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Allergic asthma, driven by T helper 2 cell-mediated immune re-
sponses to common environmental antigens, remains the most
common respiratory disease in children. Perfluorinated chemicals
(PFCs) are environmental contaminants of great concern, because
of their wide application, persistence in the environment, and bio-
accumulation. PFCs associate with immunological disorders includ-
ing asthma and attenuate immune responses to vaccines. The
influence of PFCs on the immunological response to allergens dur-
ing childhood is unknown. We report here that a major PFC, per-
fluorooctane sulfonate (PFOS), inactivates house dust mite (HDM)
to dampen 5-wk-old, early weaned mice from developing HDM-
induced allergic asthma. PFOS further attenuates the asthma pro-
tective effect of the microbial product lipopolysaccharide (LPS). We
demonstrate that PFOS prevents desensitization of lung epithelia
by LPS, thus abolishing the latter’s protective effect. A close mech-
anistic study reveals that PFOS specifically binds the major HDM
allergen Der p1 with high affinity as well as the lipid A moiety of
LPS, leading to the inactivation of both antigens. Moreover, PFOS
at physiological human (nanomolar) concentrations inactivates
Der p1 from HDM and LPS in vitro, although higher doses did
not cause further inactivation because of possible formation of
PFOS aggregates. This PFOS-induced neutralization of LPS has been
further validated in primary human cell models and extended to an
in vivo bacterial infection mouse model. This study demonstrates
that early life exposure of mice to a PFC blunts airway antigen bio-
activity to modulate pulmonary inflammatory responses, which
may adversely affect early pulmonary health.
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llergic asthma is very common in children, and its incidence
is increasing worldwide with urbanization (1-3). Asthma,
which is characterized by eosinophilic airway inflammation, goblet
cell metaplasia, and bronchial hyperreactivity, involves innate and
adaptive immune responses to inhaled antigens such as the
ubiquitous indoor allergen house dust mite (HDM), which signals
via pattern recognition receptors on barrier epithelial cells (ECs)
and dendritic cells (DCs) (2, 4). Abundant evidence shows that
HDM is one of the most important sources of allergenic triggers
(5). The HDM component cysteine protease Der pl generally
serves as a surrogate of environmental exposure to HDM (6).
Accumulating evidence suggests that environmental encoun-
ters that occur during childhood can influence the risk of allergic
sensitization (7). Epidemiological studies suggest that exposures
to high numbers of microbes may protect against allergic asthma
(8). The gram-negative bacterial membrane endotoxin lipopoly-
saccharide (LPS), which is the most potent microbe-associated
molecular pattern molecule and TLR4 agonist, is present at
high levels in air and dust, and the extent of LPS exposure neg-
atively correlates with the risk of developing asthma (8-10).
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Chronic exposure to LPS up-regulates the expression of the neg-
ative regulatory protein A20 in airway ECs, thereby reducing their
production of cytokines and chemokines in response to allergens
that suppress DC recruitment and T helper 2 (Th2) immunity (11,
12). Moreover, the intestinal microbiota modulates allergic
asthma, and a low abundance of intestinal LPS is associated with a
high risk of airway inflammation (13).

Notably, urbanization is associated with increased contact with
household materials, antimicrobials, and cleaning products, as
well as with increased exposure to a multitude of diverse chemicals
(14). For example, perfluoroalkyl chemicals (PFCs) are ubiquitous
pollutants that are used in numerous industrial and consumer
products (15). The half-lives in humans of the most common
PFCs, perfluorooctane sulfonate (PFOS) and perfluorooctanoate
(PFOA), are >4y (16). These PFCs are commonly detected in the
human serum (17). In the United States, PFCs can be detected in
the blood of nearly every American, including the developing fe-
tus, with mean serum concentrations of 20.7 and 3.7 ng/mL for
PFOS and PFOA, respectively (18, 19). Children may have greater
risk of exposure than teenagers and adults (20, 21), possibly be-
cause PFCs are transferred through the placenta (22) and have
postnatal sources of exposure including human milk and house
dust (23).
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PFC exposure may influence the immune response to vaccina-
tion and allergies such as asthma. For example, the concentrations
of PFOS in the sera of 587 5-y-old children are associated with
decreased levels of vaccine antibodies (24). Robust epidemiolog-
ical data demonstrate that the rates of asthma are increased in
children with higher serum PFC concentrations (25, 26), which
may be explained by alterations in TH1/TH2 polarization (toward
the TH2 response) (27). Similarly, studies of murine models of
asthma show that exposures to PFCs (>milligram/kilogram) cause
asthma-related outcomes such as airway hyperresponsiveness
(AHR) and increased inflammation (28).

Thus, exposure to allergens and environment pollutants such
as PFCs may profoundly affect the outcomes of asthma in children
(29). Unfortunately, our understanding of how simultaneous ex-
posures to these substances influence the direction of immune
priming is insufficient. Here, we aimed, therefore, to determine
the role of early life exposure to PFCs by testing different doses on
the development of allergic asthma caused by exposure to PFOS,
before allergen sensitization and challenge, as well how LPS
prevents the induction of asthma. These findings suggest a
mechanism in which exposure to PFCs during infancy play a
previously unidentified role in modulating allergic asthma.

Results

Exposure to PFOS Inhibits HDM-Induced Allergic Asthma. According
to the US Environmental Protection Agency’s safe daily dose of
PFOS (2 x 10~ mg/kg/d), it is estimated that the North American
and European populations are likely to experience ubiquitous and
long-term uptake doses of PFOS ranging from 3 to 220 ng/kg/d (18,
21). To identify the effects of low-dose exposure to PFOS on early
life allergic airway disease, we exposed 5-wk-old, weaned mice to
low-dose (10 pg/kg) PFOS every other day for 2 wk (30) or to
phosphate-buffered saline (PBS) before sensitization with HDM
and the challenge (Fig. 14). Noticeably lower numbers of eosino-
phils, neutrophils, and lymphocytes were detected in the PFOS-
pretreated group (Fig. 1B).

Consistent with these finding, histopathological analysis revealed
that mice pretreated with PFOS have reduced peribronchial and
perivascular leukocyte infiltrates in the lung when exposed to
HDM (Fig. 1C), verified by a lung inflammation score analysis (S/
Appendix, Fig. S1). Similarly, periodic acid—Schiff (PAS) staining of
these tissues from PFOS-pretreated groups detected abolished
goblet cell hyperplasia and mucus production in airways in com-
parison with controls (Fig. 1D). Sera were analyzed for the levels of
total IgE, HDM-specific IgE, IgG1, and IgG2a (Fig. 1E). Sur-
prisingly, the total IgE level was significantly increased in the
PFOS-pretreated group (Fig. 1E). Conversely, the levels of HDM-
specific IgE and IgG1 were significantly lower compared with the
PBS-treated group. To measure HDM-specific TH1/Th2 responses,
we stimulated cells from mediastinal lymph nodes (MLNs)
in vitro with HDM and found that PFOS reduced the produc-
tion of Th2 cytokines (IL-5, IL-10, and IL-13) and a Th17 cy-
tokine (IL-17) but increased the production of the Thl cytokine
IFN-y by MLNs treated with HDM (Fig. 1F) and decreased AHR
(Fig. 1G).

Exposure to PFOS Inhibits Early-Life, LPS-Induced Protection against
Asthma. To investigate the effects of PFOS on LPS-mediated
protection against asthma, we exposed mice every other day for
2 wk to 100-ng LPS, with or without PFOS (10 pg/kg), or to PBS
before sensitization to HDM and the challenge. Airway inflam-
mation and Th2 responses were significantly inhibited in mice
pretreated with LPS, compared with untreated mice. In contrast,
simultaneous exposure of mice to PFOS and LPS produced more
eosinophils and neutrophils, compared with mice only exposed to
LPS (Fig. 1B). The inflammatory infiltrates detected in H&E-
stained lung sections (Fig. 1C and SI Appendix, Fig. S1), goblet
cell hyperplasia, and mucus production (revealed by PAS staining)
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(Fig. 1D and SI Appendix, Fig. S1) of tissues isolated from the
LPS+PFOS/HDM group were increased, compared with the LPS-
treated group. We detected increased levels of total IgE and
HDM-specific IgE and decreased levels IgG2a in mice pretreated
with LPS+PFOS (Fig. 1E). We further found that MLN cells from
mice pretreated with LPS+PFOS secreted significantly higher
levels of IL-5 and IL-13 than MLN cells from mice only pretreated
with LPS. Notably, the production of IL-17 increased and that of
IFN-y decreased (Fig. 1F). LPS+PFOS reversed the LPS-induced
decrease in methacholine-induced AHR in mice immunized
against HDM (Fig. 1G).

Exposure to PFOS Modulates Lung DCs Treated with HDM. Sensiti-
zation to HDM depends on DC subsets that migrate to the
MLNS to prime CD4* T cell responses (31). When PBS-treated
mice were challenged with HDM, conventional CD11b* DCs
(cDCs), CD103* ¢DCs, and monocyte-derived DCs (moDCs)
were recruited to the lungs (Fig. 1H and SI Appendix, Fig. S2). In
mice pretreated with PFOS, fewer CD11b™ DCs and moDCs
were recruited, while the number of CD103* DCs was unaf-
fected (Fig. 1H). Furthermore, simultaneous exposure of mice to
HDM and PFOS diminished the LPS-induced deficiency in DC
recruitment, and the numbers of both subsets of ¢cDCs and
moDCs increased with HDM stimulation, compared with mice
pretreated with LPS (Fig. 1H). After exposure to HDM, PFOS
inhibited the activation of DCs, consistent with reduced Th2
responses, as well as increased LPS-induced defective DC acti-
vation, consistent with restored Th2 responses.

Transcriptomic Analysis of PFOS-Induced Immunomodulation. We
next performed RNA sequencing to understand the immuno-
modulatory effects of PFOS (Fig. 2 A and B and SI Appendix,
Fig. S3). We identified differentially expressed genes (DEGs) in
cells treated with PFOS, LPS, or both, which were then subjected
to Gene Oncology enrichment analysis. We found that DEGs
expressed at lower levels by the PFOS- and LPS-treated groups
were mainly involved in the immune and defense responses (Fig.
2C). DEGs expressed at higher levels by the LPS/PFOS-treated
group were similarly enriched, compared with the LPS-treated
group.

Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis of the PBS-treated group revealed that the protec-
tive effect of LPS induced down-regulation of genes that encode
components of the major histocompatibility class I pathway that
mediates antigen presentation and processing (SI Appendix, Fig.
S4). Down-regulated genes were activated upon simultaneous
exposure to PFOS and LPS (S Appendix, Fig. S4). Gene set en-
richment analysis (GSEA) identified DEG sets in the PFOS- and
LPS-pretreated groups that were significantly enriched in the
KEGG term “T'GF-beta signaling pathway,” compared with the
PBS-treated group, and enrichment of the LPS-treated group was
the highest (Fig. 2D). GSEA also identified “ribosomes” as the
significantly enriched pathway, compared with the LPS+PFOS-
and LPS-treated groups. Weighted correlation network analysis
further supports the conclusion that the “regulation of immune
response” was the pathway that was significantly affected by
LPS+PFOS and LPS pretreatment (SI Appendix, Fig. S5).

We further compared the expression of immune-related genes.
Consistent with assays of murine models of asthma (11, 32), mice
pretreated with PFOS expressed lower levels of genes involved in
Th2 responses (114, 115, 1110, and 1113), proinflammatory genes
(116 and Tnf-a), mucin genes (Muc5ac and Muc5b), and acti-
vated Thl responses (Ifn-y), compared with those of the PBS-
treated group (Fig. 2E). Simultaneous exposure to PFOS sig-
nificantly up-regulated genes involved in Th2 responses (114 and
115), inflammation (I16), mucin synthesis (Muc5ac), and down-
regulated Thl responses (IFN-y), compared with those of the
LPS-protected group (Fig. 2E).
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Fig. 1. Exposure to PFOS modulates early life allergic asthma in mice. (A) Dosing regimens of mouse treatment groups. Mice were preexposed to intranasal
(IN) PFOS (10 pg/kg), LPS (100 ng), or with the same doses of LPS combined with PFOS every other day starting from —14 d, then intratracheally (IT) sensitized
with 1-ug HDM on day 0 and challenged with daily 10-ug HDM daily from days 7 to 11. Mice were euthanized on day 14. (B) Cell numbers in BAL fluid. (C)
Paraformaldehyde-fixed lungs were cut and stained with H&E. (D) Lung sections were stained with PAS to measure goblet cell hyperplasia and mucosal
secretion in airways. (E) Enzyme-linked immunosorbent assay (ELISA) results for total IgE, HDM-specific IgE, IgG1, and IgG2a levels in sera. (F) MLNs were
harvested, and single-cell suspensions were prepared. MLN cells were treated again for 3 d with medium containing HDM. The culture media were used for
IL-5, IL-13, IL-17, IL-10, and IFN-y ELISAs. (G) Airway hyperreactivity expressed as lung resistance (R,). (H) Recruitment of DC subsets to the lungs. Data
represent the mean + SEM (n = 5 mice per group). *P < 0.05, **P < 0.01 (Mann-Whitney U test), n.s., not significant.
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Fig. 2. Transcriptomic analysis of lungs of mice with HDM-induced asthma. (A) Principal component analysis of 15 samples according to normalized mRNA
expression levels. (B) Hierarchical cluster analysis of common DGEs in the four treatment groups compared with the control PBS group. (C and D) GO en-
richment (C) and GSEA (D) DEGs between the selected groups. (E) Effects of treatment on the expression levels of immune-related genes. Data are presented
as the mean + SEM of triplicates compared with the control PBS group. *P < 0.05, **P < 0.01 (ANOVA). (F) mRNA target network analysis of selected genes.

Upon allergen stimulation, lung ECs secret proallergic cyto-
kines or chemokines to drive DC activation and therefore Th2-
mediated immune responses (11, 33). Here, we found that lung
homogenates from mice pretreated with PFOS, compared with
controls, expressed reduced levels of Ccl20, Gm-csf, Mcp-1, and
I1-33. These molecules are predominantly produced by lung ECs
and are required for pulmonary allergic responses (Fig. 2E) (4).
These results suggest that the number of lung ECs from PFOS-
treated mice was reduced upon HDM stimulation. In contrast,
the levels of Ccl20 messenger RNA (mRNA) in lung homoge-
nates of LPS+PFOS/HDM mice were higher than in the LPS-
treated group. The levels of Tnfaip3 (encoding A20) and Ship
mRNAs, two negative regulators of TLR signaling, were down-
regulated in the lungs of HDM-treated mice exposed to PFOS/
LPS (Fig. 2E), suggesting that they contribute to the increased
responses. Among those genes, IL-5, IL-10, IL-13, IL-17, IFN-y,
Muc5Sac, and Tnfaip3 were further consistently validated with
RT-PCR (SI Appendix, Fig. S6).

Among 16 selected genes subjected to mRNA-target network
analysis, 10 genes were significantly connected in our network
(Fig. 2F). According to the size of each node, Muc5ac, Muc5b,
and Tnfaip3 were significant nodes detected using network
analysis, suggesting that they may play important roles in asthma,
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consistent with previous studies (34). Furthermore, early life ex-
posure to low-dose PFOS (10 pg/kg) did not induce DEGs related
to the activation of PPAR-« target genes, one major target of
PFOS in previous studies (35, 36), suggesting that PFOS related
PPAR-o pathway did not influence the outcome of the asthma-
associated immune response. We therefore conclude that PFOS
may regulate pulmonary inflammatory responses by decreasing
the bioactivities of HDM and LPS.

PFCs Effectively Inactivate LPS In Vitro. To determine whether
PFOS regulates allergic responses by modulating LPS bioactivity,
we used PFOS and the top six most abundant PFCs in the sera of
children to treat Escherichia coli LPS (SI Appendix, Fig. S7 and
Table S2). Unexpectedly, these PFCs effectively inactivated LPS
(Fig. 34 and SI Appendix, Fig. S8 and Table S3) using a con-
centration (1 nM) similar to that detected in human sera. Ex-
posure to the seven PFCs tested with longer carbon chains and
with a sulfonic group caused larger changes in LPS inactivation,
suggesting a structure—function relationship. Higher concentra-
tions of PFCs did not cause further inactivation. When we
treated LPS with low-dose (1 nM) PFCs or with 1- to 100-nM
PFOS for 6 h, inactivation was concentration and time depen-
dent (Fig. 3 B and C).
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Fig. 3. PFCsinactivate LPS in vitro. (A) E. coli LPS activity after incubation with PFCs. LPS bioactivity were measured using the LAL assay. (B and C) Validity and
dynamics of LPS inactivation by PFCs. (D) Effects on PFOS on the activities of gut microbiome LPS, gram-negative LPS, and gram-positive LTA. (E) TEM images
of the effects of PFOS on E. coli LPS. (Scale bar, 200 nm.) (F) Molecular dynamic (MD) simulations of the interactions between PFOS and LPS. LPS (polysac-
charide is yellow and lipid A is red) and PFOS (carbon is cyan; oxygen is red; and fluorine and sulfur are green) shown as three-dimensional models. (G)
Trajectories depicting the interaction between PFOS and LPS. PFOS interaction with LPS is gray and self-aggregated is cyan. (H) Effect of PFCs on cytokine
production by THP-1 macrophages treated with LPS. (/ and J) Effects of PFCs on LPS-induced activation of NF-kB (/) and PPAR-a (J) activation in THP-1 mac-
rophages. (K and L) Effect of PFCs on cytokine production by A549 cells and HNECs (collected from three donors) treated with LPS. (M) Effects of treatment on
the expression levels of immune-related genes in HNECs. Data are presented as the mean + SEM of triplicates compared with the DMSO vehicle control (A-D,
J, L, and M) or simultaneously treated with E. coli LPS (H, I, and K). *P < 0.05, **P < 0.01 (ANOVA).
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We further tested the specificity of inactivation of LPS by
PFCs. LPS from different bacteria differ in their effects on im-
mune activation (7). Furthermore, the gram-positive bacterial
product lipoteichoic acid (LTA) is a potent activator of the in-
nate immune response (37). We found that PFOS differentially
inactivated LPS prepared from Pseudomonas aeruginosa 10,
Salmonella enterica serovar Typhimurium, Klebsiella pneumoniae,
and Proteus vulgaris, as well as LTA prepared from Bacillus subtilis
and Entercoccus hirae and the gut microbiome LPS (Fig. 3D and
SI Appendix, Fig. S9 and Table S4). Significant inactivation was
achieved at nanomolar concentrations. These results further sug-
gest the relevance of these findings to humans.

PFCs Bind and Disaggregate E. coli LPS. To understand how PFCs
inactivate LPS, LPS was titrated with the PFCs, and samples were
observed using transmission electron microscopy (TEM). Intact
LPS appeared as typical ribbon-like structures (Fig. 3E) (38).
When LPS was treated with PFCs, the ribbon-like structure was
not observed, and small spheres were visible instead (Fig. 3E and
SI Appendix, Fig. S11), indicating that the LPS micelles were
disaggregated. We conclude, therefore, that PFCs inactivated LPS
by disrupting its structural integrity.

We used molecular dynamic simulations to analyze the inter-
actions between LPS and PFCs. The PFCs bound LPS with a similar
pattern, and the PFCs self-assembled into aggregates through hy-
drophobic interactions (Fig. 3F and SI Appendix, Fig. S12). Thus, the
lipid A moiety of LPS wrapped through the perfluoroalkyl chains,
and their hydrophilic groups formed hydrogen bonds with the
polysaccharide moiety of LPS. The affinities of the PFC-LPS in-
teractions were strongly dependent on the numbers of carbon atoms
and functional groups, because the increasing the number of C-F
groups contributed to the hydrophobic interactions, and the sulfonic
headgroup of PFCs formed stronger hydrogen bonds with the self-
assembled aggregates and LPS than the carboxylic headgroups (S7
Appendix, Figs. S13 and S14). The formation of aggregated PFCs
sterically hindered them from effectively binding the lipid A moiety
(Fig. 3G and SI Appendix, Fig. S15), which may explain why the
inactivation of PFOS was not strictly concentration dependent.

We used quantitative structure—activity relationship models to
calculate 1,445 molecule descriptors of the test compounds to
show that the electronegativity, atomic masses, and atomic van
der Waals volumes were required for inactivation of LPS. Fur-
thermore, molecular dynamic simulations revealed similar
structural characteristics between the complexes of PFOS with
different LPS and LTA molecules and that their binding affini-
ties were generally consistent with their abilities to inactivate
LPS in vitro (SI Appendix, Figs. S16 and S17).

PFCs Inhibit the Immunogenicity of E. coli LPS In Vitro. To further
study the effects of PFCs on the immunogenicity of LPS in vitro,
we first treated THP-1 macrophages with an LPS/PFOS mixture
and measured the changes in the production of an inflammatory
cytokine. TNF-a production was inhibited by the PFCs when the
THP-1 cells were simultaneously treated with LPS (Fig. 3H and
SI Appendix, Figs. S18 and S19). The levels of inhibition were
generally consistent with their abilities to inactivate LPS.

The immunomodulatory effects of PFCs on THP-1 macro-
phages were not caused by cytotoxicity (SI Appendix, Fig. S20 A
and B). Likewise, LPS-induced phosphorylation of NF-xB p65
was similarly inhibited by PFCs (100 nM) (Fig. 3I). PFCs alone
did not have an effect (SI Appendix, Fig. S20C). Evidence indi-
cates that the immune function of PFCs is mediated through
PPAR-a (39), but we did not detect significant changes in PPAR-
a expression (Fig. 3G), indicating that activation of PPAR-a may
not a critical factor to initiate the immunomodulatory effects
observed in THP-1 macrophages. Furthermore, LPS/PFOS-treated
THP-1 macrophages were treated with the PPAR-a agonist
ciprofibrate and antagonist GW6471, and both treatments did not
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have much effect on the PFOS-induced LPS inactivation, which
implies that the direct PFOS-antigen interaction outweighs the
PPAR-a pathway-induced immune response (SI Appendix, Fig.
S21). These results suggest that PFCs affect the activation of NF-
kB, which directly suppresses cytokine secretion by immune cells.

To further investigate the neutralization effect in modulating
immune response, we have examined the treatment in both A549
cells and human primary nasopharyngeal ECs (HNECs). We also
obtained a similar TNF-a decrease (Fig. 3 K and L and SI Ap-
pendix, Fig. S22), suggesting that PFOS-induced LPS neutrali-
zation and its associated immune modulation can be extended to
human ECs. To determine the influence of PFOS in immune
induction in LPS-stimulated HNEC, RNA sequencing was per-
formed to characterize its gene expression change. Consistent
with the result of asthma mouse models in the present study, we
also found that most DEGs involved in the immune responses
were down-regulated in the LPS/PFOS-treated group, compared
with the LPS-treated group (SI Appendix, Fig. S23 B and C),
including the “antigen processing and presentation” and ribo-
somes. For example, simultaneous exposure to PFOS and LPS
expressed reduced levels of 111, 118, 11-32, Tnf-a, Ccl20, Gm-csf,
I1-33, and Tnfaip3, compared with those of the LPS-treated
group (Fig. 3M).

PFOS Inhibits the P. aeruginosa Lung Infection In Vive. To investigate
whether we can extend this LPS neutralization effect by PFOS to
the bacterial infection model, the immunosuppression potential
of PFOS was examined in a live infection model of gram-negative
P. aeruginosa. Mice were treated intranasally with PFOS (10 and
100 pg/kg/d) for 1 wk and then challenged with a dose of P. aer-
uginosa (1 x 107 colony-forming unit [CFU]). As shown in Fig. 4
and SI Appendix, Fig. S24, a significant reduction of numbers of
eosinophils, neutrophils, and lymphocytes (Fig. 44) was observed
for the PFOS-pretreated group, compared with P. aeruginosa only.
Consistently, proinflammatory cytokines, including IL-1f, IL-6,
and TNF-q, in the bronchoalveolar lavage (BAL), lungs, and
blood also exhibited a decreasing trend (Fig. 4 B-D), though they
are not as dramatic as the changes in the LPS only versus
LPS+PFOS in in vivo animals. Therefore, our results suggested
that the immune depression effect of PFOS can be expanded to
bacterial infection beyond the bacterial product LPS only.

PFOS Binds and Inactivates Der p1. We hypothesized that PFOS
regulates allergic responses by modulating the biological activity
of HDM. The cysteine protease Der pl, derived from the HDM
Dermatophagoides pteronyssinus, is the major immunoactive
component of the HDM tested here. Thus, we tested the effect
of PFOS on Der pl. The concentration of PFOS was similar to
that typically present in normal human sera (0.05 mg/mL). PFOS
(1 nM) inactivated Der pl by 22% (Fig. 54). Isothermal titration
calorimetry (ITC) showed that the binding affinity of the Der
p1-PFOS interaction was 224 nM (Fig. 5B).

We propose a mechanism of proteolysis catalyzed by Der pl
(SI Appendix, Fig. S25) through which it inactivates a;-antitrypsin
through a thiol-dependent mechanism involving specific cleavage
of the reactive center loop. Molecular docking and molecular—
surface interaction analyses were used to identify the main PFOS
binding sites within Der p1. PFOS occupied the active site of Der
pl through hydrogen bonding with His250 and Cys114 (Fig. 5 C
and D and SI Appendix, Fig. S26). Molecular dynamic simula-
tions further show that the sulfonic group of PFOS forms stable
hydrogen bonds with active site residues (Fig. 5SE and SI Ap-
pendix, Fig. S27). These conformations are consistent with the
results of the molecular docking analysis. The distribution of
PFOS around Der p1 was further found to involve the formation
of PFOS aggregates using molecular dynamic analysis, which
limit interactions with the active site (Fig. SF and SI Appendir,
Fig. S28), similar to the binding modes of PFC/LPS complexes.
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Fig. 4. PFOS inhibits mouse P. aeruginosa infection. Mice were preexposed to intranasal PFOS (10 and 100 pg/kg) for 1 wk, then intranasally with 107 CFU of
P. aeruginosa. Mice were euthanized 24 h after the infection. (A) Cell numbers in BAL fluid. (B-D) Proinflammatory cytokines, including IL-16, IL-6, and TNF-a,
from the BAL (B), lung (C), and blood (D). Data represent the mean + SEM (n = 5 mice per group). *P < 0.05, **P < 0.01 (ANOVA).

Discussion

Numerous studies suggest an association between exposure to
PFCs and immunotoxicity, as manifested by suppressed immune
function, lower vaccine effectiveness, airway hypersensitivity, and
a greater risk of autoimmune diseases (28). The increasing rate
of childhood asthma over recent decades, particularly in urban
areas, indicates a larger role of environmental factors such as
PFCs (40). Indeed, elevated PFCs can be a possible contributing
factor in childhood asthma onset (25, 26). In contrast, a prom-
ising strategy to reduce the prevalence of asthma involves using
microbial compounds to induce nonspecific tolerance during
early infancy (11). Studies of mouse models show that early life
exposure to LPS protects against the induction of asthma, which
strongly supports the hygiene hypothesis (41). Although children
are frequently affected by PFC toxicity and asthma, insufficient
data are available to link PFCs to the early stages of asthma. Our
present findings strongly support the possibility of an interaction
between LPS-induced effects with immunological responses
caused by exposure to PFCs.

Here, we show that mice treated with a low dose of PFOS
inhibit HDM-induced allergic asthma. Compared with PBS-treated
mice, PFOS-treated mice exhibited reduced eosinophilic airway
inflammation, diminished airway goblet cell hyperplasia and mucus
production, and decreased reactivity. These observations are con-
sistent with the conclusion that the activation of DCs was inhibited
in mice treated with PFOS. We further found that lung ECs in
PFOS-treated mice were refractory to HDM stimulation, which led
to defective DC activation, as well as reduced Th2 responses.
Moreover, MLN cells of the PFOS/HDM group secreted less IL-
10 when treated again with HDM in vitro, suggesting that reduced
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HDM-induced allergic responses associated with PFOS/HDM
treatment were/are not caused by enhanced Treg cell function (42).

We believe that our present findings indicate that the initial
suppressive effect of PFOS inhibits the symptoms of early asthma.
However, we predict that an overall adverse effect of PFOS ex-
posure, manifested as an attenuated immune response, likely
predisposes children to respiratory infection and leads to an ex-
acerbated allergic response later in life. This may be explained by
our findings that the serum concentrations of total IgE were
higher in mice treated with PFOS and then exposed to HDM
versus those of the controls. Similarly, when mice are preexposed
to combustion-derived particles, they exhibit a reduced pulmonary
immune response to the HDM but develop a severe allergic in-
flammatory response when challenged with allergens as adults
(43). Thus, elevated total IgE concentrations observed early in life
may contribute to heightened susceptibility to allergens later in
life. The PFOS concentrations used here (80-pg/kg total admin-
istered dose [TAD]) were much lower than those of other earlier
studies using rodents (44), and the limit of detection was >1-mg/kg
TAD of PFOS.

These findings, considered together with the results of our
transcriptomic analysis, suggest that, in mice pretreated with a
low dose of PFOS, the activation of PPAR-a target genes was
not affected, consistent with other studies that PFOS cannot up-
regulate the expression of PPAR-« target genes in the lung until
the high dose of 5 mg/kg (35, 36). We therefore assumed that
PFOS inhibits the innate immune response to HDMs by directly
decreasing the bioactivity of the latter.

PFOS is mainly distributed in the liver and peripheral circulation
because of its proteinophilic properties (45). The physicochemical
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properties of PFOS suggest that it interacts with the sulfonic acid
group or the hydrophobic alkyl chain of Der pl. We found that
PFOS bound Der pl with dissociation constant at equilibrium
(K4) = 224 nM, compared with albumin, Ky = 80 nM, and the
PFOS-liver fatty acid binding protein complex (Ky = 2,099 nM)
(46, 47). In children with the highest serum concentrations of
PFOS (207 nM), exposure to PFOS at nanomolar concentrations
significantly inhibits human serum albumin and liver fatty acid
binding protein in vitro (48, 49). These results suggest that inves-
tigators should focus on the potency of PFOS and how it influences
the allergenic effects of HDM in humans.

Another important finding of the present study is that simul-
taneous exposure to LPS and PFOS abolished the protection
conferred by the former upon infants against asthma. Compared
with the protective effects of LPS, simultaneous exposure to
PFOS and LPS increased eosinophilic airway inflammation, in-
duced the development of airway goblet cell hyperplasia and
mucus production, and increased airway hyper reactivity. PFOS
prevented LPS-induced desensitization of lung ECs, thus restoring
DC and Th2 activation. The anti-inflammatory effect of PFOS on
the epithelium was further demonstrated in A549 cells and
HNECs. Moreover, compared with the immune modulation of the
PFOS-treated group, the LPS/PFOS group remained predisposed
toward a THI cell-skewing environment, further confirming the
potency with which PFOS inhibited the immunomodulatory ef-
fects of LPS to preclude these aspects of immune education.

This present study achieved an understanding of the immuno-
modulating effects of PFCs, which involved direct binding in vitro
of PFCs and LPS. First, in the limulus amebocyte lysate (LAL)
test, a direct protein-binding assay, there was no direct binding
between PFCs and LPS, and PFCs alone did not induce an effect
without LPS. Second, TEM analysis showed that PFCs shortened
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the typical LPS structure. Third, PFOA inhibits the induction of
cytokine production to a greater extent when it is preincubated
with LPS versus when PFOA and LPS are added together, as
shown by a previous study (50). Fourth, we found that the in-
hibitory effects of PFCs on cytokine production by human im-
mune cells occurred independently of PPAR-a activation but
involves the inhibition of the activation of NF-kB. These findings
are consistent with those of a previous study (51), which suggests
that at environmentally relevant concentrations the effects of
PFOS are independent of PPAR-a activation (50-52). Notably,
when humans are exposed to multiple PFCs, the blood concen-
trations of these compounds may increase, because their half-lives
are several years. Therefore, cross-talk between PFCs and LPS
cannot be completely excluded, as several previous studies have
linked PFCs’ major target (PPAR-a) with NF-xB (53-55). If PFCs
levels are high enough to activate PPAR-a, cross-talk with NF-xB
may be important.

Additionally, we have extended PFOS’s neutralization effect
to bacterial infections, though the immunodeficiency is not as
dramatic to the pure LPS only versus LPS+PFOS. However,
because of the complexity of the bacterial infection processes,
whether it is completely driven by the neutralization effect or by
any other pathway cross-talk can still be investigated in the fu-
ture. For example, one study in a mouse model shows that ex-
posures to a high dose of PFCs (>10 mg/kg) directly inhibit the
expansion of intestinal bacterial infection at an early phase in an
AHR-dependent manner (56). In addition, besides microbial and
microbial products (e.g., LPS), the immune response to airway
viral is also critical for the protection against infection; how
PFOS affects virus infection is unknown. Although a recent study
reported mouse exposure to PFOS at 1.5 pg/kg/d for 4 wk does
not affect influenza viral clearance and immune development
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and function (57), further work is necessary to elaborate the
meaning of PFOS—virus interaction.

Moreover, we show here a unique dose response associated
with the interactions of PFOS and allergens. Thus, low-dose PFC
exposure effectively inactivated Der pl and LPS in vitro; how-
ever, a high dose of PFC did not increase inactivation. This may
be explained by the partial antagonism of PFOS toward LPS and
Der pl1, such that binding will not completely block their immune
functions. Alternatively, PFOS may aggregate at higher con-
centrations. The structure of Der pl includes many loops, and
LPS possesses many external hydrophobic regions that provide
more available binding regions, which facilitate the generation of
PFC aggregates during the interaction with Der p1 or LPS.

Indoor dust is a primary reservoir for indoor chemicals such as
PFCs (58) and an important source of human exposure to LPS
and HDM. Exposure of toddlers to these environmental pollut-
ants via ingestion of dust may be more important than that ac-
quired through eating, because of frequent hand-to-mouth
movements (59). Thus, PFCs may potently inhibit the bioactivities
of LPS and Der pl present in house dust. Although numerous
studies of the direct health effects of mixtures of environmental
chemicals and allergens in house dust have been conducted (28,
60), identification of their potential interactions requires further
investigation.

Furthermore, intestinal commensal bacteria regulate allergic
asthma (61). LPS produced by the gut microbiome is one of the
most potent activators of innate immune signaling and an im-
portant mediator of the microbiome’s influence on host physi-
ology (62). Our findings demonstrate that PFOS inactivated,
with varying potencies, LPS and LTA from different bacterial
species. PFOS is released into peripheral circulation after dietary
exposure, and commensal LPS may be inactivated in the intes-
tinal lumen. Furthermore, DCs and macrophages engulf LPS
produced by commensal microbes that reside in the intestinal tract
(63). LPS is further inactivated in different tissues, according to
findings that PFCs are widely distributed in the circulation, liver,
and lung (64). Thus, contact with a microbial environment during
early life without an interaction with other environmental factors
may not guarantee that the development of asthma will be
prevented later in life.

Laboratory tests commissioned by the Environmental Work-
ing Group have found that PFC is likely present in all major
water supplies in the United States (65). Very few toxicological
studies investigated the health effects of the interplay between
microbes and chronic exposure to environmentally or human-
relevant doses of PFCs. Inactivation by PFCs of the key im-
mune modulators LPS and Der p1 may provide an explanation of
their associations with immunological diseases. The developing
immune system may be particularly vulnerable to immunotoxicity
during the earliest stages of life, so it is essential to protect
children’s health from PFCs during that time. Life-long simul-
taneous exposure to environmental chemicals and microbiome-
derived LPS and Der pl may affect immunity in more complex
ways than previously appreciated.

The susceptibility to allergic asthma is most likely mediated
through a complex interplay of environmental factors. These likely
include immune responses to multiple, diverse exposomic com-
ponents such as biotics (e.g., microbes) and abiotics (e.g., chem-
icals), and the timing of exposure may be critically important.
Here, we demonstrate the prominent role of PFC in inactivating
LPS and Der pl, thereby modulating susceptibility to respiratory
infection and overall children’s pulmonary health. Understanding
how different exposomic components contribute to the pathogen-
esis of complex diseases such as asthma emphasizes the importance
of reducing exposure to PFOS during early life.
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Materials and Methods

Mouse Model of HDM-Induced Asthma. Female (5 wk old) BALB/c mice were
purchased from Sippr-BK Laboratories, housed under specific pathogen-free
conditions, and studied using protocols approved in accordance with the
Animal Ethics Committee of the Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences (AEWC-RCEES-2021001). The HDM-
induced allergic asthma method was a modification of published protocol
ref. 11. HDM (1 pg) was delivered intratracheally into anesthetized mice
on day 0. Before the HDM challenge, mice (n =5 mice, each treatment) were
treated with intranasal PFOS (10 ug/kg), LPS (100 ng), or with the same doses
of LPS combined with PFOS every other day starting from 14 d before the
first HDM challenge. Intranasal administration of LPS and PFOS mimics the
pathophysiology of children’s asthma disease in mice. HDM sensitization and
following the challenge induces a robust Th2 cell response and eosinophilic
airway inflammation in mice. The control group of mice received intranasal
doses of PBS. Mice received daily intranasal 10-pg doses of HDM from days 7
through 11, and the mice were euthanized on day 14. In sum, we treated
mice as follows: PBS/PBS group, mice were treated with PBS during the
whole phases; PBS/HDM group, mice pretreated with PBS before HDM in-
stillation; PFOS/HDM group, mice pretreated with PFOS before HDM instil-
lation; LPS/HDM group, mice pretreated with LPS before HDM instillation;
and LPS+PFOS/HDM group, mice pretreated with the complex of LPS and
PFOS before HDM instillation. BAL analysis, AHR, flow cytometric analysis,
total IgE, HDM-specific antibodies, cytokine assays, lung histology, and
transcriptomic analyses are described in S/ Appendix.

Treatment with LPS and PFCs. LPS (100 ng/mL) isolated from E. coli 0111:B4
was incubated with PFCs for 6 h at 25 °C. LPS was used as a positive control.
To determine the kinetics of LPS inactivation, we used human-relevant
concentrations of PFCs. The test PFCs (1 nM each) were used to titrate pu-
rified E. coli LPS for 6 h at 25 °C. LPS purified from E. coli 0111:B4 (1, 10, 100,
1,000, and 10,000 ng/mL) was treated with 1 and 100 nM PFOS. All LPS
samples were analyzed using an LAL assay, according to the manufacturer’s
instructions. In this assay, the LPS-activated protease cleaves the substrate to
generate the chromogenic product p-nitroaniline. The detailed procedure is
provided in SI Appendix.

TEM Analysis of the Structure of LPS. To measure the effect of the test PFCs on
the native structure of LPS, LPS from E. coli 0111:B4 (5 mg/mL) in 0.1-M
Tris-HCI (pH 7.2) was exposed to 1-mM PFCs for 6 h at 25 °C. The detailed
procedure is provided in SI Appendix.

Quantitative Structure-Activity Relationship Model. A quantitative structure-
activity relationship model was developed to analyze the inactivation poten-
cies of PFCs relative to their structural and chemical characteristics. A model
was built using theoretical molecular descriptor calculations, and the molec-
ular descriptors were calculated using the PaDel descriptor. The detailed
procedure is provided in S/ Appendix.

Immune Stimulation In Vitro Assays Using Macrophage and Primary ECs. THP-1
macrophages, A549 cells, and HNECs were treated with PFOS, LPS, LPS+PFOS,
and vehicle controls. Enzyme-linked immunosorbent assays were performed
to determine the concentrations of TNF-a in culture supernatants. Cell via-
bility tests were conducted using the alamarBlue assay. Western blot analysis
and transient transfections assay were performed to measure the phos-
phorylation of p65 and PPAR-a in THP-1 macrophages. THP-1 macrophages
were dosed with the PPAR-a agonist ciprofibrate and antagonist GW6471 to
explore the role of the PPAR-a mechanism. A transcriptomic analysis was
conducted using the HNEC cell. The detailed procedures are provided in
SI Appendix.

P. aeruginosa Infection Post-1-wk PFOS Treatment. All animal studies were
conducted under protocols approved by the Animal Ethics Committee of the
Research Center for Eco-Environmental Sciences, Chinese Academy of Sci-
ences (AEWC-RCEES-2021001). Generally, females mount a stronger immune
response than males; thus, groups of five female BALB/c mice (6 wk old, n =5
for each treatment) were injected intranasally with PFOS (10 and 100 pg/kg
body weight per day) for 1 wk before mice were intranasally infected with
107 CFU of P. aeruginosa strain 8821. Mice were euthanized 24 h after the
infection. The control group of mice received intranasal doses of PBS. An-
other three groups were prepared alongside without any introduction of
bacteria (i.e., PBS; 10 and 100 pg/kg body weight per day PFOS control). BAL
analysis and cytokine assays are described in SI Appendix.
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Treatment of HDM Allergen Der p1 with PFOS. PFOS was used to titrate the
purified HDM allergen Der p1 (0.05 mg/mL) for 24 h at 25 °C. A MicroCal ITC
200 calorimeter was used to measure the K4 of PFOS bound to Der p1. The
detailed procedure is provided in S/ Appendix.

Molecular Docking Analysis to Identify the Interactions of PFOS with Der p1.
We used AutoDock 4.2 to determine the binding modes of PFOS to Der
p1. The detailed procedures and related parameters are described in
SI Appendix.

Molecular Dynamic Simulation of the Interactions of PFOS with LPS, LTA, and
Der p1. The computed conformations of complexes of PFOS with LPS, LTA, and
Der p1 were further optimized using molecular dynamic simulation. Details of
the molecular dynamic simulations, binding pattern analysis, and free energy
of binding calculations are described in SI Appendix.

Statistical Analysis. Data presented as the mean + SEM represent at least

three independent experiments. For experiments using mice, we calculated
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