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Abstract

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are a class of synthetic compounds that
have widespread use in consumer and industrial applications. PFAS are considered environ-
mental pollutants that have various toxic properties, including effects on the immune system.
Recent human studies indicate that prenatal exposure to PFAS leads to suppressed immune
responses in early childhood. In this study, data from the Norwegian BraMat cohort was used to
investigate transcriptomics profiles in neonatal cord blood and their association with maternal
PFAS exposure, anti-rubella antibody levels at 3 years of age and the number of common cold
episodes until 3 years. Genes associated with PFAS exposure showed enrichment for
immunological and developmental functions. The analyses identified a toxicogenomics profile
of 52 PFAS exposure-associated genes that were in common with genes associated with rubella
titers and/or common cold episodes. This gene set contains several immunomodulatory
genes (CYTL1, IL27) as well as other immune-associated genes (e.g. EMR4P, SHC4, ADORA2A).
In addition, this study identified PPARD as a PFAS toxicogenomics marker. These markers can
serve as the basis for further mechanistic or epidemiological studies. This study provides a
transcriptomics connection between prenatal PFAS exposure and impaired immune function in
early childhood and supports current views on PPAR- and NF-jB-mediated modes of action.
The findings add to the available evidence that PFAS exposure is immunotoxic in humans and
support regulatory policies to phase out these substances.
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Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are syn-
thetic fluorinated compounds that have been produced since the
1950s. Due to their attractive water and oil repellent properties,
PFAS have been produced on a large scale for use in various
consumer products and industrial applications. PFAS form a
diverse class of compounds and their terminology and classifi-
cation has been described by Buck et al. (2011). Among PFAS,
worldwide interest from a regulatory point of view mainly lies
with ‘‘long-chain’’ perfluoroalkyl carboxylic acids (PFCAs) and
perfluoroalkyl sulfonic acids (PFSAs). Currently, PFAS are
considered environmental pollutants and some Western manufac-
turers halted production or agreed to a voluntary phase out of
perfluorooctane sulfonate (PFOS) and perfluorooctanoate
(PFOA) production in the 2000s. However, because of poor
biodegradability as well as continued production elsewhere and
because of other PFAS compounds (than PFOS and PFOA),
PFAS are still commonly detected in wildlife as well as humans

(Houde et al., 2006; Lau et al., 2007). Human PFAS exposure
can be mainly attributed to dietary sources, with the highest
concentrations found in products like fish, meat and eggs (Haug
et al., 2010; Vestergren & Cousins, 2009). Indoor dust has also
been described as a contributor to human PFAS exposure
(Fromme et al., 2009).

Human exposure to PFAS occurs before birth due to placental
transfer (Gutzkow et al., 2012). Prenatal toxicant exposure has
been recognized as being of particular importance because the
immune system develops extensively in utero, which can possibly
lead to higher fetal susceptibility to immunotoxicants following
exposure (Holsapple et al., 2004; West, 2002). Besides adverse
effects occurring in early childhood, fetal responses to toxicants
may lead to persistent changes throughout later life, possibly
leading to predisposition to cancer and immune diseases
(Gluckman et al., 2008).

Immunotoxic effects of PFAS have been found in rodent
studies. For example, DeWitt et al. (2008) described how IgM
antibodies in mice were suppressed after PFOA exposure. Peden-
Adams et al. (2008) reported that PFOS exposure affects
antibody production in mice. The combined evidence to date on
rodent literature studies indicates that antibody production is a
key endpoint sensitive to modulation by PFAS (Corsini et al.,
2014). More recently, immunotoxic effects of PFAS exposure
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were also suggested in humans. Grandjean et al. (2012) described
an association between reduced humoral immune responses to
childhood vaccinations in Faroese children and increased PFAS
concentrations in maternal blood. However, several other studies
found no evidence for an association between prenatal PFAS
exposure and allergic and infectious diseases in children
(Fei et al., 2010; Okada et al., 2012; Wang et al., 2011).
Granum et al. (2013) reported evidence for immunosuppression
in children by prenatal exposure, such as inverse association
between maternal serum concentrations of four PFAS at the time
of delivery and anti-rubella antibody levels in serum of 3-year old
children. Positive associations were also observed between the
maternal PFAS concentrations and the number of episodes
of common cold and gastroenteritis in the children during the
first 3 years of life. In contrast, no effects on allergy- and asthma-
related health outcomes were found (Granum et al., 2013). Taken
together, the literature indicates that prenatal exposure to PFAS,
more specifically to long-chain PFCAs and PFSAs, is primarily
associated with immunosuppression in early childhood.

This led us to further examine the connection between prenatal
PFCA and PFSA exposure and early life immunosuppression by
identifying common toxicogenomics profiles, in neonatal samples
from the Norwegian BraMat cohort. Whole-genome transcrip-
tomics data from neonatal umbilical cord blood samples, as
described by Hochstenbach et al. (2012), were compared to
maternal serum concentration of four PFAS, namely PFOS,
PFOA, perfluorononanoate (PFNA) and perfluorohexane sulfon-
ate (PFHxS), for the corresponding mother–child pairs.
Additionally, the transcriptomics data were compared to data for
the two most prominent endpoints for immunosuppression
identified by Granum et al. (2013), namely anti-rubella antibody
levels and the reported number of episodes of common cold until
3 years. By making these comparisons, we identified genes
correlating with multiple PFAS concentrations (hence a common
signature for long-chain PFCAs/PFASs) and those correlating
with either of the two neonatal immune functionality endpoints.
Further analysis of the overlapping genes between these sets
provided genes and pathways related to PFAS-related immuno-
suppression and add to the available evidence that prenatal
exposure by PFAS is associated with immunosuppression.

Materials and methods

Cohort

Blood samples, PFAS determinations and childhood health data
were obtained from the Norwegian BraMat cohort. The BraMat
cohort has been previously described in Stølevik et al. (2011) and
is a subcohort nested within the Norwegian Mother and Child
Cohort Study (MoBa), a prospective population-based pregnancy
cohort study conducted by the Norwegian Institute of Public
Health (Magnus et al., 2006). Study protocols were approved by
the Regional Committees for Medical and Health Research Ethics
and the Data Inspectorate. Informed consent was obtained from
all participating mothers.

Microarray data

The umbilical cord blood microarray data used in this study were
assembled based on the dataset described by Hochstenbach et al.
(2012) and available at GEO (www.ncbi.nlm.nih.gov/geo) under
accession number GSE31836. Briefly, blood samples used for
microarray gene expression profiling were collected immediately
after birth from the cord vein of babies whose mothers
participated in the Norwegian BraMat cohort. Samples were
collected by trained nurses at the maternity wards of the Oslo
University Hospital, Ullevål and Akershus University Hospital,

Norway. For preserving RNA, aliquots of heparin-anticoagulated
whole blood (0.4 ml) were mixed with 1.2 ml RNAlater (Ambion/
Applied Biosystems, Nieuwerkerk aan den IJssel, the
Netherlands) as soon as possible after blood collection and
subsequently stored at �80 �C until shipped on dry ice to the
research laboratory. Methods for RNA isolation and gene
expression profiling using Agilent 4x44k human oligonucleotide
microarrays (Agilent Technologies, Palo Alto, CA) have previ-
ously been described by Hochstenbach et al. (2012).

The default (manufacturer) probe to gene annotation that was
used in the studies by Hochstenbach et al. contains multiple
probes for some genes. We considered this redundancy somewhat
undesirable, as it might cause ambiguity during later analysis
steps. Therefore, we applied a re-normalization to the raw data
to remove this redundancy. Raw microarray signal data were
normalized in R (www.r-project.org), using the four-step
approach, as described by Baken et al. (2006); namely, (1)
natural log-transformation, (2) quantile normalization of all scans,
(3) correcting the sample spot signal for differences in the
corresponding reference spot signal between arrays and (4)
averaging data from spots annotated with an identical gene
symbol. This resulted in a data matrix with (ln-transformed) gene
expression levels for 19 595 unique genes.

PFAS

As a measure of prenatal exposure to PFAS, we used concentra-
tions of PFAS in maternal blood samples collected up to 3 days
after delivery as part of the BraMat cohort. The data and the
methods used were previously described by Granum et al. (2013).
In brief, 19 PFAS were determined using liquid chromatography-
triple quadrupole mass spectrometry (LC-MS/MS). Due to low
PFAS concentrations/detection frequency, further statistical ana-
lyses were performed only for PFOS, PFOA, PFNA and PFHxS.
The limit of quantification (LOQ) was 0.050 ng/ml for all PFAS;
concentrations5LOQ were set to 0.035 ng/ml (the LOQ divided
by square root of 2). For quantification of PFOS, the total area of
the linear and branched isomers was integrated.

Episodes of common cold

At the age of 1, 2 and 3 years, a questionnaire was sent to the
participants. Among other questions on the child’s health, the
mothers were asked how many episodes of common colds and
other upper respiratory tract infections (hereafter called common
cold) the child had experienced in the last 12 months. The sum of
the number of reported incidences for all 3 years was used in this
study. Data for children with missing values were excluded in
further analyses.

Rubella titers

Children received rubella vaccinations as part of the Norwegian
Childhood Vaccination Program. Antibody titers against rubella at
3-years-of-age were measured as previously described in Stølevik
et al. (2013).

Data analysis

The data analysis approach used is analogous to that described
by Hochstenbach et al. (2012), namely a separate comparison of
microarray data to substance exposure and immune parameters
(episodes of common cold and rubella titers), respectively,
followed by identification of genes and pathways informative
for both aspects studied. Due to differences in sample collection
and analysis, the number of samples available differed for the
various comparisons, 66 samples were available for microarray to
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PFAS comparison, 73 for microarray to common cold episodes
and 58 for microarray to anti-rubella level comparison.

Dose–response relationships were investigated by Pearson’s
correlation analyses of individual gene expressions and individual
values for PFOS, PFOA, PFNA and PFHxS exposure estimates,
rubella antibody levels and episodes of common cold.
Significantly correlating transcripts were selected using an
unadjusted p value cutoff of 50.05. For the PFAS exposures,
we restricted further analyses to genes that could be considered
associated with exposure to long-chain PFCAs/PFSAs as a
substance class rather than with exposure to individual com-
pounds. To this end, we identified genes that had significant
correlations with at least two compounds and these significant
correlations were consistently positive or negative.

Adjustments for potentially confounding factors with regard to
statistical analyses on the associations between PFAS exposure
and the health outcomes common cold and rubella titers have
been performed previously (Granum et al., 2013). Since we are
including only exposure–health outcomes found to be statistically
significant after adjustment for confounding factors in Granum
et al., adjustments for confounding factors are not repeated in the
statistical analyses in the present study. The criterion to be
included in statistical analyses as a confounding factor in
Granum et al. was that the variable had to be associated
with PFAS exposure as well as at least one health outcome, at
p values� 0.25.

Functional over-representation analysis was performed using
DAVID (http://david.abcc. ncifcrf.gov). Here, we used functional/
pathway information from Gene Ontology (GO), KEGG, BBID,
BioCarta, Panther and Reactome; with otherwise default settings.
Related pathways were grouped together using the DAVID
functional annotation clustering option. Additional information
on gene function related to human fetal development was obtained
from the DFLAT database (http://dflat.cs.tufts.edu) (Wick et al.,
2014). Literature associations between genes and pathways
were determined by CoPub textmining version 5.0 (http://
services.nbic.nl/copub5/) (Fleuren et al., 2011). For functional
interpretation, information obtained from these databases was
combined into a non-redundant list of gene–function relations.
These relations were visualized as a network using Cytoscape
(www.cytoscape.org).

Results

PFAS

The number of genes significantly (p50.05) associated with
individual PFAS compounds ranged between 601 and 1307
(Table 1, Supplemental Table 1). With the exception of PFHxS,
the number of positively associated genes was comparable to the
number of negatively associated genes. About half (578) of the
associated genes per compound were found positively or

negatively associated with two or more substances and were,
therefore, considered as substance type-associated markers in
further analyses. Ten genes were positively associated with all
four compounds (APLF, C8orf31, DLG2, FBLL1, LOC254057,
LOC389791, MAGEA8, NCKAP1, SCN1A, TNFSF15), whereas
only one gene (GPR22) was negatively associated with all four
substances.

Functional over-representation analysis indicated that a diverse
set of pathways were over-represented among the 578 PFAS-
associated genes (Supplemental Table 1). By using the DAVID
pathway clustering option, these were grouped into several
categories. Among the most significantly associated functional-
ities were those associated with plasma membrane or adhesion,
immunological pathways, nucleotide metabolism, translation,
signaling and development.

The subset of immunological pathways included terms as
‘‘regulation of T-cell activation’’, ‘‘T-cell receptor signaling
pathway’’ and ‘‘thymic T-cell selection’’. Among the other
pathways, a number of functional terms were found over-
represented that relate to WNT-signaling, which is involved in
several immunological (T-cell development, regulatory T-cell
activation, dendritic cell maturation) as well as other kinds of
developmental processes.

Common cold

For the comparison of transcriptomics to the number of common
cold episodes, we identified 330 positively and 250 negatively
associated genes, respectively (Table 1, Supplemental Table 2).
These genes showed predominantly over-representation for path-
ways related to membrane and adhesion, immunology and
development. Among the over-represented immunological path-
ways were ‘‘NF-jB binding’’, ‘‘NF-jB Signaling Pathway’’,
‘‘Signaling in Immune system’’, ‘‘somatic diversification of
immune receptors’’ and ‘‘regulation of lymphocyte apoptosis’’.
Developmental pathways enriched among the associated genes
included e.g. ‘‘anatomical structure morphogenesis’’ and ‘‘cell
differentiation’’.

The study found 27 genes overlapping between those
correlated to the number of common cold episodes and those
correlated to PFAS exposure (Table 2). Of these, three could be
related to immunological and/or hematopoietic functions, namely
PPARD, SHC4 and CYTL1. Six genes (ADAMTS20, CYTL1,
FAT1, PCDHA11, PPARD, SGPL1) are involved in development
and/or morphogenesis.

Rubella

This study found 1231 genes associated with rubella titers, of
which 522 genes showed positive and 709 showed negative
association (Table 1, Supplemental Table 3). Functional annota-
tion analysis showed a clear over-representation of cell division
pathways, such as ‘‘M phase of mitotic cell cycle’’ and ‘‘cell
division’’, as well as functionally related terms such as ‘‘spindle’’,
‘‘kinetochore’’ and ‘‘DNA replication’’. An association between
expression of cell division-related genes and immunotoxicology
has been described by several literature studies (Baken et al.,
2008; Frawley et al., 2011), indicating that a mechanistic relation
between cell division and the immune functionality endpoint
(rubella titers) is feasible. However, as no clear over-representa-
tion of cell division pathways among either the PFAS-associated
genes or those associated with common cold was found, the link
between cell division and rubella titers is probably less dependent
on PFAS exposures.

Additionally, this study found over-representation of pathways
involved in immunology, signaling, development and membrane
and adhesion. The immunological pathways that were enriched

Table 1. Number of genes correlated with PFAS levels and immune
parameters.

Parameter
Positive

correlation
Negative

correlation Total

PFOS 636 671 1307
PFOA 453 490 943
PFNA 312 289 601
PFHxS 787 225 1012
2 or more PFAS 294 284 578
Common cold episodes 330 250 580
PFAS AND common cold 27 (Table 2)
Rubella antibody 522 709 1231
PFAS AND rubella 26 (Table 3)
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included among others ‘‘cellular defense response’’, ‘‘CTL
mediated immune response against target cells’’, ‘‘natural killer
cell activation’’ and ‘‘positive regulation of isotype switching to
IgG isotypes’’ (Supplemental Table 3). Especially this last
pathway can be envisaged to be involved in long-term effects
on antibody titers. The analyses also found over-representation of
developmental pathways, such as ‘‘anatomical structure morpho-
genesis’’ and ‘‘developmental process’’. Although the immuno-
logical and developmental pathways did not correspond exactly to
those regulated by PFAS, the finding that there is an association
between such pathways and PFAS serum levels as well as rubella
titers suggests that the immunotoxic effect of PFAS probably
proceeds through an effect on the developing immune system,
rather than by interfering with more general processes such as cell
division.

On the gene expression level, the overlap between PFAS and
rubella titers-associated genes consisted of 26 genes (Table 3).
These include two genes involved in the pathway ‘‘regulation of T
cell activation’’, i.e. IL27 and ADORA2A, as well as one other
associated with immunological functionality, i.e. CYTL1.
Additionally, seven of the genes that correlated with both PFAS
and rubella are involved in development and/or morphogenesis,
e.g. ADORA2A, CDC42BPB, CYTL1, DVL1, HOXD8, ODF2,
RAB3IP.

Common signatures

The analyses so far have resulted in a set of 27 genes associated
with PFAS and common cold episodes (set27PC) and a set of 26
genes associated with PFAS exposure and rubella titers (set26PR)
(Tables 2 and 3). A comparison of these two lists revealed that
there is just one gene in common, namely cytokine-like 1
(CYTL1). As both of these obtained gene sets showed enrichment
for similar functions (including immunology and development),
we performed further in silico functionality analyses to determine
if common mechanisms could connect PFAS response to rubella

titers and common cold incidence, respectively. For the combined
set of 52 genes, gene function information obtained from
databases (GO, KEGG, DFLAT) and by literature text mining
(CoPub) was combined into a gene-function network (Figure 1).

This network connects 38 (of the 52) genes with 12 functional
terms. Network analysis indicated that most hub positions are
positioned together in the center of the network, such as
transcription (25 edges), signal transduction (17 edges), develop-
ment (14), apoptosis (13) and immune system (9). These hubs are
positioned together because they are connected to similar genes,
indicating that these functions should not be interpreted on their
own, but rather in context. Among the genes, a hub function is
taken by PPARD, which is linked to 10 out of the 12 pathways,
suggesting that this gene might play a central regulatory role in
PFAS-mediated immunotoxicity.

Discussion

Prenatal exposure to PFAS has previously been associated with
reduced immune functionality (DeWitt et al., 2008; Grandjean
et al., 2012; Granum et al., 2013; Peden-Adams et al., 2008).
The knowledge on mechanisms underlying the immunomodula-
tory effects of PFAS in experimental animals and humans is still
incomplete. In a recent paper, Corsini et al. (2014) reviewed the
literature to date on the immunotoxic effects of PFAS and current
insights into possible modes of action. Based on the evidence
currently available, they propose that PFAS immunotoxicity may
well occur via multiple pathways, some of which are regulated by
PPARs (e.g. fatty acid metabolism, glucose uptake) and others
(e.g. cytokines, chemokines, adhesion molecules) being regulated
by NF-jB (Corsini et al., 2014). To improve our understanding of
PFAS-associated immunosuppression, this study compared tran-
scriptomics data to maternal PFAS exposures as well as to two
immune endpoints in early childhood.

The former part of this analysis was focused on genes that
show significant correlation (in the same direction) with two or

Table 2. Overlap between PFAS- and common cold-associated genes.

Gene symbol Gene ID PFOS PFOA PFNA PFHxS Cold

ADAMTS20 80070 0.28* 0.04 0.05 0.25* �0.26*

AGR2 10551 0.16 0.20 0.25* 0.72* 0.25*

ANKRD40 91369 �0.06 �0.26* �0.24* �0.09 �0.25*

CETN2 1069 0.29* 0.25* 0.35* 0.19 0.27*

CXorf23 256643 �0.19 �0.24* �0.29* �0.21 �0.31*

CYTL1 54360 0.08 0.31* 0.30* 0.08 0.28*

EGFEM1P 93556 0.21 0.24* 0.36* 0.46* 0.28*

EPHB4 2050 �0.26* �0.20 �0.26* �0.08 0.23*

FAT1 2195 0.28* 0.27* 0.04 0.17 0.24*

GPX8 493869 �0.40* �0.23 �0.26* �0.08 �0.23*

HEPACAM2 253012 0.26* 0.25* 0.18 0.07 0.30*

LOC100129361 100129361 0.38* 0.29* 0.22 0.01 0.26*

MAGEA8 4107 0.26* 0.28* 0.25* 0.28* 0.25*

MCF2L2 23101 0.27* 0.24 0.11 0.30* 0.32*

PCDHA11 56138 0.25* 0.10 0.29* 0.68* 0.25*

PPARD 5467 �0.05 �0.19 �0.26* �0.28* �0.23*

PRB2 653247 0.24 0.36* 0.24* 0.08 �0.31*

RADIL 55698 0.09 0.23 0.35* 0.31* 0.30*

RGS11 8786 0.03 0.25* 0.16 0.28* 0.29*

SCN1A 6323 0.24* 0.26* 0.30* 0.25* 0.23*

SGPL1 8879 �0.26* �0.09 �0.29* �0.11 �0.28*

SHC4 399694 0.20 0.28* 0.13 0.34* 0.26*

STX18 53407 0.24* 0.24* 0.17 0.10 0.24*

SUSD4 55061 �0.28* �0.25* �0.23 �0.09 0.23*

VSTM2B 342865 0.26* 0.32* 0.17 0.08 0.25*

WISP1 8840 0.22 0.16 0.24* 0.45* 0.26*

ZNF615 284370 �0.29* �0.15 �0.30* �0.14 �0.34*

Values given are correlation values (R); * significance at p50.05.

Table 3. Overlap between PFAS- and rubella titer-associated genes.

Gene symbol Gene ID PFOS PFOA PFNA PFHxS Rubella

AADACL2 344752 0.37* 0.38* 0.47* 0.05 0.32*

ADORA2A 135 �0.24* �0.26* �0.08 0.03 0.25*

ASF1A 25842 0.24* 0.26* 0.05 0.02 �0.28*

CDC42BPB 9578 0.02 0.23 0.24* 0.31* �0.25*

CLUH 23277 �0.27* �0.24 �0.24* 0.01 �0.31*

CYTL1 54360 0.08 0.31* 0.30* 0.08 �0.29*

DVL1 1855 �0.41* �0.30* �0.26* �0.18 0.26*

EMR4P 326342 0.17 0.26* 0.26* 0.41* �0.26*

GPR83 10888 0.21 0.29* 0.28* 0.24 �0.26*

HOXD8 3234 0.30* 0.15 0.25* 0.17 �0.26*

IGSF11 152404 0.33* 0.47* 0.11 0.24 �0.31*

IL27 246778 �0.34* �0.33* �0.12 �0.09 �0.25*

INTS7 25896 �0.35* �0.13 �0.30* �0.08 �0.28*

LOC100131138 100131138 �0.28* �0.25* �0.20 0.01 �0.27*

LOC100131298 100131298 0.3* 0.28* 0.00 0.01 �0.25*

LOC100505711 100505711 0.32* 0.25* 0.05 0.28* 0.25*

NUFIP1 26747 �0.19 �0.24* �0.38* �0.16 0.37*

ODF2 4957 �0.26* �0.19 �0.36* �0.13 �0.30*

PRSS36 146547 �0.28* �0.28* �0.09 �0.07 �0.28*

RAB3IP 117177 0.27* 0.29* 0.15 �0.05 �0.29*

SCARB1 949 �0.07 �0.27* �0.25* �0.14 0.28*

SUPT16H 11198 �0.38* �0.32* �0.34* �0.10 �0.30*

SYTL2 54843 �0.28* �0.07 �0.35* �0.18 �0.27*

TRDN 10345 0.18 0.28* 0.21 0.48* �0.29*

TRIM42 287015 0.05 0.27* 0.37* �0.07 0.26*

ZKSCAN5 23660 �0.25* �0.18 �0.19 �0.27* �0.25*

Values given are correlation values (R); * significance at p50.05.
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more PFCA and PFSA exposures. The rationale for this choice is
that genes whose expression relates to multiple long-chain PFCA/
PFSA substances can be said to be informative for this compound
class as a whole rather than for individual substances. Such shared
markers are, therefore, more useful for providing insights into
mechanisms behind long-chain PFCA/PFSA-related immunotoxic
effects, as well as applications as biomarkers for monitoring
environmental exposures. This would, ultimately, also provide a
more reliable basis for policy making.

For the various PFAS, this study found a different number of
genes that were significantly correlated with each individual
compound. Interestingly, genes that show a significant correlation
with more than one compound almost always show agreement in
their direction of correlation. For the dataset as a whole, only
three genes show a positive correlation with one PFAS and a
negative correlation with another. A weakness of the present study
is the relatively small study population where minor differences in
gene expression, PFAS exposure and incidence of the health
outcomes may considerably impact the statistical analyses.
However, as the genes show agreement in their direction of
correlation, this is evidence that our results are not due to chance
correlations alone. Nevertheless, the present results should not be
seen as hypothesis-confirming, but rather as contributing to the
available evidence to date on this subject.

Although there have been reports on differences in gene
expression response to different perfluorinated compounds, due to
different chemical structures as well as chain length, in this data
set no clear differences between gene expression associations nor
evidence for different responses to long-chain PFCAs (PFOA and
PFNA) as opposed to PFSAs (PFAS and PFHxS) was found. This
lends further support to our assumption that the response to long-
chain PFCAs and PFSAs is predominantly a common response to
this type of compound. However, based on our data, it cannot be

predicted to what extent this response will also be found for short-
chain PFAS.

Among the genes associated with one or more of the respective
endpoints, the analyses consistently found over-representation for
immunological and developmental pathways, as well as GO-terms
related to the plasma membrane. The underlying effects on
immunological and developmental pathways support the motiv-
ation for this study, namely that long-chain PFCAs and PFSAs
exposure affects prenatal development and that the immune
system is particularly susceptible to adverse effects by compound
exposure (Holsapple et al., 2004; West, 2002).

The current study identified 52 transcripts associated with
long-chain PFCAs/PFSAs and at least one immunological
parameter. In a gene–function association network (Figure 1), it
can be seen that these genes are associated around a number of
hub processes such as development, apoptosis and the immune
system. Similar gene–function associations are found among
those correlated with rubella and common cold. Moreover, these
genes are scattered evenly across the network, indicating that the
gene sets for both immunological endpoints, despite having little
overlap at the individual gene level, relate to similar underlying
functional mechanisms. Among these genes, several have a
biological function that is related to reduced immune function-
ality or potential underlying toxicity mechanisms.

One gene, CYTL1, is especially relevant as its expression is
significantly positively correlated with PFAS exposure, negatively
correlated with rubella titers and positively correlated with the
number of common cold episodes. CYTL1, also known as C17 or
C4orf4, codes for a cytokine-like protein of 136 amino acids
including a signal sequence. CYTL1 was first described as
specifically expressed in CD34+ (but not CD34�) bone marrow
and cord blood mononuclear cells (Liu et al., 2000). CYTL1
expression increased in cultured bone marrow-derived CD34+

Figure 1. Gene–function association network. Blue, genes correlated with PFAS and episodes of common cold; red, genes correlated with PFAS and
rubella titers; purple, genes correlated with all three parameters; green: functions/pathways.
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cells that were exposed to cytokines that favor maintenance of
stem cells, whereas CYTL1 expression decreased upon exposure
to hematopoietic factors that stimulate cell differentiation. As
CD34+ cells are early hematological stem/progenitor cells, a role
of CYTL1 in the hematopoiesis and possibly the immunological
system was inferred. Later studies also found expression of
CYTL1 outside hematopoietic cells. Begley et al. (2008)
described that the aging prostate shows up-regulation of CYTL1
as well as several inflammatory mediators, which promotes
cellular proliferation of both epithelial and stromal fibroblast cell
types. CYTL1 is also expressed in chondrocytes and plays a role in
chondrogenesis (Kim et al., 2007). However, although Cytl
knockout mice are more sensitive to osteoarthritic cartilage
destruction, their cartilage and bone development is not affected,
which indicates a role in a pathway involved in cartilage
homeostasis, such as the immune system, rather than a strictly
developmental role (Jeon et al., 2011). Indeed, Chao et al. (2011)
showed that, in a murine arthritis model, CYTL1 is sufficient for
joint protection in a preventive setting, but no therapeutic effects
were observed. This, combined with sequence analysis, led to the
hypothesis that CYTL has immune-regulatory properties and
contributes to immune homeostasis systemically and in a tissue-
specific manner. Proteomics analyses on human osteoarthritic
patients have lent further support to this hypothesis (Stenberg
et al., 2013). Although the exact mechanism is not yet clear,
protein structure modeling indicated that CYTL1 could be a
structurally and functionally related analog of CCL2, capable of
signaling through the chemokine receptor CCR2 (Tomczak &
Pisabarro, 2011).

The present study also found a negative association between
gene expression of PPARD (peroxisome proliferator-activated
receptor-d) and PFAS exposure as well as the common cold.
PPARD also takes a hub position in the gene–function association
network, being connected to 10 out of 12 functional processes.
The PPAR family is a group of nuclear receptors that regulate
physiological processes such as lipid homeostasis, adipogenesis,
reproduction, as well as inflammation. It has been described that
PFAS can bind and activate PPAR members, especially PPARa
(van den Heuvel et al., 2006). For this reason, several studies
have looked at the potential role of PPARs in PFAS-mediated
immunotoxicity. However, results obtained are not always con-
sistent on whether or not there is a direct effect on immune cells
(Corsini et al., 2012; DeWitt et al., 2012; Midgett et al., 2014).
Based on the experimental literature available to date and taking
into account that PPARs show considerable interspecies differ-
ences in their ligand-receptor binding and activation, Corsini
et al. (2014) concluded that the role of PPARs differed among
PFAS substances as well as species and/or strains. The present
study, however, is one of the first to suggest a role of PPARd in
PFAS-mediated immunotoxicity in humans.

In addition to CYTL1 and PPARD, a number of other genes
with a mechanistic role in immune functionality showed signifi-
cant association for multiple substance exposures and a health
outcome. Interleukin-27 (IL-27, although also known as IL-30) is
another cytokine that is related to IL-12A. IL-27 is an
immunoregulatory cytokine, especially for T-cells, with pro-
and anti-inflammatory properties (Bosmann & Ward, 2013).
IL-27 forms a heterodimer with Epstein-Barr virus induced gene
3 (EBI3), which drives rapid clonal expansion of naive but not
memory CD4-positive T-cells (Pflanz et al., 2002). EMR4P (egf-
like module containing, mucin-like, hormone receptor-like 4
pseudo-gene) is a member of the EGF-TM7 receptor gene family,
which plays a role in leukocyte adhesion and migration. However,
due to sequence divergence since the human–chimpanzee split,
this particular member most likely represents a truncated protein
that lacks the seven-span transmembrane region and is predicted

to be expressed as a soluble secreted protein (Caminschi et al.,
2006). Finally, SHC4 (Src homology 2 domain containing family,
member 4) plays a role in the chemokine signaling pathway as
well as natural killer cell mediated cytotoxicity. Both these roles
involve an intermediate connecting role between initial membrane
receptors and MAPK signaling further downstream.

The data presented in this study support our hypothesis that
there is an association at the transcriptomics level between
prenatal long-chain PFCAs/PFSAs exposure levels and the
number of common cold episodes as well as rubella antibody
levels in early childhood. A particular strength of this study is that
our transcriptomics profiling on cord blood study strongly
indicates that prenatal exposure contributes to these immuno-
logical effects. In contrast, previous epidemiological associations
between prenatal PFAS exposure and immunosuppression in
childhood are limited in that they cannot really exclude that the
effects observed are due to postnatal exposure (via milk or food),
since these are correlated to maternal exposures. Our findings add
to the available evidence that long-chain PFCAs/PFSAs are
immunotoxic in humans and support current regulatory policies to
phase out these substances. Moreover, our data support and
extend the insights to date on the mode of action underlying
PFAS-mediated immunotoxicity (Corsini et al., 2014) by finding
associations for genes involved in both proposed modes of action.
The former of these comprises PPAR activation. In the present
study, we observed changes in the transcriptional activity of
PPARD, as well as several downstream PPAR-regulated genes,
such as those involved in lipid metabolism (Figure 1). The latter
toxicity pathway involves interference with NF-jB signaling by
inhibiting I-jB degradation, but more importantly by inhibiting
the phosphorylation of NF-jB p65 at Ser536, which is required
for optimal transcription activity. In the present study, we
observed perturbation of several known NF-jB targets (IL 27,
ADORA2A) as well as genes with functions regulated downstream
of NF-jB signaling, such as cytokines or immune modulating
genes (CYTL1, IL27, SHC4) as well as immune cell adhesion
(EMR4P) (Figure 1). Perturbation by long-chain PFCAs/PFSAs of
NF-jB signaling and downstream processes will interfere with the
functionality of one or more types of immune cells, leading to
health effects such as reduced antibody levels as well as an
increased incidence of common cold. Taken together, the
functionality of the associated genes also strengthens the current
views on immunotoxicity of PFAS substances.

In addition to strengthening current knowledge on PFAS-
mediated immunosuppression, the data presented in this paper
also provide transcriptomics biomarkers for monitoring prenatal
PFAS exposure and the related effects on the development of the
immune system. Among the markers found in this study, several
can be prioritized for such purposes and for further studies it can
be envisaged that a small set of markers can be measured by
means of a (multiplexed) quantitative PCR rather than a whole-
genome microarray. Likely markers to be included in such a panel
would be SCN1A (sodium channel, voltage-gated, Type I, a
subunit) and MAGEA8 (melanoma antigen family A, 8), which are
significantly correlated with all four PFAS as well as common
cold episodes and are moderately (albeit non-significantly)
correlated with rubella titers, with R values of �0.21 and 0.18,
respectively (Supplemental Table 1). Especially CYTL1, however,
is interesting as a marker for long-chain PFCAs/PFSAs exposure
and both immunological parameters, and a literature link to a
proposed mode of action. Depending on practical consideration,
such a panel would then also contain one or more other
immunological genes such as IL 27, as well as endogenous
control (‘‘housekeeping’’) genes for normalization.

Exposure to other environmental contaminants can affect the
results of PFAS exposure. We previously studied the correlation
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between exposure to the different PFAS and polychlorinated
biphenyls (PCBs), dioxin-like PCBs and dioxins and acrylamide
in the BraMat cohort. Only very weak correlations were found
(PCBs: 0 – 0.07; dioxin-like PCBs and dioxins: �0.01 – 0.08;
acrylamide: �0.11 – 0.07) (results not published). Adjustments
for potentially confounding factors with regard to the associations
between PFAS exposure and the health outcomes in the present
paper were previously performed in Granum et al. (2013). The
criterion to be included in the statistical analyses as a confounding
factor was that the variable had to be associated with both health
outcomes and PFAS exposure at p values of 0.25 or less. None of
the abovementioned environmental chemicals fulfilled this criter-
ion and, therefore, none were included in the adjusted statistical
analyses. This is in line with the findings by Grandjean et al.
(2012) that most of the PFAS correlated only weakly with PCBs
in maternal serum and that adjustment for PCB exposure did not
appreciably change their results.

In conclusion, this study adds to the available evidence that
long-chain PFCAs/PFSAs are immunotoxic and prenatal exposure
to this type of compound leads to suppressed immune system
functionality in early childhood. The markers identified in this
study can serve as the basis for further mechanistic or epidemio-
logical studies.
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