increased incidence of ulcerative colitis; however, because the
workers were included as part of the combined cohort, the analyses are not independent. Steenland et
al. (2013) reported a positive trend (p < 0.001) for ulcerative colitis by quartile of exposure in
retrospective analysis for a combined cohort (total n = 32254) of residents (n = 28541) and workers
(n=3713). However, prospective analysis of ulcerative colitis diagnosed (n = 29) after the 2005-2006
baseline presented a non-significant trend (p = 0.21). In the subsequent analysis of the worker subset of
the population (n = 3713), a positive trend was also reported (p < 0.05) for ulcerative colitis. Confidence
in the body of evidence was not increased for dose-response because the dose-response was observed
in a single study/population.

The two C8 studies of residents and workers in the Ohio Valley (Steenland et al. 2013, Steenland et al.
2015) report PFOA-associated increases in the incidence of ulcerative colitis in this population. There is
inconsistent evidence of an association between PFOA and rheumatoid arthritis, and no evidence of an
association with other autoimmune diseases. The major limitation of the body of evidence is that the
studies are from the same population that had been exposed to high levels of PFOA, and that the
analysis in the larger study of residents also included the workers and therefore there are no
independent results from a separate population.

Animal Autoimmunity for PFOA
No animal studies were identified on potential association between PFOA and autoimmunity.

In vitro /Mechanistic Data on Autoimmunity-related Endpoints for PFOA
No in vitro exposure studies were identified on the potential association between PFOA and
autoimmunity.

Evidence Synthesis for Autoimmunity Data for PFOA

Few studies of PFOA exposure and autoimmunity were located. The body of evidence is based on two
epidemiological studies (two C8 studies) of residents and workers in the Ohio Valley and these studies
report an association between PFOA exposure and increased incidence of ulcerative colitis. There is no
animal evidence to evaluate the potential association between exposure to PFOA and autoimmunity
because no studies of PFOA in animal models of autoimmunity were identified.

There is low confidence that exposure to PFOA is associated with ulcerative colitis, an autoimmune
disease in the colon and rectum based on the available human studies. The results of two
epidemiological studies show PFOA-associated increases in the incidence of ulcerative colitis in residents
of the Ohio Valley, a region associated with elevated PFOA levels in drinking water, and workers exposed
to PFOA that were a subset of the original analysis (Steenland et al. 2013, Steenland et al. 2015). The
low confidence in the body of evidence is because the studies are from the same population, and that
the analysis in the larger study of residents also included the workers, and therefore the findings lack
replication in a second population. The lack of experimental animal studies translates into inadequate
level of evidence and the low confidence in the human body of evidence translates directly into a low
level of evidence. Given the low level of evidence from human studies and inadequate level of evidence
from animal studies, autoimmunity was not considered for hazard identification conclusions of PFOA.

Although there is low confidence in the human body of evidence, data that may inform the biological
plausibility for ulcerative colitis were considered because the human data were from a large study
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population. Biological plausibility of the association between PFOA and ulcerative colitis could be
supported by mechanistic data showing PFOA-associated promotion of hypersensitivity such as a change
in cytokine production favoring a TH; response. There is overlap in cytokine function, but in general TH;
cytokines are associated with promotion of inflammatory or hypersensitivity responses that may
contribute to ulcerative colitis. There are few studies to evaluate the role of cytokines, although the Zhu
et al. (2016) study of children with asthma in Taiwan reported that serum PFOA was associated with
polarization toward a TH; response in males but not in the female children (i.e., increased TH; cytokines
[IL-4 and IL-5] and decreased in TH; cytokines [IL-2 and INFy]). It is important to note that the C8
epidemiological studies report an association between PFOA and ulcerative colitis (which is restricted to
the colon and rectum) and the data do not support an association between PFOA and Crohn’s disease
(which can occur in any part of the gastrointestinal tract). This suggests that the mechanism is more
specific than increased inflammation or hypersensitivity of the gastrointestinal tract. Steenland et al.
(2015) hypothesize that the mechanism may involve effects of PFOA on bacterial exposure unique to the
lower digestive tract as well as inflammatory-based mechanisms. There are few studies that have
examined potential PFOA-associated cytokine changes in humans or experimental animals, and none of
them have evaluated the colon or rectum. For example, there is evidence that IL-13 is involved in the
inflammatory response that promotes ulcerative colitis (Mannon and Reinisch 2012); but no evidence as
to whether or not PFOA influences IL-13 levels. Given the limited database and the lack of organ-specific
data, it is difficult to evaluate whether PFOA exposure would result in a pro-inflammatory or pro-
hypersensitivity cytokine pattern relevant to the development of ulcerative colitis (see cytokine data in
Appendix 5).

Similarly, there are no data to evaluate whether or not PFOA affects disease resistance in bacterial
exposure models in mammals. PFOA (2.1 mg/kg/day for 8 weeks) had no effect on morbidity or
mortality to E. coli exposure in Japanese quail (Smits and Nain 2013). However, these data are from a
non-mammalian model and the exposure was route was subcutaneous injection and therefore not from
oral exposure that would be more relevant to ulcerative colitis.

The mechanistic data were not considered to provide evidence to support or refute biological
plausibility of the reported association between PFOA exposure and ulcerative colitis.
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PFOS Immune Evidence

The sections below on each primary immune health effect begin with a brief description of the health
effect, followed by a summary of the human evidence and the confidence rating of the body of evidence
from human studies. A similar summary of the animal evidence and confidence rating in the animal body
of evidence is then presented. In vitro or mechanistic studies are then summarized. Then evidence
synthesis was conducted in a three-part process for each outcome. First, the confidence ratings were
translated into level-of-evidence of health effects conclusions using the procedure outlined in Figure 3.
Next, initial hazard identification conclusions were reached by integrating the level-of-evidence
conclusions for the human and animal evidence streams using the procedure outlined in Figure 4.
Finally, the degree of support from mechanistic data was considered and discussed in reaching final
hazard identification conclusions for each of the major immune health outcomes.

Immunosuppression: Antibody Response

The development of specific antibodies in response to an immune challenge (e.g., injection with sheep
red blood cells or SRBC) is a well-accepted measure of immune function included in many guidelines or
testing requirements for immunotoxicity (US EPA 1998, ICH 2005, WHO 2012). Antibodies are proteins
found in blood and other body fluids that bind to antigens (generally proteins on the cell surface of
infectious agents such as viruses or bacteria) and thereby identify them for destruction or removal. The
production, release, and increase in circulating levels of antigen-specific antibodies are important for
protection against the infectious agent and preventing or reducing severity of influenza, respiratory
infection, colds, and other diseases as part of the humoral immune response. Reduced antibody
production is an indication of decreased immune function or immunosuppression that may indicate a
greater risk of disease. There are 5 antibody or immunoglobulin (Ig) classes in mammals: I1gM, 1gG, IgA,
IgD, and IgE that differ in structure and function.

Antibody assays for immunosuppression generally measure IgM or I1gG. IgM is important for the early or
primary response after a single antigen challenge and IgG is a later response that is important in
recognizing the antigen following re-exposure. Antigen-specific IgM to a T-cell-dependent antigen (e.g.,
SRBC) is considered one of the most predictive measures of overall immune function because proper
response requires cooperation between T-cells, B-cells, and antigen-presenting cells to develop an
antibody response (Luster et al. 1992). This antibody response can be examined by measuring antigen-
specific antibody levels after vaccination in humans and after challenge with SRBC or other antigens in
laboratory animals. Measurement of total immunoglobulin levels (rather than antigen-specific IgM or
IgG) is considered observational data that is less predictive for immunotoxicity (WHO 2012).

Human Antibody Response Data for PFOS

Summary: There is moderate confidence that exposure to PFOS is associated with suppression of the
antibody response based on the available human studies. The results show consistent PFOS-associated
suppression in at least one measure of the anti-vaccine antibody response across multiple studies with
evidence from developmental, childhood, and adult exposures (see Table 10 for list of studies). There
were no changes in confidence rating for the body of evidence after considering factors that may
increase or decrease confidence (see Table 20 for confidence ratings summaries for the body of
evidence). Heterogeneity in the findings may be explained by variation between studies in the different
vaccinations tested, time between vaccination and measurement of the antibody response, and
analyses or ways to measure the antibody response.

The human body of evidence for PFOA and PFOS on the antibody response is based on the same six
epidemiological studies with very similar results and findings for both chemicals. The confidence ratings
for the human data are the same for PFOA and PFOS. Therefore, to avoid repetition, the reader is
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referred to Human Antibody Response Data for discussion of the human data on the antibody response
for both PFOA and PFOS.

As was the case for PFOA, the available studies (Table 10) provide evidence that higher developmental,
childhood, or adult serum concentrations of PFOS are associated with lower specific antibody response
to one or more commonly used vaccine in each study with the exception of a study of adults living in the
Ohio Valley (as part of the C8 studies), a region with elevated drinking water PFOA levels. The residents
have much higher serum PFOA than the general US population and serum levels of PFOA were
associated with a reduced rise in antibody levels in response to influenza A/H3N2 vaccination (Looker et
al. 2014). Interestingly, this is the only human study that did not report an effect of PFOS on antibody
levels and it is the only study where PFOA concentrations were higher than PFOS (in all other studies
mean PFOS concentrations are 5x PFOA levels or more). It is unknown why PFOS was not associated
with changes in the antibody response for any of the vaccines in this study; however, effects of PFOA on
the antibody response and the high concentrations of PFOA in this population may have obscured any
relationship. The data are considered a consistent pattern of findings for PFOA and PFOS-associated
antibody suppression in humans.

Animal Antibody Response Data for PFOS

Summary: There is high confidence that exposure to PFOS is associated with suppression of the
antibody response based on the available animal studies. The results show consistent suppression of the
primary antibody response (see Figure D8 for data figure and Table 20 for confidence ratings summary
for the body of evidence). Confidence in the body of evidence was decreased because of serious
concern for risk of bias and increased for evidence of dose-response observed across multiple studies
(Figure D8) to support the final rating of high confidence. All studies were rated probably high risk of
bias for outcome assessment due to lack of blinding of outcome assessors, one of the Key Questions. In
addition, all of the studies were rated probably high risk of bias for lack of allocation concealment and
lack of researcher blinding during the study (see Figure D14 and Figure D15).

There is consistent evidence that PFOS exposure results in suppression of the primary antibody response
as determined by antigen-specific IgM antibody production to single challenge with T-cell specific
antigens (SRBC) in male and female mice (Keil et al. 2008, Peden-Adams et al. 2008, Dong et al. 2009b,
Zheng et al. 2009, Qazi et al. 2010b, Dong et al. 2011, Vetvicka and Vetvickova 2013) with support from
a study in chickens (Peden-Adams et al. 2009)(Figure D8) at oral doses from 0.00166 to 40 mg/kg/day.
Antibody suppression in the lower dose range (0.00166 to 5 mg/kg/day PFOS) takes place without
changes in body weight, spleen or thymus cellularity, or other signs of overt toxicity.

The primary antibody response data from mice demonstrate a consistent pattern of findings to support
PFOS-associated suppression, and no data were located testing the primary response in rats. There are
two sources of heterogeneity in the data including differences in antigen (T-cell dependent SRBC vs. T-
cell independent TNP) and outcome (primary vs secondary response). The response to T-cell dependent
antigens was consistently suppressed with PFOS exposure; however, the effect of PFOS on antibody
response to T-cell independent antigens is less clear. Two of the three studies that tested the response
to T-cell independent antigens did not find an effect of PFOS exposure on antibody response to this type
of antigen (Peden-Adams et al. 2008, Qazi et al. 2010b, Vetvicka and Vetvickova 2013). There is limited
data on the secondary IgG response from which to draw a conclusion on the effect of PFOS exposure; it
was not suppressed in the one study testing it in mice (Dong et al. 2011), or the one rat study (Lefebvre
et al. 2008), but it was suppressed in chicken exposed during development (Peden-Adams et al. 2009)
(Figure D9). The LOAEL (5 mg/kg) in mice from the one developmental exposure study (Keil et al. 2008),
is higher than the LOAEL from several adult exposure studies (0.00166 to 0.08 mg/kg/day). The lower
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susceptibility (i.e., high dose to suppress the antibody response) in a developmental exposure study
without explanation is unusual for an immune endpoint.

As discussed for PFOA, the primary antibody response to T-cell specific antigens as determined by
antigen-specific IgM is considered among the most predictive measures of immunotoxicity and part of
multiple testing guidelines. Therefore, the data are considered a consistent pattern of findings for PFOS-
associated antibody suppression.

In Vitro /Mechanistic Data on Antibody Response for PFOS
No in vitro studies were located that tested potential effects of PFOS on antibodies or antibody
production [e.g., using a Mishell-Dutton assay with antigen (e.g., SRBC) challenge].

Table 20. Antibody Response Evidence Profile for PFOS
Factors decreasing confidence Factors increasing confidence
“---" if no concern; “}” if serious “---" if not present; “A if
concern to downgrade confidence sufficient to upgrade confidence
o) Qo E
INITP:AbL EON:IDFCTCE for o E § ﬁ < < ° % > § FINAL
each body of evidence = = = 2 ° | _ c
v ® | &5 § 2 |5 E; 2| s S| % |CONFIDENCE
(# of studies) S o 2 o b} o o E 6| 2o 2w
o 5 6 % 5 = g o 2 2o E“a 29 RATING
0 Q © =
€ |5£| £ E |2a|8=|8&|&8|8&
PFOS
Human
Initial Mode.rate . Moderate
(4 prospective studies)?
Initial Low Low
(2 cross-sectional studies)P
Confidence Across Human No change for considering across study designs Moderate
Bodies of Evidence € € v g
Animal
Initial High .
(8 mammal studies)© v B B B B B T B B High
References:
Human: Granum (2013)?, Grandjean (2012)?, Kielsen (2016)°, Looker (2014)2, Mogensen (2015)?, Stein (2016)b
Animalc: Dong (2009b, 2011), Keil (2008), Lefebvre (2008), Peden-Adams (2008), Qazi (2010b), Vetvicka (2013),
Zheng (2009)

Evidence Synthesis for Antibody Response for PFOS

Higher serum levels of PFOS are associated with suppression of the antibody response based on the
human and animal bodies of evidence (see Table 20 for confidence ratings summaries for the bodies of
evidence). There is moderate confidence that exposure to PFOS is associated with suppression of the
antibody response in humans based on consistent suppression in at least one measure of the anti-
vaccine antibody response across multiple studies with evidence from prenatal, childhood, and adult
exposures to PFOS. There is high confidence that exposure to PFOS is associated with suppression of the
antibody response in animals based on consistent suppression of the primary antibody response in mice.
These confidence ratings translate directly into level-of-evidence conclusions and support an initial
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hazard identification conclusion of presumed to be an immune hazard to humans or PFOS exposure is
presumed to suppress the antibody response in humans.

¢ Human body of evidence: Moderate Confidence = Moderate Level of Evidence
e Animal body of evidence: High Confidence = High Level of Evidence
o [Initial hazard conclusion (Moderate x High) = Presumed to be an Immune Hazard to Humans

¢ Final hazard conclusion
(after consideration of biological plausibility) = Presumed to be an Immune Hazard to Humans

Taken together, the human and animal bodies of evidence present a consistent pattern of findings that
higher prenatal, childhood, or adult serum concentrations of PFOS are associated with suppression of
the antibody response. Mechanistic data from in vitro or in vivo studies can then be used to examine the
biological plausibility of PFOS-associated suppression of the antibody response to develop the final
hazard identification conclusion.

The antibody response begins with B-cell surface antibody recognizing a specific antigen. Then, fora T-
cell dependent antibody response (e.g., most of the experimental animal data on SRBC-specific antibody
response), T-cells must also recognize the specific antigen involved (generally after processing by a
macrophage, dendritic cell, or other antigen presenting cell). When B- and T-cells both recognize the
same antigen, the T-cell activates the B-cell and releases cytokines to help the B-cell multiply and
mature into an antibody secreting plasma cells that produces the antigen-specific antibody response.
Therefore, relevant mechanistic data would include effects of PFOS at relevant concentrations on key
cell populations (B-cells, T-cells, or macrophages as antigen presenting cells), antigen processing and cell
activation, or cytokines important for cell signaling during the antibody response.

PFOS-related decrease in B-cell or T-cell numbers would present a possible mechanism for reduced
antibody response if it was observed at the same or lower concentrations at which reduced antibody
response was observed. However, there is inconsistent evidence of reduced B-cell number (see B cells
(B220)) at higher exposure levels for PFOS (>2 mg/kg) and no change in B-cell or T-cell (CD4 or CD8
subpopulations) numbers observed at lower doses PFOS (0.00166 to 0.08 mg/kg) associated with
decreased antibody levels (see cell phenotyping data, spleen and thymus cellularity in Appendix 5)
(Dong et al. 20093, Zheng et al. 2009, Fair et al. 2011). Similarly, at lower exposure levels of PFOS, there
are no changes in percentage or cell numbers of macrophages or other antigen presenting cells (Qazi et
al. 20093, Fair et al. 2011, Dong et al. 2012). Overall changes in leukocyte numbers and cellularity in the
spleen and thymus are also not affected at lower doses of PFOS. There is no evidence that PFOS-induced
changes in cell populations could explain the reduced antibody response at lower doses.

Cytokine release of interleukin-4 (IL-4), IL-5, and IL-6 by T-cells are important for T-cell dependent
antibody response (e.g., to SRBC). In studies designed to examine these cell signaling pathways in mice,
PFOS exposure in vivo resulted in increased IL-6 secretion from B-cells under culture conditions designed
to test cytokine communication necessary for the antibody response (Fair et al. 2011) (i.e., including
stimulation of the CD40 cell surface protein critical to IL-6 stimulation of IgM secretion) (Baccam et al.
2003, Bishop and Hostager 2003). Under these same conditions, PFOS did not affect IL-4, IL-5, or IL-6
secretion by T-cells in mice (Fair et al. 2011) (see cytokine data in Appendix 5). In a separate set of
studies, PFOS exposure was associated with increased secretion of IL-4 and IL-6 in mixed cultures of
splenocytes from mice exposed to higher doses (0.833 to 20 mg/kg/day), doses that are at or above
PFOS doses associated with decreased antibody response (Dong et al. 2011, Mollenhauer et al. 2011,
Zheng et al. 2011). Similarly, PFOS exposure was associated with increased IL-6 secretion in cultures of
peritoneal macrophages from mice (Qazi et al. 2009a, Mollenhauer et al. 2011, Dong et al. 2012). As
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would be expected, the specific effects of PFOS on cytokine secretion vary by dose, cell type, and
stimulation conditions.

The effects of in vitro exposure to PFOS on IL-4 and IL-6 secretion have also been explored in several
studies using whole blood from human volunteers. Plasma levels of PFOS from the human volunteers
were associated with increased IL-6 under LPS stimulation suggesting B-cell or monocyte origin (Brieger
et al. 2011). In contrast, in vitro exposure at doses 100 to 100000 ng/ml of PFOS had no impact on IL-6
(Brieger et al. 2011). In a separate set of studies using human cells, Corsini et al. (2011, 2012) reported
that PFOS exposure at doses from (100 to 10000 ng/ml) resulted in lower IL-6 and IL-4 levels in cultures
of whole blood that were not dependent on PPARa (Corsini et al. 2011). In further tests of potential
mechanisms for the observed cytokine changes, Corsini et al. (2011, 2012) demonstrated that PFOS
inhibited pathways that regulate NF-kB activation, which plays a role in cytokine production as well as
apoptosis, inflammation, and other immune functions.

Although there is evidence that PFOS exposure in vivo to mice and in vitro to human peripheral blood
both alter levels of IL-4 and IL-6, further study is necessary to demonstrate consistent changes in
cytokines at relevant exposure concentrations (e.g., see Fair et al. 2011, and DeWitt et al. 2012 for
review). Furthermore, other than the PFOS-associated increase in IL-6 from B-cells (Fair et al. 2011), the
studies do not identify the specific cell types involved or link the cytokine changes to suppression of the
antibody response. These cytokines have multiple physiological roles and may reflect inflammation
rather than changes in antibody-related cell signaling.

The potential role of PPARa in the mechanism for immune effects was considered because PFOS
activates mouse PPARa (the primary PPAR expressed in lymphocytes). A number of PPARa-activating
compounds cause liver tumors in rodents and the human relevance of these tumors is subject to debate
because of lower levels and/or lower activity of PPARa in human liver (NRC 2006, Corton 2010, Post et
al. 2012). However, uncertainty over the human relevance does not necessarily apply to non-hepatic
effects mediated by PPARa (Post et al. 2012). Some of the health effects observed in experimental
animals have been linked to the ability of PFOA and PFOS to activate PPARa, and others have been
shown to be independent of PPARa. For example, developmental effects of PFOA including neonatal
lethality were shown to be PPARa-dependent (Abbott et al. 2007), while PFOS induced neonatal
lethality and delayed eye opening was independent of PPARa (Abbott et al. 2009). PPARa. appears to
play a role in PFOS-associated changes in immune organ weight and cellularity at high doses of PFOS.
Qazi et al. (2009a) reported that PFOS-associated (0.02% diet or approximately 40 mg/kg/day) changes
in cellularity of the spleen and thymus were partially dependent on PPARa. In contrast to the
importance of PPARa. for reduced organ weight at high doses PFOS, targeted immune studies suggest
that PFOS-associated suppression of the antibody response in mice are independent of PPARa (reviewed
in DeWitt et al. 2009b). While PPARa. appears to contribute to reduced organ weight and changes in
immune cell populations at higher doses (30-40 mg/kg PFOS), there is no indication that PPARa is
involved at lower doses associated with reduced antibody response (i.e., 0.00166 mg/kg/day PFOS).
Although no in vivo studies directly examined the role of PPARa in human immune outcomes, in vitro
studies demonstrated that PFOS effects (100 ng/ml) on cytokine secretion (including IL-4 and IL-6 that
may be relevant for antibody production) from human whole blood and human THP-1 cells (a
promyelocytic cell line) were PPARa-independent (Corsini et al. 2011).

The mechanisms for PFOS- associated suppression of the antibody response are not well understood at
this time (DeWitt et al. 2012 for review) and the mechanistic data were not considered to provide
evidence to support or refute biological plausibility of this effect. Furthermore, the animal data suggests
that effects of PFOS on the antibody response are independent of PPARa. Hazard conclusions are based
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on a consistent pattern of findings from both the human and animal bodies of evidence that exposure to
PFOS are associated with suppression of the antibody response. Therefore, the antibody data support a
final hazard identification conclusion that PFOS is presumed to be an immune hazard in humans.

Immunosuppression: Disease Resistance/Infectious Disease Outcomes

Direct measures of infectious disease incidence or severity such as respiratory tract infections,
pneumonia or otitis media are clearly relevant for evaluating potential immunotoxicity in humans. In
experimental animals disease outcomes are generally referred to as “disease resistance”, and there are
a number of disease resistance models that evaluate the animal’s ability to defend against viral,
bacterial, or parasitic infections. Endpoints include direct measures of disease resistance such as viral or
parasitic load in target tissues, indirect measures such as body weight after infection, and mortality.
Disease resistance assays are considered some of the best indicators of immunotoxicity because they
generally measure clearly adverse health outcomes and therefore these assays are included in most
guidelines or testing requirements for immunotoxicity (ICH 2005, WHO 2012).

Human Infectious Disease Data for PFOS

Summary: There is low confidence that exposure to PFOS is associated with increased incidence of
infectious disease (or lower ability to resist or respond to infectious disease). One of three prospective
studies (Fei et al. 2010) that examined the relationship between maternal PFOS exposure and disease
outcomes in offspring reported some evidence of PFOS-associated increase in infectious disease and no
association was found in the single adult cross-sectional study (Looker et al. 2014). Confidence in the
body of evidence for the three prospective studies (Fei et al. 2010, Okada et al. 2012, Granum et al.
2013) was decreased for a lack of consistency across studies and within the Fei et al. (2010) study by sex
(PFOS was associated with increased hospitalization for infectious disease in girls, but not in boys) and
age group analyzed (PFOS was associated with increased hospitalization in analyses combining ages 0-
10, but not for individual age groups), to support a final rating of low confidence (see Table 13 for list of
studies, Figure D16, Figure D17 and Figure D18 for data figure and Table 22 for confidence ratings
summary for the body of evidence). As discussed below, the fact that few specific infectious disease
endpoints have been examined (e.g., data are restricted to colds, influenza, gastroenteritis and otitis
media) contributes to the low confidence for drawing a conclusion on infectious disease in general. In
contrast, the findings by Fei et al. (2010) of an association between maternal PFOS and what is likely to
be a less sensitive measure of disease (i.e., hospitalization for any infectious disease, which would only
capture the most severe outcomes and could miss potential associations with individual diseases)
contributes to the confidence in the association.

The available epidemiological studies in the human body of evidence that evaluated the association
between exposure to PFOS and infectious disease resistance include: (1) three prospective birth cohort
studies in Demark, Norway and Japan that evaluated maternal exposure and (2) a cross-sectional
analysis of adult residents in the Ohio Valley with higher PFOA in drinking water (part of the C8 studies)
(see Table 13 for study details). The Danish birth cohort study evaluated hospitalization from infectious
diseases (which is of greater severity and likely results in less sensitivity) and the remaining studies
looked at any infection or the frequency of self-reported common infections (the specific infections
examined varied across studies). The birth cohorts also varied in the time period between exposure
(birth) and measurement of the disease and on their statistical models (e.g., B-coefficients/linear
regression, Poisson regression). The Danish birth cohort study and the C8 study evaluated exposure
response relationships using quartiles of exposure to PFOS (the lowest exposure group served as the
comparison group) and the latter also calculated ORs for continuous log transformed PFOS level. Both
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the Danish and Japanese study reported findings for males and females separately as well as combined
(see Table 13 for additional details).

Table 21. Summary of PFOS and Selected Data on Infectious Disease in Humans

Possible sources of Exposure
Disease PFOS Results heterogeneity measurement timing |Study
Hospitalization | Adj. IRR (95% Cl) Highest vs. lowest | e lower sensitivity of the outcome Maternal Fei (2010)
for infectious All: 1.00 (0.76-1.32) (hospitalization vs. incidence)

diseases F:1.59 (1.02-2.49) no measure of specific diseases for
M: 0.77 (0.54-1.12) incidence or frequency

Trend developmental exposure metric
All: 1.0 (0.91-1.09)
F:1.18 (1.03, 1.36)
M: 0.90 (0.80-1.02)

Gastroenteritis | #(95% CI)? e only study of this disease Maternal Granum (2013)
(No. episodes/ |0.03 (-0.04-0.10) o frequency as measure 0-3 day post delivery
frequency) o developmental exposure metric
Otitis media e o developmental exposure metric Maternal Granum (2013)
NR (no association) . .
(any) e incidence as measure 0-3 day post delivery
Adj.OR (95% Cl) o developmental exposure metric Maternal Okada (2012)

All: 1.40 (0.33-6.00)
F:1.43 ((0.17-12.30)
M: 1.38 (0.18-10.60)

incidence as measure

Common cold | 3(95% Cl) 3 yrs ¢ developmental exposure metric Maternal Granum (2013)

(No. episodes/ {0.01 (-0.02-0.05) o frequency as measure 0-3d post delivery

frequency) Adj. OR (95%Cl) (continuous)® e developmental exposure metric Adult Looker (2014)
0.89 (0.60-1.33) e frequency as measure Current

Flu (any) Adj. OR (95%Cl) (continuous)® e outcome in adults Adult Looker (2014)
0.97 (0.58-1.63) Current

amultivariate models; P no association observed in categorical analyses

F=female; M=male; NR = not reported; bold text indicates statistically significant decreased or increased association.

This table highlights select findings to illustrate data informing the potential relationship with infectious disease; for additional
data see Figure D16, Figure D17, Figure D18.

As illustrated in Table 21, one of three prospective studies that examined the relationship between
maternal PFOS exposure and disease outcomes in offspring reported evidence of PFOS-associated
increase in infectious disease (Fei et al. 2010) and no association was found in the single adult cross-
sectional study (Figure D16, Figure D17 and Figure D18). Fei et al. (2010) examined the association
between maternal PFOS and hospitalizations for infectious diseases in children (n = 1400; from birth to
age 10 years) from a subset of the Danish National Birth Cohort (1996-2002) with outcomes based on
National Hospital Discharge Register. The Fei et al. (2010) study only evaluated infectious disease
outcomes that were severe enough to warrant hospitalization and therefore the outcome was likely to
be a less sensitive measure of disease incidence than doctor diagnosis or prescription-based measures.
Potential associations with specific infections could have been missed because there were too few
hospitalization events to support infection-specific analyses. Analyses of the association between
maternal PFOS and hospitalization by different age groups (0-1, 1-2, 2-4, and 4-10 years of age) were
inconclusive. However, in analyses of the entire age group (0-10 years of age) and split by sex, maternal
PFOS was associated with increased rate of hospitalization in girls (Figure D18). This study also evaluated
and reported similar results with maternal PFOA.

Maternal plasma concentrations of PFOS were not associated with common cold, otitis media, or
gastroenteritis in children up to age 3 from a sub-cohort of the MoBa study (n = 63-93)(Granum et al.
2013). Okada et al. (2012) reported that no relationship was found between maternal PFOS and otitis
media at age of 18 months in a prospective cohort in Sapporo Japan (n = 343). Although data were
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collected on chicken pox, bronchitis, RSV disease, pneumonia and other infectious diseases, the low
number of cases (n<20) did not allow analysis of these outcomes.

In adults, current serum concentrations of PFOS were not associated with self-reported cold or influenza
over the previous 12 months in a cross-sectional analysis of adults (n = 403) living in the Ohio Valley (C8
study), a region with elevated drinking water PFOA levels (Looker et al. 2014).

As discussed in the antibody response section above, exposure characterization risk of bias assessment
examined consistency and reliability of the exposure measures and whether exposure was assessed in a
relevant time-window for development of the outcome. Maternal serum PFOS were used as the
exposure metric for all three studies examining potential effects of prenatal exposure on infectious
disease in children (Fei et al. 2010, Okada et al. 2012, Granum et al. 2013). Although the studies cannot
exclude the potential impact of post-natal exposure directly to children, maternal concentrations of
PFOS are considered good measures of fetal exposure due to the strong positive correlations (e.g.,
Pearson’s correlation between 0.79 — 0.93) reported between maternal PFOS and cord blood PFOS
(Glynn et al. 2012). Given the slow clearance and long biological half-life of PFOS in humans (2 to 8
years)(Olsen et al. 2007a, Kudo 2015), a single sample during pregnancy is considered a good measure
of PFOS exposure. Risk-of-bias assessment of important confounders included age, sex, race/ethnicity,
smoking, body mass index, alcohol consumption, and variables that represent socioeconomic status
based on prior reports of associations with PFOS exposure levels (Calafat et al. 2007, Nelson et al. 2010)
and immune outcomes (WHO 1996, Dallaire et al. 2005). Most studies included consideration of all the
important confounders listed in the protocol at a minimum but did not adjust for potential effects of
PFOA or other PFAAs. Duration of breastfeeding was considered as a confounder the Granum et al.
(2013) study because of evidence that breast feeding may support immune function and duration of
breastfeeding may affect PFAA exposure as well (Karrman et al. 2007). The failure to adjust for
breastfeeding in the other studies may result in an underestimation of the association between PFOS
and infectious disease incidence. The Fei et al. (2010) and Granum et al. (2013) studies were rated
probably high risk of bias for consideration of confounding for limited ability to differentiate the effects
of PFOS from PFOA or other PFAAs. The risk of bias of the infectious disease outcome assessment was
rated probably low for most studies as their methods included questionnaires relying on medical
records, assessment by interviewer, or parent’s report of doctor diagnosis. Outcome assessment in the
Okada et al. (2012) study was rated probably high risk of bias because it was completed using a mothers
self-administered questionnaire with no evidence that the questionnaire was validated (and the authors
did not respond to email request for clarification). All of the studies were rated probably low or
definitely low risk of bias for exposure characterization (see Figure D20 and Figure D21).

7’

Relationship to antibody response data for PFOS

Studies of infectious disease may provide additional insight on health outcomes potentially associated
with reduced antibody response. However, only two human studies measured antibody response to
vaccination and infectious disease outcomes in the same populations. Neither study provided evidence
for PFOS-associated increases in infectious disease. The Looker et al. (2014) study did not find an
association between PFOS and the antibody response to influenza in adults from the Ohio Valley (part of
the C8 study in a region with elevated drinking water PFOA levels) and therefore would not have been
expected to report an association between PFOS and influenza or colds. The Granum et al. (2013) study
did report that maternal PFOS was associated with decreased antibody levels to rubella vaccination;
however, they did not find an association between PFOS and episodes of common cold and
gastroenteritis in children up to age three. It may be worth noting that Granum et al. (2013) also
measured PFOA, PFNA, and PFHxS and reported maternal PFOA, PFNA, and PFHxS were associated with
both lower antibody levels to vaccination and increased number of episodes of common cold (PFOA,
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PFNA, and PFHxS) and gastroenteritis (PFOA, PFHxS) in children. The strength of the association
between PFOA (B =-0.40[-0.64, -0.17]), PFNA (B =-1.26[-2.32, -0.20]), and PFHXxS (B =-0.38[-0.66, -0.11])
and lower antibody levels are stronger than the association with PFOS (B =-0.08[-0.14, -0.02]). The
weaker association with PFOS and lower antibody levels may explain why the study did not find a PFOS
association with infectious disease. As discussed for the antibody response, the effect of PFAAs on
infectious disease resistance appears to be in the same direction (reduced ability to respond to
infectious disease or increased incidence of disease). The effects of individual PFAAs on the disease
resistance can be considered effect modifiers, rather than true confounders of the association between
exposures to individual PFAAs (e.g., PFOA and PFOS) and lower disease resistance.

Animal Disease Resistance Data for PFOS

Summary: There is moderate confidence that exposure to PFOS is associated with reduced ability of
animals to respond to infectious disease based on available animal studies. The body of evidence is from
a single experimental study in female mice (Guruge et al. 2009) and two wildlife studies (Kannan et al.
2006, Kannan et al. 2010). Mice exposed to PFOS (0.005-0.05 mg/kg/day via gavage) for 21 days had
reduced resistance to influenza A virus challenge as indicated by lower body weight 10 days post
challenge, increased mortality and reduced survival rate (Guruge et al. 2009). There was evidence for a
dose-response with increasing PFOS exposure across multiple measures of disease resistance. For
example, the increased mortality was dose-dependent by trend test (p = 0.014), and a dose effect on
decreased survival rate was evident (46%, 30%, and 17% in the control, 0.005 and 0.05 mg/kg/day PFOS
groups respectively and significant at the high dose p = 0.035). The wildlife studies provided mixed
evidence of an effect of PFOS on disease resistance and therefore the experimental study (Guruge et al.
2009) forms the basis of the conclusion for this body of evidence. Confidence in this study (as the only
experimental study comprising the body of evidence for experimental studies of PFOS on disease
resistance) was decreased because of serious concern for risk of bias to support the final rating of
moderate confidence (see Figure D19 for data figure and study details and Table 22 for confidence
ratings summary for the body of evidence).

There serious concern for risk of bias was based on ratings for the Guruge et al. (2009) study of:

(1) probably high risk of bias for one of the Key Questions, outcome assessment (due to lack of blinding
of outcome assessors), and (2) probably high risk of bias ratings for lack of allocation concealment,
concern for potential attrition due to unexplained changes in animal numbers, and lack of researcher
blinding during study (Figure D22). Potential changes in the confidence rating for the body of evidence
were also considered for inconsistency and dose response. Although there was evidence for a dose
response across multiple measures of disease resistance, confidence was not upgraded for dose
response because the body of evidence was limited to a single study. Similarly, confidence in the body of
evidence was not downgraded for inconsistency, although the body of evidence for experimental
studies was from a single study and consistency across studies could not be evaluated. In the OHAT
method, care is taken not to double count or downgrade confidence in the body of evidence twice for
the same factor. Thus, because the data are from a single study, confidence was not upgraded for dose-
response, but not downgraded for inconsistency.

The wildlife studies provided mixed evidence of an effect. Higher concentrations of PFOS were found in
sea otters with clinical signs of disease compared to healthy animals (Kannan et al. 2006). In contrast,
there was no difference in PFOS levels between bats in a population with white-nose syndrome
compared to a healthy reference population (Kannan et al. 2010). As discussed previously for PFOA,
both wildlife studies (Kannan et al. 2006, Kannan et al. 2010) were rated probably high risk of bias for
two of the key risk of bias questions: (1) exposure characterization and (2) confounding (Figure D22).
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Table 22. Disease Resistance /Infectious Disease Evidence Profile for PFOS
Factors decreasing confidence Factors increasing confidence
“_." if no concern; “J” if serious “_.” if not present; “1” if
concern to downgrade confidence sufficient to upgrade confidence
o) Qo g
INITP:/-LL EON:IDFCTCE for o E % ﬁ < < 3 ) % ? § FINAL
each body of evidence @ | mb| £ 2 | % 2 2| s S| & 3% |CONFIDENCE
(# of studies) S S © o bl o ¥= 6| 3 0| 2w
X < 2 2 = v % v a| Te| @0 RATING
% | 28| 2| g |58/ 528385588
& S £ IS £ Ean| 8=|oce| 8| 38&
PFOS
Human
Initial Moderate - ! - . - - - . . Low
(3 prospective studies)?
Initial Low
(1 cross-sectional study)® B B v B B B B B B Very Low
Confidence Across Human No change for considering across study designs Low
Bodies of Evidence & & v &
Animal
Initial High
(1 mammal study)© v Moderate
Initial Low
(2 wildlife studies) v Very Low
References:
Human: Granum (2013)3, Fei (2010)?, Okada (2012)?, Looker (2014)°
Animal PFOS: Guruge (2009), Kannan (2006, 2010)¢

Evidence Synthesis for Disease Resistance/Infectious Disease Outcomes for PFOS:

There are few human epidemiological studies of PFOS and infectious disease. One of three prospective
studies that examined the relationship between maternal PFOS exposure and disease outcomes in
offspring reported some evidence of PFOS-associated increase in infectious disease and no association
was found in the single adult cross-sectional study. There is low confidence from the human body of
evidence that exposure to PFOS is associated with increased incidence of infectious disease due to lack
of consistency across studies and within the Fei et al. (2010) study by sex (PFOS was only associated with
increased hospitalization for infectious disease in girls) or by age group analyzed (PFOS was only
associated with increased hospitalization in analyses combining ages 0-10) (see Table 22 for confidence
ratings summary for the body of evidence). The fact that few specific infectious disease endpoints have
been examined contributes to the low confidence for drawing a conclusion on infectious disease in
general. In contrast, the reported association between maternal PFOS and increased hospitalization in
girls (ages 0-10) by Fei et al. (2010) using a less sensitive measure (i.e., hospitalization for any infectious
disease, which would only capture the most severe outcomes and could miss potential associations with
individual diseases) contributes to the confidence in the association. There is moderate confidence that
exposure to PFOS is associated with reduced ability of animals to respond to infectious disease based on
available animal studies. The moderate confidence in the animal body of evidence translates into a
moderate level of evidence and the low confidence in the human body of evidence translates into a low
level of evidence. These level-of-evidence conclusions support an initial hazard identification conclusion
of suspected to be an immune hazard to humans based on the disease resistance data or PFOS exposure
is suspected to suppress resistance to infectious disease in humans.
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e Human body of evidence: Low Confidence = Low Level of Evidence
e Animal body of evidence: Moderate Confidence = Moderate Level of Evidence
o Initial hazard conclusion (Low x Moderate) = Suspected to be an Immune Hazard to Humans

e Final hazard conclusion
(after consideration of biological plausibility) = Suspected to be an Immune Hazard to Humans

The hazard conclusion for PFOS (0.005-0.025 mg/kg/day) is primarily based on an experimental study of
disease resistance to influenza A virus challenge in female mice. There is limited support from a wildlife
study reporting higher PFOS concentrations in sea otters with clinical signs of disease compared to
healthy animals, but there are serious risks of bias concerns for these studies. There is also evidence
from a single prospective study reporting an association between maternal PFOS and increased
hospitalization for infectious disease in girls (ages 0-10). Mechanistic data can then be used to examine
the biological plausibility of PFOS-associated suppression of disease resistance to develop the final
hazard identification conclusion. Disease resistance involves multiple components of the immune
system, and successful immune response to viral challenge (as in Guruge et al. 2009) includes rapid
responses from the innate immune system (e.g., NK cell activity and the cytokine IFN-y) as well as
humoral immunity (antibody mediated responses). There is high confidence that exposure to PFOS is
associated with suppression of the antibody response and moderate confidence that exposure to PFOS
is associated with changes in NK cell activity in animals (see Table 20 and Table 23 for confidence ratings
summaries in the bodies of evidence). Therefore, the demonstration of PFOS-associated reductions in
antibody response in mice at similar exposure levels (0.00166 to 40 mg/kg/day) and NK cell activity in
mice at higher exposure levels (0.833 to 40 mg/kg/day) supports the biological plausibility of PFOS-
associated suppression of disease resistance.

Two studies reported PFOS-associated reductions in IFN-y in mice at the same doses that NK cell activity
is reduced (0.833 to 20 mg/kg/day) (see cytokine data in Appendix 5) (Dong et al. 2011, Zheng et al.
2011, Dong et al. 2012). The effects of PFOS exposure on INF-y secretion has also been tested in a pair of
studies examining the effect of in vitro exposure to PFOS or PFOA on multiple cytokines in cultures of
whole blood from human volunteers (Corsini et al. 2011, Corsini et al. 2012). The results indicated that
PFOS exposure at concentrations relevant to human exposure (100-10000 ng/ml PFOS, including the
lowest dose tested) reduced secretion of multiple cytokines including INF-y (with PHA stimulation). The
effects of PFOS on cytokine production were independent of PPARa and potentially related to
interference with NF-kB (Corsini et al. 2011).

Unfortunately, there is only one experimental study of disease resistance and the study did not
investigate antibody response, NK cell activity, cytokines, or other mechanistic data in the same animals
that might be related to the reduced disease resistance reported. In addition, the database is limited to
a single disease resistance model (influenza A). Potential mechanisms for PFOS- associated suppression
of disease resistance include reduced antibody response, NK cell activity, and production of INF-y.
However, the mechanistic data were not considered to provide strong evidence to support or refute
biological plausibility of PFOS-associated suppression of disease resistance because none of the studies
established a link between mechanisms such as reduced NK cell activity and the disease resistance
endpoints observed. Therefore, the disease resistance data support a final hazard identification
conclusion that PFOS is suspected to be an immune hazard in humans.
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Immunosuppression: Natural Killer (NK) Cell Activity

Natural killer (NK) cells are important for resistance against viruses and tumor cells. Successful defense
by NK cells involves killing of target cell through release of cytolytic granules or inducing apoptosis
(Dietert 2010). Assays for NK cell activity are included in many immunotoxicity testing guidelines as a
measure of immune function because they are considered good predictors for overall immunotoxicity
(Luster et al. 1992, US EPA 1998, ICH 2005, WHO 2012).

Human NK Data for PFOS
No human data were identified on potential association between PFOS and NK cell activity.

Animal NK Data for PFOS

Summary: There is moderate confidence that exposure to PFOS is associated with changes in NK cell
activity in animals. There is consistent evidence that PFOS exposure results in suppression of NK cell
activity in mice at doses from 0.833 to 40 mg/kg/day PFOS (Keil et al. 2008, Dong et al. 2009b, Zheng et
al. 2009, Vetvicka and Vetvickova 2013). However, at lower doses (0.0166 to 0.166 mg/kg/day), the
results are mixed, including no effect of PFOS (Keil et al. 2008, female mice in Peden-Adams et al. 2008)
or increased NK cell activity (male mice in Peden-Adams et al. 2008, Dong et al. 2009b). The LOAEL after
developmental exposure (1 mg/kg/day) (Keil et al. 2008) is similar to reported LOAEL’s following
exposure of juveniles or adults. There was also a wildlife study that reported no association between
high serum levels of PFOS (mean 1420 ng/ml; range 317-6257 ng/ml) and NK cell activity in dolphins
(Fair et al. 2013). Confidence in the body of evidence for experimental studies of PFOS on NK cell activity
was decreased because of serious concern for risk of bias to support the final rating of moderate
confidence (see Figure D23 for data figure and study details and Table 23 for confidence ratings
summary for the body of evidence). The serious concern for risk of bias was based on: (1) most studies
were rated probably high risk of bias for one of the Key Questions, outcome assessment (due to lack of
blinding of outcome assessors), and (2) all studies were rated probably high risk of bias for lack of
allocation concealment, and lack of researcher blinding during study (Figure D25 and Figure D26).

The suppression of NK activity at doses above 0.833 mg/kg/day PFOS was considered a consistent
pattern of findings and not downgraded for inconsistent effects at lower doses. Reduced NK cell activity
in the lower dose range (0.833 to 5 mg/kg/day PFOS) takes place without changes in body weight,
spleen or thymus cellularity, or other signs of overt toxicity. The conclusions are restricted to the
evidence of PFOS-associated suppression; although some authors suggest the data support an inverted
U-shaped dose response with increased NK activity at low doses of PFOS (0.017 to 0.166 mg/kg/day) and
decreased NK cell activity at higher doses (Wirth et al. 2014). Additional data would be necessary to
further characterize the shape of the dose-response curve at lower doses. Although NK activity was
suppressed at doses above 0.833 mg/kg/day PFOS, confidence was not increased for dose response as
the evidence for dose response was unclear. Several studies showed the same or lower magnitude of
effect at higher doses (e.g., male mice show 42% reduction in NK activity at 1 mg/kg dose, but only a
28% reduction at 5 mg/kg in Keil et al. 2008) (see Figure D23).

In vitro /Mechanistic Data on NK Cell Activity for PFOS

Two studies were identified that evaluated NK cell activity using cells of different origins and in vitro
exposure to PFOS: 1) a study using human peripheral blood and 2) a study using bottlenose dolphin
peripheral blood as well as mouse spleen cells. In a small pilot study of 11 volunteers, Brieger et al.
(2011) tested the effect of in vitro exposure to PFOS on NK cell activity. Exposure consisted of pre-
treatment of peripheral blood cells with 0, 1000, 10000, or 100000 ng/ml PFOS for 24 hours. Exposure
to PFOS at the high dose decreased NK cell activity by 32% (Brieger et al. 2011)(see Figure D24).
Concentrations used for the NK cell assay had no effect on cell viability.
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Wirth et al. (2014) tested NK cell activity of mouse spleen cells and peripheral blood leukocytes from
bottlenose dolphins exposed to PFOS at concentrations from 10 to 5000 ng/ml. NK cell activity from the
mouse spleen cells (n = 15 mice per dose group) was decreased by 30-45% at PFOS concentrations from
10-1000 ng/ml and increased 450% at 5000 ng/ml PFOS (see Figure D24). The suppression of NK cell
activity with in vitro exposure to PFOS (10-1000 ng/ml) is consistent with the in vivo exposure studies in
mice that have reported decreased NK cell activity at higher PFOS doses (>0.833 mg/kg/day and serum
levels of 65000 ng/ml). However, there was no evidence of a dose response for the concentrations that
resulted in decreased NK cell activity, and the authors provide no explanation as to why the highest dose
resulted in increased activity (cell viability was not affected by PFOS at the concentrations tested). PFOS
exposure had no effect on NK cell activity in cells from the bottlenose dolphins (n = 12 per dose group)
at the concentrations tested. Although the animals used for this study were “managed-care” dolphins
from captive populations, serum PFOS levels of the dolphins used as sources of NK cells were not tested
and background levels of PFOS may have decreased the sensitivity of the assay and ability to detect a
possible effect of PFOS. Serum PFOS levels in dolphins can be very high due in part to their diet; wild-
caught dolphins have very high reported serum levels of PFOS (from 317 to 6257 ng/ml) (Fair et al.
2013).

Although in vitro NK cell activity assays have not been shown to fully predict in vivo toxicity (e.g., assays
may be lacking in some relevant cell populations), they are considered good evidence and support for
potential effects on NK cells in vivo. The two in vitro studies support suppression of NK cell activity with
PFOS exposure using cultures of human and mouse cells. The PFOS concentrations used in the mouse
studies are within exposure ranges of the general population; however, the concentrations of PFOS used
for the human cells are well above typical human exposure range of the general population [e.g., Olsen
et al. (2003b) reported a range of 4.3 to 1656 ng/ml PFOS in serum from American Red Cross blood
donors in 2000-2001 and the latest NHANES data for 1999-2012 reported mean (95% Cl) was 6.31 ng/ml
(5.84-6.82) for serum PFOS (CDC 2015)]. The PFOS concentration that resulted in decreased NK cell
activity was 10 times greater than high occupational exposure levels [maximum reported levels
approximately 90000 ng/ml PFOA and 10000 ng/ml PFOS (Olsen et al. 2003a, Costa et al. 2009)]. Both in
vitro studies were well conducted, and rated probably low or definitely low risk of bias for all questions
including exposure characterization and outcome assessment that included blinding of outcome
assessors (see Figure A3-4).

The two in vitro assays provided support, but were not considered to provide strong support for the
biological plausibility of PFOS effects on NK cell cytotoxicity because the mouse cell data are from a
single study lacking evidence of a dose response, and the human cell data only reported effects at PFOS
at concentrations above human exposure levels. Other mechanistic data relevant for evaluating
potential PFOA or PFOS effects on the NK cell activity are discussed below in the evidence synthesis
section in the context of biological plausibility. Relevant mechanistic data would include effects of PFOS
on changes in NK cell populations, cell signaling, or NK cell activation by target cells.
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Table 23. NK Cell Activity Evidence Profile for PFOS
Factors decreasing confidence Factors increasing confidence
“__” if no concern; “y” if serious “_" if not present; “1” if
concern to downgrade confidence sufficient to upgrade confidence
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PFOS
Animal
Initial High
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Note: no human studies of NK cell activity
References:
Animal2: Dong (2009b), Keil (2008), Peden-Adams (2008), Vetvicka (2013), Zheng (2009)

Evidence Synthesis for NK Cell Activity for PFOS

The animal studies provide the basis for developing hazard conclusions on the relationship between
PFOS exposure and NK cell activity. There is moderate confidence that exposure to PFOS is associated
with changes in NK cell activity based on experimental animal data including consistent evidence for
PFOS-associated suppression of NK cell activity in mice at doses from 0.833 to 40 mg/kg/day (see
Table 23 for confidence ratings summaries for the bodies of evidence). There is no human evidence to
evaluate the potential association between exposure to PFOS and NK cell function because no
epidemiological studies of PFOS and NK cell activity were identified. The lack of human studies translates
into inadequate level of evidence and the moderate confidence in the animal body of evidence
translates directly into a moderate level of evidence for PFOS effects on NK cell activity. These level-of-
evidence conclusions support an initial hazard identification conclusion of suspected to be an immune
hazard to humans based on the NK cell activity data or PFOS exposure is suspected to suppress the NK
cell activity in humans.

e Human body of evidence: Inadequate Confidence/no evidence = Inadequate Level of Evidence
e Animal body of evidence: Moderate Confidence = Moderate Level of Evidence
¢ Initial hazard conclusion (Inadequate x Moderate) = Suspected to be an Immune Hazard to Humans

¢ Final hazard conclusion
(after consideration of biological plausibility) = Suspected to be an Immune Hazard to Humans

The hazard conclusion for PFOS is based on the consistent pattern of findings from the animal body of
evidence that PFOS doses from 0.833 to 40 mg/kg/day are associated with suppression of NK cell activity
in mice. Mechanistic data from in vitro or in vivo studies can then be used to examine the biological
plausibility of PFOA- and PFOS- associated suppression of NK cell activity to develop the final hazard
identification conclusion. Two in vitro studies were located that directly tested NK cell activity with in
vitro exposure to PFOS. These in vitro NK assays provided support, but were not considered to provide
strong support for the biological plausibility of PFOS effects on NK cell cytotoxicity because the mouse
data are from a single study lacking evidence of a dose response, and the human data only reported
effects at PFOS concentrations above human exposure levels (100000 ng/ml PFOS).
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NK cell activity is a rapid response to viral-infected cells and tumor cells that is considered part of innate
immunity because it does not require antibodies to recognize infected cells. NK cells are stimulated by
cytokines released by viral-infected cells, thus the cytokine activation is linked to the presence of viral
pathogens. Multiple cytokines have been implicated in activation of NK cells including IL-2, IL-12, IL-15,
and IL-18. Activation, in turn, leads to the release of cytolytic granules as well as release of INF-y by NK
cells (Dietert 2010). Therefore, the most relevant mechanistic data would include effects of PFOS at
relevant concentrations on NK cell numbers, cytokines important for NK cell activation, or release of
cytolytic granules and INF-y from NK cells.

Only one study was located that evaluated potential effects of PFOS on NK cell numbers (Qazi et al.
2009b); and the data do not provide consistent evidence of PFOS-associated changes (see cell
phenotyping data in Appendix 5). Reduced NK cell activity in the lower dose range (0.833 to

5 mg/kg/day PFOS) takes place without signs of overt toxicity (i.e., NK activity is suppressed at doses
without changes in cellularity of the spleen, spleen weight, or body weight). Although there are no data
on potential PFOS effects on most of the cytokines associated with NK cell activation (e.g., IL-12, IL-15,
and IL-18), a set of studies reported changes in IL-2 and IFN-y in mice at the same doses that NK cell
activity is reduced (0.833 to 20 mg/kg/day) (see cytokine data in Appendix 5) (Dong et al. 2011, Zheng et
al. 2011, Dong et al. 2012). Oral exposure of PFOS in mice was associated with reductions in the number
of IL-2 positive T-cells and reduced INF-y secretion by splenocytes in culture.

The effects of PFOS exposure on INF-y secretion has also been tested in a pair of studies examining the
effect of in vitro exposure to PFOS on multiple cytokines in cultures of whole blood from human
volunteers (Corsini et al. 2011, Corsini et al. 2012). The results indicated that PFOS exposure at
concentrations relevant to human exposure (100-10000 ng/ml PFOS, including the lowest dose tested)
reduced secretion of multiple cytokines including INF-y (with PHA stimulation). The effects of PFOS on
cytokine production were independent of PPARa and potentially related to interference with NF-«kB
(Corsini et al. 2011). The Corsini et al. (2011, 2012) studies demonstrated that PFOS inhibited pathways
that regulate NF-kB activation, which play a role in cytokine production as well as apoptosis,
inflammation, proliferation and other aspects of immune function.

The studies reporting PFOS-associated decreases of INF-y from mouse splenocytes and human
peripheral blood add to the biological plausibility of effects on NK cell activity. Unfortunately, none of
the experiments with human or mouse cells differentiated whether or not reduced INF-y was from NK
cells or other cell types and INF-y is also produced by various T-cell populations and macrophages.

Potential mechanisms for PFOS- associated suppression of NK cell activity include reduced IL-2 mediated
NK cell activation, reduced production of INF-y by NK cells, and a role for NF-kB. However, the
mechanistic data were not considered to provide strong evidence to support or refute biological
plausibility of PFOS-associated suppression of NK cell activity. Therefore, the NK cell activity data
support a final hazard identification conclusion that PFOS is suspected to be an immune hazard to
humans.

Hypersensitivity-related Effects and Outcomes

Sensitization or hypersensitivity-related responses include a number of undesirable or exaggerated
immune reactions (e.g., allergies or asthma) to foreign agents. These responses are complicated by the
two-phase nature of a hypersensitivity reaction. The first phase, sensitization, is without symptoms and
it is during this step that a specific interaction is developed to the sensitizing agent so that the immune
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system is prepared to react to the next exposure. Once an individual or animal has been sensitized,
contact with that same agent leads to the second phase, elicitation, and symptoms of allergic disease.
While hypersensitivity responses are mediated by circulating factors such as T-cells, IgE, and
inflammatory cytokines, many of the health effects associated with hypersensitivity and allergic
response are respiratory or dermal (e.g., asthma, airway hyper-responsiveness, and contact dermatitis).
Chemicals may exacerbate or promote a hypersensitivity-related outcome without being direct
sensitizers.

Human Hypersensitivity Data for PFOS

Summary: There is very low confidence that exposure to PFOS during childhood is associated with
changes in the hypersensitivity responses in children based on the available human studies. The results
of several cross-sectional studies present inconsistent association between current PFOS concentrations
in children and asthma and other airway hypersensitivity-related endpoints (see Figure D28 for data
figures). No prospective studies were located that assessed hypersensitivity relative to childhood PFOS
exposure. However, prospective studies in younger children (birth to age 9) report no association
between maternal levels of PFOS and hypersensitivity endpoints (see Table 15 for list of studies and
Table 24 for select data on asthma and IgE). Confidence in the body of evidence was downgraded for
unexplained inconsistency. There was no clear explanation for the heterogeneity in the findings across
the childhood exposure studies.

Levels of PFOS in pregnant women and hypersensitivity response in children

Maternal serum or plasma concentrations of PFOS were not associated with hypersensitivity across
multiple indicators (e.g., asthma or eczema) in children age 18 months to 9 years across five prospective
studies. Maternal PFOS concentrations were not associated with eczema or itchiness, wheeze, or
doctor-diagnosed atopic eczema or asthma in 3-year old children from a sub-cohort of the MoBa study
(n = 63-93) (Granum et al. 2013). Similarly, maternal PFOS was not associated with food allergy, eczema
or wheezing in children through 18 months of age from a prospective cohort in Sapporo Japan (n =231)
(Okada et al. 2012). Wang et al. (2011) also reported that maternal PFOS was not associated with atopic
dermatitis at 2 years of age in a prospective cohort in Taiwan (n = 244). In a fourth prospective cohort
study, maternal PFOS was not associated with total allergic diseases, eczema, wheezing or allergic
rhinoconjuctivitis symptoms in children through 2 years of age from a prospective cohort in Hokkaido
Japan (n = 2062) (Okada et al. 2014). In a fifth prospective cohort study, maternal PFOS was associated
with decreased wheeze in the Ukraine population (n = 492), but not in the Greenland population
(n=532) or with asthma or eczema in either group of children at 5-9 years of age (Smit et al. 2015).

The body of evidence with exposure measured during development presents inconclusive results and
there is a lack of association between maternal PFOS concentrations and hypersensitivity outcomes in
children, and there is inconsistent evidence that maternal PFOS is associated with cord blood levels of
IgE. There was no association between maternal PFOS and cord IgE in either the Japanese Sapporo
cohort or Canadian MIREC cohort (n = 1242) (Okada et al. 2012, Ashley-Martin et al. 2015). However,
cord blood PFOS was associated with increased cord IgE for male offspring of the Taiwan Birth Panel
cohort (Wang et al. 2011). Although White et al. (2011) only measured IgE in maternal serum, not cord
blood, the authors reported PFOS-associated decreased serum levels of IgE in nursing mothers in the
MAMMA study.

The risk of bias considerations for exposure characterization and confounding for hypersensitivity
related outcomes are the same for PFOS as were discussed above for PFOA and therefore not repeated
here (see discussion above and protocol for more details on risk of bias considerations
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http://ntp.niehs.nih.gov/g0/749926). All of the studies were rated probably low or definitely low risk of

bias for exposure and confounding (see Figure D34).

Table 24. Summary of PFOS and Selected Data on Hypersensitivity in Humans

Possible sources of Exposure
Disease |PFOS heterogeneity measurement Study
Asthma | Adj OR (95% Cl) e ever asthma Child: current serum | Dong (2013)
Highest vs. lowest quartile o childhood exposure metric and
OR=2.63 (1.48 - 4.69) o sig. for males, combined, not Zhu (2016)
Trend p = 0.003 (males + females) females p trend=0.899)
OR=1.22(0.89 - 1.66) e ever asthma or current Maternal plasma Granum (2013)
e maternal exposure metric 0-3d post delivery
Adj OR (95% Cl) e ever asthma Child: current serum | Humblet (2014)
Ln-linear (p=0.13) or linear (p=0.07) e not sig. for current asthma
OR=0.88(0.74-1.04) e childhood exposure metric
OR for 1 SD change in serum PFOS e current asthma Maternal: serum Smit (2015)
OR=0.75(0.39-1.42) e maternal exposure metric
Total IgE | Adj OR log10 PFOS concentration e cord blood IgE measure Maternal: first Ashley-Martin (2015)

OR=1.1(0.6—1.9)

maternal exposure metric

trimester plasma

Mean IgE (95% Cl) quartiles PFOS in asthmatics
Q1:517.9 (336.7 - 699.2)

Q2: 686.2 (501.3 -871.1)

Q3: 658.1 (475.2 — 841.1)

Q4: 877.3 (695.2 — 1059.5)

Trend: p=0.008 (males + females)

o childhood exposure metric
childhood IgE measure
outcome in asthmatics

not sig. in non-asthmatics

sig for females, combined, not
males (p trend=0.082)

Total IgE in serum in
children (age 12-19)

Dong (2013)
and
Zhu (2016)

Log10 quadratic PFOS quadratic polynomial
regression coefficient

F:-0.681 (-2.500 — 1.137)

M: 0.911 (-1.101 - 2.922)

e maternal exposure metric
cord blood IgE measure

Maternal serum after
the second trimester
of pregnancy

Okada (2012)

Adjusted B (S.E.)

B =0.161 (0.147), p=0.017

F: B=0.151 (0.165), p=0.616
M: B=0.175 (0.179), p=0.053

cord exposure metric
cord blood IgE measure
not sig. in childhood IgE measure

Cord blood serum
sample measures of
PFOA/PFOS (ng/ml)

Wang (2011)

Bold text indicates statistically significant decreased or increased association; sig. = significant.
This table highlights select findings to illustrate studies that evaluated asthma (having ever had a diagnosis or some analyses
current asthma) and total IgkE in different populations relative to PFOS measured in pregnant women, children, and adults;
for additional data see Figure D28.

Levels of PFOS in children and hypersensitivity response in children
Five studies with data on the potential association between current levels of PFOS in children and
indicators of hypersensitivity present inconsistent results. Two of the cross-sectional studies based on
NHANES data on children age 12-19 present data that suggest PFOS in children may generally be
associated with decreased airway hypersensitivity (Humblet et al. 2014, Stein et al. 2016) and the third
indicates that PFOS may be associated with increased odds ratio for self-reported food allergies (Buser
and Scinicariello 2016). Humblet et al. (2014) reported an inverse relationship that was borderline

significant for current PFOS concentrations and asthma (p = 0.13 and p = 07 In-linear and linear models
respectively) or wheeze (p = 0.08 and p = 37 In-linear and linear models respectively) using NHANES data
from 1999-2000 and 2003-2008 (n = 1877). Stein et al. (2016) examined potential association with total
serum IgE and specific IgE levels to common allergens using a smaller sample size restricted to fewer
sample years (n = 638; from 2005-2006). Serum PFOS concentration was associated with lower allergen-
specific IgE levels for several allergens including plants and cockroaches/shrimp. However, PFOS was
associated with increased IgE levels to mold suggesting that the response to different allergens may be
impacted differently by PFOS.
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In contrast to the generally negative relationship with airway-hypersensitivity markers from the NHANES
data, current serum PFOS was associated with a higher odds ratio of doctor diagnosed asthma in a study
of 231 asthmatic and 225 nonasthmatic children age 10-15 from Taiwan (Dong et al. 2013) (Figure D28).
PFOS was also positively associated with total serum IgE, absolute eosinophil count and eosinophilic
cationic protein concentration among asthmatics. In subsequent analyses of the case-control study of
asthmatics in Taiwan, Zhu et al. (2016) explored the potential role of TH; (IL-2 and IFN-y) and TH»
cytokines (IL-4 and IL-5) as a mechanism by which PFOS or other PFAAs may contribute to the
development of asthma and the role of the child’s sex. There is overlap in cytokine function, but in
general IL-4, IL-5 and other TH; cytokines are associated with promotion of IgE and eosinophilic
responses associated with atopy, asthma and hypersensitivity. In contrast, the IL-2, INFy and other TH;
cytokines function in cell-mediated immunity against intracellular pathogens. Zhu et al. (2016) reported
that in male children with asthma (n = 158), serum PFOS was associated with polarization toward a TH;
response indicative of hypersensitivity; although the increased IL-4 and IL-5 cytokines were borderline
significant in males (p = 0.059 and p = 0.064 respectively) and not significant in females (p = 0.350 and

p = 0.940 respectively). The limited evidence of a pro-TH; cytokine shift that was stronger in males was
similar to the finding that serum PFOS was associated with diagnosis of asthma when considering males
and females together (p < 0.001) and for males alone (p = 0.001), that was not significant when
evaluating PFOS and females alone (p = 0.899) (Zhu et al. 2016).

Buser and Scinicariello (2016) used multivariate logistic regression to analyze the potential association
between current serum PFOS concentrations and two separate indicators of food sensitization: (1) food-
specific IgE over a concentration clinically considered to indicated an allergic response (0.35 kU/L) and
(2) self-reported food allergies in children ages 12-19 from NHANES. Serum PFOS was associated with an
increased OR for self-reported food allergies (OR = 2.95 [95%CI 3.32 to 24.90] for highest quartile vs.
lowest; p-trend <0.27) in children from NHANES 2007-2010. However, PFOS was not associated with
food-specific IgE in children from NHANES 2005-2006.

The risk-of-bias assessment of the exposure characterization for these studies was discussed previously
above in the context of PFOA and similar reasoning applies for PFOS. In brief, exposure misclassification
is of concern because of the cross-sectional study design, although this is mitigated by the long
biological half-life of PFOS in humans (2 to 8 years) (Olsen et al. 2007a, Kudo 2015). As a result, the three
NHANES studies (Humblet et al. 2014, Buser and Scinicariello 2016, Stein et al. 2016) were rated
probably low risk of bias for exposure characterization (see Figure D32 and Figure D33). In contrast, the
Taiwanese studies were rated probably high risk of bias for exposure because of the high likelihood of
exposure misclassification (over half of the cases were diagnosed with asthma before 5 years of age and
exposure was measured 5 to 10 years after the development of asthma). Although the greater likelihood
of exposure misclassification in the Taiwanese studies may explain some of the heterogeneity in
response, it is not clear how exposure misclassification would result in a positive association with PFOS.
Therefore, the body of evidence was downgraded for unexplained inconsistency in the association
between PFOS levels in children and measures of hypersensitivity across studies.

Confidence in the body of evidence was not further downgraded for risk of bias, because care is taken
not to double count or downgrade confidence in the body of evidence twice for the same factor. In the
OHAT method, the relevance of the exposure assessment for the time-window appropriate to the
development of the outcome can be considered in two places: (1) in assessing the risk of bias for the
exposure characterization as described above, and (2) in setting the initial confidence in bodies of
evidence based on study design factors. When rating confidence in the body of evidence, studies with a
cross-sectional study design (e.g., the body of evidence with data on childhood PFOS exposure and
hypersensitivity) start at a lower initial confidence because cross-sectional exposure sampling cannot
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assure exposure took place before development of the outcome. Ratings of definitely high risk of bias in
the exposure characterization would have been considered further and may have resulted in further
downgrading the confidence in the body of evidence.

Animal Hypersensitivity Data for PFOS

Summary: There is low confidence that exposure to PFOS is associated with a change in the
hypersensitivity response in animals because the results are inconsistent from a single study that
directly tested airway hypersensitivity and a second study that examined antigen-specific IgE in mice
(Dong et al. 2011, Ryu et al. 2014). Dietary exposure to PFOS (4 mg/kg diet through 12 weeks of age)
was associated with greater airway sensitivity to methacholine; however, the association was not
consistent as other airway measures did not support hyperresponsiveness (e.g., no effect on airway
resistance, tissue resistance, or elastance) and some results suggested suppression (e.g., blunted OVA-
induced rise in leukocytes and macrophages in BALF) (Ryu et al. 2014). Dong et al. (2011) reported that
oral PFOS exposure (0.8333 mg/kg/day via gavage) for 60 days was associated with increased antigen-
specific IgE levels following SRBC challenge.

Confidence in the body of evidence was downgraded twice for very serious concern for unexplained
inconsistency because the results within each study are inconsistent and do not present clear
association for hypersensitivity and PFOS exposure. In addition, there is only one airway hypersensitivity
study and one study of the antigen-specific IgE so there is no ability to evaluate consistency across
studies. The inconsistency and inability to evaluate consistency across studies support the final rating of
very low confidence (see Figure D29 and Figure D30 for data figures and study details and Table 17 for
confidence ratings summary for the body of evidence). The Ryu et al. (2014) study included prenatal,
juvenile, and adult exposure to PFOS, and therefore does not directly address if developmental-only
exposure is or is not associated with hypersensitivity in animal models.

In Vitro /Mechanistic Data on Hypersensitivity-related Endpoints for PFOS

The Yamaki and Yoshino (2010) study discussed earlier in the context of PFOA also included exposure to
PFOS, and was the only PFOS in vitro exposure study of hypersensitivity-related endpoints identified. A
more detailed discussion is included above and only briefly outlined here. The increased release of
hypersensitivity mediators from rat basophils after in vitro exposure to PFOS (5000 - 150000 ng/ml
PFOS) was similar to that reported with PFOA treatment. However, this in vitro study simply adds more
data at a relatively high exposure level and does not support other studies because the human and
animal data on PFOS-associated hypersensitivity are inconsistent.

Evidence Synthesis for Hypersensitivity-related Outcomes for PFOS

The human studies on hypersensitivity-related outcomes differed depending on the exposure window
evaluated. There is no evidence of an association between maternal PFOS concentrations and
hypersensitivity outcomes in children and few studies in adults.

For PFOS, there is low confidence in the animal body of evidence for hypersensitivity because there are
few experimental animal studies of PFOS and hypersensitivity-related endpoints and the results of these
studies are inconsistent. There is very low confidence from the human body of evidence that exposure
to PFOS is associated with changes in hypersensitivity responses due to inconsistent association
between current PFOS concentrations in children and asthma and other airway hypersensitivity-related
endpoints. The very low confidence in the human body of evidence translates into inadequate level of
evidence and the low confidence in the animal data translates into a low level of evidence. Therefore, an
evidence profile or detailed discussions of the evidence synthesis were not developed for PFOS and
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hypersensitivity-related outcomes and this health effect was not considered for hazard identification
conclusions.

Autoimmunity-related Effects and Outcomes

Autoimmune disease and related effects are the result of immune responses against self-molecules
(WHO 2012). Autoimmune disorders are frequently tissue or organ specific, although they may be
systemic when the reaction is to antigens present across multiple tissues. Autoimmune diseases are
usually examined in the context of the damaged tissues or organs (e.g., rheumatoid arthritis, thyroiditis,
or ulcerative colitis). Tests for chemical induced autoimmunity in animals generally involve model
systems developed to evaluate one specific type of autoimmune response. Due to the specificity of the
assays, these tests are used when autoimmunity is suspected and not as part of routine screening for
autoimmunity.

Human Autoimmunity Data for PFOS

The only study located that tested for potential PFOS-associated autoimmunity is a pilot study that
reported prenatal concentrations of PFOS were negatively associated with anti-actin IgG in a test for
antibodies to several neural or non-neural antigens in 7 year old children from the Faroe Island birth
cohort (Osuna et al. 2014). A change in autoantibodies without support from other related endpoints
(e.g., for the neural antigens studied) is not considered to provide clear evidence for or against an effect
on autoimmunity (WHO 2012). Therefore, the body of evidence based on this single pilot study was
considered inadequate and there is very low confidence in the body of evidence from human studies for
evaluating the potential association between PFOS exposure and autoimmunity.

Animal Autoimmunity for PFOS
No animal studies were identified on potential association between PFOS and autoimmunity.

In vitro /Mechanistic Data on Autoimmunity-related Endpoints for PFOS
No in vitro exposure studies were identified on the potential association between PFOS and
autoimmunity.

Evidence Synthesis for Autoimmunity Data for PFOS

No experimental animal studies were located testing PFOS exposure in autoimmune animal models and
the human body of evidence was restricted to a single pilot study examining the potential association
between maternal PFOS exposure and autoantibodies in children. Both the human and animal evidence
translate into inadequate level of evidence. Therefore, an evidence profile table and detailed discussion
of the evidence synthesis were not developed for PFOS and autoimmunity and this health effect was not
considered for hazard identification conclusions.
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DISCUSSION

Based on a systematic review of the evidence, the NTP concludes that both PFOA and PFOS are
presumed to be immune hazards to humans. The health effects data for PFOA and PFOS were
considered separately in developing these conclusions.

The NTP concludes that exposure to PFOA is presumed to be an immune hazard to humans based on a
high level of evidence that PFOS suppressed the antibody response from animal studies and a moderate
level of evidence from studies in humans (Table 7. Although the strongest evidence for an effect of
PFOA on the immune system is for suppression of the antibody response and increased hypersensitivity,
there is additional, although weaker, evidence that is primarily from epidemiological studies that PFOA
reduced infectious disease resistance, increased hypersensitivity-related effects, and increased
autoimmune disease. The bodies of evidence indicating that PFOA affects multiple aspects of the
immune system add to the overall confidence that PFOA alters immune function in humans. However,
the mechanism(s) of PFOA-associated immunotoxicity are not clearly understood and effects on diverse
endpoints such as suppression of the antibody response and increased hypersensitivity may be
unrelated.

The NTP concludes that exposure to PFOS is presumed to be an immune hazard to humans based on a
high level of evidence that PFOS suppressed the antibody response from animal studies and a moderate
level of evidence from studies in humans (Table 9). Although the strongest evidence for an effect of
PFOS on the immune system is for suppression of the antibody response, there is additional, although
weaker, evidence that is primarily from studies in experimental animals that PFOS suppresses disease
resistance and natural killer (NK) cell activity. The NTP also concludes that PFOS is suspected to suppress
infectious disease resistance and NK cell activity in humans, and these conclusions are based on
moderate level of evidence from animal studies and low or inadequate level of evidence from human
studies. The bodies of evidence indicating that PFOS suppresses multiple aspects of the immune system
add to the overall confidence that PFOS alters immune function in humans. Although the mechanism(s)
by which PFOS suppresses these immune functions are not clearly understood, suppression of the
antibody response and NK cell function are both potential mechanisms by which PFOS may reduce
disease resistance.

The majority of data and the strongest bodies of evidence for both the human and animal studies to
inform the evaluation of both PFOA- and PFOS-associated immunotoxicity are on suppression of the
antibody response.

The moderate level of evidence from human studies is supported by ratings of moderate confidence in
the bodies of evidence from human studies of PFOA and PFOS on the antibody response. These
confidence ratings are based on results of epidemiological studies that consistently reported an
association between higher prenatal, childhood, or adult serum PFOA or PFOS concentrations and lower
anti-vaccine antibody levels. The data present a consistent pattern of findings across different
populations (e.g., NHANES and the Ohio Valley in the United States, Norway, and the Faroe Islands) and
multiple vaccinations. However, the use of different vaccinations also presents a challenge in comparing
results across studies, because different studies generally tested the antibody response to different
vaccinations. Thus the consistent demonstration that higher maternal, childhood, and adult PFOA or
PFOS concentrations are associated with lower anti-diphtheria antibodies levels are studies from a single
research group (Grandjean et al. 2012, Kielsen et al. 2016). Although studies often evaluated the
antibody response to more than one vaccine, antibody levels were only associated with PFOA or PFOS
concentrations for a subset of the vaccines examined. However, different responses are expected as
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different vaccines may stimulate different components of the immune system and the strength and
length of an antibody response is known to differ across vaccines so this heterogeneity was not
considered a reason to downgrade the evidence for inconsistency.

Where direct comparisons across studies and researchers were possible (e.g., rubella), the results were
considered a consistent pattern of findings to support the association between elevated serum levels of
both PFOA and PFOS and suppression of the antibody response. The heterogeneity in the findings may
be explained by differences between the vaccinations tested and variation in the timing of the exposure
measure (maternal vs. childhood) or method to measure the antibody response (antibody level at some
time separated from vaccination or antibody level falling below a clinical value considered to offer
protection). Exposure to PFOA or PFOS is not associated with changes in the antibody response to
measles for example. In contrast, higher maternal or childhood PFOA or PFOS serum concentrations are
associated with lower anti-rubella antibodies in both of the studies that examined the response to
rubella vaccination. Stein et al. (2016) demonstrated that current serum concentrations of both PFOA
and PFOS in children age 12-19 were associated with lower anti-rubella antibodies using US NHANES
data. Similarly, Granum et al. (2013) reported maternal plasma concentrations of both PFOA and PFOS
were associated with lower anti-rubella antibodies in 3-year old children in Norway.

The high level of evidence from animal studies is supported by ratings of high confidence in the bodies
of evidence from animal studies of both PFOA and PFOS on the antibody response. These confidence
ratings are based on results that consistently show that both compounds suppress the primary antibody
response in mice (at oral doses from 3.75 to 30 mg/kg/day PFOA and 0.00166 to 40 mg/kg/day PFOS).
Not only is there high confidence in the body of evidence from animal studies that PFOS suppresses the
antibody response, but the animal data also demonstrate suppression at PFOS serum levels that are
relevant to general human exposure levels. The serum PFOS levels in mice associated with the lowest
dose that suppressed the antibody response [92 ng/ml PFOS (Peden-Adams et al. 2008)] are below
occupational exposure levels (range 145 to 3490 ng/ml PFOS)(Olsen et al. 2007a) and approximately 3x
higher than the upper end of serum PFOS levels of the general population (range 4.3 to 36.9 ng/ml
PFOS)(Olsen et al. 2007b). In contrast, the serum concentrations of PFOA associated with suppression of
the antibody response in animal studies are above most human exposure levels. The serum PFOA levels
in mice associated with the lowest dose that suppressed the antibody response [~74000 ng/ml| PFOA
(Dewitt et al. 2008)] are above most occupational exposure levels [range 200 to 91900 ng/ml| PFOA
(Costa et al. 2009)].

Most of the epidemiological studies reported suppression in the antibody response at exposure levels
similar to that of the general US population (mean serum concentrations of PFOA and PFOS were

1-4 ng/mL and 16-27 ng/mL respectively), although serum PFOA levels (mean 33.74 ng/ml) in the Looker
et al. (2014) study of Ohio Valley residents are roughly 5x general population levels. Therefore, concern
for suppression in the antibody response at exposure levels of the general US population is indicated by
the epidemiological studies of both PFOA and PFOS. Furthermore, the hazard and dose concerns are
supported by animal studies using internal dose metrics (i.e., serum levels) for PFOS. While the animal
data support the hazard conclusion for PFOA, the serum levels associated with suppression in the animal
studies are much higher.

Serum or other internal dose metrics may be particularly useful when evaluating the consistency of
human and animal evidence because of substantial species differences in the elimination rates for PFOA
and PFOS. The results of non-human animal studies show clear species differences with mice being
sensitive to a range of immune effects of both PFOA and PFOS, and few effects observed in rats or
monkeys [although the immune outcomes examined in monkeys are limited to spleen and thymus
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weight and histology (Griffith and Long 1980, Butenhoff et al. 2002)]. The relative lack of sensitivity of
rats for immune effects of PFOA may be a result of rapid clearance in rats relative to mice or humans
(e.g., estimated half-life for PFOA in female rats is 2-4 hours compared to 20-30 days in mice and 2-5
years in humans Rodriguez et al. 2009).

Animal studies, particularly studies in mammals, are considered relevant models for predicting human
health effects in the absence of evidence to the contrary (e.g., if effects in the animal model are
mediated by a mechanism that is not present in humans). The mechanism(s) by which PFOA and PFOS
decrease the antibody response is not completely understood, and data from animal models and in vitro
studies have not identified consistent evidence for disruption of key cell populations (e.g., B- or T-cells
numbers) or cytokine signaling at the lower exposure levels associated with changes in antibody
response. The potential role of PPARa for immune effects in experimental animals was considered.
PPARa appears to play a role in several immune effects of PFOA in mice, including decreased spleen and
thymus weight, reduced spleen and thymus cellularity, and mitogen (ConA and LPS)-induced
lymphoproliferation (Yang et al. 2002b). However, studies suggest that many immune effects of both
PFOA and PFQS, particularly suppression of the antibody response in mice, are partially or wholly
independent of PPARa (reviewed in DeWitt et al. 2009b, DeWitt et al. 2012) including demonstration of
PFOA-associated suppression of the antibody response in PPARa knockout mice (DeWitt et al. 2016).

The epidemiological studies reported small to moderate reductions in antibody levels to various
vaccines [e.g., 6 to 15% reduction in antibody levels to mumps and rubella for a doubling of PFOA or
PFOS in US children ages 12-19 using NHANES data and 25 to 38% reduction in antibody levels to
diphtheria for a doubling of PFOA or PFOS in children from the Faroe Islands birth cohort (Grandjean et
al. 2012, Stein et al. 2016)]. It is unclear if this level of antibody reduction would affect the immune
response to a viral or bacterial challenge for these individuals. However, any lowering of the antibody
response may be considered adverse on a population level such that individuals with lower antibody
levels may be less able to mount a defense against viruses or bacteria (WHO 2012). Studies of infectious
disease or disease resistance could provide additional evidence of the potential impact of reduced
antibody response for health outcomes. However, there are few studies of PFOA or PFOS and infectious
disease and only two human studies measured antibody response to vaccination and infectious disease
outcomes in the same populations. One study provides support for PFOA-associated decreased antibody
response and infectious disease (increased episodes of common cold and gastroenteritis in children also
showing decreased antibody levels to rubella Granum et al. 2013) and the other does not (no change in
self-reported influenza or colds in adults showing decreased antibody response to influenza A/H3N2
Looker et al. 2014).

For PFQOS, the animal data provide consistent evidence for immunosuppression that includes high
confidence in the body of evidence for suppression of the antibody response and moderate confidence
for suppression of the disease resistance and NK cell activity. Disease resistance involves multiple
components of the immune system, and successful immune response to viral challenge (as in Guruge et
al. 2009) includes rapid responses from the innate immune system (e.g., NK cell activity and the cytokine
IFN-y) as well as humoral immunity (antibody mediated responses). Therefore, the demonstration of
PFOS-associated reductions in antibody response in mice at 92 ng/ml PFOS (Peden-Adams et al. 2008)
and disease resistance at 189 ng/ml PFOS (Guruge et al. 2009) increase the support for biological
plausibility of PFOS-associated suppression of immune function.

Limitations of the Evidence Base

There are several limitations in the body of evidence from human studies that apply across the different
immune outcomes. The major limitation in the epidemiological studies is the lack of control for other
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exposures that may also be immunomodulatory, particularly other PFAAs. For example, the Granum et
al. (2013) study of the MoBa birth cohort reported suppression of the antibody response to rubella with
higher serum concentrations of both PFOA and PFOS, but also with serum levels of perfluorohexane
sulfonate (PFHxS) and perfluorononanoate (PFNA). Within the Granum et al. (2013) study the different
PFAAs were not highly correlated (r=0.26-0.60), and the analyses were not performed to correct for
potential effects of other PFAAs. A wider range of correlations were reported across PFAAs in the Faroe
Island birth cohort (r=0.01 to 0.78) for PFOA, PFOS, PFHxS, PFNA and perfluorodecanoate (PFDA); and all
of the different PFAAs were associated with reduced antibody response in at least one vaccine/analysis
(e.g., diphtheria or tetanus relative to maternal serum or age 5 serum PFAAs) (Grandjean et al. 2012). In
further analyses, the authors (Grandjean et al. 2012, Mogensen et al. 2015) examined the antibody
response to diphtheria and tetanus and a combined exposure model to a single variable in a joint latent
exposure model for PFAAs that included PFOA, PFOS and PFHxS. The combined variable showed the
strongest association and a 57.5% (95% Cl 21.2-77.0) decrease in anti-diphtheria antibodies for a
doubling of PFAA. However, when adjusting the model for the impact of individual PFAAs, the results
were no longer significant. The authors conclude that for this dataset, none of the individual PFAAs were
the primary explanation of the reduced antibody levels. While the effect of co-exposure to other PFAAs
cannot be ruled out, this co-exposure has been considered in the risk-of-bias assessment and in the
evidence integration with animal studies that demonstrate effects of PFOA and PFOS individually.
Therefore, it is considered unlikely that a single other PFAA is driving the association with antibody
suppression observed with either PFOA or PFOS.

While the association between both PFOA and PFOS and the antibody response is relatively well studied,
additional epidemiological studies that address the dose-response relationship and can control for
effects of other PFAAs would increase confidence in the bodies of evidence. Additional studies that
examine the antibody response to the same vaccine across multiple populations would also increase
confidence. For other measures of the immune system, there are no human data, including NK cell
activity and DTH response. Few specific infectious disease endpoints have been examined in
epidemiological studies and the study with the most power/largest sample size used a potentially less
sensitive measure (i.e., hospitalization for any infectious disease, which would only capture the most
severe outcomes and could miss potential associations with individual diseases) (Fei et al. 2010).

The limitations of the epidemiological data on asthma and hypersensitivity are typical of studies with
cross-sectional study design. Although the long half-life of PFOA in humans (2 to 8 years) (Olsen et al.
2007a, Kudo 2015) increases the likelihood that current serum measurements represent past exposure
that would be biologically relevant for development of asthma, there is likely to be some exposure
misclassification. Prospective studies that evaluate asthma, IgE and other hypersensitivity-related
outcomes in children relative to early childhood exposures could increase confidence in this body of
evidence.

The results of two epidemiological studies show PFOA-associated increases in the incidence of ulcerative
colitis in residents of the Ohio Valley, a region associated with elevated PFOA levels in drinking water,
and workers exposed to PFOA that were a subset of the original analysis (Steenland et al. 2013,
Steenland et al. 2015). There is low confidence in this body of evidence because the studies are from a
single population and therefore there are no independent results from a separate population. Given the
low confidence in the human body of evidence and the absence of animal studies, the data are
inadequate to classify whether or not PFOA exposure is associated with the incidence of ulcerative
colitis. These are the only studies of the potential association between PFOA or PFOS and autoimmunity.
Studies of PFOA in animal models of ulcerative colitis [e.g., (Low et al. 2013)] or epidemiological studies
of ulcerative colitis in other populations would increase confidence in this body of evidence.
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Limitations of the Systematic Review

The hazard identification conclusions in this evaluation were developed for immunotoxicity of both
PFOA and PFOS based on integrating levels of evidence from human and animal studies with
consideration of the degree of support from mechanistic data. In general, the mechanisms for PFOA- or
PFOS-associated immune effects are not fully understood at this time (DeWitt et al. 2012 for review);
however, mechanistic data from in vitro or in vivo studies were used to examine the biological
plausibility of the primary health outcomes considered in developing specific hazard conclusions (e.g.,
on the antibody response). The literature search was focused on mechanistic data that was clearly
relevant for evaluating the biological plausibility of immune outcomes reported from in vivo studies in
animals or humans. Therefore, the immune outcomes used to search for in vitro/ mechanistic data were
similar to the outcomes considered for in vivo human and animal studies (e.g., antibody response, NK
cell activity, phagocytosis, or cytokine production). This focused approach may have missed mechanistic
studies of earlier events such as activation of NF-kB that may inform the overall evaluation of potential
immunotoxicity associated with exposure to PFOA or PFOS.
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CONCLUSION

The NTP concludes that PFOA and PFOS are presumed to be immune hazards to humans and to alter
immune function in humans. Exposures to PFOA and PFOS are associated with changes in multiple
immune outcomes in both experimental animal and epidemiological studies. The strongest bodies of
evidence to inform the evaluation of PFOA- and PFOS-associated immunotoxicity are on the antibody
response.

The NTP concludes that exposure to PFOA is presumed to be an immune hazard to humans based on a
high level of evidence that PFOS suppressed the antibody response from animal studies and a moderate
level of evidence from studies in humans (Table 7). Although the strongest evidence for an effect of
PFOA on the immune system is for suppression of the antibody response and increased hypersensitivity,
there is additional, although weaker, evidence from epidemiological studies that PFOA reduced
infectious disease resistance, increased hypersensitivity-related effects, and increased autoimmune
disease. The evidence indicating that PFOA affects multiple aspects of the immune system supports the
overall conclusion that PFOA alters immune function in humans. However, the mechanism(s) of PFOA-
associated immunotoxicity is not well understood and effects on diverse endpoints such as suppression
of the antibody response and increased hypersensitivity may be unrelated.

The NTP concludes that exposure to PFOS is presumed to be an immune hazard to humans based on a
high level of evidence that PFOS suppressed the antibody response from animal studies and a moderate
level of evidence from studies in humans (Table 9). Although the strongest evidence for an effect of
PFOS on the immune system is for suppression of the antibody response, there is additional, although
weaker, evidence that is primarily from studies in experimental animals that PFOS suppresses disease
resistance and natural killer (NK) cell activity. The evidence indicating that PFOS suppresses multiple
aspects of the immune system supports the overall conclusion that PFOS alters immune function in
humans. Although the mechanism(s) of PFOS-associated immunotoxicity is not well understood,
suppression of the antibody response and NK cell function are both potential mechanisms by which
PFOS may reduce disease resistance.
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DATA FIGURES

Immunosuppression-related Effects and Outcomes

Antibody Response
Figure D1. Antibody response in children relative to maternal PFOA/PFOS levels (presented as beta)
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Figure D2. Antibody response in children relative to maternal PFOA/PFOS levels (presented as
% difference in antibody concentration per 2-fold increase PFOA or PFOS)
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Figure D3. Antibody response in children relative to PFOA/PFOS levels in children (presented as
% difference in antibody concentration per 2-fold increase PFOA or PFOS)
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(seropositive) 1
+
1

—
1
1

—
1
1
—a—

PFOS Grandjean 2012 Cohort (Prospective) Children of Faroe Islands  anti-vaccine antibody 5 years child serum PFOS 440
National Hespital bifth levels: diphtheria (age 5
cohort {1997-2000) postbooster)

anti-vaccine antibody 5 years child serum PFOS 537
levels: diphtheria (age 5
prebooster)

anti-vaccine antibody T years child serum PFOS 403
levels: diphtheria (age 7
adjusted for age 5 results)

anti-vaccing antibody 7 years child serum PFOS 408 I =2 '
levals: diphtheria (age T)

levels: tetanus (age 5 e
postbooster)

anti-vaccing antibody 5 years child serum PFOS 537

levels: tetanus (age 5 —
prebooster)

1
1
1
anti-vaccine antibody 5 years child serum PFOS 440 |
1
1

1
anti-vaccine antibody T years child serum PFOS 401 1
levels: tetanus (age 7 e
adjusted for age 5 results) 1
anti-vaccing antibody 7 ywars child serum PFOS 408 k F=9
levels: tetanus (age T) -

PFOS Stein 2015 Cross-sectional Children 12-19 years of  anti-vaceing antibody 12-19 years child serum PFOS 1,188 } v i
age from US in NHANES  levels: measles (all)
antl-vaccine antibody 12-19 years child serum PFOS 1,152 I

levels: measles ——

(seropogitve)
anti-vaccine antibody 1219 years child serum PFOS 1,186 I . i

levels: mumps (all)

anti-vaccing antibody 12-19 years child serum PFOS 1.9m
levels: mumps

(seropositive)

1

1

1

1

1

Anti-vaccine antibodies anti-vaccine antibody 12-19years  chilkd serum PFOS 1,190 ' & . "
1

diphtheria levirls: rubella (all)
measles anti-vaccine antibody 12-19years  child serum PFOS 1,148

1
mumps evels: rubella +| 1
1

rubella (eropastiive)
tetanus 60 .50 40 30 20 10 0 10 20 30
e Difference Anlibody Concentration per 2-Fold Increase PFOA and PFOS

ope4an

(Interactive figure and additional study details in HAWC Figure D3 - Ab in children per 2-fold increase)
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Figure D4. Antibody response in adults
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(Interactive figure and additional study details in HAWC Figure D4 - Ab in adults - change as beta)

Figure D5. Antibody response in adults relative to PFOA/PFOS levels in adults (presented as rise in
antibody concentration following vaccine as beta)

Chemical Study Population Name Outcome Outcome age Exposure Measure N Design d PFOS Association with Antibody Re:
. - . =l lower CI (J) Estimate nificant
PFOA Kielsen 2015  Healthy adult staff change in anti-vaccine adult serum PFOA 12 Cohort (Prospective)
volunteers al antibody levels: diphtheria —a——
Copenhagen Hospital  (day 4 1o 10) 1
PFOA Kielsen 2015 Healthy adult staff change in anti-vaccing adult serum PFOA 12 Cohort (Prospective) 1
volunteers at antibody levels: tetanus |—’-—|
Copenhagen Hospital  (day 4 to 10)
1
PFOS Kietsen 2015  Healthy adult staff change in anti-vaccine adult serum PFOS 12 Cohont (Prospective) I
valunteers at antibody levels: diphtheria —8—
Copenhagen Hospital (day 4 to 10) |
PFOS Kielsen 2015 Healthy adult staff change in anti-vaccine adult serum PFOS 12 Cohort (Prospective) I
at antibody levels: tetanus —a—
Anti ine antibodi h Hospital  {day 4 1o 10} I
W diphtheria 30 25 20 15 0 5 0 &5 10 15 20 25 30
Q tetanus percent change in exponential change antibody concentration

(Interactive figure and additional study details in HAWC Figure D5 - Ab in adults - change per 2-fold)
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Figure D6. Antigen-specific IgM antibody response in experimental animals following PFOA exposure

Study Endpaint Diagnestic  Exporimental Conditions Animal description Route Exposure Dose I @ Control . @ %changetocontol @ Sig b— + 85% C||

DeWilt 2008 M antibody lter [SRBC) ELISA Recovery sludy - 20days  Mouse, CSTBLIES 2, N=B) oral gavage 10 days 0
30
DeWilt 2008 IgM antibody liter [SRBC) ELISA Singie dose-level Mouse, CSTALIB {7, N=8) oral gavage 15 days [

DeWitt 2008 IgM antibody titer (SRBC) ELISA Dose-response high Mouse, C5TBLEn (7, N=B) oral drinking water 15 days L]

DeWitt 2008 Igh antibody titer (SRBC) ELISA Dosa-response iow Mouse, C5TBLSGN (., N=8) oral dinking water 15 days o

318
75
DeWitt 2008 IgM antibody liter (SREC) ELISA Adrenaleciomized Mouse, CSTELEN (7, N=6) oral drinking water 10 days. L]
ars
75

DeWitt 2009 IaM antibady titer (SREC) ELIZA Sham-operated Maouse, CSTBLIEA (7, N=B) oral drinking water 10 days [
375
75

094

188

78

DeWitt 2015 Ight antibody titer (SRBC) ELISA Dose-response Mouse, C5TBUS-Tac (. N=6) oral drinking water 15 days. (1]

DofWitt 2015 IgM antibody titer {SRBC) ELISA Dose-response Moause, Pparo Ko (7, K=B) oral drinking water 15 days o

Hu 2010 Ig¥ antibody titer (SRBC) ELISA in utero exposure F1 Mouse, C5TBLSn | ', N=16} oral drinking water GO 7 until GD 16 0

Lovedess 2006 IgM antibody titer (SRBC) ELISA Dese-response Mouse, Cr.CO-1(ICR)BR (7, Ne20) oral gavage 20 days L]

Loveless 2008  IgM antibody titer {(SRBC) ELISA Recovery study - 6days  Mouse, Cri:CO-1(ICRIBR { /. N=20) oral gavage 3 days o

Loveless 2008 IgM antibody liter (SRBC) ELISA D P Rat, BR [/, N=10) oral gavage 0 days. 0

Loveless 2008 igM antibody titer (SREC) ELISA Recovery study - Sdays  Rat, Cri:CD{SD)IGS BR {7, N=10)  oral gavage 24 days 0

Yang 2002b  IgM antibody level (HREC 1:80) ELISA Recovery sludy - 6 days  Mouse, CSTBLE {1, N=4) oral diet 10 days [
0.02

Yang2002b  lgM antibody level (HRBC 1:80) ELISA Single dose-level Maouse, CSTBLIG {1, N=d) oral dist 16 days. 0
ooz

Yang 2002t Igh antibody-secreting cells (HRBC) PFC Recovery shudy - 6 days  Mouse, C5TBLS (. N=4) oral cigt 10 days 1)
o0z

Yang 2002h Igh antibocy-sacreting cells (HRBC) PFC Singla dosa-level Mouse, CSTELE (1, N=4) aral diat 16 days o

0z | —@—

Parcent change relative to contral

(Interactive figure and additional study details in HAWC Figure D6 - PFOA Ab in animals IgM)
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Figure D7. Antigen-specific IgG antibody response in experimental animals following PFOA exposure

Percont change réative (o control

Study Endpoint Responst Rt Exposure Dose [@ Conral . @ “change taconiol @ Sk I—i +- 353Gl
DaWitt 2008 196G ansbody ter (SREC) Secondary IgG ELISA Fecovery shady - 20days  Mouse, CSTBLEU (1, N=g} oral gavage Mdays 0 )—?—(
0 —T—
DaWitt 2008 190 anstody tior (SREC) Secondary IgG ELISA Single dose-ipvel Mouse, CETBLES (|, N=8) oral gavage Sdays 0 ——i
30 e
DaWitl 2008 196 anbody e (SRBC) Secondary GG ELISA Dose-respons high Mouse, CHTBLEN (1, N=8) oral dricking waler 15 days 0 ——
s : .
T8 | =
15 ——i
£ — -
DeWitt 2008 WG ansbody ther (SREC) Secondsry g6 ELISA Dase-responss ko Mouse, CSTBLAN (. Neg) oral drinking water 15days 0
o —.—
188 - —i
375 e
i —.—
Senits and Nain 2013 ig¥ antibody ther (DNP-KLH)-2* y igG  ELISA Dos Bird, Japanese quall ( °, N=14-18) cval drinking water 8 weeks 0 |+|
02 —
21 |—.-:—|
Seits and Nain 2013 igY¥ antibody titer [DNP-KLH}1" Primary IgG ~ ELISA Doserespanse Bird, Japaness quail | ©, N=14-18) oral drinking water £ weeks 0 i
(¥ I-:—-.——l
21 —re—
Yang 2002 161 antiody level (HREC 1:160) Primary IgG  ELISA Recavery study - Bdays  Mouse, CSTBLIS (7, Ned} oral dist 1Wdays 0 (=]
a0z —@— 1
Yang 20028 W1 antbody level (HRBC 1:160) Primary IgG  ELISA Single dose-level Mouse, CSTBLE !, Nad) oral diet Wdays 0 +
02 B |
cally (HRBC)  Primaey 196G PFC Recovery shady - 6days  Mouse, C5TBLS [7. N=4) ol diel Wdays 0 é
002 — 1
Yang 20020 1963 antbody-secating cells (HREC)  Primary 196 PFC Recavery stdy - 6 days  Mouse, CSTBL 7. Ned) el diet Wdays 0 e
002 —.——
Yang 20028 WG antbody-secroting cells (HRBC)  Primary g6 PFC Recavery study - 6 days  Mause, CSTBLIS 7, Ned) aoral diet 10days 0 #
00z 1
Yang 2002 1G2b antibody-secreting oels (HRBC)  Primary 196 PFC Single dose-level Monise, CSTBLAS (7. Ned) oral diet Bdays O o)
a0z L}
Yang 20020 1gG3 antibody-secreting celis (HRBC)  Primary IgG PFC. Single dose-level Mouse, CSTBLE (7, N=4) ‘oral diet 16 days ] r—¢—(
0.0z A 1
Yang 2002 WG antibody-secrating cels (HRBC)  Primary 196 PFC Single dose-level Mouse, CSTBL (7, N=d) oral dist Wdays 0 o
002 1
00 B0 H0 0 40 a0 0 ™ 40

(Interactive figure and additional study details in HAWC Figure D7 - PFOA Ab in animals 1gG)
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Figure D8. Antigen-specific IgM antibody response in experimental animals following PFOS exposure

Study Endpoint Ani Raute Exposure  Doso [ @ contt . @ % changetoconred @ Sg. i +-25% 0
Dang 2011 IgM antibody titer (SRBC) ELISA Dose-response Mouse, CSTBLIS (£, Ne6) oral gavage 60 days 0 |—?—1
0,008 ——
0m7 —ar—
0,083 —
0417 —E— :
0833 -8 !
Kell 2008 IgM antibody titer (SREC) ELISA i itero exposure - Bwks F1 Mouse, BECIF1 (1, Neg) oral gavage GO 1 until GO 17 0 ———t
01 et st
1 R~ e '
s @ :
Keil 2008 IgM antibody titer (SRBC) ELISA in tero expasure - Bwks F1 Mouse, BSCIFT (., Neg) ocal gavage GO 1 until GD 17 0 e
a1 ——- 4
1 ——
5 i—ql—t
. dy o P as. oune, BE ' | gavage 1 ——
0334 —@— I
Gzl 2010 IgM antioody level (SRBC 1:200)  ELISA Singla dosa-leval Mouse, BECIF1 (7, N=5) oraldet  2Bdays a o
025 pqli
- achy bovel i BECIFY (7, N i v —
025 ——H
t 1 M antibody » i fase A Moune, E o Al gavage 3 week ] (0]
20 : ®
Dong 2008a gt antibody-secreting cells (SREC}  PFC Dos-response Mouse, CSTBLS (7. N=10) aral gavage &0 days [:]
0.008 —i
0.083 —8—
0417 I = !
03 - :
2.083 = "
Podun-Adams 2008 lgM antibody-producing cels (SRBC)  PFC Dose-responso - 1 Mouse, BECIF1 (-, N=5) oralgavage 28 days a —_——
0 ——Ll
0.002 - :
0.003 - 1
07 i 1
0.033 —&— I
0.166 —@— :
Peden-Adams 2008 IgM antibody.producing cells (SRBC)  PFC Dose-response - 1 Mouse, BECIF1 (7, Ne5) oral gavage 28 days 0 ——
0 —lr—i
0.002 A P —
0.003 ———y
a7 —— :
0033 = |
0,166 o I
Qiazi 20106 IgM antibody-secreling cells (SRBC)  PFC Single dose-evel Mouse, BECIF1 (7, N=5) oraldiet 26 days [
025 —re—
Zheng 2009 Ight antibody-secreting cells (SREC)  PFC Dose-response Mouse, CSTBLIE {2, N=12) oral gavage 7 days i —O—
B [ 1
il o :
40 (s} i
Peden-Adams 2009 IgM and Ig¥ antibody titer (SRBC]  xHemagglutination In ovo exposure F1 Bird, White leghorn chicken [ 7, Neg} in ovo GDOunl GO O 0 r-—¢—1
1 s & l
25 —@— !
5 P~ S !
Peden-Adams 2008  IgM antibody titer {SREBC) xHemagglutination in ovo exposure F1 Bird, White leghomn chicken | M=) inova GDOunti GDOD 0 F é 1
1 S |
25 e I
s e :
420 00 B0 40 40 20 0 20 40 60 80 100 120
Percant change relative o control

(Interactive figure and additional study details in HAWC see Figure D8 - PFOS Ab in animals IgM)
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Figure D9. Antigen-specific IgG antibody response in experimental animals following PFOS exposure

Study Endpoint Response Diagnostic Conditi Animal Routs Exposure  Dose [ @ Coni . @ %changesoconvol @ 56 b—i+-95% 01
Dong 2011 I1gG antibody Bler (SREC) Secondary IgG  ELFSA Dose-response Mouse, CSTBLE (7, N=§) ol gavage 60 days o
0.008 ——
o017 |
0083 =i et
a4 -
0.833 :r—.-—{
Dung 2011 IgG1 antibody titer (SREC) Secondary igG  ELESA Dose-rpsponse Mouse, C5TBLS (7, N=6) oral gavage 60 days a {1
0,008 ——i
am? ——
oo —o—s
0417 —e—
0833 | ——
Deng 2011 1gG2a antivady S [SREC) Secondary IgG  ELISA Desa-teaponse Mousa, CSTBLS [ 1, N=g) oral gavago 60 days ] p?--l
0.008 o
o0.017 = =
0083 e
aair —el
0833 L :
Lafobves 2008 15 aniitsody tiser (KLH) 3 ELSA R, Speague-Dawloy {1, Hetl) oraldiol 28 days o
0.4 — e
133 LI
1
3 T T T
634 T ®
Lufobvre 2008 \gG antibody titer (KLH) Secondary igG ELISA Doso-response Rat, Sprague-Dawlay { |, W=10 oral diot 28 days [} o
0.15 ‘.
143 I—vql—‘
an —
7.58 —p———————
L
Pedan-Adams 2009 ig¥ antibody titer {SRBC) Secondary G Hemagplutnation  In ove sxposune F1 Bird, White lsghorn chicken | N=&) in ave GO0 untd GDO O I—Q—l
08 —e—i :
231 r—.—:|
4 ————r—i
Podan-Adame 2009 IgM and bg¥ antibady titer (SREC) Secondary g6 aHemagghutination In avo exposiuse F1 Bird, Whits leghorn chicken [, Ne§) In ave GO0 unt GD O 0 —_———
08 @ '
23 [ = :
46 — 8 1
Qi 20108 19G antbody lovel (SREC 1:200)  Primary 1gG ELISA Single dose-kvel Mouse, BECIFY (7, N=5) oral diet 28 days L] l—é—1
a ———
420100 80 60 40 20 0 0 40 6 B) 100 120 140 160

Parcant change relats io contral

(Interactive figure and additional study details in HAWC Figure D9 - PFOS Ab in animals 1gG)
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Risk of Bias Ratings for Studies of the Antibody Response

Figure D10. Risk of bias summary for studies of the antibody response in humans

Did selection of study participants result in the appropriate comparison groups?-| 20% | 20%
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(Risk of bias ratings and study details in HAWC Figure D10 - Human Antibody RoB)

Figure D11. Risk of bias heatmap for studies of the antibody response in humans

Did selection of study participants result in the appropriate comparison groups?
Did study design or analysis account for important confounding and modifying variables?
Were outcome data complete without attrition or exclusion from analysis?
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m Not applicable
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- Probably high risk-of-biak _ _ »
Probably low risk-of-bias| Were there no other potential threats to internal validity?

Were all measured outcomes reported?

S0 Definitely low risk-of-biap

2%

(Individual study details and risk of bias ratings in HAWC Figure D11 - Human Antibody RoB Heatmap)
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Figure D12. Risk of bias summary for studies of the antibody response in animals after PFOA exposure

Was administered dose or exposure level adequately randomized? -| 100% |
Was allocation to study groups adequately concealed?-[ 75% | 25% |
Were experimental conditions identical across study groups? -| 75% _
Were the research personnel blinded to the study group during the study?-l B88% -
Were outcome data complete without attrition or exclusion from analysis?—[ 13% | 75% -
Can we be confident in the exposure characterization? N 38% I 50% |
Legend
m Not applicable Can we be confident in the outcome assessment? - 13% | 75% |
B8 Definitely high risk-of-bias
) Were all measured outcomes reported?
- Probably high risk-of-biag
Probably low risk-of-bias} Were there no other potential threats to internal validity? 25%
. . N 1 ) I 1 1 1
L2 Definitely low risk-of-biag 0% 20% 40% 60% 80% 100%
Percent of studies

(Risk of bias ratings and study details in HAWC Figure D12 - PFOA Animal Antibody RoB)

Figure D13. Risk of bias heatmap for studies of the antibody response in animals after PFOA exposure
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(Individual study details and risk of bias ratings in HAWC Figure D13 - PFOA Animal Ab RoB Heatmap)
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Figure D14. Risk of bias summary for studies of the antibody response in animals after PFOS exposure
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Figure D15. Risk of bias heatmap for studies of the antibody response in animals after PFOS exposure
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Can we be confident in the exposure characterization? -

Can we be confident in the outcome assessment? -

Were all measured outcomes reported?

(Individual study details and risk of bias ratings in HAWC Figure D15 - PFOS Animal Ab RoB Heatmap)

105



https://hawcproject.org/summary/visual/115/
https://hawcproject.org/summary/visual/114/

Systematic Review of Immunotoxicity Associated with Exposure to PFOA or PFOS

Disease Resistance/Infectious Disease Outcomes

Figure D16. Infectious disease relative to PFOA or PFOS levels (presented as adjusted odds ratio).

PFOA and PFOS Association with Infectious Disease

Chamical Study Dosign Papulation Name Dutcome Qutcome Age comparison sot name N Quartile or Continuous.
PFOA  Looker 2014 Cohort Asubsampo of any cold, last 12 months 18+ yoars of age log transformed PFOA quarties 191 first quartile (0.26-13.7 ngimL) |'_'95°"’IC' @ Estimaio @ Retersnt @ _Significant
et tom e 185 second quarte (13.8-31.5 ngimL) —e—
185  third cuartie (31.6-90 ngimL) o
187 fourth quartie (90.4-2140 ngimL} —@+
— — — —
A subsample of ‘any flu infection, last 12 months. 18+ years of age  log transtormed PFOA quartiles 191 first quartile (0.25-13.7 ngiml) ®
ubjects from 3
s 5 the 189 secord guartite (13.8-31.5 nglmL) d
] 188  third quartile (31.6-90 ng/mL) "_O_I 1
any flu infection 187 fourth quartie (90.4-2140 ngimL) =
PFOA  Okada 2012 Cohorl (Prospective) Chikdren from Sappor  olitis media during firs! 18 PFOA concaniration log10 174 per 10-fold increase i
Hospital, Hokkaido  months of ide (females) } o :
Jagan birth cohort
20022005 1
PFOA  Okada 2012 Cohort (Prospective) Chikdren from Sapporo  olitis media during first 18 PFOA concantration log10 343 per 10-bokd increase !
Hospital, Hokkaido  months of e (mates and » Lo .
Japan birth cobort females) 1
I
PFOA  Okada2012 Cohort i hikdren from S: dia during first 18 PFOA concentration log10 169 per 10-old increase
Hospital, Hokkaido  moniths of ife (mabes) |_@_.'
L Jagian birth cohort T
otitis media | 002-2009 1
PFOS Looker 2014  Cohort A subsample of any cold, last 12 months 18+ years of age  log-transformed PFOS quartiles 193 first quastile (0.1-5.8 ng/mL) +
subjects from the C8
Health Project 187 socond guartie (5,592 ngimL) —e—
| 180 third quartile (9.3-14.5 ngimL} 18—
anx cold | 185 fourth quartie (14.7-42.3 ngimL) =
S— —
PFOS Looker 2014 Cohort A subsamgle of any M infaction, 1ast 12 months 18+ years of age  log-ransfomed PROS quartles 193 first quartile (0.1-5.8 ngimL) []
m"{m’( 5 m"' . 187 second quartile (5.8-8.2 ngimL) r—o:—'l
! 180 third quartile (9.3-14.5 nglL} —e
anz flu infection | 185 fowrth quarile (14.7-42.3 ng/mL) L=
PFOS Okada 2012 Cohort pective) Children from Sapporo  olitis media during first 18 PFOS concentraion leg10 174 per 10-fold increase 1
Hospital, Hokkaldo months of e (females) —
Jagan birth cohort T
PFOS  Okada 2012 1 Chikdren from S itis medin during first 18 PFOS concentration log 10 343 per 10-40ld incroase |
Hospital, Hokkaldo  months of Ide (males and (LU~ 1 1LY
Japan birth cohart fomalos) 1
2002-2005 \
PFOS  Okada 2012 Cohort (Prospective) Ghildren from Sapporo  otitis media during first 18 PFOS concentration log10 169 por 10-4old incroase !
Hospital, Hokkaido  months of le (mabes) & "
— - Jagan birth cohar e
otitis media 2002:2005 |
o T ey

Adjustied odds ratic

(Interactive figure and additional study details in HAWC Figure D16 - Infectious disease general)

Figure D17. Infectious disease in children by number of episodes relative to maternal PFOA or PFOS

levels (Granum 2013)

Chemical Study Design Population Name Outcome N Quartile or Continuous PFOA and PROS Asvoclation with Dissase
PFOA  Granum 2013 Cohort (Prospective) Childrenofthe  no, of episodes of common cold: 78 continuous PFOA concentration [Fos%ci @ Esimste @ Reterent @ Sigrifcant |
Morwegian BraMat  3rd year I " o i
birth cohort 1
(2007-2008) t
PFOA Granum 2013 Cohort (Prospective)  Children of the no, of episodes of common cold: 65 continuous PFOA concentration |
Norwegian BraMat  all 3 years
birth cohort f ©
common cold | (2007-2008) 1
PFOA Granum 2013 Cohon (Prospective)  Children of the. no. of episodes of 82 continuous PFOA concentration ]
regi ral itis: 3rd year I " = i
birth cohort
(2007-2008) |
PFOA Granum 2013 Cohont (Prospective)  Children of the no. of episodes of B6 continuous PFOA concentration !
egian BraMat itis: all 3 years I @ i
birth cohort I
éaste roenteritis | {2007-2008) J
PFOS Granum 2013 Cohort (Prospective)  Children of the no. of episodes of common cold: 78 continuous PFOS concentration !
Morwegian BraMat  3rd year |.D-|
birth cohort
(2007-2008) !
PFOS Granum 2013 Cohort (Prospective)  Children of the no. of episodes of common cold: 65 continuous PFOS concentration q
Morwegian BraMat  all 3 years
birth cohort
commeon cold | (2007-2008) 1
PFOS Granum 2013 Cohort (Prospective) Children of the no. of episodes of 82 continuous PFOS concentration I
BraMat g, itis: 3rd year
birth cohort e
(2007-2008) I
PFOS Granum 2013 Cohort (Prospective)  Children of the no. of episodes of 66 continuous PFOS concentration I
gian BraMat itis: all 3 years HeH
birth cohort i
) 2007-2008,
gasteroenteritis ¢ ! 1 . L 1 1 L ! 1 L
-1 08 06 04 02 1] 02 04 06 08
i gressi ient {beta)

(Interactive figure and additional study details in HAWC Figure D17 - Infectious disease Granum)
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Figure D18. Hospitalizations for infectious diseases relative to PFOA or PFOS levels (Fei 2010)

Chemical Study  Design Population Name Outeome Outcome Age comparison setname N Quartile o Continuous PFOA and FFOS with Infectious Disesss
PFOA  Fei2010 Cohort [Prospective) momerinfont pairs  hospitaizations for infectious -1 year maternal PFOA quartiles  first quartie (<L0Q-3.90 ngimL) F—llowerCI @ Estirale @ Reforort @ Significant
r':‘m &an@w disoases [0-<1 years of age) second quartile {3.91-5.20 ng/m) r-—-—.-—-l:
third quariie (5.21-6.96 ng/miL} —§—
fourth quartis (>=6.97 ng/mL) =]
PFOA  Fel2010 Cohort (Prospectivel mofherinfant pairs  hospiltaizations for infictious  1-2 years maternal PFOA quartiles st quantite (<LOG-3.90 ngimL) @
m;",o‘,'; m’gm tiacasea{1-<2 yoars of 4g0) second quartile (3.91-5.20 ngimL) g
third Guarte (5.21-6.96 ngimL) I—.—:1
fourth quartia (>=6.57 ngiml.) —a—
PFOA  Fel2010 Cohort (Prospective) mofher-infant pavs  hospitaizations for Infactious  2-4 years maternal PFOA quartiles st quartie (<LOG-3.90 ngim) @
::',:,,,“: m’aﬂm omses 24 yown 0 do9) secord quartile {3.81-5.20 ng/ml) —y
third e (5 21.6.96 ngimL) —g—i!
fourth quartle (>=6.97 ngim) '_d_|
PFOA  Fei 2010 Cohort [ the-irfar ilsizations for infectious 4-10 years  matemal PFOA quartiles  first quartile (<LOD-3.90 ng/mL) (5]
m ms&w‘ diseases (>=4 years of age) socond quartiie {3,91-5.20 ngimL) —&
thind quartiie (5.21-6.96 ng/mL} —
foirth uasrtle (>#6.97 ngimL ] =
PFOA  Fei2010 Cohort [Prospective] mofher-infant pairs  hospitalizations for infectious 010 years  matemal PFOA quartles  first quartie (<LO0-3.90 ng/mL) +
from the Danish diseases (all)
Nasional Birth Cohort second quartile (3.91-5.20 ngfml ) —8—
ihird quarte (5.21-6.96 ngimL) 1
fourth guartle (>=8.97 ng/mL) =l
PFOA Fel 2010 Cohort (Prospective]  mother-infant pairs  hospitalzations for infectious  0-10 years. maternal PFOA quarties first quartite {<LOQ-3.90 ngimL) ‘
frm the Danish diseases [boys) 1
National Birth Cohort second quartile {3.91-5.20 ng/mL) ——t |
third cuarte (5.21-6.96 ng/miL) ——i
fourih quartie (=697 ng/mL) e il
PFOA  Fei2010 Cohort (Prospeciive) mofher-inlontpars  hospilaizations for infectious 0-10years  matemal PFOAguartiles  first quartia (<LOQ-3.90 ngiml) @
m m?am diseases (qiris) second quartile (3.91-5.20 ngimL) —le—
third quartiie (5.21-6.96 ng/ml.) :r——H
fourth guartla (>=6.97 ngimL) J——
PFOS  Fei 2010 Cohort [ infant pairs i infectious -1 year maternal PFOS quartiles  first quantiie (B.4-26 ng/mi) +
P B oy s {hppamstige) socond quarlile {26.1-33.3 ngimL) —e—i
i quartle (33.4-43.2 ngimL} —8
fourth quarte (>=43.3 ng/mL) !
PFOS  Fui2010 Conort mothar-infant : infoctious 1-2yoars  matomal PFOS quariies st quartie (6.4-26 ngimiL) <]
:,m mm Siageney 112 Yoo o an) ‘second quartile {26.1-33.3 ng/ml) I—.—l:
third guartle (33.4-43.2 ngimL) —e—
fourth quartio (>=43.3 ngiml) —&—
PFOS  Fei 2010 Cohort (Prospective] motherinlant pairs  hosgitalizations for infectious  2-4 years matemal PFOS quarties  first quantia (6.4-26 ng/mi) (5]
m E‘,;"“,:’Qm datasea {224 yomy ol Soe) second quartie (26.1-33.3 ngimL) —e—4
third quarse (33,443 2 ng/mL} 0—-0—-%|
Tourth quarte (»=43.3 ngimL] i
PFOS  Fei 2010 Cohort [Prospective) motherinfanl pairs  hospitaizations for infectious 4-10 years  matemal PFOS quarties  first quartile (6.4-26 ngimiL ) (2]
roch e Demiin ) Smeesma st nanicl an) ‘sncond quartile (26.1-33.3 ngimL) —a—
third quarie (33.4-£3.2 ng/ml.) —o—
fourth Guartie (>=43.3 ngimL) !:—Q—|
PFOS Fei 2010 Cohort (Prospective] mother-infant pars  hospitalizations for infectious  0-10 years maternal PFOS quartiles. first quartile (6.4-26 ng/miL | 0
froam the Danish diseases (all)
National Birth Cohart second quartie (26.1-33.3 ng/mL) —a—
third quistiie (33.4-43.2 ng/mL} —e-
fourth quartle (>=43.3 ngimL| ._r
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i, S e et 135319 —o—
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o1 A o~ N e
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(Interactive figure and additional study details in HAWC Figure D18 - Hospitalizations for Infectious

disease Fei 2010)
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Figure D19. Disease resistance in experimental animals following PFOA or PFOS exposure

Percent change relative to control

Chemical Study Endpoint Animal description Route Exposure Dose | © Contrel . @ % change relative to contrel . @ Significant
PFOA Smits and Nain 2013 mortality/morbidity Bird, Japanese quail {7, N=18) oral drinking water 8 weeks 0 ?
(subsequent to E. coli
challenge) 0.2 ?
21 | °
PFOA Smits and Nain 2013 bacteremia (subsequent  Bird, Japanese quail (-, N=18) oral drinking water 8 weeks 0 Q
to E. coli challenge) 1
0.2 L]
1
21 | L
PFOA  Smits and Nain 2013 septicemi q Bird, Jap quail (7, N=18) oral drinking water 8 weeks 0 @
to E. coli challenge)
02 ®
21 I °
PFOA Smits and Nain 2013 cellulitis b to E. Bird, quall {7, N=18) oral drinking water 8 weeks 0 é
coli challenge)
0.2 L ]
21 ®
!
PFOS Guruge 2009 Survival rate (influenza A Mouse, BEC3F1 (7, N=23-24)  oral gavage 21 days o Q
infection) 1
0.005 L ]
. 1
survival rate | 0.025 6] 1
PFOS Guruge 2009 Survival time (influenza A Mouse, BECIF1 (2, N=23-24)  oral gavage 21days 0 @
infection)
0.005 e |
survival time | 0.025 (] )
PFOS Guruge 2008 body weight during Mouse, BECIF1 (7, N=23-24)  oral gavage 21days 0 ¢
influenza A infection (day
30, 9 days after infection) 0.005 @
0.025 ® !
PFOS Guruge 2008 body weight during Mouse, BEC3IF1 (5, N=23-24)  oral gavage 21 days o ?
influenza A infection (day
41, 20 days after infection) 0.005 | o
" 0.025 [ ]
bodi WEIéh‘t | — T T 71— T
<70 .80 50 40 <30 .20 <10 o 10 0 3

(Interactive figure and additional study details in HAWC Figure D19 - disease resistance in animals)

108



https://hawcproject.org/summary/data-pivot/assessment/57/disease-resistance-pfoa-and-pfos/

Systematic Review of Immunotoxicity Associated with Exposure to PFOA or PFOS

Risk of Bias Ratings for Studies of the Infectious Disease and Disease Response

Figure D20. Risk of bias summary for studies of the infectious disease in humans

Legend
E Not applicable
8 Definitely high risk-of-bigs
| - | Probably high risk-of-biaf
Probably low risk-of-bias]
L 24 Definitely low risk-of-biag

Did study design or analysis account for important confounding and modifying variables?-|

Were outcome data complete without attrition or exclusion from analysis? _

Did selection of study participants result in the appropriate comparison groups?-| 40%

60%

| 40% |

Can we be confident in the outcome assessment?—[ 40%

I 60% |

Were there no other potential threats to internal validity?—[ 40%

0% 20%

40% 60% 80% 100%
Percent of studies

(Risk of bias ratings and study details in HAWC Figure D20 - Human Infectious Disease RoB)

Figure D21. Risk of bias heatmap for studies of the infectious disease in humans

Legend
m Mot applicable

Definitely high risk of bias
- Prabably high risk of bias
n Probably low risk of bias

~ = Definitely low risk of bias
ﬁ Not reported

Did selection of study participants result in the appropriate comparison groups?

Did study design or analysis account for important confounding and modifying variables?

Were outcome data complete without attrition or exclusion from analysis?

Can we be confident in the exposure characterization?

Can we be confident in the outcome assessment?

Were all measured outcomes reported?

Were there no other potential threats to internal validity?

(Individual study details and risk of bias ratings in HAWC Figure D21 - Human Infectious RoB Heatmap)
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Figure D22. Risk of bias heatmap for studies of disease resistance in animals with PFOA or PFOS

)
o  we© 10;6 0
Q 3
200 (\7'0 907'0

Was administered dose or exposure level adequately randomized? 4 + +

Was allocation to study groups adequately concealed? 4 - +

Were experimental conditions identical across study groups? —]

Were the research personnel blinded to the study group during the study? 4 = -

Were outcome data complete without attrition or exclusion from analysis? 4 - + +
Can we be confident in the exposure characterization? { + - - -
Can we be confident in the outcome assessment? 4 - + + +

Were all measured outcomes reported?

there no other potential threats to internal validity?
Legend

m Not applicable
Definitely high risk-of-bi Cipants result in the appropriate comparison groups? - + +

oY

- | Probably high risk-of-bia
Probably low risk-of-bias
2 Definitely low risk-of-biag

for important confounding and modifying variables? - - -

(Individual study details and risk of bias ratings in HAWC Figure D22 - Animal Disease Resistance RoB
Heatmap). Note that Smits and Nain (2013) and Guruge (2009) are experimental exposures studies and
therefore were evaluated with risk of bias questions appropriate to evaluate experimental studies. The
Kannan (2006) and Kannan (2010) studies are wildlife studies and therefore were evaluated with risk of
bias questions appropriate to evaluate observational studies.
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Natural Killer (NK) Cell Activity

Figure D23. NK cell activity in experimental animals following PFOA or PFOS exposure

250

Chemical Study Endpolnt Animal Route Exposure  Dose [ @ Contrel . @ % change to conrol —i+/-55%C1 @ Sw.|
PFOA Vistvicka 2013 Splenic NK call actnvity % activity (YAC-1)  Single dosa-loval Mouse, BALB/c (/. N=15} oral gavage 7 days Q P?"
20 Q |
FFOS Dong 20093 Sgplenic NK cell activity % aclivity (YAC-1]  Dose-resgonse Mouse, CSTBLE (7, N=10) oral gavage 60 days o "‘é“'
0.008 i
0.083 [ ]
o417 b—‘—.—t
0633 D :
2,083 HBH ]
PFOS Vetvicka 2013 Splenic NK cell activity % activity (YAC-1)  Single dosa-jevel Monse. BALB/C (7. N=15) ool ghvage T days o [E a2l
20 (=] !
FEOS  Zheng 2009 Splenic NK coll actiity % activity (YAG-1)  Dose.response Mause, CETBLS (7, N=12) oral gavage 7 days o i—¢-—4
s e
20 L i
40 (=) !
PFOS  Keil 2008 Splonic MK cell activity Lytic units (YAC-1) In utero exposure - dwks F1 Mouse, BECIF1 [, N=12) oral gavage GO 1 until GO 17 0 y$|
01 = 5
1 L B
5 e
PFOS  Weil 2008 Splonie MK call activity Lytie units (YAC-1) In utors exposure - Bwks F1 Mouse, BECIFY [, N=2-6)  oral gavage GD 1 untll GO 47 0
0.1 e
1 e
5 [¥- o
PFOS  Kedl 2008 Splonic NK call netivity  Lytie Units (YAC-1) In Swkn F1 Mouse, BECIF1 (L, N=3-6] oral gavage GD1untll GD 17 8 r—¢—1
o1 e
1 = N
s o !
PFOS Pedan-Adoms 2006 Splenic NK call actvity Lyt units [YAC-1)  Dose-response - 1 Mowse, BECIF1 (7, N=5) oral gavage 18 doye o
a | —y—
0.002 I ——
0003 D ——g—
amr : —
0033 | —
0.166 (] —
FFOS Pocen-Adams 2008 Sploric NK coll petity  Lytc units (YAG-1)  Doso-mesponse - 1 Mousa, BECIF1 (7, H=5) ol gavago 28 days. o ——
o »—Il.v—c
0,002 ————
0,003 et
M7 —le—
0,033 ....._.: P
0.166 —
100 50 o ES 100 150 200
Percent change relative to control

(Interactive figure and additional study details in HAWC Figure D23 - NK cell activity in Animals)

Figure D24. NK cell activity in human and animal cells following in vitro PFOA or PFOS exposure

Chemical  Study Endpoint  cell species call tissus coll type dose dose units | @ conral . @ % change to conral —95% C1 @ Sig.|
PFOA Brieger 2011 MK cell activity human blood peripheral biood mononudear cells (PBMC) 0 maiL q)

1 mgiL [ ] !

0 mgh ® |

100 mgiL ® 1

:

PFOS Wirth 2014 NK cell activity dolphin blood peripheral blood leukocyles o mgiL @

001 mgl ! [ ]

0.05 mglL [ ] :

01 mglL T @

0.5 mgl L ]

1 mgiL. .'

5 mgiL .:
PFOS Brieger 2011 NK cell activity human bood peripheral blood mononucear cells (PBMC) 0 mgiL @

1 mgiL @

10 mglL @

100 mgl @ :
PFOS Wirth 2014 MK cell activity mice spleen splenocyte o mgiL @

001 mglL @ 1

0.05 mgl [ ] |

01 mg @ :

0.5 mglL @ 1

1 mgiL Y 1

5 mgn :

80 6o -0 .20 [ 20 40 60
Percent change relative to contral

@

(Interactive figure and additional study details in HAWC Figure D24 - NK cell activity in vitro)
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Risk of bias Ratings for Studies of NK Cell Activity

Figure D25. Risk of bias summary for studies of NK cell activity in animals after PFOS exposure

Was administered dose or exposure level adequately randomized? -|

40%
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Was allocation to study groups adequately concealed? —|

100%

Were experimental conditions identical across study groups? -|
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Were outcome data complete without attrition or exclusion from analysis? —|
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Legend .
m Not applicable Can we be confident in the outcome assessment? —|
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g Definitely high risk-of-bias Were all measured outcomes reported? -|
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there no other potential threats to internal validity? —

=3 Definitely low risk-of-biak 0%

20% 40%
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Percent of studies

(Risk of bias ratings and study details in HAWC Figure D25 - PFOS Animal NK RoB Summary)

Figure D26. Risk of bias heatmap for studies of NK cell activity in animals after PFOA of PFOS exposure

Was administered dose or exposure level adequately randomized?

Was allocation to study groups adequately concealed? -

Were experimental conditions identical across study groups? 4
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(Individual study details and risk of bias ratings in HAWC Figure D26 - PFOA and PFOS Animal NK RoB

Heatmap)
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Hypersensitivity-related Effects and Outcomes

Hypersensitivity Data

Figure D27. Asthma in children relative to current PFOA levels (presented as adjusted odds ratio)

Study Dasign

Dong 2013 ‘Case-control
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Humblet 2014 Cross-sectional
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Stein 2015 Cross-sectional
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ever asthma |
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child serum

child Serum

child serum
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(Interactive figure and additional study details in HAWC Figure D27 - PFOA Asthma in children)

Figure D28. Asthma in children relative to current PFOS levels (presented as adjusted odds ratio).
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(Interactive figure and additional study details in HAWC Figure D28 - PFOS Asthma in children)
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Figure D29. Airway hypersensitivity in animals following exposure to PFOA or PFOS
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(Interactive figure and additional study details in HAWC Figure D29 - Airway hypersensitivity in animals)

Figure D30. Antigen-specific IgE in animals following exposure to PFOA or PFOS
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(Interactive figure and additional study details in HAWC Figure D30 - Antigen-specific IgE in animals)

Figure D31. Total IgE in animals following exposure to PFOA
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(Interactive figure and additional study details in HAWC Figure D31 - Total IgE in Animals)
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Risk of Bias Ratings for Studies of Hypersensitivity
Figure D32. Risk of bias summary for studies of asthma in children with current PFOA or PFOS levels
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(Risk of bias ratings and study details in HAWC and Figure D32 - Asthma in children RoB)

g_

Figure D33. Risk of bias heatmap for studies of asthma in children with current PFOA or PFOS level
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(Individual study details and risk of bias ratings in HAWC Figure D33 - Asthma in children RoB Heatmap)

Figure D34. Risk of bias heatmap for studies of hypersensitivity in humans with PFOA or PFOS level
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(Individual study details and risk of bias ratings in HAWC Figure D34 - Hypersensitivity in humans RoB
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Figure D35. Risk of bias summary for studies of airway hypersensitivity in animals after PFOA exposure
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(Risk of bias ratings and study details in HAWC Figure D35 - Animal Airway Hypersensitivity RoB)

Figure D36. Risk of bias heatmap for studies of airway hypersensitivity in animals after PFOA exposure
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Autoimmunity-related Effects and Outcomes

Autoimmunity Data

Figure D37. The incidence of autoimmune diseases relative to cumulative PFOA exposure in residents
and workers in the Ohio Valley
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(Interactive figure and additional study details in HAWC Figure D37 - Autoimmunity)
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Risk of Bias Ratings for Studies of Autoimmunity

Figure D38. Risk of bias summary for studies of autoimmunity in humans with PFOA exposure levels
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Figure D39. Risk of bias heatmap for studies of autoimmunity in humans with PFOA exposure levels
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APPENDICES

Appendix 1. Literature Search Strategy

The strategy for this search is broad for the consideration of immune-related endpoints and
comprehensive for PFOA or PFOS as an exposure or treatment in order to ensure inclusion of relevant
papers. The search terms for PubMed are provided below. The specific search strategies for other
databases are available in the protocol (http://ntp.niehs.nih.gov/go/749926).

Database | Search Terms

PUBMED | perfluoroalkyl*[tiab] OR perfluorocaprylic[tiab] OR perfluorocarbon*[tiab] OR
perfluorocarboxyl*[tiab] OR perfluorochemical*[tiab] OR (perfluorinated[tiab] AND (C8[tiab] OR
carboxylic[tiab] OR chemical*[tiab] OR compound*[tiab] OR octanoic[tiab])) OR PFAA*[tiab] OR
“fluorinated polymer”[tiab] OR “fluorinated polymers”[tiab] OR (fluorinated[tiab] AND
(polymer([tiab] OR polymers[tiab])) OR (fluorocarbon[tiab] AND (polymer[tiab] OR polymers[tiab]))
OR Fluoropolymer*[tiab] OR (fluorinated[tiab] AND telomer*[tiab]) OR fluorotelomer*[tiab] OR
fluoro-telomer*[tiab] OR fluorosurfactant*[tiab] OR “FC 143”[tiab] OR FC143[tiab] OR 335-67-1 [rn]
OR Pentadecafluoroctanoate*[tiab] OR Pentadecafluorooctanoate*[tiab] OR
pentadecafluoroctanoic[tiab] OR pentadecafluorooctanoic[tiab] OR “pentadecafluoro-1-
octanoic”[tiab] OR “pentadecafluoro-n-octanoic”[tiab] OR “perfluoro-1-heptanecarboxylic”[tiab] OR
perfluorocaprylic[tiab] OR perfluoroheptanecarboxylic[tiab] OR perfluoroctanoate[tiab] OR
perfluorooctanoate[tiab] OR “perfluoro octanoate”[tiab] OR “perfluorooctanoic acid”[nm] OR
perfluoroctanoic[tiab] OR perfluorooctanoic[tiab] OR “perfluoro octanoic”[tiab] OR “perfluoro-n-
octanoic”[tiab] OR “perfluorooctanoyl chloride”[tiab] OR PFOA[tiab] OR APFO[tiab] OR 1763-23-
1[rn] OR 307-35-7[rn] OR “1-octanesulfonic acid”[tiab] OR “1-perfluorooctanesulfonic”[tiab] OR “1-
perfluoroctanesulfonic”[tiab] OR “heptadecafluoro-1-octanesulfonic”[tiab] OR “heptadecafluoro-1-
octane sulfonic”[tiab] OR “heptadecafluorooctanesulfonic”[tiab] OR “heptadecafluorooctane
sulfonic”[tiab] OR “heptadecafluoroctane sulfonic”[tiab] OR “perfluoroalkyl sulphonate”[tiab] OR
perfluoroctanesulfonate[tiab] OR perfluorooctanesulfonate[tiab] OR “perfluoroctane
sulfonate”[tiab] OR “perfluorooctane sulfonate”[tiab] OR “perfluoro-n-octanesulfonic”[tiab] OR
perfluoroctanesulfonic[tiab] OR perfluorooctanesulfonic[tiab] OR “perfluorooctane sulfonic
acid”[nm] OR “perfluoroctane sulfonic”[tiab] OR “perfluorooctane sulfonic”[tiab] OR
perfluoroctanesulphonic[tiab] OR perfluorooctanesulphonic[tiab] OR “perfluoroctane
sulphonic”[tiab] OR “perfluorooctane sulphonic”[tiab] OR perfluoroctylsulfonic[tiab] OR PFOS [tiab]

AND

immunology[sh] OR immune[tiab] OR immunocomp*[tiab] OR immunogen*[tiab] OR
immunolog*[tiab] OR immunotox*[tiab] OR immunotoxins[mh] OR immunity[tiab] OR
autoimmun*[tiab] OR "host resistance"[tiab] OR immunocompetence[mh] OR "immune
system"[mh] OR spleen[tiab] OR splenic[tiab] OR splenocyt*[tiab] OR thymus[tiab] OR thymic[tiab]
OR thymocyt*[tiab] OR leukocyt*[tiab] OR granulocyt*[tiab] OR basophil*[tiab] OR eosinophil*[tiab]
OR neutrophil*[tiab] OR lymph[tiab] OR lymphoid*[tiab] OR lymphocyt*[tiab] OR "b-
lymphocyte"[tiab] OR "b-lymphocytes"[tiab] OR "t-lymphocyte"[tiab] OR "t-lymphocytes"[tiab] OR
"killer cell"[tiab] OR "killer cells"[tiab] OR "NK cell"[tiab] OR "NK-cell"[tiab] OR "NK-cells"[tiab] OR
macrophag*[tiab] OR "mast cell"[tiab] OR "mast cells"[tiab] OR monocyt*[tiab] OR phagocyt*[tiab]
OR dendrit*[tiab] OR "t-cell"[tiab] OR "t cell"[tiab] OR "t cells"[tiab] OR "t-cells"[tiab] OR "T
helper"[tiab] OR "T-helper"[tiab] OR "b-cell"[tiab] OR "b cell"[tiab] OR "b cells"[tiab] OR "b-
cells"[tiab] OR antibod*[tiab] OR histamine*[tiab] OR histocompatib*[tiab] OR
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Database

Search Terms (continued)

immunoglobulins[mh] OR immunoglobulin*[tiab] OR "immunoglobulin A"[tiab] OR IgA[tiab] OR
"immunoglobulin D"[tiab] OR IgD[tiab] OR "immunoglobulin E"[tiab] OR IgE[tiab] OR
"immunoglobulin G"[tiab] OR IgG[tiab] OR "immunoglobulin M"[tiab] OR IgM[tiab] OR "antigens,
CD"[mh] OR CD3 [tiab] OR CD4 [tiab] OR CD8 [tiab] OR CD25 [tiab] OR CD27 [tiab] OR CD28 [tiab]
OR CD29 [tiab] OR CD45*[tiab] OR cytokines[mh] OR cytokine*[tiab] OR chemokine*[tiab] OR
inteferon*[tiab] OR interleukin*[tiab] OR "IL-6"[tiab] OR "IL-8"[tiab] OR lymphokine*[tiab] OR
monokine*[tiab] OR ("tumor necrosis"[tiab] AND (factor[tiab] OR factors[tiab])) OR "TNF
alpha"[tiab] OR "TNFalpha"[tiab] OR "immune system diseases"[mh] OR autoimmun*[tiab] OR
addison[tiab] OR rheumatoid[tiab] OR glomerulonephritis[tiab] OR diabetes[tiab] OR graves[tiab]
OR lupus[tiab] OR thyroiditis[tiab] OR hypersensitiv*[tiab] OR sensitization OR
hyperresponsiv*[tiab] OR allergy[mh] OR allerg*[tiab] OR atopy|[tiab] OR atopic[tiab] OR
dermatitis[tiab] OR eczema[tiab] OR otitis[tiab] OR “ear infection”[tiab] OR “ear inflammation”[tiab]
OR Respiratory tract infections[mh] OR (respiratory[tiab] AND infection*[tiab]) OR asthmaltiab] OR
bronchitis[tiab] OR pneumonia[tiab] OR bronchiolitis[tiab] OR rhinitis[tiab] OR sinusitis[tiab] OR
wheez*[tiab] OR crackle*[tiab] OR cough[mh] OR cough*[tiab] OR dyspnea[tiab] OR
gastroenteritis[tiab] OR inflammation[mh] OR inflammat*[tiab] OR pro-inflammat*[tiab] OR anti-
inflamm*[tiab] OR "inflammation mediators"[mh] OR autacoid*[tiab] OR eicosanoid*[tiab] OR
prostaglandin*[tiab] OR immunomodulation[mh] OR immunomodul*[tiab] OR
immunotherap*[tiab] OR vaccin*[tiab] OR immuniz*[tiab] OR immunosuppress*[tiab] OR
desensitiz*[tiab] OR immunoproteins[mh] OR immunoprotein*[tiab] OR "c-reactive protein"[tiab]
OR CRP[tiab] OR "complement component" [tiab] OR (complement[tiab] AND (C1 OR C2 OR C3 OR
C4 ORC5 0OR C6 OR C7 OR C8 OR C9))
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Appendix 2. List of Included Studies

Studies in Humans

Amano K, Leung PSC, Rieger R, Quan C, Wang X, Marik J, Suen YF, Kurth MJ, Nantz MH, Ansari AA, Lam KS, Zeniya
M, Matsuura E, Coppel RL, Gershwin ME. 2005. Chemical xenobiotics and mitochondrial autoantigens in
primary biliary cirrhosis: Identification of antibodies against a common environmental, cosmetic, and food
additive, 2-octynoic acid. J Immunol 174(9): 5874-5883.

Anderson-Mahoney P, Kotlerman J, Takhar H, Gray D, Dahlgren J. 2008. Self-reported health effects among
community residents exposed to perfluorooctanoate. New Solut 18(2): 129-143.

Ashley-Martin J, Dodds L, Levy AR, Platt RW, Marshall JS, Arbuckle TE. 2015. Prenatal exposure to phthalates,
bisphenol A and perfluoroalkyl substances and cord blood levels of IgE, TSLP and IL-33. Environ Res 140:
360-368.

Buser MC, Scinicariello F. 2016. Perfluoroalkyl substances and food allergies in adolescents. Environ Int 88: 74-79.

Costa G, Sartori S, Consonni D. 2009. Thirty years of medical surveillance in perfluooctanoic acid production
workers. J Occup Environ Med 51(3): 364-372.

Dong GH, Tung KY, Tsai CH, Liu MM, Wang D, Liu W, Jin YH, Hsieh WS, Lee YL, Chen PC. 2013. Serum polyfluoroalkyl
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Appendix 3. Risk of Bias Heatmaps

Studies in Humans
Figure A3-1. Risk of bias heatmap for all included studies in humans with PFOA or PFOS levels
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Studies in Non-human Animals

Figure A3-2. Risk of bias heatmap for all included studies in animals following PFOA or PFOS exposure

(Individual study details and risk of bias ratings in HAWC Figure A3-2 - Animal Experimental RoB
Heatmap)

Figure A3-3. Risk of bias heatmap for all included wildlife studies with PFOA or PFOS levels
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In Vitro Experimental Studies

Figure A3-4. Risk of bias heatmap for all included in vitro experimental studies following PFOA or PFOS
exposure
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Appendix 4. Additional Primary Immune Outcomes Endpoints

Delayed-type-hypersensitivity (DTH) Response

The DTH response is a measure of cell-mediated immunity important for protection against intracellular
pathogens (Luster et al. 1992, Dietert 2010). The DTH response is dependent on antigen-specific
sensitization of T cells and subsequent release of cytokines leading to inflammation and destruction of
the corresponding tumor cells, fungal infected cells, or virus-infected cells. The DTH response in
experimental animals is considered a direct equivalent to the tuberculin test in humans. Assays for DTH
response are often included as part of immunotoxicity testing guidelines as a measure of cell-mediated
immune function as part of comprehensive testing strategies (Luster et al. 1992, WHO 2012).

Human DTH Data for PFOA and PFOS
No human data were identified on potential association between PFOA and PFOS and the DTH response.

Animal DTH Data for PFOA and PFOS

Summary: There is very low confidence that exposure to PFOA or PFOS is associated with changes in
DTH response in animals because there are very few studies and all the studies in mammals report no
effect. There is only one mouse study on PFOA, one on PFOS and one rat study of PFOS (Dewitt et al.
2008, Lefebvre et al. 2008, Dong et al. 2011). In contrast to mammals, PFOA exposure of 2.1 mg/kg
PFOA for 8 weeks was associated with suppression of the DTH response in Japanese quail (Smits and
Nain 2013). This suppression contributes to very low confidence in the body of evidence suggesting
more studies are necessary to conclude PFOA or PFOS have no effect on DTH across animal models or in
mammals (Peden-Adams et al. 2009, Smits and Nain 2013). [Note: no confidence summary table was
developed because the conclusion is based on few studies reporting no effect in mammals.]
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Appendix 5. Observational Data

Observational data

Spleen and Thymus weight:

Changes in spleen or thymus weight may be indicative of immunosuppression as an observational
measure that may be related to changes in lymphocyte numbers and potentially changes in B- and T-cell
functional responses. PFOA or PFOS-related decrease in spleen or thymus weight may support reduced
antibody response if it was reflected in changes in cellularity or changes in lymphocyte subpopulations
and observed at the same or lower concentrations at which reduced antibody response was observed.
Although there is consistent evidence for PFOA and PFOS-associated reduced relative weight of the
spleen and thymus it is generally observed at higher doses than changes in the antibody response.

Spleen — relative weight examined to avoid effects of body weight and for comparability
e Consistent evidence of reduced of spleen weight for PFOA exposure in mice at higher doses (15 to
30 mg/kg/day), inconsistent below 10 mg. No effect reported in rats or monkeys (see Spleen Wt
PFOA).
e Consistent evidence of reduced of spleen weight for PFOS exposure in mice at higher doses (20 to
40 mg/kg/day), most studies report reduced spleen weight at 10-20 mg/kg/day PFOS, inconsistent
evidence below 5 mg. No effect reported in rats (see Spleen Wt PFQOS).

Thymus - relative weight examined to avoid effects of body weight and for comparability
e Consistent evidence of reduced of thymus weight for PFOA exposure in mice at higher doses (15
to 50 mg/kg/day), inconsistent at 10 mg or below mg. No effect in rats or monkeys (see Thymus
Wt PFOA).
e Consistent evidence of reduced of thymus weight for PFOS exposure in mice at higher doses (20 to
40 mg/kg/day), inconsistent below 20 mg. No effect in rats (see Thymus Wt PFOS).

Spleen and Thymus cellularity:

Changes in total cell numbers in the spleen or thymus may detect changes in lymphocyte numbers as an
observational measure that may be related to immunosuppression of B- and T-cell functional responses.
A PFOA or PFOS-related decrease in B-cell numbers would present a possible mechanism for reduced
antibody response if it was observed at the same or lower concentrations at which reduced antibody
response was observed. However, there is inconsistent evidence of changes in cellularity of the spleen
or thymus and no change in cellularity was observed at doses of PFOA associated with lower antibody
levels (DeWitt et al. 2016).

Spleen
e Inconsistent results for PFOA exposure and spleen cellularity based on available data in mice;
there are no data from rats (see Spleen cellularity PFOA).
e Effect of PFOS exposure on spleen cellularity is unclear at lower doses. Consistent evidence of
reduced spleen cellularity in mice at higher doses (20-40 mg/kg/day), inconsistent below 10mg.
No data in rats (see Spleen cellularity PFOS).

Thymus
e Consistent evidence of reduced thymus cellularity for PFOA exposure in mice at higher doses (20-
50 mg/kg/day), inconsistent below 20 mg. No data in rats (see Thymus cellularity PFOA).
e Consistent evidence of reduced thymus cellularity for PFOS exposure in mice at higher doses (20-
40 mg/kg/day), inconsistent below 20 mg. No data in rats (see Thymus cellularity PFOS).
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Cell Phenotyping:

Leukocyte phenotyping may detect changes key cell populations as an observational measure related to
potential functional changes (e.g., macrophages, NK cells, or lymphocyte subpopulations). For example,
PFOA or PFOS-related decrease in B-cell numbers would present a possible mechanism for reduced
antibody response if it was observed at the same or lower exposure levels at which reduced antibody
response was observed. However, there is inconsistent evidence of reduced B-cell (B220) number at
higher exposure levels and no change in B-cell number was observed at doses of PFOA associated with
lower antibody levels (DeWitt et al. 2016). Similarly, PFOS-associated changes in NK cell number were
not consistent at exposure levels associated with changes in NK cell activity (Qazi et al. 2010a).

NK cells (CD16 or NK1.1)
e Few studies have evaluated the potential effect of PFOA and PFOS on NK cell numbers. Most
studies reported no effect of PFOA (0.25 mg/kg to 7.5 mg/kg/day) or PFOS (0.25 mg/kg) in mice.
Few studies and no effect of PFOA in rats (see NK cells (CD16 or NK1.1 or PanNK)).

B cells (B220 or CD16 or CD45RA)
o Effect of PFOA and PFOS exposure is unclear and mixed at lower doses. There is some evidence of
reduced B-cell number at higher doses PFOA (20 mg/kg/day) or PFOS (20 mg/kg/day) in mice. Few
studies and no effect of PFOS in rats (see B-cells (B220 or CD16)).

CD4
o Effect of PFOA exposure is unclear and mixed on CD4 T-cell number in spleen or thymus based on
available studies in mice; there are no rat data. Effect of PFOS exposure is unclear and mixed at
lower doses for both spleen and thymus. There is some evidence of reduced CD4 T-cell number at
higher doses of PFOS (20 mg/kg/day) in mice. Few studies and no effect of PFOS in rats (see CD4 T-
cells).

CcD8
o Effect of PFOA exposure is unclear and mixed on CD8 T-cell number in spleen or thymus based on
available studies in mice; there are no rat data. Similarly, the effect of PFOS exposure is also
unclear and mixed on CD8 T-cell number in the spleen and thymus based on available studies in
mice. Few studies and no effect of PFOS in rats (see CD8 T-cells).

DP (CD4+/CD8+)
o Effect of PFOA and PFOS exposures are unclear for spleen. There is some evidence that both PFOA
and PFOS reduced CD4+/CD8+ T cells in the thymus at higher doses [e.g., 240 mg/kg/day PFOA
and >20 mg/kg/day PFOS [DP(CD4+/CD8+)].

DN (CD4-/CD8-)
e Effect of PFOA and PFOS exposures is unclear for spleen or thymus at lower doses. There is some
evidence that both PFOA and PFOS reduced CD4-/CD8- T cells in the spleen and thymus at higher
doses [e.g., 240 mg/kg/day PFOA and 2 mg/kg/day PFOS; see DN(CD4-/CD8-)].

Lymphoproliferation:

B and T-cell lymphocyte proliferation is a component of several functional responses (e.g., B-cell
proliferation is part of the development of an antibody response). However, non-specific proliferation
(or lymphoproliferation) in response to mitogen stimulation by ConA (T-cells) or LPS (B-cells) is
considered an observational endpoint because it is less predictive for immunotoxicity than actual
functional immune measures. PFOA or PFOS-related decrease in B-cell proliferation would present a
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possible mechanism for reduced antibody response if it was observed at the same or lower
concentrations at which reduced antibody response was observed. However, reduced proliferation of B
cells (LPS) is only observed at higher doses for PFOA or PFOS and not changed/no decrease at same or
lower concentration than antibody effects observed.

ConA
e Effect of PFOA exposure is unclear but there are few studies and they are restricted to shorter
exposure periods (i.e., maximum of 7 days). PFOS exposure appears to have no effect on ConA-
induced lymphocyte proliferation at lower doses (1 mg/kg/day and lower). There is some evidence
of suppressed ConA-induced lymphocyte proliferation at higher doses of PFOS (5-20 mg/kg/day) in
mice. No data in rats (see Proliferation to ConA)

LPS
o Effect of PFOA and PFOS exposure is unclear and mixed at lower doses. There is some evidence of
suppressed LPS-induced lymphocyte proliferation at higher doses PFOA (20 mg/kg/day) or PFOS
(20 mg/kg/day) in mice. No data in rats (see Proliferation to LPS)

Cytokines:

Cytokine levels and cytokine release have been studies in multiple tissues and multiple culture
conditions (e.g., with and without ConA stimulation). Given the heterogeneity in study design, tissues,
and cell populations investigated it is difficult to evaluate whether or not there is a clear or consistent
pattern for changes in these cell signaling molecules after exposure to PFOA or PFOS. However, in a pair
of studies by the same research group, there is evidence that PFOS exposure was associated with a shift
in cytokine balance away from TH; cytokines (reduced secretion of IL-2 and INFy) and towards TH,
cytokines (increased secretion of IL-4) in mice exposed to higher doses (0.833 to 20 mg/kg/day) (Dong et
al. 2011, Zheng et al. 2011).

e IL1 - No data on PFOA. For PFOS, there are multiple studies (most by the same group) and the
generally support increased IL-1 secretion. Studies cover mixed conditions, culture, spleen and
peritoneal cavity, etc. (see Cytokine - IL1).

e |L2 — No data on PFOA. For PFOS, there are two studies and they support suppression at higher
doses (0.833 to 20 mg/kg/day) (see Cytokine - I1L2).

e |L4 - Two studies on PFOA with cells from the liver. For PFOS, there are multiple studies (most by
the same group) and they generally support increased IL-4 at higher doses in splenocytes (0.833 to
20 mg/kg/day). Also several studies of liver with no effects (see Cytokine - IL4).

e |L5 - Data are from a single study of PFOS reporting no changes in IL-5 (see Cytokine - IL5).

e IL6 - Some evidence of increased IL-6 with PFOA exposure with different results by culture
conditions and tissue type. For PFOS, there are inconsistent results across multiple culture
conditions and tissues (see Cytokine - IL6).

e |L10-Two studies on PFOA with inconsistent results that differ by sex. Two studies for PFOS, with
inconsistent results (see Cytokine - 1L10).

e |FN-y—Two studies on PFOA from liver cells with inconsistent results but differed by culture
conditions. For PFOS, there are multiple studies (by the same group for splenocyte studies) and
they support increased decreased IFN-y at higher doses (0.833 to 20 mg/kg/day). Also several
studies of liver with inconsistent results (see Cytokine - IFN gamma).

e TNF-a— Multiple studies on PFOA with reduced secretion in splenocytes, and different results but
across culture conditions and tissues spleen, serum, peritoneal cavity. For PFOS, there are multiple
studies (most by the same group) and they generally support increased TNF-a at higher doses
(0.833 to 20 mg/kg/day) (see Cytokine - TNF alpha).
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Appendix 6. In Vitro Data

NK Cell Activity After In Vitro Exposure:

Two studies were identified that evaluated NK cell activity using cells of different origins and in vitro
exposure to PFOA or PFOS: 1) a study using human peripheral blood and 2) a study using bottlenose
dolphin peripheral blood as well as mouse spleen cells. Study details and results are included in the
discussion of NK cell activity results and evidence synthesis above (see Figure D24). In brief, NK cell
activity of peripheral blood cells was reduced after in vitro exposure to PFOS at the highest
concentration 100000 ng/ml PFOS, and PFOA had no effect at the on NK cell activity at the
concentrations tested (0, 1000, 10000, or 100000 ng/ml PFOA, (Brieger et al. 2011). In vitro exposure to
PFOS (0 to 5000 ng/ml) had no effect on NK cell activity of the dolphin cells (Wirth et al. (2014). NK cell
activity from the mouse spleen cells (n = 15 mice per dose group) was decreased by 30-45% at PFOS
concentrations from 10-1000 ng/ml and increased 450% at 5000 ng/ml PFOS.

Cytokines After In Vitro Exposure:

Cytokine release with in vitro exposure to PFOA or PFOS has been examined in several studies using
both human cells and non-human animal cells. As with in vivo exposure studies, there is considerable
variation in cell sources and culture conditions (e.g., with and without ConA stimulation). Given the
small number of studies and heterogeneity in cell sources and study design, it is difficult to evaluate
whether or not there is a clear or consistent pattern for changes in these cell signaling molecules after
exposure to PFOA or PFOS.

e |L4 - One study examined IL-4 release with PHA stimulation from human peripheral blood
leukocytes cultured with exposure to PFOA and PFOS (0, 100, 1000, and 10000 ng/ml) (Corsini et
al. 2011). The highest concentration of PFOA (10000 ng/ml) reduced IL-4; and all concentrations of
PFOS (100-10000 ng/ml) reduced IL-4 (see In vitro cytokine - [L4).

e IL6 — Multiple studies investigated IL-6 following in vitro exposure to PFOA or PFOS. In vitro
exposure of human peripheral blood to PFOA had no effect on IL-6 with or without PHA or LPS
stimulation (Brieger et al. 2011, Corsini et al. 2011, Corsini et al. 2012). There is conflicting
evidence for effects of in vitro exposure to PFOS on IL-6 released from leukocytes in human
peripheral blood. Brieger et al. (2011) reported that in vitro PFOS exposure 1000-100000 ng/ml
had no effect on basal, PHA-, or LPS-stimulated IL-6. In contrast, Corsini (2011, 2012) reported
decreased IL-6 release from 100-10000 ng/ml PFOS from human peripheral blood. Microglia are
resident macrophage-like cells that function in the brain and central nervous system. In contrast
to decreased IL-6 in other immune cells, Zhu et al. (2015) reported in vitro exposure to PFOS
resulted in increased IL-6 release from mouse microglial cells (see In vitro cytokine - IL6).

e |L8 — One study examined IL-8 release with LPS stimulation from human peripheral blood
leukocytes and THP-1 cell line cultured with exposure to PFOA and PFOS (Corsini et al. 2011).
Concentrations from 100 to 10000 ng/ml PFOA and PFOS had no effect on IL-8 release human
peripheral blood leukocytes. However, using the THP-1 cell line, 100000 ng/ml PFOA and 1000 to
1000000 ng/ml PFOS reduced IL-8 (see In vitro cytokine - IL8).

e |L10 - One study examined IL-10 release with PHA stimulation from human peripheral blood
leukocytes cultured with exposure to PFOA and PFOS (0, 100, 1000, and 10000 ng/ml) (Corsini et
al. 2011). The highest concentration of PFOA (10000 ng/ml) reduced IL-10; and all concentrations
of PFOS (100-10000 ng/ml) reduced IL-10 (see In vitro cytokine - IL10).

e IFN-y— Two studies from the same group (Corsini et al. 2011, Corsini et al. 2012) examined IFN-y
release with PHA stimulation from human peripheral blood leukocytes cultured with exposure to
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PFOA and PFOS (0, 100, 1000, and 10000 ng/ml). PFOA had no effect, and all concentrations of
PFOS (100-10000 ng/ml) reduced IFN-y (see In vitro cytokine - IFN gamma).

e TNF-a—Multiple studies investigated TNF-a. following in vitro exposure to PFOA or PFOS. TNF-a
was positively correlated with plasma levels of PFOA and PFOS, but in vitro exposure of human
peripheral blood to PFOA had no effect on TNF-a with or without PHA or LPS stimulation (Brieger
et al. 2011). In contrast, (Corsini et al. 2011) found that PFOA at 10000 ng/ml decreased TNF-a
and PFOS at 100 ng/ml and higher decreased TNF-a from human peripheral blood. Reduced TNF-a
secretion was also reported with PFOS exposure for mouse macrophages (Miyano et al. 2012).
Microglia are resident macrophage-like cells that function in the brain and central nervous system.
In contrast to decreased TNF-a. in other immune cells, several studies reported in vitro exposure
to PFOS resulted in increased TNF-a. release from rodent microglial cells (Yang et al. 2015, Zhu et
al. 2015) (see In vitro cytokine - TNF alpha).
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