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Abstract

Perfluoroalkyl substances (PFAS) were shown to be immunotoxic in laboratory animals. There is
some epidemiological evidence that PFAS exposure is inversely associated with vaccine-induced
antibody concentration. We examined immune response to vaccination with FluMist intranasal live
attenuated influenza vaccine in relation to four PFAS (perfluorooctanoate, perfluorononanoate,
perfluorooctane sulfonate, perfluorohexane sulfonate) serum concentrations among 78 healthy
adults vaccinated during the 2010 — 2011 influenza season. We measured anti-A H1N1 antibody
response and cytokine and chemokine concentrations in serum pre-vaccination, 3 days post-
vaccination, and 30 days post-vaccination. We measured cytokine, chemokine, and mucosal IgA
concentration in nasal secretions 3 days post-vaccination and 30 days post-vaccination. Adults
with higher PFAS concentrations were more likely to seroconvert after FluMist vaccination as
compared to adults with lower PFAS concentrations. The associations, however, were imprecise
and few participants seroconverted as measured either by hemagglutination inhibition (9%) or
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immunohistochemical staining (25%). We observed no readily discernable or consistent pattern
between PFAS concentration and baseline cytokine, chemokine, or mucosal IgA concentration, or
between PFAS concentration and change in these immune markers between baseline and FluMist-
response states. The resuts of this study do not support a reduced immune response to FluMist
vaccination among healthy adults in relation to serum PFAS concentration. Given the study’s
many limitations, however, it does not rule out impaired vaccine response to other vaccines or
vaccine components in either children or adults.
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fluorocarbons; influenza vaccines; epidemiology; seroconversion; adult

1. Introduction

Perfluoroalkyl substances (PFAS) have been widely used since the 1950s as surfactants,
surface treatment chemicals, and processing aids for many products, including oil, stain,
grease, and water repellent coatings on carpet, textiles, leather, and paper (EPA 2009).
Several PFAS have been widely detected in human sera since biomonitoring began in 1999
in the United States National Health and Nutrition Examination Survey (NHANES) (Kato et
al., 2011b). Human exposure typically occurs through transfer from food packaging and
preparation materials, bioaccumulation in the food chain, and household dust (D’Eon J and
Mabury, 2011). The serum elimination half-life is estimated at a median of 2.3 years (95%
confidence interval (Cl) 2.1 — 2.4) (Bartell et al., 2010) to a geometric mean of 3.5 years
(95% Cl, 3.0-4.1) (Olsen et al., 2007) for perfluorooctanoate (PFOA), geometric mean 4.8
years (95% CI, 4.0-5.8) for perfluorooctane sulfonate (PFOS) (Olsen et al., 2007), and
geometric mean 7.3 years (95% CI, 5.8-9.2) for perfluorohexane sulfonate (PFHxS) (Olsen
et al., 2007). Given these chemical’s long half-lives and dispersion, exposure even to PFOS
and PFOA, whose use and production in the United States has been curtailed (EPA 2000,
EPA 2013), will likely persist for some time.

Toxicological studies suggest that some PFAS may be immunotoxic, although laboratory
findings appear dependent on animal sex, strain, and species as well as route of exposure and
specific outcome examined (reviewed in Chang et al., 2016). It is also challenging to
differentiate between direct immunotoxic effects and the downstream effects of non-immune
toxicity. Some laboratory studies show that PFOS and PFOA alter inflammatory responses,
cytokine expression, and adaptive and innate immune responses in multiple animal models
as well as in mammalian and non-mammalian wildlife (reviewed in DeWitt et al., 2012).
These immune effects appear to work through numerous pathways including activation of
peroxisome proliferator-activated receptor-alpha (PPAR-a), which can be anti-inflammatory
(DeWitt et al., 2012) and activation of nuclear factor-kappa B (NF-KB), which can suppress
cytokine secretion by immune cells (Corsini et al., 2012). One study of human cord blood
gene expression provided support for immune effects mediated through PPAR-6 and NF-KB
(Pennings et al., 2015).
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Epidemiological evidence of PFAS exposure and immune perturbation is mixed (reviewed in
(Chang et al., 2016)). Four studies reported divergent associations between select PFAS and
serum IgE levels. In Japan (n=343), prenatal PFOA was negatively associated with cord
blood IgE among female infants (Okada et al., 2012). In Taiwan (n=244), cord blood PFOS
and PFOA were positively associated with cord blood IgE among male infants (Wang et al.,
2011). A Taiwanese case-control study (n=456) reported positive associations between
higher PFOS and PFOA exposure and serum IgE among 10 — 15 year old asthmatics; non-
asthmatic controls were not tested (Dong et al., 2013). In a cross-sectional NHANES study
(n=1,191) of 12 — 19 year olds, there was no adverse association between PFAS exposure
and current allergic conditions; children with higher PFOS concentration were less likely to
have IgE sensitization to a range of allergens (Stein et al., 2016).

In examinations of clinical disease, the Japanese study found no relation between exposures
and allergic disease or otitis media at age 18 months despite the elevated IgE levels at birth
(Okada et al., 2012). BraMat (n=99), a sub-cohort of the Norwegian Mother and Child
Cohort Study, reported that higher maternal PFAS levels at delivery were associated with
increased risk of common cold (PFOA, perfluorononanoate [PFNA]) and gastroenteritis
(PFOA, PFHXS) in children up to age 3; no associations were found with allergy or asthma-
related outcomes (Granum et al., 2013). A subset of the Danish National Birth Cohort
(n=1400) observed no clear pattern between prenatal PFOS and PFOA exposure and risk for
infectious disease hospitalizations in childhood (Fei et al., 2010).

There is some epidemiological evidence that select PFAS exposure is inversely associated
with vaccine-induced antibody concentration. Most of these investigations have been in
children. BraMat reported inverse associations between four prenatal PFAS plasma
concentrations and serum antibody concentrations against rubella at age 3 years (Granum et
al., 2013). A Faroe Islands birth cohort (n=587) reported inverse associations between
prenatal PFOS serum concentration and tetanus and diphtheria toxoids at ages 5 and 7 years
(Grandjean et al., 2012). In the NHANES study, higher PFOS, PFOA, and PFHXS serum
concentrations were associated with lower levels of mumps and rubella antibody
concentrations among children aged 12 — 19 years (Stein et al., 2016).

Two published studies have reported on PFAS exposure and vaccine response among adults
(Kielsen et al., 2015; Looker et al., 2014). In a 2010 follow-up to the C8 Health Project
adults aged 18 or older (n=411) were vaccinated with inactivated intramuscular trivalent
influenza vaccine (Looker et al., 2014). Higher PFOA serum concentration was associated
with reduced antibody rise and an increased risk of failed seroconversion. A small (n=12)
study in Denmark examined antibody response to a diptheria-tetanus booster among adults
aged 23 — 65 years (Kielsen et al., 2015). There was a trend towards reduced antibody rise
for both diptheria and tetanus with increasing PFAS serum concentration between days 4
and 10 post-vaccination.

To further explore PFAS’s immunotoxic potential we examined immune response to
vaccination with FluMist intranasal live attenuated influenza vaccine in relation to PFOS,
PFOA, PFHxXS, and PFNA serum concentrations among healthy adults using archived
materials from a data and biospecimen repository.
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2. MATERIALS AND METHODS

2.1 Study Population

From October — December 2010, we recruited 78 healthy adults to receive FluMist
intranasal live attenuated influenza vaccine and measured serum and nasal mucosal
secretions for numerous immune markers as well as antibody response to FluMist (Barria et
al., 2013). Participants were enrolled as a convenience sample from Employee and Student
Health Clinics at the Mount Sinai Medical Center in New York, New York. Healthy,
nonfebrile individuals aged 18-49 years were eligible. Individuals who reported recent
influenza, prior receipt of influenza vaccine during the 2010-2011 season, asthma,
concurrent pregnancy, allergy to the vaccine or its components, or chronic medical
conditions were excluded. All subjects provided written informed consent and were
compensated for their time and effort upon completion of study components. This study was
approved by the Mount Sinai Program for the Protection of Human Subjects. The
involvement of the Centers for Disease Control and Prevention (CDC) laboratory to analyze
de-identified serum samples was determined not to constitute engagement in human subjects
research.

2.2 Study Protocol

At the initial study visit (Day 0), subjects provided a blood sample and then were
immunized with FluMist (2010-2011 formulation; MedImmune, Gaithersburg, MD) (Barria
et al., 2013). Each 2-mL dose contained live attenuated influenza virus reassortants of the 3
strains for the 2010 — 2011 season: A/California/7/2009 (H1N1), A/Perth/16/2009 (H3N2),
B/Brisbane/60/2008. Subjects returned for a first follow-up visit 48 — 72 hours after
vaccination (Day 3) and a second follow-up visit at least 30 days after vaccination (Day 30).
At both follow-up visits, subjects provided saline nasal washes and blood samples. A nasal
wash was not performed at the Day 0 visit to preclude interference with the administration
and absorption of the intranasal vaccine. For the nasal wash, 5mL of sterile saline solution
was sprayed into each nostril and the expelling fluid was collected in a specimen cup (Noah
and Becker, 2000). The expellant was centrifuged at 500xg for 10 minutes to remove cells
and debris. The resulting cell-free supernatant and serum samples were stored at —80°C until
laboratory analysis.

2.3 Measurement of Systemic Antibody Response

Most subjects had high pre-vaccine titers to the H3N2 vaccine component so we focused our
analyses on the HIN1 component (Barria et al., 2013). We measured anti-A H1N1 antibody
response by hemagglutination-inhibition (HAI) based on World Health Organization
standard protocol using Day 0 and Day 30 serum samples (Barria et al., 2013). Briefly, four
hemagglutination units of influenza A virus subtype HIN1 were added to serial dilutions of
patient sera. HAI titers were determined to the highest dilution displaying hemagglutination
activity.

Seroconversion by HAI was defined as at least a 4-fold increase in the antibody response
between Day 0 and Day 30. Subjects with pre-vaccine HAI titers of 1:10 or less were
categorized as having low baseline antibody titer.
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We also measured anti-A H1N1 antibody response by immunohistochemical (IHC) staining
using Day 0 and Day 30 serum samples (Barria et al., 2013). Briefly, Madin-Darby canine
kidney cell monolayers infected with influenza A virus subtype H1N1 were incubated at
different dilutions of patient sera. IHC titers were determined to the highest dilution
displaying immunodetection. Seroconversion by IHC was defined as at least a 4-fold
increase in the antibody response between Day 0 and Day 30.

2.4 Measurement of Cytokine/Chemokine Response

Measurement of cytokines/chemokines in serum and nasal secretions was performed as
described (Kraus et al., 2010) using an 11-plex cytokine panel (Millipore) (Barria et al.,
2013). All samples were run in duplicate using a Luminex 200 (Luminex) in accordance
with the manufacturer’s protocol and were analyzed with Milliplex Analyst software.
Granulocyte colony-stimulating factor (G-CSF), interferon-y-inducible protein 10 (IP-10),
monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor-a (TNF-a), interferon-
a2 (IFN-a2), interferon-y (IFN-v), macrophage inflammatory protein-1la (MIP-1a),
granulocyte-monocyte colony-stimulating factor (GM-CSF), interleukin-1B (IL-1B),
interleukin-6 (IL-6), and interleukin-12P70 (1L-12P70) were quantified in serum. IP-10,
MCP-1, G-CSF, and IFN-a2 were also quantified in nasal secretions. We restricted our
analyses to those cytokines with at least 90% of samples above the limit of detection.
Accordingly, serum measures of GM-CSF, IL-1B, IL-6, and IL-12P70 and nasal secretion
measures of G-CSF and IFN-a2 were not included in statistical analyses. Baseline cytokine
concentrations were considered Day 0 for serum and Day 30 for nasal secretions. Nasal
cytokine levels are reported to return to baseline levels by day 8 after experimental influenza
virus infection (Hayden et al., 1998) and day 9 after live attenuated influenza vaccine (Noah
etal., 2011). FluMist-response cytokine concentrations were considered Day 3 for both
serum and nasal secretions. Change in cytokine level from baseline to Flumist-response
periods was calculated as the difference between Day 3 and Day 0 (serum) or Day 30 (nasal
secretions) cytokine levels.

2.5 Measurement of Localized Mucosal Response

Hemagglutinin-specific mucosal immunoglobulin A (mIgA) antibody in nasal secretions
was quantified by enzyme-linked immunosorbent assay (ELISA) as previously described
(Murphy et al., 1981; Treanor et al., 1999) using as antigen purified recombinant
hemagglutinin protein from influenza virus A/California/04/2009 (H1N1) obtained through
the National Institutes of Health Biodefense and Emerging Infections Research Resources
Repository (Barria et al., 2013). For mIgA analyses, given the length of time required to
produce mIgA, baseline is considered Day 3 and FluMist-response is Day 30. Briefly,
ELISA titers were calculated using the positive-negative ratio where the end point was the
highest dilution with a positive-negative ratio =2 (Barria et al., 2013). In the calculation, the
optical density of an antigen-coated well (positive) was divided by the optical density of the
control well lacking the antigen (negative).

2.6 Measurement of PFAS Exposure Biomarkers

In 2014, the CDC’s Division of Laboratory Sciences staff quantified PFOS, PFOA, PFHXS,
PFNA, perfluorooctane sulfonamide, 2-(N-ethyl-perfluorooctane sulfonamido) acetate, 2-
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(N-methyl-perfluorooctane sulfonamido) acetate, and perfluorodecanoate in surplus Day 0
serum stored at —80°C. In brief, these eight biomarkers were detected and quantified in
serum using a modification of the analytic method previously published (Kato et al., 2011a)
based on online solid-phase extraction coupled to isotope-dilution high-performance liquid
chromatography-tandem mass spectrometry. The limits of detection were 0.2 ng/mL for
PFOS and 0.1 ng/mL for the other compounds. All laboratory operations were conducted
under the requirements set forth by the Clinical Laboratory Improvement Act of 1988
(United States Congress, 1990) and followed standard quality control procedures. Each
analytic batch included reagent blanks and quality control materials, including a blind serum
pool every 10t sample. Quality control concentrations were evaluated using standard
statistical probability rules. We restricted our investigation to the four PFAS with 100%
detectability (PFOS, PFOA, PFHXS, PFNA). PFAS concentrations were categorized into
tertiles.

2.7 Statistical Analyses

Descriptive statistics modeled geometric means (95% confidence intervals [CI]) and
calculated Pearson correlation coefficients for natural log transformed PFAS concentration
by study characteristics. We modeled the geometric mean (95% CI) of the Baseline and
FluMist-response immune marker levels, compared the geometric means at both time points
using a paired T-Test, and calculated Spearman correlation coefficients comparing
concentration distributions at both time points.

To examine the association between PFAS exposure and systemic antibody response to
FluMist, we used a modified Poisson approach to estimate relative risk (RR) and 95%
confidence intervals (95% CI) with robust error variances (Zou, 2004) for the association
between PFOS, PFOA, PFHxXS, and PFNA serum concentration tertiles and seroconversion
separately for HAI and IHC. We also ran models separately for the full population and the
subset with low baseline antibody titers expecting the more naive population to have a
greater systemic antibody response to vaccination (Carter and Curran, 2011).

To examine the cross-sectional association between PFAS exposure and baseline cytokine
expression, we used linear regression to estimate the mean (95% CI) immune marker
concentration in serum or nasal secretions by tertiles of PFOS, PFOA, PFHXS, and PFNA
serum concentration.

To examine the association between PFAS exposure and cytokine activation after FluMist,
we used linear regression to estimate the mean change (95% CI) in immune marker
concentration between baseline and FluMist-response states by tertiles of PFOS, PFOA,
PFHxS, and PFNA serum concentration. We ran models separately for the full population
and the subset with low baseline antibody titers.

All regression analyses included unadjusted and adjusted models. No covariates qualified as
true confounders associated with both exposure and outcome (Rothman and Greenland,
1998), but we included a priori adjustments for age (continuous), sex, and race/ethnicity
(non-Hispanic white, Hispanic, other). We present only the adjusted models. We calculated
p-values for an ordinal trend across PFAS tertiles and for an overall PFAS effect. Treating
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these four PFAS as continuous variables did not notably change the interpretation of the
results so all models used a categorical metric of exposure. Statistical analyses were
performed using SAS 9.4 (Cary, North Carolina).

3. RESULTS

We included 78 adults with PFAS serum concentrations ranging from geometric mean 0.77
ng/mL (95% CI 0.67, 0.88) for PFNA to 5.22 ng/mL (95% CI 4.52, 6.02) for PFOS (Table
1). Pairwise correlations among PFAS were moderate with all p<0.001 (data not shown).
The weakest correlation was between PFHXS and PFNA (R=0.42); the strongest was
between PFOS and PFNA (R=0.77). The mean age of participants was 30.2 years (standard
deviation 7.2; range 21 — 49) and the majority (64%) was female. A sizeable proportion of
participants (22%) was Hispanic. Forty-nine percent of participants reported receiving the
seasonal or HIN1 epidemic flu vaccine the previous year. Forty percent of all participants,
and 34% of participants reporting receipt of a flu vaccine the previous year, exhibited low
anti-A H1N1 antibody levels at baseline. The proportions of participants seroconverting after
vaccination as determined by HAI (9%) or IHC (25%) were low.

Immune cytokine markers were highly inter-correlated at baseline and FluMist-response
states in serum, but not in nasal secretions (Table 2). For the majority of the immune
markers there was no difference in geometric mean immune marker concentration between
baseline and FluMist-response states based on non-statistically significant Paired T-tests.
IP-10, however, was significantly higher during FluMist-response than at baseline for both
serum and nasal secretions. Results were comparable for the full population and the
population with low baseline anti-A H1N1 titer (data not shown).

The overall associations between PFOS, PFOA, PFHXS, or PFNA and seroconversion were
not statistically significant. However, the risk ratios for the association between tertiles of
PFAS serum concentration and seroconversion determined by HAI or IHC were generally
well above 1.0 for both the full population and the population with low baseline antibody
titer (Table 3). For the most part, though, confidence intervals were wide and there was no
statistical evidence (p-value for ordinal trend across PFAS = 0.07) of a linear trend between
increasing tertile of the four PFAS and likelihood of seroconversion. While the magnitude of
the effect estimates varied between the full population and the low baseline anti-A HIN1
subset, there was no discernable pattern of stronger or weaker associations when restricting
to those with the low baseline antibody titers.

Similarly, there was little apparent association between tertiles of PFAS concentration and
baseline immune profile (Supplemental Table 1). There was no consistent pattern of either
increasing or decreasing immune marker concentration by PFOS, PFOA, PFHXS, or PFNA
tertile in serum or nasal secretions.

The primary notable association between PFAS serum concentration and response to
FluMist vaccination, as measured by adjusted mean change in immune marker between
baseline and FluMist-response states, was for the association of PFHxS with IFN-y and
TNF-a in serum (Table 4). Compared to individuals in the lowest tertile of PFHXS, those in
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the 2nd (beta=-40, 95% CI -76, —3.7) and 3" (beta=-40, 95% CI -84, 2.69) tertiles had
lower mean IFN-y in the FluMist-infected state versus the baseline period. There was a
smaller, although still consistent, association between PFHxS and TNF-a in serum when
comparing the adjusted mean change between baseline and FluMist-response states (2"d
tertile beta=-5.3, 95% CI —9.2, —1.3; 3'd tertile beta=—4.8, 95% CI 9.4, —0.10). Restricting
to the subset with low baseline anit-A H1NL1 titer did not alter the association between
PFHxS and IFN-y and TNF-a (Supplemental Table 2). In general, the restriction to the
smaller, naive population did not clarify any associations between the four PFAS serum
concentrations and adjusted mean change in immune marker between baseline and FluMist-
response states.

4. CONCLUSIONS

In a previous report of this study’s immune findings, we observed considerable unexplained
variation in baseline immune profile as well as immune response after live virus inoculation
(Barria et al., 2013). These variations in baseline immune profile and response to FluMist
vaccination do not appear to be related to PFOS, PFOA, PFHXS or PFNA exposure in this
small population of healthy adults. We observed no readily discernable or consistent pattern
between these four PFAS serum concentrations and baseline cytokine, chemokine, or mIgA
concentration, or between PFAS concentration and change in these immune markers
between baseline and FluMist-response states. It is unclear whether the association of
PFHxS with IFN-y and TNF-a in serum is meaningful. Similarly, given the low rate of
seroconversion the significance of the positive association between PFAS concentration and
seroconversion is unclear.

The correlation between baseline and FluMist-response immune markers was considerably
weaker in nasal secretions than serum. This difference is expected because the denominator
for the markers measured in nasal wash is more variable than for those measured in serum.
We included nasal secretions, however, because mucosal (nasal) response has been proposed
as a mechanism of action for live attenuated influenza vaccine and may better reflect
response to FluMist vaccination than seroconversion (Carter and Curran, 2011). Despite an
indication that IP-10 measured at baseline and FluMist-response states reflected different
distributions, in multivariable regression models there was no association between exposure
to these four PFAS and change in IP-10 after vaccination.

There are only two prior published studies of PFAS exposure and response to vaccination
among adults (Kielsen et al., 2015; Looker et al., 2014). One of the studies examined
response to influenza vaccine during the same 2010 — 2011 vaccine cycle as our study and
reported that elevated PFOA serum concentration was associated with reduced antibody titer
rise and increased risk of not achieving a sufficient rise to guarantee long-term protection
(Looker et al., 2014). This study, however, used the inactivated intramuscular trivalent
influenza vaccine, which generates a more pronounced systemic immune response than
FluMist intranasal live attenuated influenza vaccine (Beyer et al., 2002; Ramakrishnan et al.,
2012). The study population also had higher serum concentrations of PFOA and PFOS as
compared to our population. Additionally, the opposite associations were observed for the
H3N2 component of the virus, with no notable effect for the HLN1 component on which we
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focused. Our study did not examine anti-A H3N2 because most participants had high pre-
vaccine titers to this component, although the previous study also reported higher pre-
vaccine titers for anti-A H3N2 than anti-A HIN1. Anti-A H3N2 information for the current
study was not available through the data repository. The second study of vaccine response in
relation to PFAS exposure among adults observed decreased antibody response after a
diphtheria and tetanus booster vaccination, but included only 12 subjects (Kielsen et al.,
2015). Three other investigations of selected PFAS exposure and response to vaccination
studied children (Grandjean et al., 2012; Granum et al., 2013; Stein et al., 2016), who may
be more susceptible to immunotoxicants.

Ours was a rigorous study of immune function in response to FluMist vaccination
incorporating multiple measures of immune function at multiple time points. The
investigation of the role of PFOS, PFOA, PFHXS, and PFNA exposure on immune response
to vaccination was a good use of an existing data and biospecimen repository to address a
question of increasing interest. The study, however, was challenged by its small sample size
and the many statistical comparisons necessary to explore associations among exposures to
four PFAS and 13 immune outcomes. Additionally, FluMist generated a limited systemic
response to vaccination. We attempted to address this limited response by examining
associations among the population subset with low baseline anti-A H1NL1 titer with the
expectation that these individuals would be more likely to mount a robust response. The
analyses of the more selective population did not notably change our interpretation of the
results. Future studies of environmental toxicants and response to vaccination may be better
served by focusing on a more immunogenic vaccine than FluMist. This study’s findings do
not show a reduced immune response to FluMist vaccination among our population of
healthy adults based on PFOS, PFOA, PFHXS, or PFNA serum concentrations. Given the
study’s many limitations, however, it does not rule out impaired vaccine response to other
vaccines or vaccine components in either children or adults.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. We measured PFOS, PFOA, PFHxXS, and PFNA in serum and then
immunized healthy adults with FluMist intranasal live attenuated influenza
vaccine
. We examined seroconversion by anti-A H1NL1 titers, cytokines, chemokines,

. There was no evidence that PFOS, PFOA, PFHXxS, or PFNA concentration

and muscosal IgA as markers of immune response to vaccination

was associated with a reduced response to vaccination in this population

Environ Res. Author manuscript; available in PMC 2017 August 01.



Page 14

Stein et al.

(698'0 'v€9°0) 2¥2°0 (ee'T',28°0)G0'T (egc'e6T) T2 (56'S '52'Y) €0'S 85 ON
(eT'T 'vv9°0) 6v8°0 (26T 'T78°0) 22T (sT'€'s6'T) 8Y'C (28, 'vE¥) €8S 6T S8A
Ansiwaydoisiyounwiw |
AQ painses|\l UOISIBAU0I0I8S

99'0=d €5°0=d oz0=d G6'0=d
(8/8'0'859'0) 920 (e£'7'898°0) 80°T (T52'96'1) 222 (809 'L¥'¥) T2'S 0L ON
(€T 'v€5°0) ¥¥8°0 (L9 'v89°0) GE'T (Lzv'96'T) 68'C (19'8 '52°€) 62°G L SOA
uoniqiyu| uiunnibbewsH
AQ painses|\l UOISIBAU0I08S

2vo=d 80°0=d G6'0=d 9,°0=d
(6560 ‘229°0) €08°0 (e2'T'0£L°0) 8760 (992 's6'T) 82T (619 'v2'¥) 2T'S 14 ON
(068°0 '825°0) LTL°0 (88'1'566°0) LE'T (eLz'18T1) 9272 (9L'9'92'%) 9'S 123 SOA
2311 Apognuy auijeseg mo-

ovo=d 600°0=d LT°0=d 90°0=d
(268'0 '215°0) 929'0 (20'T '687°0) €22°0 8y’ 'vS'T) 96'T (z€'5'00°€) 007 6T 18yio
(556°0 ‘T€S0) €TL'0 (821 '295°0) G8°0 (892 '€91) 60C (ro'se)eLv LT oluedsiH
(TO'T '069°0) 9€8°0 (68T OT'T) ¥¥'T (962 'v1'2) 16T (¥€'L '56'7) €0'9 o 3NYM d1uedsIH-UON
Anouyrajeoey

18°0=d 900°0=d Lg0=d 81°0=d
(#7260 '859°0) 6.L°0 (#T'T '20L°0) €68°0 (e5z'68'T) 6T°C (08'S ‘'90°'7) 58'% 0s aewsad
(Sv6°0 '009°0) €52°0 (6T'2'STT) 8G'T (L62'10T) VT (¥5'L '89'%) ¥6'S 82 3eN
X3S

Go0=d L0°0=d 91°0=d ¢ro=d
(ST '5¥9°0) 2€6°0 (262 '9e80) G¥'T (Sv'e '18'T) 06T (16'8 'v0'%) 00'9 0T 67— Tv
(TS0 ‘2T7°0) 9550 (60T ‘S¥7°0) 869°0 (9ez'6eT) 18T (se's'082) L8°¢€ 1) or-1¢
(956°0 'v69°0) ¥18°0 (ST'1€6'0) 8T'T (5L'2'80°2) 6E°C (95'9'59'%) €5'S s 0£-TC
sIeak ‘aby
(188°0 '€2£9°0) LL'0 (r€'1°268°0) T'T (952 'c02) 8T'C (209 ‘zsv) 2e's 8. 1les3n0

(10 %g6) UesiN03D TW/BU WNAd (1D %6) UeaiN09D Tw/bu SXHAd Mx_oome UBaN089 TW/BU YOd Mx_mmv UBaN089 TW/BU SO4d N
8/=u

‘0T0Z ‘AlID MIOA MAN ‘sIeak g — Tz Saby ‘sonsiialoeleyd uedionied Aq (qwy/bu) seaueisqns [AX|e0IoN|ad (JeAIS1U] 32UBPIIUOD 94G6) UBSIA J1118W039)

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Environ Res. Author manuscript; available in PMC 2017 August 01.



Page 15

Stein et al.

0T:TS sJap} uomiqiyut urunn|BbBewsy TNTH v-hue,

[eAIBIUI BOUBPIIUOD %4G6 = D %G6 ‘Ueall 21118woab = Ueaj\ 099 ‘areoueuouoloniiad = WN-d ‘81euoyins auexayoionjyiad = SXH-d ‘areoueiooolon|yiad = YO-d ‘areuoy|ns auejooolonjiad = SO4d

or0=d Zvo=d oy0=d 6€0=d

(1 (1
(10 9656) UBBIN0SD TW/BU WNd (1D %G6) UBIINOD TW/BU SXHAd ooy 1pain0a0) Tw/Bu WO 0/656) UBSING9S /B SO4d N

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Environ Res. Author manuscript; available in PMC 2017 August 01.



Page 16

Stein et al.

JeAJ31UI 3OUBPIILOD %4G6 = D %G6 UesL J1113W03b = U\ 039

*(T00°0> SanjeA-d UOIIR[31I00 |[&) S81elS 8sU0dsal-1SIAIN| PUB BUIjSSEq USBMIBQ SIJew sunwiwi uesw 9118woab Huriedwod 1usio1809 UoNe|a1100 cmeamamh

'$91e]S 9SU0dSaI-ISIAINIH PUR BUI[3SE] USBMISQ SIBYJeL sunLwWi Ueaw o11ewoab Burredwod 1s8] -1 paired oy anfen-d

"wB1w 104 o€ Aeq ‘T-dDIN ‘0-TdI |eseu Joy € Ae@ ‘wnuss Joy € Aeq sI mwcoawm:.ym_S_z_“_Q

wBlw 1o} € Aeq ‘T-dDIN ‘0T-dI [eseu 1o} 0 Aeq ‘winias 1oy 0 Aeq si mc__mmmmm

€EV'0 1€0 (€97 '59'8) 6'TT Ll (e€T'0T'8) ¥'0T Ll vhjw
18€°0 620 (T2 '1°97) 58T Ll (96T '8YT) 0LT Ll T-dO
€10 1000°0> (09T '090T) OEET L (926 ‘0ve) €2y LL 0T-dI
SuOoI181933S |eseN

€060 €80 (T9v ‘z82) 0'9¢ 1L (o9v'L'1e) L'se Ll 4509
66.°0 G20 (2’25 'v'9g) 9'ay 0L ('15'v'ee) STy 2L eT-dIN
v18°0 €6'0 (TTv ‘6EE) €L€ Ll (€Tv'6EE) VL€ Ll T-dOW
869'0 100 (202 ‘'197) 28T Ll (28T 'w¥T) ¥9T Ll 0T-dI
G680 170 (9eT '2z'6) 21T Ll (7v1'69'6) 8'TT LL P-4NL
196°0 7.0 (6'25'8°€2) T'L€ gL (L29'9'92) 8'0v 17 AN
€980 600 (961 '8°0T) 9'%T 0L (g0z'8TI)SST 2L Z0-N4I
wn.ss

plUBIIYB0D UORBIBLIOD  o3NBAd IOl (1 g6G6) UBBINGED N (1D %G6) UBSINO3D N

JayJe\ aunwuw|
Jwy/6d nmmcoamm._.um__\,_:_u_ “Jw/Bd gauljeseg

L2=U'0T0Z ‘AN }IOA M3N ‘sieak 61 — TZ saby
's9)e1S z8suodsal-1sIAIN|4 pue yauljaseq Je (w/6d) uonenusouod ulngojBounwiwi Jo ‘Bujowayd ‘Bu0IAD (JeA1s)U] 82UBPIILOD %G6) UBSIA 11808

¢ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Environ Res. Author manuscript; available in PMC 2017 August 01.



Page 17

Stein et al.

Author Manuscript

02'0=ssejo-d 95'0=Sse[9-d 2T'0=5se[d-d 2T 0=sse[o-d

6T°0=pudil-d 0’ 0=pudil-d 8€°0=pudii-d €€°0=puail-d
(€9'90)0¢ 4 (6€'90)S'T L (ovz'zo)oz T (Lze'e0)9oe 14 6C-TT:€
(sL'0t)Le S (cv'90)9T 9 (8sv'sT)¥'8 4 (8vv'80)C9 14 0T-80:C
0T v 0T 9 0T T 0T T L0-T0'T
w/Bu ‘¥N4d

62'0=Sse|9-d LG'0=Sse[d-d 99'0=Sse[9-d G'0=sse[o-d

LT°0=pudii-d €' 0=pudil-d LE0=pudil-d 2T 0=puaii-d
(65'20)0¢ 9 (8v'90) LT L (0sz'e0)9¢ € (Lzr'go)Te € 6.T-GT:€
(ce'vo)TT 4 (62'v0)TT 9 (0zT'T0)ST 4 (S9'zo)er I €T-80:C
0T € 0T 9 0T T 0T 4 L0-T0°T
w/Bu ‘SXH4d

82'0=5se[9-d GT'0=Sse|d-d 62'0=5se[9-d 9T°0=Sse[o-d

2T°0=pudii-d LZ°0=pudii-d LT°0=pudii-d L0°0=puali-d
(28'20)s¢ 9 (ev'20)8T 6 (8'9r's0) TS € (T8r'0T) 89 14 18-8°C:€
(Ts'v0) vt € (0z'zo)9o € (eLv'eo)oy 4 (eez'vo)6e 14 Le-1ee
0T v 0T L 0T T 0T T 02-90°T
w/bu 'vO4d

TT'0=5Se[9-d 0T'0=Sssejo-d 2'0=ssejo-d €9°0=Sse[o-d

€T°0=pudil-d 2T°0=pudil-d 18°0=pudii-d T18'0=pudil-d
(zot'ot)TE L (99'60) v'e 8 (26'€0)9T Z (eL'z0o)eT 14 (A TAK AV
(eoz'oT) ST 4 (rL'60)9C L (628TT) L9 € (Tst'vo)oe € TL-871C
0T z 0T v 0T T 0T 4 Ly=v0°T
Twy/bu 'sO4d

(10 %se)yd  aN (1D %S6) ¥y aN (10 %se)dd aN (1D %S6) ¥y gN

(62=U) ¢0V duljdseg MO

(G2=u) uonreindod [eloL

(62=U) p0V duljdseg MO

(/=u) uone|ndod [e1op.  S8IMEL SV

Ansiwayooisiyounwiw | A paunsespy UoISISAU0I043S

uomgiyu| ulunniBBewsH Aq painsesiy UOISIBAUOI0ISS

(G2=u) 0TOZ “AMD YI0A M3N ‘sieah 6y — T saby ‘suone|ndod zApognuy
auljaseg Mo pue [e101 Buowe uolenusdu0) ssourIsqns |AY|eoIoN|Iad J0 3[1148L AQ UOISIBAUOD0.SS 10§ (JeAsB]U| BDUSPIILOD %G6) oleyY Ysiy , palsnipy

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Environ Res. Author manuscript; available in PMC 2017 August 01.



Page 18

Stein et al.

[eAIBIUI BOUBPIIUOD %86 = 1D

05G6 ‘Ol1RI XS = Yy ‘areouruoUOION|ad = YN ‘ereuoy|ns suexayoionjpiad = SXH4d ereouriooosonjpiad = WYO-d ‘a1euoy|ns auelooolon|yiad = SO4d ‘seoueisgns |Ajeoloniyiad = Sy4d ‘Apognue =qy

Author Manuscript

Author Manuscript

108443 S4d |[BJBN0 10} anjen-d = sseja-d
$8]1148) S\ d SS00B pual) [euIpao oy anjea-d = puail-d

Pa1IaAU09043s oym sjuedidinied Jo Jaquuinu ay suasaidal ZQ
OT:TS Sam} uoniquyut utunn|BBewsy TNTH v-hue,

Ao1uyls el “Xas ‘(snonunuod) abe 1oy paisnipy
"

Author Manuscript Author Manuscript

Environ Res. Author manuscript; available in PMC 2017 August 01.



Page 19

Stein et al.

(109 (L2 (922 (e'sT (90z (907

(#0Z '80e-) 25— (90T '96-)8v'0  (¥¥8T '88TT-) 82€ ‘€8-) 8¢- ‘8¢-) 0T- ‘9g-) L'02 ‘v8-)ve-  (T0T'L9-) 82~ '05-) ST- '15-) €2- 62-TT:€
(L5¢ (T0g (ger (oL (672 (02z 67T

(162 ‘152-) €11 ‘8T-)€.-  (8€6 'v0EZ-) £89— 'G9-) L1 ‘9z-) 9'9- ‘76-) 196 ‘18-)8z-  (0£6'0€-) LTT ‘S6-) 11— ‘op-) 9T- 0T-80:C

0 0 0 0 0 0 0 0 0 0 L10-T0'T

w/Bu ‘¥N-d
80°0 =sse|o-d 180 =sse|o-d 99°0=Sse|o-d  8T°0 =SSejo-d 8,°0=Sse|>-d  $T°0=Sselo-d 80 =Sse|o-d €0°0=Sse|>-d 100 =Sse|o-d 22°0 =sse|o-d
TT°0 =puai-d 09°0 =puai-d vPo=pusll-d  €2°0 =pusn-d €9'0=pusi-d  99°0=pudi-d 6S'0 =pusn-d ¥0'0 =puall-d GO0 =pudii-d 600 =pudid
(806 (e16 (781 (568 (697 (692 (oz's

(5vS ‘69-) 8€2 ‘9T-)9'e-  (0LTT '9652-) €TL— ‘8T-) 9'9¢ ‘82-) 0'G6- ‘87-) 9°02 ‘9/-) GT- (10 'v'6-) 87— ‘¥8-) OF— 'v9-) 62— 6.T-GT:€
(90T (6'5¢ (Tet (56T (T02 (Le (198

(€55 ‘2'S¢€) 62 ‘T1-) 20— (968 ‘'6.22-) T69— ‘95-) 0T- ‘G2-)9'9- ‘16-) 6E- ‘v8-) 2e— (eTC6-) €G- ‘9/-) Ov- ‘15-) T2- €1-80:2

0 0 0 0 0 0 0 0 0 0 10-T0'T

Tw/bu ‘SXHAd
G6°0 =Sse|o-d 1€°0 =Sse|o-d 9/°'0 =Sse|o-d G8'0 =Ssse|o-d 08'0 =Ssse|o-d G6°0 =Sse|o-d ¥G°0 =Sse|o-d 6G°0 =Sse|o-d 01’0 =Sse|o-d G/1'0 =Sse|o-d
G8'0 =puail-d G2'0 =puai-d TS0 =pusii-d  09°0 =pusii-d 19'0=pudi-d  Z6'0=pudn-d T€0=pusn-d 0L°0=pudli-d GZ'0=pusii-d  /¥'0=pudi-d
(244 (z'se (8¥2 (985 (0'sz (T°91 (ror

(v0€ ‘ove-) L8 ‘8T-)9'9- (2L0T ‘0022-) ¥95— ‘29-) €T~ ‘ST-) 60°S ‘v9-) L2 ‘z8-)8z- (92°€'T'S-) 96°0— ‘19-) €2- ‘6T-) 60T 18-8°2:€
(L'sy (1ez (867 L8y (TvT (672¢

(162 ‘'s82-) LT-  (€TT'6'6-)2L'0  (€9ST ‘€291-) 0E- ‘67-) ¥'1- ‘GT-) STY ‘0.-) 66— ‘65-)ve-  (6€°G'8C-)8CT ‘19-) €2- ‘8¢-) 75T 12-122

0 0 0 0 0 0 0 0 0 0 02-90'T

w/bu ‘vOdd
2G°0 =sse|o-d ¥2'0 =Sse|o-d G/1'0 =Ssse|o-d £6°0 =Sse|o-d 66°0 =Sse|o-d T8'0 =Sse|o-d TT'0 =Sse|o-d ¥6°0 =SSe|o-d 180 =Sse|o-d £9°0 =sse|o-d
6%°0 =puail-d 02°0 =puai-d [2°0=puall-d  66°0 =pusi-d 96°0 =pusil-d €50 =pusi-d TT'0=pusi-d 8/°0=pusl-d T9'0=pusii-d /90 =pusi-d
oy 621 (z6t (8'6L (ot (621 (Lrsz

(€8T ‘65€-) 88- ‘1T-)2'9- (2T¥T ‘T¥8T-) GTe— ‘67— ) 9€°0- ‘0z-) 15°0- ‘r-) 06T ‘v6-) - (187 '9'€-) 650 '‘82-) S6'6 ‘1€-)9'G- v12-2L:€
8z (88T (269 (9729 (967 (sor

(#9e ‘9Tz-) 6'€L  (8'€T'26-) ¥€Z (9912 '60ET-) 62¥ ‘09-) L'8- ‘22-)91- ‘09-)SLY ‘Yr-)02T  (Svv'9v-) 90°0- ‘ve-) 008 ‘€2-) 69'8 TL-8VC

0 0 0 0 0 0 0 0 0 0 LY=%0'T

Tw/Bu ‘SO-4d

(Gz=u) wBlw  (G/=u) T-dON (G2=U) 0T-dl  (G2=u) 4S0-9 (69=u) eT-dIN (G/=U) T-dOW  (G/=u) 0-TdI (62=u)o-NL (69=u) A-NdI  (§9=U) ZP-NHI 8|13l Sv4d

J9XJep\ aunwill] UOI18108S [eSeN 10} (1D %G6) e19g

J9XJep\ sunwit] Wnaas 10) (1D %G6) eled

0T0Z ‘AuD I0A MoN ‘siesh 6 — Tz sl ‘UoIRIUBOUOD S3OURISANS |AX[20ION|LIBd JO 8|18l Aq SaleIS 48suodsal
-ISIAIN|H pue pauljaseq usamiag [(JeAssul 80UspLUOD %S6) Tw/Bd] uonenusouod ulngojbounwiw| 4o ‘sujowsy ‘sunjolAD ur abuey)d ues|y , paisnipy

Author Manuscript

¥ a1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Environ Res. Author manuscript; available in PMC 2017 August 01.



Page 20

[eAI31UI S0USPIILOD %G6 = |D %S6 ‘aleoueuouoloniiad = WNHd ‘aleuoyns suexayoionjuad = SXH4d ‘aleoueiooolonpiad = YO-d ‘81euoy|ns aueloootonjiad = SO4d ‘seoueisgns |Axjeolonyusd = Sy4d
108448 S4d |[249A0 10} anjeA-d = ssejo-d
311131 S\ d SSOJOB puaJ] [euIpio 1oy anjea-d = puall-d

wBIw 104 0€ Ae@ ‘T-dDIN ‘OT-dI [eseu Jo} € Ae@ ‘winJas Joj € Aeq SI mmco%e.um__\,_:_u_a

vBIw 104 € Ae@ ‘T-dDWN ‘OT-dI Ieseu o} og Ae@ ‘wniss doy 0 Aeq Si w:__mmmm_m

Ao1uyls/aael “Xas ‘(snonunuog) abe Joy paisnipy
¥

Stein et al.

88'0 =SSB|9-d €€°0 =SseJo-d 0G'0=SsB[>-d  ¥Z'0=SSelo-d  €G0=SSejo-d 8.0 =SSe|d>-d  GE'0 =SSe|o-d 9T'0=SsBl>-d  T9'0=SSelo-d 2’0 =Ssefo-d

T.°0 =pusii-d 66°0 =pussi-d 2L0=pudl-d 600 =Ppudl-d  LZ0=pudi-d  8y'0=Ppudll-d LT'0=Ppudil-d 8T°0=pudi-d OF'0=puas-d  QT'0=pudii-d

(5z=u) vBIw  (5/=U) T-dON (§/=u) 0T-dl  (G2=U) 4S0-9 (69=U) BT-dIN (G/=U) T-dOIN  (G/=U) 0-TdI (G=u)o-ANL  (69=U) A-NdI  (59=U) ZP-NHI  8l1M3L Sv4d
J3)Je|\ sunwiw| Uuo11a12as [eseN 404 (1D 9656) €leg Jay e\ sunwiw| wnJaas 10} (1D %G6) elag

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Environ Res. Author manuscript; available in PMC 2017 August 01.



	Abstract
	1. Introduction
	2. MATERIALS AND METHODS
	2.1 Study Population
	2.2 Study Protocol
	2.3 Measurement of Systemic Antibody Response
	2.4 Measurement of Cytokine/Chemokine Response
	2.5 Measurement of Localized Mucosal Response
	2.6 Measurement of PFAS Exposure Biomarkers
	2.7 Statistical Analyses

	3. RESULTS
	4. CONCLUSIONS
	References
	Table 1
	Table 2
	Table 3
	Table 4

