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. Inter-individual variability is observed in all biological responses; however this variability is difficult

. to model and its underlying mechanisms are often poorly understood. This issue currently impedes

. understanding the health effects of the air pollutant ozone. Ozone produces pulmonary inflammation

. thatis highly variable between individuals; but reproducible within a single individual, indicating
undefined susceptibility factors. Studying inter-individual variability is difficult with common
experimental models, thus we used primary human bronchial epithelial cells (phBECs) collected from
many different donors. These cells were cultured, exposed to ozone, and the gene expression of the
pro-inflammatory cytokine /L-8 was measured. Similar to in vivo observations, we found that ozone-
mediated IL-8 expression was variable between donors, but reproducible within a given donor. Recent

. evidence suggests that the MAP kinases ERK1/2 and p38 mediate ozone-induced /L-8 transcription,

. thus we hypothesized that differences in their activation may control IL-8 inter-individual variability.

: We observed a significant correlation between ERK1/2 phosphorylation and /L-8 expression, suggesting

. that ERK1/2 modulates the ozone-mediated IL-8 response; however, we found that simultaneous

. inhibition of both kinases was required to achieve the greatest IL-8 inhibition. We proposed a “dimmer
switch” model to explain how the coordinate activity of these kinases regulate differential IL-8
induction.

. Inter-individual variability is observed in nearly every biological response; however this variability is difficult
. to model and its underlying mechanisms are often poorly understood. Currently the majority of mechanistic
. studies in the biological sciences do not account for response variability, as they often utilize a single cell line or
animal strain. As a result, it is difficult to understand the effects of biological exposures and identify mechanisms
of susceptibility and resistance. Current methods of assessing inter-individual variability include the assembly
of large panels of cell lines or animal strains across which responses can be compared; however, inherent species
differences and/or aberrant cellular processes associated with cell line immortalization may reduce applicability
© to normal human biology. Using panels of primary cells can overcome many of the aforementioned obstacles, as
* primary cells have more physiologically relevant biology and can be collected from many different individuals.
. Unfortunately, obtaining primary cells can be difficult and commercial options are often not cost effective. Our
. lab specializes in the collection and in vitro exposure of primary human bronchial epithelial cells (phBECs) and
© is thus uniquely poised to study a range of physiologically relevant biological responses. In this model, phBECs
are collected from the bronchi of human volunteers, cultured at an air liquid interface, exposed to various stimuli,
and then mechanisms related to response variability are examined.
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Air pollutants are excellent stimuli to investigate inter-individual variability, as they are ubiquitous, affect
millions of individuals, have high degree of morbidity and mortality associated with exposure, and can elicit
highly variable responses between individuals"?. An air pollutant that is especially useful in this context is ozone.
Decades of human clinical exposure studies have demonstrated that ozone exposure results in pulmonary inflam-
mation that can vary by orders of magnitude even in healthy individuals and cannot be faithfully explained by
disease state or traditional risk groups®*. Despite this high level of inter-individual variability, the ozone inflam-
matory response is highly reproducible within an individual®®. This suggests that there are biological factors
dictating the ozone response that have yet to be defined.

The release of pro-inflammatory cytokines is a critical component of the ozone pro-inflammatory response.
IL-8 is an important pro-inflammatory chemokine that is a hallmark of environmentally-induced airway inflam-
mation®’. Multiple studies have shown that ozone exposure results in the release of IL-8 protein into the airways
and that these levels exhibit extensive variation between individuals®®. Epithelial cells are one of the first cells to
encounter inhaled pollutants and are a major source of IL-8 following ozone exposure!®-'; therefore we used the
phBEC system to understand the molecular mechanisms driving IL-8 response variability.

Previous studies using a different phBEC model system found that the mitogen-activated protein kinases
(MAPKSs) are central signaling mediators of ozone-associated IL-8 expression, rather than the NFxkB pathway,
which was previously demonstrated in cell lines". Within the MAPK pathway, the activity of extracellular-signal
related kinases (ERK) 1 and 2, as well as p38 have an essential role in ozone pro-inflammatory signaling, as inhib-
iting these signaling pathways diminishes ozone-induced pro-inflammatory gene expression'’. While we previ-
ously identified MAPKSs as key mediators of the ozone pro-inflammatory response, the nature of this relationship
is only beginning to be characterized.

In the current study we used large panel of donors to study ozone-mediated IL-8 expression variability in differ-
entiated phBECs. We sought to answer three critical questions: First, we wanted to determine if phBEC responses to
in vitro ozone exposure were inherent and donor-specific, as has been observed in vivo. Second, we wanted to deter-
mine whether previous observations regarding the importance of MAPK activation in ozone-mediated IL-8 induc-
tion would be upheld in differentiated phBECs, which closely model the airway as they mimic a pseudostratified
epithelium containing basal, goblet, and ciliated cells'. Third, we questioned whether ERK1/2 and p38 activation are
an important mechanism controlling inter-individual variability in IL-8 expression. This research will help establish
whether the ozone/MAPK/IL-8 pathway can be used to investigate differential responses to ozone exposure, which
will ultimately lead to a better understanding of pro-inflammatory response inter-individual variability.

Here we report that the inhibition of both kinases was required for the suppression of IL-8 expression, which is
consistent with previous findings in the polarized phBEC model. IL-8 transcriptional responses from individual donors
were consistent across repeated collections, suggesting that the magnitude of IL-8 induction is an intrinsic property
of phBECs and may be donor-specific. We found that MAPK activity differed between cultures with high and low
IL-8 transcriptional responses, with highly responsive cultures exhibiting elevated ERK1/2 pathway activation. These
results suggest that an individual’s epithelial cells have intrinsic properties that regulate their response to environmental
pollutants, and that one mechanism of this programming may be the differential regulation of the ERK1/2 pathway.

Results

Donor-to-donor variability in IL-8 mMRNA expression in phBECs exposed to ozone in vitro. In
phBEC cultures exposed to ozone in vitro (Fig. 1B), the mean (£SD) IL-8 induction was 4.18 +2.29 fold change
from FA. For downstream analysis using the phBEC in vitro system, we used the arithmetic mean value of 4.2 fold
change from FA to separate donor cultures into “high responders” and “low responders” depending on whether
they fell above or below this value. Of the sixteen donors assessed, 7 were high and 9 were low responders.

Donor-specificity in the IL-8 response.  PhBECs collected from the same donor exhibited donor-specificity
in ozone associated IL-8 induction (Fig. 2). Seven phBEC donors had two epithelial cell collections performed.
The time between bronchoscopies ranged from 49-453 days. We used the mean described in Fig. 1B, 4.2-fold
change from FA, to differentiate high and low responders. For all seven donors, responder status was recapitulated
between collections and exposures as indicated by the data points clustering in the shaded quadrants in Fig. 2, as
well as strength of linear regression (R*=0.78, p=0.009). These data suggest that epithelial cell IL-8 transcriptional
responses from specific individuals are reproducible.

The influence of ERK1/2 and p38 inhibition on the ozone-IL-8 response. The effect of MAPK inhi-
bition on ozone-associated IL-8 expression was examined using cells from seven different phBEC donors with
unknown responder status. Four of these donors were found to be high IL-8 responders (Fig. 3) and three were
low responders (Figure S1). The addition of inhibitors resulted in the reduced phosphorylation of ERK1/2 and its
downstream kinase RSK, as well as MK2, the downstream target of p38 (Fig. 3A). Extract from LPS-stimulated
phBECs was used as a positive control for MAPK activation. The LPS positive control for each mark was run
on the same gel, immunoblotted, and imaged at the same time as the blots in the adjacent row. The images were
adjusted so the LPS treatment could be shown in the same lane. The addition of the ERK1/2 and p38 inhibi-
tors SCH772984 and LY2228820, respectively, resulted in the reduced induction of IL-8 expression (Fig. 3B). In
in vitro high responders a statistically significant reduction from O;—V levels was observed with the inhibition of p38
and the simultaneous inhibition of both kinases (ANOVA with Dunn’s Multiple Comparisons p=0.008). Mean IL-8
induction (£SD) for the O;—V treatment was 8.26 £ 4.5, which was reduced to 5.26 £ 3.15 following the LY2228820
treatment, and further reduced to 2.96 & 1.69 following the SCH772984+ LY2228820 treatment. Three low in vitro
responders also received the inhibitor treatment (Figure S1) but no statistically significant changes in IL-8 expression
were observed.
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Figure 1. Variability in ozone-mediated IL-8 induction among phBECs collected from different donors. IL-8
expression was assessed following in vitro exposure of phBECs to ozone (0.5 ppm/2h). Each data point represents
a phBEC culture collected from a different human donor. IL-8 expression was normalized to 3-actin expression
and expressed as fold change from filtered air exposure. Mean £ SD shown, n =16 donors. To further investigate
the mechanisms underlying ozone responsiveness using phBECs, we classified cultures as being “high” or “low”
responders based on whether IL-8 inductions fell above or below the group mean (4.2 fold change).
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Figure 2. Donor-specificity of phBEC IL-8 induction following in vitro ozone exposure. We investigated
whether phBEC cultures collected from the same donors at different times had reproducible IL-8 expression
following ozone exposure. Seven phBEC donors were used with time between collections ranging from 49-453
days. The consistency of ozone response was assessed by comparing the first exposure response (X-axis) with
the second exposure response (Y-axis) via linear regression. Dotted lines are drawn at X =4.2, Y =4.2, which is
the metric by which we differentiated high and low responders. The shaded areas indicate the quadrants the data
points would cluster within if cultures were consistent in their response status (high or low) in both collections
one and two.
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Figure 3. The influence of ERK1/2 and p38 inhibition on ozone-associated IL-8 induction. To determine
whether the activation of the MAP kinases ERK1/2 and p38 were required for ozone-mediated IL-8 induction,
inhibitors of these kinases (250 nM SCH772984 and LY2228820, respectively) were added to cell media two
hours prior to ozone exposure. (A) The phosphorylation of downstream targets of ERK1/2 and p38, RSK and
MK2, respectively, were examined to verify kinase inhibition. Extract from phBECs stimulated with 5 jg/mL
LPS for four hours was used as a positive control. The LPS positive control for each mark was run on the same
gel, immunoblotted, and imaged at the same time as the blots in the adjacent row. The images were cropped

to allow the LPS treatments to be shown in the same lane. (B) Seven donors were used for drug treatments,
four of which were high responders (shown above) and three low responders (Figure S1). IL-8 inductions were
normalized to a 0.2% DMSO filtered air vehicle control. IL-8 expression was compared between the ozone-
vehicle control (O;—V) and all other treatments via 2-way ANOVA. *p < 0.05.

Comparison of MAPK phosphorylation in high and low responding cultures. To test the hypoth-
esis that MAPK phosphorylation can explain the inter-individual variability in the IL-8 ozone response, we com-
pared ozone-associated IL-8 induction with the activation of the ERK1/2 and p38 pathways following ozone
exposure. Using the same cutoff of 4.2-fold change to differentiate high and low in vitro IL-8 responders, we
obtained matched RIPA extracts and RNA samples from six high- and six low-responding phBEC cultures.
Ozone-mediated IL-8 induction in these donors ranged from a 1.43-4.06 fold change in low responders and 4.53
to 14.45-fold change in high responders.

A non-parametric Mann-Whitney test was used to assess MAPK phosphorylation differences (Fig. 4) between
high and low responders, as several distributions were skewed. Following ozone exposure, the mean fold change
from FA (£SD) of ERK1/2 phosphorylation (Fig. 4A) in low responders was 1.23+0.21 and 2.39 £ 0.84 in high
responders. After finding a significant difference in ERK1/2 phosphorylation between these groups (p =0.022),
we then examined the phosphorylation of the kinases upstream (MEK1/2) and downstream (RSK) from ERK1/2.
MEK1/2 phosphorylation in low responders and high responders was found to be significantly different, with low
responders having a mean of 1.43 +0.27 and high responders a mean of 2.39 £ 0.61 (p = 0.004). RSK phosphoryl-
ation was also significantly different between these groups, with low responders having a mean of 1.28 £0.67 and
high responders having a mean of 3.32 £ 2.01 (p =0.026).

After determining that high responders had elevated ERK1/2 pathway activation, we then assessed the phos-
phorylation of p38 (Fig. 4B). Low responders had a mean p38 phosphorylation of 1.47 & 0.44 and high responders
had a mean of 1.43 £ 0.52. The phosphorylation of p38 was not found to differ between these groups (p =10.94).
As an additional check of the p38 pathway, we also examined the phosphorylation of MKK4, which is a MAP
kinase kinase upstream of p38 that is activated by ozone exposure'. Low responders had a mean MKK4 phospho-
rylation of 1.20 + 0.14 and were not significantly different from high responders, which had a mean of 1.37+0.29
(p=0.13). This indicated that the activation of the p38 pathway does not differ between high and low in vitro IL-8
responders.

In addition to comparing MAPK pathway activation in high and low IL-8 responding cultures, we also com-
pared these two variables in a continuous format via linear regression (Fig. 5). We found that IL-8 expression
was significantly correlated with changes in ERK1/2 phosphorylation (Fig. 5A; R?=0.46, p=0.016), but not p38
phosphorylation (Fig. 5B; R?=0.11, p=0.28).

NFkB Activation. In addition to p38 and ERK1/2 phosphorylation, we also compared the phosphoryla-
tion of the p65 NFxB subunit with ozone responsiveness (Fig. 6). Previous studies have demonstrated that the
NFkB pathway is not as influential in ozone-mediated IL-8 signaling in polarized phBECs'? however, given its
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Figure 4. The activation of ERK1/2, p38, and associated kinases in high and low-responding phBEC
cultures. Cells were considered “high responders” if their IL-8 induction was above the group mean (4.2

fold change) and low responders were below this group mean. Protein was collected from twelve donors
(n=12), six high and six low responders. (A) Blots from two representative donors (one high, one low) show
the phosphorylation of ERK1/2 and an upstream (MEK1/2) and a downstream (RSK) kinase, as well as p38
and its upstream kinase (MKK4). Both sets of blots were run on the same gel, immunoblotted, and imaged

at the same time. (B) Densitometry analysis was used to calculate the fold change in activation (normalized
to filtered air control) for each donor. Median activation and interquartile range are shown for each group.
Differences between high and low responders were determined via Mann-Whitney test. *p < 0.05.

importance in cell lines, we wanted to confirm these findings in differentiated phBECs. We found that p65 phos-
phorylation did not significantly differ between these groups, with low responders having a mean of 0.86 £ 0.26
and high responders a mean of 1.26 £0.35 (p =0.07).

Discussion

The mechanisms governing inter-individual variability in biological responses remain elusive despite wide spread
observation. This issue is especially pertinent in the air pollution field, where extensive inter-variability compli-
cates the prediction of exposure health effects and the identification of susceptible individuals. The air pollutant
ozone can be used to model this variability, as ozone-mediated inflammatory responses vary widely between
individuals, yet are highly reproducible within an individual. Here we show that an important source of ozone
response variability may be differences in how airway epithelial cells respond to pollutant exposure via the tran-
scription of pro-inflammatory mediators such as IL-8. Our data suggest that the level of IL-8 transcription in
response to ozone exposure may be an intrinsic property of airway epithelial cells that is modulated by the coop-
erative activity of two MAPKs, ERK1/2 and p38. This finding may provide important mechanstic information
regarding pro-inflammatory response variability across environmental exposures and disease.

Respiratory epithelial cells play a key role in eliciting inflammatory responses, thus examining their biology
may offer unique insights into the factors underlying variability in response to ozone exposure. We observed
that ozone-mediated IL-8 expression varied across phBEC cultures from different donors; however, cells can be
sensitive to slight variations in culture environment'®. Thus, we questioned whether the transcriptional variability
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Figure 5. IL-8 expression as a function of ERK1/2 and p38 activation. In addition to analyzing MAPK
activation based on and high and low responder status, we analyzed the data in continuous format in which
the ratio of activated protein (X-axis) was plotted against ozone mediated IL-8 induction. This comparison was
made for both ERK1/2 (A) as well as p38 (B). Figures were created using the same donors as depicted in Fig. 4
(n=12; 6 high and 6 low responders).
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Figure 6. Comparison of p65 activation in high and low-responding cultures. (A) Using the same panel of
donors as Fig. 4, we examined the p65 phosphorylation at S536, an indicator of canonical NFxB activation.
Primary cells were stimulated with 10 ng/mL TNFa for 20 minutes as a positive control. Representative donors
shown are the same donors depicted in Fig. 4. Both sets of blots were run on the same gel, immunoblotted,
and imaged at the same time. (B) Median and interquartile range of ozone-induced phosphorylation changes
across 6 high and 6 low responders (n = 12) as calculated by densitometric comparison to filtered air controls.
No significant difference was found between these two groups (p =0.07). (C) Linear regression showing the
correlation between ozone-associated changes in p65 phosphorylation and IL-8 mRNA expression.
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we observed in the phBEC system was the result of intrinsic cellular properties or ‘noise’ We confirmed that IL-8
responses to ozone exposure could be recapitulated in phBEC:s collected from the same donors and cultured inde-
pendently, suggesting that epithelial cell responses are intrinsic and that these ‘programs’ drive phBEC response
variability. This novel finding supports the growing use of primary cells in environmental health research, as it
suggests that cells collected from various donors can be used to investigate inter-individual variability. While our
data suggest that epithelial cell responses are conserved in a donor-specific fashion, the basis of this ‘program-
ming’ remains to be determined. While it may simply reflect genetic variability, it is possible that epithelial cells
may retain an epigenetic imprint of their donor’s life history that can determine future responsiveness'¢. Although
the factors that ultimately determine ozone-associated IL-8 induction in epithelial cells are unclear, our findings
suggest that the differential activation of MAPKs is likely a part of this programming.

Our data suggest that ozone-mediated IL-8 expression is modulated by the activity of both the p38 and
ERK1/2 pathways. While ERK1/2 mediates many functions related to proliferation and cell survival, p38 is more
commonly associated with stress response and apoptosis. While these kinases have seemingly disparate roles,
there is substantial crosstalk between these pathways and their coordinate activity is involved in many cellular
functions. Here we report that the response to the pro-inflammatory stimulus ozone is one such function. This
is evidenced by the fact that the most substantial decline in ozone-mediated IL-8 expression is achieved when
both kinases are simultaneously inhibited. These findings recapitulate recent results from our lab using an ozone
exposure model and an alternative phBEC system'?. Similar findings have also been reported in other model
systems using MAPK inhibitors; for example, cytokine expression from the ex vivo stimulation of human alveo-
lar macrophages with lipopolysaccharide (LPS) is partially reduced with the addition of either a p38 or ERK1/2
inhibitor, but the addition of both inhibitors is necessary to achieve a near abrogation of expression'’. The same
observation was noted during LPS stimulation of the monocyte cell line THP-1'8. This consistent pattern may be
explained by the fact that there is substantial cross talk between these pathways, where the inhibition of one path-
way can result in the other becoming activated in compensation'*2!. MAPK cross-activation is also a mechanism
of chemotherapy resistance in cancer cells and is currently a major obstacle in cancer treatment??. This phenom-
enon can be observed in the Western Blot in Fig. 4, where the inhibition of p38 led to increased phosphorylation
of ERK1/2 and RSK.

Although p38 (but not ERK1/2) inhibition alone reduced IL-8 expression, p38 phosphorylation was not cor-
related with IL-8 expression across phBEC donors. Instead, IL-8 expression was directly correlated to the mag-
nitude of ERK1/2 activation. These observations led us to propose a ‘dimmer switch’ model explaining how p38
and ERK1/2 act together to modulate ozone-mediated IL-8 expression (Fig. 7). In this model, a basal level of p38
activation is required for full IL-8 induction (the on/off switch), but the level of ERK1/2 activation ultimately
determines the magnitude of IL-8 expression (the ‘dimmer’). The requirement for the activation of both kinases
for full induction could be explained by the fact that p38 has an essential role in the stabilization of IL-8 mRNA.
In unstimulated cells, the 3’ UTR of IL-8 mRNA contains several AUUUA motifs which confer instability and
result in its rapid degradation; however, p38 plays an important role in stabilizing IL-8 mRNA and preventing
degradation®*?*, This model can be used to further the understanding of molecular factors driving variability in
the pro-inflammatory response to ozone.

This research raises important questions regarding how the interaction of these kinases modulates IL-8
expression, and why ERK1/2 is differentially activated in high and low-responding cultures. Ozone is known to
react with the airway surface and generate oxidation products and ROS?. These products, in turn, may directly
or indirectly activate effectors upstream of ERK1/2. Such proposed effectors include the activation of the EGFR
receptor, via the alteration of cell membrane lipid raft composition®. Alternatively, EGFR and other MAPKs may
become phosphorylated as a result of ROS directly deactivating phosphatases, which typically act as a brake on
MAPK activation?”?®. Another proposed mechanism is that ozone exposure results in TLR4 signaling, which
results in the activation of heat shock proteins, which in turn activate MAPKs?. Thus, activation of the ERK1/2
pathway may vary between high and low responders in vitro due to any number of differences in these effectors
and pathways.

In addition to MAPKSs, there are other important molecular factors likely shaping IL-8 transcriptional
response. This is suggested by the fact that even when both p38 and ERK1/2 inhibitors were used, we did not
achieve a complete reduction of expression; moreover, IL-8 inductions in low responders were not influenced by
kinase inhibition. This residual IL-8 induction may be due to low-level inputs from other cellular effectors, such
as NRF2%.

Despite the novelty of these findings, this study is not without limitations. Our use of inhibitors was essential
in this investigation, as fully differentiated phBECs are recalcitrant to transfection/transduction; yet off-target
effects are always possible when using these compounds. We attempted to minimize this possibility by using
SCH772984 and LY2228820, which are novel compounds noted for their specificity and efficacy even in nanomo-
lar concentrations®*2. Here we use a phBEC model to examine molecular mechanisms underlying differences in
IL-8 expression. While our use of phBEC allowed us to model epithelial cell responses across many individuals,
inflammatory responses in vivo involve complex interactions with many different cell types. Future studies could
utilize co-culture techniques to assess these relationships and whether similar patterns of ERK1/2 activation are
observed in other cell types, such as neutrophils, macrophages, fibroblasts, etc. Despite the fact that relative to
many other in vitro toxicity studies we have a large number of primary cell donors, we still have too few donors
to sufficiently power a study examining the influence of characteristics such as genotype, age, ethnicity, etc. This
study also has some unique strengths: whereas previous studies have relied heavily on cell lines, we have used the
phBEC system which is more physiologically relevant and facilitates the exploration of inter-individual variability,
which formerly was only possible using in vivo exposure studies.

Epithelial cells exposed to ozone exhibit inter-individual variability in IL-8 transcriptional responses, which
may contribute to the inter-individual variability in inflammatory response observed in human clinical ozone
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Figure 7. Paradigm describing how differences in MAPK signaling lead to inter-individual variability in phBEC
ozone-mediated IL-8 induction. Previous studies have suggested that ozone exposure leads to the activation of
the MAP Kinases ERK1/2 and p38 by various mechanisms including the activation of the EGFR receptor. The
activation of both kinases is important for full ozone-mediated IL-8 induction, yet the magnitude of ozone-
induced IL-8 expression is only correlated with the level of ERK1/2 activation. Based on these observations, we
propose a ‘dimmer switch’ model describing how p38 and ERK1/2 act in concert to regulate IL-8 expression.

A basal level of p38 activation is required to achieve full IL-8 expression (acting as an ‘on/off” switch), while

the level of ERK1/2 pathway activation modulates the magnitude of expression (the ‘dimmer’). These kinases
both activate effector proteins and kinases such as RSK and MK2, in addition to other transcription factors and
stress-associated proteins. These ultimately converge on the IL-8 promoter and regulate gene transcription.

exposure studies. The level of ozone-induced IL-8 transcription is reproducible in phBECs from the same individ-
uals even when collected and cultured at different times, suggesting that ozone-associated IL-8 production is an
intrinsic property of epithelial cells. As a first step to describing the molecular mechanisms underlying these dif-
ferences, we propose a model where p38 and ERK1/2 activation modulate the induction of the pro-inflammatory
cytokine IL-8. Because MAPK signaling is highly integrated with many other signaling networks, it is possible
that other previously described ozone susceptibility factors could exert their effects by modulating MAPK signal-
ing. Thus, our model could be used to synthesize previous work and streamline the understanding of susceptibil-
ity to ozone as well as many other pollutants.

Methods

In vitro epithelial cell ozone responses: Primary cell collection, culture, and ozone exposure.
Primary human bronchial epithelial cells were obtained via bronchial brushing from healthy non-smokers with
no more than a 1-pack year smoking history. Donors gave their informed consent after being informed of risks
and procedures. The consent and collection protocol were approved by the UNC School of Medicine Committee
on the Protection of the Rights of Human Subjects and by the US EPA. All experiments and procedures were per-
formed in accordance with relevant guidelines and regulations from these institutions. To determine if phBECs
from the same donor had consistent responses to ozone over time we compared IL-8 inductions between cells
from the same donor that were collected during two different bronchoscopies. Cells were cultured and differ-
entiated as described by Ross et al.'*. Briefly, cells were expanded for three passages and then plated on 24 mm
Transwell inserts with 0.4 um pores (Corning Life Sciences, Tewksbury, MA). Three inserts per treatment per
donor were used. Once confluent, cells were submerged for 48 hours with 500 nM retinoic acid. Afterward the
apical layer of medium was removed creating an air-liquid interface (ALI). Cells were maintained for 24 days at
ALI and supplemented with 100 nM retinoic acid to promote differentiation into a pseudostratified columnar
epithelium. Prior to each ozone exposure, the basolateral medium was replaced and the apical surface was washed
with 500 uL Dulbecco’s PBS (Life Technologies, Carlsbad, CA) to remove cellular debris and secretions. After a
two-hour acclimation period cells were exposed to a filtered air (FA) control or 0.5 ppm ozone for two hours. This
dose is conventionally used in vitro and is similar to doses used in clinical ozone exposure studies®. Immediately
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following exposure cells designated for MAPK analysis were harvested as described below. Two hours following
exposure, cells designated for gene expression analysis were harvested in RNA lysis buffer (Life Technologies) and
stored at —80 °C until they were ready for processing. As a positive control for NFxB pathway activation, primary
cells were stimulated with 10 ng/mL TNFa for 20 minutes.

RT-qPCR. We used IL-8 transcription as our primary read-out because it is more closely linked to cellular
signaling relative to protein levels, which may be influenced by further regulatory processes such as degrada-
tion. RNA was extracted from lysed samples using an RNA Mini Kit (Life Technologies) and quantified using a
Nanodrop ND1000. One (1) pg was used to synthesize cDNA using iScript Reverse Transcription Kits (Bio-Rad,
Hercules, CA). Gene expression was assessed in technical triplicates using TaqMan RT-qPCR primers and probes
(Supplementary Methods) and the CFX96 qPCR system (Bio-Rad). Target gene expression was normalized to
B-actin (ACTB) and then expressed as a fold changes between filtered air and ozone exposure treatments using
the Pfaffl method*.

MAPK Inhibition. To investigate the role of MAPK activity in ozone-associated IL-8 induction, the ERK1/2
and p38 kinase inhibitors SCH772984 and LY2228820 (Cayman Chemical, Ann Arbor, MI), respectively, were
added to cell media to a final concentration of 250 nM with 0.2% DMSO during media change two hours prior
to ozone exposure. These remained in the media throughout exposure until harvest. While SCH772984 pre-
vents ERK1/2 phosphorylation and inhibits its kinase activity, LY2228820 inhibits the kinase activity of p38 but
does not prevent it from being phosphorylated®*2. Thus, to verify ERK1/2 and p38 kinase activity inhibition,
we examined the phosphorylation of the downstream targets ribosomal s6 kinase (RSK) and mitogen activated
protein kinase-activated protein kinase 2 (MK2), respectively via Western blotting. As a positive control for p38
and ERK1/2 activation, primary cells were stimulated with media that contained 5% FBS and 5 pg/mL LPS for
four hours.

MAPK Pathway Analysis. We compared ozone-associated MAPK activation between donors that had
high versus low IL-8 inductions by examining phosphorylation at specific residues. Cellular extracts were
prepared in RIPA buffer (50 mM Tris, pH 8.0; 150 mM NaCl; 1% Triton X-100; 400 .M EDTA; 10% glycerol;
0.1% SDS; 0.1% deoxycholate) with protease (cOmplete EDTA-free, Roche, Indianapolis, IN) and phosphatase
(PhosSTOP, Roche) inhibitors. Cellular debris was then removed via centrifugation and aliquots of RIPA extract
were removed for protein quantification via BCA assay (ThermoFisher, Waltham, MA). The remaining superna-
tant was supplemented with Laemmli buffer to a final concentration of 1 x (60 mM Tris, pH 6.8; 200mM DTT;
10% glycerol; 2% SDS; 0.05% bromophenol blue), incubated at 95 °C for five minutes, aliquoted, and stored at
—80°C. For each sample, equal amounts of protein were loaded into SDS-PAGE gels, electrophoresed, and trans-
ferred to nitrocellulose membranes (Bio-Rad) via tank transfer. Following primary antibody binding, horseradish
peroxidase (HRP)-conjugated secondary antibodies and Pierce Enhanced Chemiluminescence (ECL) Western
blotting substrate (ThermoFisher) were used to generate chemiluminescence. Immunoblots were imaged on a
LAS-3000 detection system (Fuji/GE Healthcare, Pittsburgh, PA). Densitometry analysis was performed using
Image] software (National Institutes of Health, Bethesda, MD). The pixel density from the phosphorylated pro-
tein was normalized to the pixel density from total protein levels, after which the fold changes between treated
and filtered air conditions were calculated. The antibodies used for this analysis were all obtained from Cell
Signaling Technologies (Danvers, MA, USA): GAPDH (#5174), a-ERK1/2 (#4695), a-ERK1/2 (T202/Y204)p
(#4370), o-MAPKAPK-2 (Thr334)p (#3007), «-MEK1/2 (S217/221)p (#9121), a-MEK1/2 (#9126), a-MKK4/
SEK1 (S257/T261)p (#9156), a-MKK4/SEK1 (#9152), c-p38 (#9212), a-p38 (T180/Y182)p (#4511), c-p65
(S536)p (#3033), a-p65 (#8242).

Statistical Analysis. All statistical analyses were conducted using GraphPad Prism 6.07 (GraphPad
Software, La Jolla, California, USA). For all analyses a p-value of less than 0.05 was considered statistically signifi-
cant. Simple linear regression was used to relate IL-8 responses between repeated bronchoscopies and exposures.
To determine if inhibitor treatments significantly reduced IL-8 induction from the ozone-vehicle (O;—V) control,
a two-way ANOVA with Dunnett’s Multiple Comparisons was used. Kinase phosphorylation in high and low
responders was compared using a non-parametric Mann-Whitney test. Linear regression was used to compare
IL-8 mRNA expression with changes in the phosphorylation of ERK1/2, p38, and p65.

References

1. World Health Organization. Air pollution estimates. World Health Organization. http://www.who.int/phe/health_topics/outdoorair/
databases/FINAL_HAP_AAP_BoD_24March2014.pdf?ua=1 (2014).

2. Kim, C. S. et al. Lung function and inflammatory responses in healthy young adults exposed to 0.06 ppm ozone for 6.6 hours. Am |
Respir Crit Care Med. 183, 1215-1221 (2011).

3. Holz, O. et al. Ozone-induced airway inflammatory changes differ between individuals and are reproducible. Am J Respir Crit Care.
159, 776-784 (1999).

4. U.S. EPA. Final Report: Integrated Science Assessment of Ozone and Related Photochemical Oxidants. U.S. Environmental
Protection Agency, Washington, DC, EPA/600/R-10/076F (2013).

5. Holz, O. et al. Validation of the human ozone challenge model as a tool for assessing anti-inflammatory drugs in early development.
] Clin Pharmacol. 45, 498-503 (2005).

6. Aris, R. M. et al. Ozone-induced airway inflammation in human subjects as determined by airway lavage and biopsy. Am Rev Respir
Dis. 148, 1363-1372 (1993).

7. Salvi, S. S. et al. Acute exposure to diesel exhaust increases IL-8 and GRO-a production in healthy human airways. Am ] Respir Crit
Care Med. 161, 550-557 (2000).

8. Fry, R. C. et al. Individuals with increased inflammatory response to ozone demonstrate muted signaling of immune cell trafficking
pathways. Respir Res. 13,1 (2012).

SCIENTIFICREPORTS | (2018) 8:9398 | DOI:10.1038/s41598-018-27662-0 9


http://www.who.int/phe/health_topics/outdoorair/databases/FINAL_HAP_AAP_BoD_24March2014.pdf?ua=1
http://www.who.int/phe/health_topics/outdoorair/databases/FINAL_HAP_AAP_BoD_24March2014.pdf?ua=1

www.nature.com/scientificreports/

9. Krishna, M. T. et al. Effects of 0.2 ppm ozone on biomarkers of inflammation in bronchoalveolar lavage fluid and bronchial mucosa

of healthy subjects. Eur Respir J. 11, 1294-1300 (1998).

10. Devlin, R., Mckinnon, K. P,, Noah, T., Becker, S. & Koren, H. Ozone-induced release of cytokines and fibronectin by alveolar
macrophages and airway epithelial cells. Am J Physiol Lung Cell Mol Physiol. 266, L612-L619 (1994).

11. Jaspers, L, Flescher, E. & Chen, L. Ozone-induced IL-8 expression and transcription factor binding in respiratory epithelial cells. Am
J Physiol Lung Cell Mol Physiol. 272, L504-L511 (1997).

12. Chang, M. M.-]., Wu, R., Plopper, C. G. & Hyde, D. M. IL-8 is one of the major chemokines produced by monkey airway epithelium
after ozone-induced injury. Am J Physiol Lung Cell Mol Physiol. 275, 1L524-1532 (1998).

13. McCullough, S. D. et al. Ozone induces a pro-inflammatory response in primary human bronchial epithelial cells through mitogen-
activated protein kinase activation without nuclear factor-xb activation. Am J Respir Cell Mol Biol. 51, 426-435 (2014).

14. Ross, A. ], Dailey, L. A., Brighton, L. E. & Devlin, R. B. Transcriptional profiling of mucociliary differentiation in human airway
epithelial cells. Am J Respir Cell Mol Biol. 37, 169-185 (2007).

15. Hartung, T. et al. Good cell culture practice. ATLA 30, 407-414 (2002).

16. Bowers, E. C. & McCullough, S. D. Linking the epigenome with exposure effects and susceptibility: The epigenetic seed and soil
model. Toxicol Sci. 155, 302-314 (2017).

17. Carter, A. B., Monick, M. M. & Hunninghake, G. W. Both ERK and p38 kinases are necessary for cytokine gene transcription. Am J
Respir Cell Mol Biol. 20, 751-758 (1999).

18. Rutault, K., Hazzalin, C. A. & Mahadevan, L. C. Combinations of ERK and p38 mapk inhibitors ablate tumor necrosis factor-o
(TNF-a) mRNA induction: Evidence for selective destabilization of TNF-« transcripts. ] Biol Chem. 276, 6666-6674 (2001).

19. Berra, E., Diaz-Meco, M. T. & Moscat, J. The activation of p38 and apoptosis by the inhibition of ERK is antagonized by the
phosphoinositide 3-kinase/ Akt pathway. J Biol Chem. 273, 10792-10797 (1998).

20. Sharma, G. D., He, J. & Bazan, H. E. p38 and ERK1/2 coordinate cellular migration and proliferation in epithelial wound healing
evidence of cross-talk activation between MAP kinase cascades. J of Biol Chem. 278, 21989-21997 (2003).

21. Shimo, T. et al. Specific inhibitor of MEK-mediated cross-talk between ERK and p38 MAPK during differentiation of human
osteosarcoma cells. J Cell Commun Signal. 1, 103-111 (2007).

22. Grossi, V., Peserico, A., Tezil, T. & Simone, C. p38c MAPK pathway: A key factor in colorectal cancer therapy and chemoresistance.
World ] Gastroenterol. 20, 9744 (2014).

23. Winzen, R. et al. The p38 map kinase pathway signals for cytokine-induced mrna stabilization via map kinase-activated protein
kinase 2 and an au-rich region-targeted mechanism. The EMBO Journal. 18, 4969-4980 (1999).

24. Jijon, H. B., Panenka, W. ], Madsen, K. L. & Parsons, H. G. Map Kinases contribute to IL-8 secretion by intestinal epithelial cells via
a posttranscriptional mechanism. Am J Physiol Cell Physiol. 283, C31-C41 (2002).

25. Pryor, W. A., Squadrito, G. L. & Friedman, M. A new mechanism for the toxicity of ozone. Toxicology Lett. 82, 287-293 (1995).

26. Park, S. J. et al. Oxidative stress induces lipid-raft-mediated activation of Src homology 2 domain-containing protein-tyrosine
phosphatase 2 in astrocytes. Free Radic Biol Med 46, 1694-1702 (2009).

27. Tal, T. et al. Inhibition of protein tyrosine phosphatase activity mediates epidermal growth factor receptor signaling in human airway
epithelial cells exposed to Zn2+. Toxicol Appl Pharmacol. 214, 16-23 (2006).

28. Yan, Z. et al. Inflammatory cell signaling following exposures to particulate matter and ozone. BBA-General Subjects. 1860,
2826-2834 (2016).

29. Bauer, A. K. et al. Identification of candidate genes downstream of TLR4 signaling after ozone exposure in mice: A role for heat-
shock protein 70. Environ Health Perspect. 119, 1091 (2011).

30. Zhu, Y. et al. Acute exposure of ozone induced pulmonary injury and the protective role of vitamin E through the NRF2 pathway in
BALB/C mice. Toxicol Res. 5,268-277 (2016).

31. Campbell, R. M. et al. Characterization of LY2228820 dimesylate, a potent and selective inhibitor of p38 MAPK with antitumor
activity. Mol Cancer Ther. 13, 364-374 (2014).

32. Morris, E. J. et al. Discovery of a novel ERK inhibitor with activity in models of acquired resistance to BRaf and MEK inhibitors.
Cancer disc. 3, 742-750 (2013).

33. Hatch, G. E. et al. Progress in assessing air pollutant risks from in vitro exposures: Matching ozone dose and effect in human airway
cells. Toxicol Sci. 141, 198-205 (2014).

34. Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29, e45 (2001).

Acknowledgements

All data generated or analyzed during this study are included in this published article (and its Supplementary
Information Files). The authors would like to thank Dr. Juliette Kahle for guidance in the beginning stages of the
project, Doan M. On, M.S. for laboratory support, Dr. Radhika Dhingra for statistical support, Dr. Andy Ghio
for performing bronchoscopies, and Dr. Channing J. Der for his recommendations regarding kinase inhibitors.
The research described in this article has been reviewed by the Environmental Protection Agency and approved
for publication. The contents of this article do not necessarily represent Agency policy, nor does mention of trade
names or commercial products constitute endorsement or recommendations for use. This work was supported by
the National Institute of Environmental Health Sciences (T32-ES007126) and as part of a cooperative agreement
between the US Environmental Protection Agency and the UNC Center for Environmental Medicine, Asthma,
and Lung Biology (#CR82952201).

Author Contributions

L.A. Dailey grew primary cell cultures until they were ready for experimental use. D.S. Morgan, S.D. McCullough,
L.A. Dailey, and E. Bowers conducted exposures, cell harvests, and processed samples. E. Bowers, S.D.
McCullough and D. Diaz-Sanchez planned experiments, interpreted data, and prepared the manuscript. All
authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-27662-0.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS | (2018) 8:9398 | DOI:10.1038/s41598-018-27662-0 10


http://dx.doi.org/10.1038/s41598-018-27662-0

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:9398 | DOI:10.1038/s41598-018-27662-0 11


http://creativecommons.org/licenses/by/4.0/

	ERK1/2 and p38 regulate inter-individual variability in ozone-mediated IL-8 gene expression in primary human bronchial epit ...
	Results

	Donor-to-donor variability in IL-8 mRNA expression in phBECs exposed to ozone in vitro. 
	Donor-specificity in the IL-8 response. 
	The influence of ERK1/2 and p38 inhibition on the ozone-IL-8 response. 
	Comparison of MAPK phosphorylation in high and low responding cultures. 
	NFκB Activation. 

	Discussion

	Methods

	In vitro epithelial cell ozone responses: Primary cell collection, culture, and ozone exposure. 
	RT-qPCR. 
	MAPK Inhibition. 
	MAPK Pathway Analysis. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 Variability in ozone-mediated IL-8 induction among phBECs collected from different donors.
	Figure 2 Donor-specificity of phBEC IL-8 induction following in vitro ozone exposure.
	Figure 3 The influence of ERK1/2 and p38 inhibition on ozone-associated IL-8 induction.
	Figure 4 The activation of ERK1/2, p38, and associated kinases in high and low-responding phBEC cultures.
	Figure 5 IL-8 expression as a function of ERK1/2 and p38 activation.
	Figure 6 Comparison of p65 activation in high and low-responding cultures.
	Figure 7 Paradigm describing how differences in MAPK signaling lead to inter-individual variability in phBEC ozone-mediated IL-8 induction.




