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    Chapter 10   
 Immunotoxicity of Perfl uoroalkylated 
Compounds 

             Deborah     E.     Keil     

    Abstract     The following chapter reports on the health impacts of perfl uoroalkyl-
ated compounds in the context of  in vitro  and  in vivo  immunotoxicology studies as 
well as epidemiology studies. In general, elevated serum PFAA levels reported in 
adults and children correlate with observed changes in health to include decreases 
in serum vaccine titers and IgE levels, or increases in antinuclear antibodies, asthma, 
the common cold, and gastroenteritis. Laboratory studies demonstrate direct,  in 
vitro  effects of perfl uorinated compounds modulating TNF-α, IL-6 and IFN-γ. 
These studies may be linked mechanistically to alterations reporting decreases in 
vaccine antibody titers in human reports and dose-responsive, decreases in IgM 
antibody production in animal models. To some extent, perfl uoroalkylated com-
pounds are thought to modulate gene regulation via peroxisome proliferator acti-
vated receptor alpha (PPARα) and to a lesser extent via peroxisome proliferator 
activated receptor gamma (PPARγ), yet species differences affecting the expression 
of this receptor complicates this interpretation as an underlying mechanism in 
humans. Mechanisms of action beyond PPAR-mediated effects represents new 
directions and are also discussed. As we learn more about the relationship between 
perfl uoroalkylated compounds and emerging health issues, this may challenge cur-
rent benchmark thresholds in drinking water to ensure adequate protection for 
human health.  
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10.1         Immunotoxicity in Human Studies:  Epidemiology  

 In an ongoing epidemiological study of humans living near a PFC production facil-
ity in West Virginia, levels of IgA, IgE (females only), and C-reactive protein 
decreased with increasing PFOA serum concentration in adults. Additionally, 
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antinuclear antibodies, a marker of autoimmunity, increased with increasing PFOA 
serum concentration (Fletcher et al.  2009 ). In another study, there was no associa-
tion between serum PFOA concentrations and immunoglobin levels in male  workers 
(Costa et al.  2009 ). It is not until we explore the effects of PFOA and PFOS on 
children exposed  in utero  or post-natal development, that the epidemiology studies 
suggest a stronger link with immune dysfunction. 

 Most studies linking PFOA and PFOS to changes in immunity have been 
 typically examined within the scope of maternal and child health. Specifi cally, 
 perfl uorinated contaminant blood levels and health of mothers and children have 
been monitored over time to learn about susceptibility to disease or vaccine titers. 
In one study, the relationship between maternal PFOA and PFOS exposure and 
hospitalization due to incidence of childhood infectious disease was examined. Fei 
and colleagues ( 2010 ) measured PFOA and PFOS in maternal blood during the fi rst 
trimester of pregnancy in nearly 1,400 women from the Danish National Birth 
Cohort. Mean serum PFOA was 5.6 ng/ml and PFOS was 35.3 ng/ml. However, 
these data did not unequivocally support that prenatal exposure to PFOA and PFOS 
increased the risk of hospitalizations due to infectious diseases during early child-
hood. Limitations of the study include social and behavioral factors that may have 
infl uenced the correlation between PFCs and age-related immune responses. 

 The incidence of infant allergies, infectious disease and changes in IgE levels in 
cord blood have also been examined with regards to maternal PFC exposure. Okada 
et al. ( 2012 ) measured PFOS and PFOA in maternal serum after the second trimes-
ter (n = 343) and total IgE concentration in cord blood (n = 231). Maternal self- 
administered questionnaires indicated no signifi cant association with maternal 
PFOA levels and incidence of infant allergies and infectious disease. However, cord 
blood IgE levels in female infants only, decreased signifi cantly with increasing 
maternal serum PFOA. As a point of reference, mean maternal PFOA concentration 
was 1.4 ng/mL and IgE levels in cord blood was 0.62 IU/mL. In contrast to this 
study, Wang et al. ( 2011 ) reported that PFOA and PFOS concentrations in cord 
blood were positively correlated with cord blood IgE levels, but only in male off-
spring. However, following these children to the age of 2 revealed no association 
between PFCs and atopic dermatitis. 

 A sub-project of the Norwegian Mother and Child Cohort Study examined 
maternal serum concentrations of PFOA and PFOS and the antibody titers of 3-year 
old children (Granum et al.  2013 ). Average maternal serum concentrations were 
1.1 ng/ml for PFOA and 5.6 ng/ml for PFOS. In 3 year old children, a positive asso-
ciation was observed between maternal PFOA and perfl uorononanoic acid (PFNA) 
with number of episodes of common cold, as well as between PFOA and perfl uoro-
hexane sulfonate (PFHxS) with number of episodes of gastroenteritis. 

 Dong et al. ( 2013 ) investigated the relationship between perfl uorinated 
 compounds and incidence of childhood asthma. This was a cross-sectional study of 
231 children age 10–15 years with physician-diagnosed asthma and 225 age-
matched non-asthmatic controls recruited from two hospitals in Northern Taiwan. 
Serum was collected for measurement of ten perfl uorinated compounds while abso-
lute eosinophil counts, total IgE, eosinophilic cationic protein and asthmas were 
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assessed. Both PFOA and PFOS serum levels were signifi cantly associated with 
biomarkers and asthma severity scores in the children. Serum levels of PFOS in 
asthmatic and non-asthmatic children were 45.5 ± 37.5 and 33.4 ± 26.4 ng/mL, 
respectively, while serum levels of PFOA in asthmatic and non-asthmatic children 
were 1.5 ± 1.3 and 1.0 ± 1.1 ng/mL respectively. 

 In a prospective study, a birth cohort of 587 singleton births during 1999–2001 
from the National Hospital in the Faroe Islands examined children’s antibody levels 
to diphtheria and tetanus vaccines in the context of perfl uorinated compounds 
(Grandjean et al.  2012 ). Serum antibody concentrations were measured in mothers 
and children at age 5 years pre-booster, approximately 4 weeks after the booster, 
and at age 7 years. Previously, prenatal exposures to perfl uorinated compounds 
were assessed in the mother during week 32 of pregnancy. Average maternal serum 
concentrations analyzed at 32 weeks of pregnancy were 3.2 ng/ml for PFOA and 
27.3 ng/ml for PFOS. Serum concentrations were collected from the children at 
5 years of age (mean of 4.06 ng/ml for PFOA and 16.7 mg/ml for PFOS) and serum 
antibody concentrations were collected at 5 and 7 years of age. Prenatal exposure to 
PFOA and PFOS were negatively associated with antibody titers against diphtheria. 
Maternal PFOS exposure was most strongly associated with responses in 5 year 
olds and postnatal exposure to both PFOA and PFOS were most strongly associated 
with responses in 7 year olds. The authors also examined deviations from the 
 clinically protective level of 0.1 IU/L and reported that both pre- and postnatal 
exposure to PFOS and postnatal PFOA exposure were associated with increased 
odds of antibody titers being below clinically protective levels. The researchers 
learned that a twofold increase in levels of PFOS and PFOA at age 5 lead to a 
 several fold decrease in protective antibodies against diphtheria and tetanus. 

 When gathering additional data, Grandjean and Budtz-Jørgensen ( 2013 ) 
 estimated benchmark doses based on their 2012 study, under the assumption that 
previously published benchmark doses (BMDs) are not adequately protective of 
children or of the general public given potential suppression of immune responses. 
A BMD of 1.3 ng/ml for PFOS and 0.3 ng/ml for PFOA were determined. 
Additionally, they calculated a BMDL (benchmark dose level, or lower one-sided 
95 % confi dence limit of the BMD) of 1 μg/l and a reference dose (RfD) of 1 ng/l. 
The US EPA provisional health advisory for drinking water is 0.4 μg/l for PFOA 
and 0.2 μg/l for PFOS ( 2010/2015 PFOA Stewardship Program ). As the latter is 
grounded on developmental and subchronic toxicity, these references levels are not 
likely to encompass immunotoxicity that are derived using serum levels (i.e., and 
RfD of 1 ng/l). If a BMD based on serum vaccine titers were acknowledged, then 
current limits may be several hundred-fold too high.  

10.2     Immunotoxicity in Human Studies:  In Vitro  

 Only a few studies investigate the direct,  in vitro  effects of perfl uorinated com-
pounds on human cells. Using donated blood from 11 volunteers, peripheral blood 
mononuclear cells (PBMCs) were isolated and tested for NK cytolytic activity 
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following  in vitro  exposure to PFOA or PFOS (Brieger et al.  2011 ). Viability of 
PMBCs was not affected, yet suppression of NK cytolytic activity and increasing 
TNF-α following lipopolysaccharide (LPS) stimulation was observed. Using a 
human promyelocytic cell line (THP-1), cellular mechanisms of PFC immunotoxic-
ity have been examined by other researchers (Corsini et al.  2011 ,  2012 ,  2014 ). In 
addition to PFOS and PFOA, perfl uorobutane sulfonic acid (PFBS), perfl uorodeca-
noic acid (PFDA), perfl uorooctanesulfonic acid (PFOSA), and a fl uorotelomer (8:2 
Telomer) all suppressed LPS-induced TNF-α production. PFOSA, PFOS, PFDA, 
and fl uorotelomer affected IL-6 and IFN-γ release. All compounds except PFOA 
suppressed PHA- induced IL-10 release. These studies also report that PFOA and 
PFOS have different effects on immune cells and that PFOA-mediated suppression 
of cytokine production appeared to be dependent on PPARα activation whereas the 
actions of PFOS were independent of PPARα activation. Furthermore, leukocytes 
from female donors appeared to be more sensitive to PFCs than male donors, sug-
gesting sex  differences with regard to immune responses. These  in vitro  studies in 
the context of epidemiology studies, demonstrate that perfl uorinated chemicals 
affect immunological cells by altering cytokine expression and these observations, 
although early in this investigation, can be linked mechanistically to alterations 
reported in decreased vaccine antibody titers reported in human studies.  

10.3     Immunotoxicity in Rodent Models 

 Preliminary concerns about PFC immunotoxicity were based early reports that 
 indicated reduction in relative spleen and thymus weights and suppression of the T 
cell dependent antibody response (TDAR). PFOA, PFOS, and ammonium perfl uo-
rooctanoate (APFO, a precursor compound to PFOA) in rodent models have 
 demonstrated that these compounds suppress TDAR and, in the case of PFOS, 
 suppress TDAR at doses within the range of exposures for the general human 
 population (Peden-Adams  2008 ; reviewed in DeWitt et al.  2009 ,  2012 ). Since 
SRBC-specifi c IgM production is considered predictive of immunotoxicity and 
decreased host resistance (Luster et al.  1992 ,  1993 ; Selgrade  1999 ), these alterations 
in murine immune function are useful in extrapolating to human health risk 
(Selgrade  2007 ). Consequently, the focus of further research reports have concen-
trated on possible mechanisms of action related to this aspect of immune function. 

 PFOS and PFOA have both been shown to alter antigen-specifi c antibody pro-
duction to a T cell dependent antigen, namely sheep red blood cells (SRBC). Using 
a B6C3F1 mouse model and SRBC challenge, PFOS decreased IgM production (as 
measured by the plaque-forming cell response) in both male and female mice (1.66 
and 16.6 μg/kg/day, respectively, lowest observed adverse effect level [LOAEL] for 
each sex) at blood concentrations of 91.5 ± 22.2 ng/g and 666 ± 108 ng/g (mean ± SD) 
by 52 % and 50 %, respectively (Peden-Adams et al.  2008 ). Moreover, TDAR 
 suppression due to PFC exposure has been supported with replication in at least four 
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reported studies (Peden-Adams et al.  2008 ; DeWitt et al.  2008 ; Zhang et al.  2013 ; 
Dong et al.  2009 ). 

 Keyhole limpet hemocyanin (KLH) antigenic challenge (T cell dependent 
 antigen) has also been used to test adaptive immune function following exposure to 
PFCs. Conversely, KLH-specifi c IgG levels were not affected in female Sprague- 
Dawley rats following exposure to PFOS (Lefebvre et al.  2008 ). Depending on the 
methodology, plaque-forming cell or ELISA, it is not uncommon to observe 
 different outcomes in these assays, even with two T cell dependent antigens 
(Loveless et al.  2007 ; White et al.  2007 ). 

 Adaptive immunity to a T cell independent antigenic challenge also varies 
 following exposure to PFCs. Using TNP-LPS challenge, a T cell independent 
 antigen, IgM antibody production was decreased at 0.334 mg PFOS/kg/d (334 μg/
kg/day; 12). In a separate study with C57BL/6 female mice, the T cell independent 
antibody response also was suppressed after 15 days of drinking water exposure to 
1.88 mg/kg of PFOA (DeWitt, unpublished data). 

 In addition to effects on adaptive immunity, PFOS and PFOA also effect cell 
populations in the bone marrow (   Qazi et al.  2012 ). Specifi cally, a high dose, 10 day 
dietary exposure signifi cantly reduced the total numbers of cells in the bone marrow 
including myeloid, pro/pre B, immature B and early mature B cells. Partial or 
 complete restoration of the cell number occurred following 10 days of withdrawal 
of these compounds. At the lower dose of 0.002 %, only PFOA reduced the 
B-lymphoid cell population. 

 Quantitatively linking an immunological effect to onset of disease is key to 
improving species extrapolation and characterization of potential human health 
risks. The following studies demonstrate such a link. A LOAEL has been estab-
lished at 0.5 mg/kg PFOS total dose (serum level = 666 ± 108 ng/g) in female 
B6C3F1 mice for decreased SRBC-IgM production (Peden-Adams et al.  2008 ). At 
comparable exposure levels, Guruge and colleagues ( 2009 ) reported susceptibility 
to infl uenza A-induced mortality. Taken together, these reports suggest that PFOS- 
induce humoral immune suppression at lower levels of exposure may be enough to 
compromise a host to disease onset. This is further corroborated by a study demon-
strating that the PFC response may be predicative of susceptibility to infl uenza virus 
(   Burleson and Burleson  2010 ) and recent studies in humans that indicate PFOS and 
PFOA may be associated with decreased responses to childhood vaccines (Grandjean 
et al.  2012 ; Granum et al. 2012). 

 As rodents are useful in characterizing immunotoxicity, these models are not 
without caveats. For instance, immunotoxicity outcomes vary between species and 
gender following exposure to PFOS and PFOA. Mice seem to be more sensitive to 
the effects of PFOS and PFOA as compared to rats (Loveless et al.  2008 ; DeWitt 
et al.  2008 ; Yang et al.  2002 ; Peden-Adams et al.  2008 ; Lefebvre et al.  2008 ). In 
both a rat and mouse model, males were more sensitive to the noted effects on 
 antibody production (Peden-Adams et al.  2008 ; Lefebvre et al.  2008 ). In fact, a 
tenfold difference in the LOAEL (based on dose and approximately sevenfold 
 difference based on serum PFOS concentrations) was reported between males and 
females (Peden-Adams et al.  2008 ). B6C3F1 mice exposed during gestation 
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 demonstrated an increased male sensitivity to PFOS-induced suppression of IgM 
antibody production (Keil et al.  2008 ). As we learn more about possible mecha-
nisms of action of PFCs, gender and species disparities may be explained in part by 
differences PPARα expression.  

10.4     Mechanisms of Action in Immunotoxicity 

 The weight of evidence suggests that the primary mechanism of action for PFC- 
induced modulation of cellular processes is via the activation of PPARs (reviewed 
by Anderson et al.  2008 ; Butenhoff et al.  2012 ; Rosen et al.  2010 ). Both PFOS and 
PFOA bind to the peroxisome proliferator activated receptor alpha (PPARα). These 
transcription factors (PPARα and PPARγ) are ubiquitous and regulate gene 
 expression by modulating lipid pathways, increasing permeability of mitochondrial 
membranes, affecting glucose regulation, cell proliferation, and infl ammatory pro-
cesses (Post et al.  2012 ; Starkov and Wallace  2002 ). Activation of PPARα by PFCs 
has been a major focus of mechanistic studies, with a greater role for PPARα as 
compared to PPARγ in mediating toxicity (Post et al.  2012 ; Takacs and Abbott 
 2007 ; Vanden Heuvel et al.  2006 ). 

 It is considered that immunotoxicity varies between species and gender due to 
the differential expression of these PPAR transcription factors in humans and in 
rodent models. Human hepatic PPARα expression is only one-tenth that of rodents 
(Kennedy et al.  2004 ). In general, males endure a longer half-life elimination rate as 
compared to females (Kudo et al.  2006 ). 

 Some studies have suggested other routes of toxicity for PFCs, however, many of 
these proposed pathways are not independent of the infl uence of PPAR. This is 
largely due to the fact that PPAR transcription factors are extensively expressed on 
lymphocytes, hepatocytes, cardiac cells, and microglia with the potential to affect 
numerous physiological pathways. Further examination of alternate mechanisms of 
actions by PFCs is certainly necessary to facilitate a more complete consideration of 
human health effects.  

10.5     Proinfl ammatory Cytokines 

 Both PFOS and PFOA bind to the peroxisome proliferator activated receptor alpha 
(PPARα) and a signifi cant number of PPARα agonists have been shown to reduce 
infl ammation (Griesbacher et al.  2008 ). Therefore, it would seem that PFCs would 
reduce expression of cytokines or other related infl ammatory markers. However, 
this is not the case. Increases in serum levels of the proinfl ammatory cytokines IL-6 
and TNF-α associated with PFOS and PFOA exposure have been reported in mouse 
models. Qazi et al. ( 2009 ) reported increased basal serum concentrations of IL-6 in 
male C57Bl/6 mice, but not TNF-α following exposure to 400 mg/kg total dose 
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(0.02 % in diet for 10 days of either PFOS or PFOA). This pattern of increased basal 
serum IL-6 but not TNF-α was also reported by Dong et al. ( 2011 ) in male C57Bl/6 
mice exposed to 50 and 125 mg/kg total dose of PFOS. Mollenhauer et al. ( 2011 ) 
reported increased serum IL-6 and decreased serum TNF-α at 1 mg/kg total dose 
following LPS injection and PFOS exposure for 28 days. 

 Proinfl ammatory cytokines are produced by peritoneal macrophages in the 
 presence of PFCs. Following LPS challenge  in vitro  or  in vivo , peritoneal macro-
phages responded by producing more TNF-α and IL-6 at PFOS concentrations 
ranging from 25 to 400 mg/kg total dose (Qazi et al.  2009 ; Dong et al.  2011 ). PFOA 
exposure also increases  ex vivo  TNF-α production after both  in vitro  and  in vivo  LPS 
stimulation at 400 mg/kg total dose (Qazi et al.  2009 ). Dong et al. ( 2011 ) observed 
increased  ex vivo  production of TNF-α and IL-6 from mixed spleen cell cultures at 
125 mg PFOS/kg total dose while Qazi et al. ( 2009 ) reported similar results at 
400 mg PFOS/kg total dose for TNF-α production, but not IL-6 production. Most 
PPARα agonists are known to reduce infl ammation, yet this is not the case with 
PFCs. This is likely to suggest that PFCs possess multiple mechanisms of action on 
immune function that are not typical PPARα agonist mediated effects.  

10.6     Conclusions 

 We have learned from rodent models that both PFOS and PFOA induce a dose- 
responsive suppression on adaptive immunity in mice. One of the primary differ-
ences between these two is that PFOA reduced the number of B and T cells (Yang 
et al.  2002 ), while PFOS induced suppression of antigen-specifi c antibody responses 
independent of signifi cant reductions in B and T cell numbers (Dong et al.  2012 ; 
Peden-Adams et al.  2008 ; Keil et al.  2008 ). The mechanism(s) involved in PFC- 
induced suppression of adaptive immunity is likely linked with altered cytokine 
signaling that arises from interaction of PFCs with PPARα, but may also be related 
to the interaction of PFCs with other signaling molecules, such as NFκB (Corsini 
et al.  2012 ). 

 When extrapolating rodent studies to humans, it is concerning that suppression 
of adaptive immunity occurs at PFC exposure levels that are within a reasonable 
range for human exposure. Furthermore, the few human epidemiology studies 
 currently available generally report that T-cell dependent production of antibody 
following vaccination is suppressed. This is further weighted with comparable 
observations in rodent models. However, mechanisms of action beyond PPARα- 
mediated effects require further examination. Human and rodent studies are far 
from complete and it is clear that we must learn more about mechanism(s) of 
 immunotoxicity to reduce PFC-associated health effects and improve regulatory 
exposure limits.     
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