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Abstract

Wildfire smoke (WFS) exposures are becoming more common, and firefighters and community members are often exposed to WFS
for days to weeks. Controlled studies assessing the effects of repeated exposure to WFS and woodsmoke (WS; as a surrogate for WFS)
or compared acute versus repeated exposure have evaluated a limited number of timepoints and endpoints using rodent models.
Here, we leveraged differentiated primary human bronchial epithelial cells (HBECs) to test the hypothesis that different molecular
responses occur upon acute versus repeat exposures to WS. HBECs (n =4 donors) were exposed to 22 ug/cm? red oak WS condensate
for an acute, 4-h exposure, or repeat exposures of 4h/d, 3d/wk, across 2wk. Membrane permeability, cell viability, and
transcriptional responses were measured at the end of each exposure paradigm, and secreted proteins were measured throughout
the repeat exposure. Acute exposure significantly increased expression of genes involved in fibrosis and immune response, whereas
repeated exposure significantly decreased expression of genes involved in tissue repair and remodeling. Secreted protein responses
were similar to transcriptomic responses and demonstrated temporal variation in response to exposure. This study supports the
feasibility of using HBECs to evaluate acute and repeat WS exposures and indicates differential responses from these exposures with
direct relevance to pulmonary disease processes, including those involved in fibrosis, asthma, and chronic obstructive pulmonary
disease. These findings highlight the need for future studies to better understand molecular responses to repeated smoke exposures.

Keywords: lung cells; interindividual responses; temporal; transcriptomics; proteomics; wildfire

The incidence and severity of wildfire events is growing, resulting
in increased exposure to wildfire smoke (WFS) worldwide

decline in lung function, increase in airway hyperresponsiveness,
increase in risk of heart failure, and later-in-life cancer outcomes

(Westerling et al. 2006; Hurteau et al. 2014). WES is a complex
and variable chemical mixture that contains hundreds of differ-
ent chemicals, including gasses, particulate matter, volatile
organic compounds, and polycyclic aromatic hydrocarbons
(Reisen et al. 2015; Black et al. 2017; Kim et al. 2018; Wentworth
et al. 2018; Rice et al. 2023; Zhang et al. 2025a), many of which
have been linked to adverse health effects (Kyung and Jeong
2020; Lag et al. 2020; Alford and Kumar 2021; Rizzo and Rizzo
2025). Epidemiological studies show that acute exposure to WFS
is associated with respiratory symptoms and increased risk of
hospitalizations due to respiratory disease exacerbation and car-
diovascular conditions (Delfino et al. 2009; Mirabelli et al. 2009;
Reid et al. 2016; Orr et al. 2020; Chen et al. 2021; Zhang et al.
2025b). Prolonged exposure to WFS has been associated with

(Liu et al. 1992; Orr et al. 2020; Korsiak et al. 2022; Hao et al. 2025;
VoPham et al. 2025). Mechanisms informing these temporally
dependent responses require further elucidation.

Mechanisms underlying outcomes associated with acute
exposures have been evaluated through in vivo and in vitro
experimentation. For example, controlled exposure studies in
humans indicate that exposure to woodsmoke (WS) (as a surro-
gate for WFS) induces local and systemic inflammation and oxi-
dative stress (Barregard et al. 2008; Ghio et al. 2012; Peters et al.
2018; Burbank et al. 2019; Schwartz et al. 2020) and can impact
responses to viral infections (Rebuli et al. 2019). In rodents, acute
exposure to WS elicits changes in respiratory function, responses
to respiratory bacterial and viral infection, immune cell infiltra-
tion and function, and cytokine secretion, with degree and
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direction of response dependent on fuel type and exposure para-
digm (Migliaccio et al. 2013; Sussan et al. 2014; Kim et al. 2018;
Vose et al. 2021). Paralleling in vivo findings, in vitro studies have
found that exposure to wildfire-relevant WS induces toxicity,
inflammation, and oxidative stress and dampens antiviral and anti-
bacterial responses in airway epithelial cells (Brocke et al. 2022;
Upadhyay et al. 2024; Heibati et al. 2025; Noél et al. 2025) and mac-
rophages (Hansson et al. 2023; Bazina et al. 2025).

Although these studies provided important foundational
knowledge of the molecular mechanisms impacted by acute
exposures, many real-world WES exposures occur over days to
weeks, representing a subchronic exposure that may not be accu-
rately modeled by acute WFS and WS exposures. For example,
standard deployment for wildfire firefighters is 14days, during
which firefighters often work for 12 to 16 h and stay in camps in
close proximity to the wildfire (Navarro et al. 2022; National
Interagency Fire Center 2025), and nearby community members
are exposed to WFS plumes, significantly impacting air quality
for days-to-weeks (Hao et al. 2025; Schollaert et al. 2025).
Furthermore, planned increases in prescribed fires to mitigate
wildfire risk could increase subchronic exposure to WFS (Sacks
et al. 2025). Although the need for better understanding the
effects of long-term, repeated WFS exposure has been recognized
(Sacks et al. 2025), controlled toxicology studies modeling these
effects are relatively limited. One rodent study found that acute
exposure to WS resulted in increased neutrophils in bronchoal-
veolar lavage fluid, whereas repeated exposure resulted in
increased eosinophils, macrophages, and lymphocytes (Sussan
et al. 2014). Other rodent studies evaluating the effects of
repeated exposure demonstrated decreased lung function and
alveolar macrophage efferocytosis, coinciding with differential
lung gene expression indicating increased oxidative stress and
tissue remodeling (Hargrove et al. 2019; Buford et al. 2024;
Cochran et al. 2024), though these studies do not directly com-
pare acute versus repeated exposures. In vitro approaches have
been used to assess the effects of repeated exposure to other
inhaled toxicants (Braakhuis et al. 2020; Janbazacyabar et al.
2022; Mastalerz et al. 2022; Upadhyay et al. 2022; de Lagarde
et al. 2024; Zimmermann et al. 2025), but repeated exposure to
WFS-relevant conditions has yet to be evaluated. Furthermore,
previous studies often lack the use of fully differentiated airway
epithelial cells (at air-liquid interface) and generally measure a
limited number of proteins or genes. Therefore, more broadly
characterizing RNA and secreted protein changes following acute
versus repeated exposure to WFS in vitro represents a significant
research gap.

One potential reason for the lack of repeated exposure studies
is methodologic limitations. Animals and human in vivo designs
often require a significant investment of time and resources, par-
ticularly when collecting samples at multiple time points. New
approach methodologies (NAMs), which aim to reduce the use of
animal testing through in silico and in vitro models, can provide
an avenue for experimental designs that include repeated expo-
sures (Zavala et al. 2020). These types of studies are challenging
in immortalized cell lines due to their lack of physiological rele-
vance and continuous replication. However, primary human air-
way basal cells from the small airways, bronchi, and nasal
passages can be differentiated at the air-liquid interface (ALI)
into physiologically relevant epithelial cultures that contain a
variety of cell types (e.g., ciliated cells, secretory cells, basal cells)
and which can be maintained and repeatedly sampled for
extended periods of time (Fulcher et al. 2005; Fulcher and
Randell 2013). Because these cultures are derived from human

donors, they also allow for more accurate representation of inter-
individual variability than immortalized cell lines. This study set
out to implement this NAMs-based approach, leveraging a model
of fully differentiated bronchial airway epithelial cells from
human donors to characterize the effects of acute (4h) and
repeated (4h/d, 3d/wk, 2wk) exposure to wildfire-relevant WS.
We evaluated cell viability, barrier integrity, transcriptomic sig-
natures, and secreted proteins to provide a more holistic view on
human airway responses over time and to understand conserved
and unique responses to acute versus repeated exposure to WS.

Materials and methods

Experimental methods

Cell culture

Primary human airway basal cells from nonsmoking, healthy
lung donors were acquired from the UNC Marsico Lung Institute
Tissue Culture and Procurement Core. The basal cells supplied
by the core were obtained from the trachea and bronchi of
human lungs deemed unsuitable for transplantation as
described previously (Fulcher et al. 2005; Fulcher and Randell
2013) and as approved by the UNC Institutional Review Board
(No. 03-1396). Passage one basal cells were thawed and seeded
onto flasks coated with bovine collagen type I (PureCol,
AdvanceBiomatrix 5005). Basal cells were cultured in
PneumaCult-Ex Plus media (STEMCELL Technologies 05040) sup-
plemented with hydrocortisone (STEMCELL Technologies No.
07925) and penicillin/streptomycin (Thermo Fisher 15140122).
Upon reaching approximately 80% confluency, basal cells were
passaged onto 12-well permeable inserts (0.4um pore, size-
polyethylene terephthalate, CELLTREAT Scientific Products
230621) coated with human collagen type IV (Sigma C-7521) at a
density of 200,000 cells per well and expanded in PneumaCult-Ex
Plus until confluent. Once basal cells reached confluence on
inserts, apical media were removed, and basolateral media were
replaced with Pneumacult-ALI media (STEMCELL Technologies
05001) supplemented with hydrocortisone, heparin (STEMCELL
Technologies 07980), and penicillin/streptomycin. Basal cells
were differentiated into pseudostratified ciliated cultures in
Pneumacult-ALlI media for 4 wk, with daily media changes for
the first week and three times per week media changes for the
subsequent weeks. Cultures were washed apically once per week
with Hank’s balanced salt solution (HBSS) with calcium and mag-
nesium (Thermo Fisher 14025076) to remove secretions. Cultures
were maintained for an additional 4 wk after differentiation was
achieved prior to experimentation. Primary human bronchial epi-
thelial cell (HBEC) cultures differentiated using this and similar
methods have been extensively characterized previously, with
studies showing that cultures contain ~7 to 10 different cell
types, including ciliated cells, goblet cells, club cells, ionocytes,
neuroendocrine cells, and basal cells (Ravindra et al. 2021; Lee
et al. 2023; Ramirez-Moral et al. 2024). Cultures from 2 males
and 2 females (age-matched, one 21-yr-old donor and one
42-yr-old donor per sex) were used for all following experimen-
tation. For additional demographic information, see Table S1.
All cells and cultures were maintained in a humidified incubator
at 37°C and 5% CO, throughout expansion, differentiation, and
experimentation.

Histology

To visually assess culture differentiation, cells were stained with
hematoxylin and eosin and Alcian Blue PAS. Cells were prepared
for fixation by washing the apical surface with 200ul of
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phosphate-buffered saline (PBS) without calcium and magne-
sium (Thermo Fisher 14190250) for 20min at 37°C. Apical PBS
and basolateral media were aspirated, and 10% neutral buffered
formalin (Millipore Sigma HT501128-4L) was added to the apical
(200 ul) and basolateral (1 ml) compartments. Formalin-fixed tis-
sues were processed in a Leica ASP 6025S tissue processer and
embedded in paraffin (Leica Paraplast) using a HistoCore Arcadia
H. Tissues were then sectioned on a microtome (Leica, RM2255)
at Spm onto positively charged slides (Fisher Scientific, 12-550-
15). Before staining, slides were prebaked at 50 degrees Celsius
overnight. AB/PAS stains were performed using the Leica
Autostainer XL. The slides were stained with Alcian Blue
(Anatech, LTD, 867) for 10min, immersed in Periodic Acid
(Thermo Fisher Scientific, A223-100) for 5min, rinsed in water,
then transferred to Schiff reagent (Fisher Scientific, S532-500) for
30min followed by a Sulfurous rinse for 1min, and finally
washed in running tap water for 10min. After staining, slides
were then dehydrated and coverslipped with Cytoseal 60
(Epredia, 83104). Hematoxylin & eosin (H&E) stains were per-
formed using the autostainer XL from Leica Biosystems. The
slides were stained with Hematoxylin (Epredia, 7211) for 2 mins
and eosin-Y (Epredia, 7111) for 1min. Clarifier 2 (7402) and Bluing
(7111) solutions from Epredia were used to differentiate the reac-
tion. After staining, slides were dehydrated in graded ethanol,
ending in xylene, and coverslipped with Cytoseal 60 (Epredia,
83104). Slides were imaged using the Aperio AT2 Digital
Pathology Scanner (Leica Biosystems) at 40X magnification.

WS particle condensate generation

WS particle condensate was derived from red oak incinerated at
smoldering temperatures (500°C) in a quartz tube furnace, col-
lected via cryogenic traps, concentrated, and resuspended at a
concentration of 1mg/ml in PBS as described previously (Kim
et al. 2018). Red oak was used (i) because it is a biomass type
commonly burned during wildfire events in the central and
southeastern United States, with parts of the southeast consid-
ered moderate to high wildfire potential by the US Forest Service
(Dillon et al. 2015; Kim et al. 2018; United States Forest Service
2023), and (ii) to enable comparison with previous studies of mice
and human participants exposed to smoke from smoldering red
oak (Kim et al. 2018; Rebuli et al. 2019; Nalesnik et al. 2026). A
smoldering burn temperature was prioritized not only for com-
parison to previous studies but also because smoldering condi-
tions generally persist longer than flaming conditions (Rein and
Huang 2021), making smoldering conditions more relevant to
repeat exposure scenarios. The resulting condensate collected
from the tube furnace system was frozen at —20°C until experi-
mentation. Immediately prior to dilution and cell treatment, the
condensate was vortexed and sonicated for 2min at 60Hz in a
VWR Symphony Ultrasonic Bath (Model 97044-002).

Cell exposure and sample collection

Smoldering red oak condensate was diluted in Pneumacult-ALI
media to a concentration of 98.56 ug/ml and applied apically (to
the top of the cultures) in 250pl total volume, corresponding to a
dose of 22 ug/cm?, similar to previously published studies (Brocke
et al. 2022; Vitucci et al. 2025). This dose was previously com-
pared with real-world exposures by Vitucci et al. using air pollu-
tion PM ranges experienced by firefighters and community
members as input for particle dosimetry modeling. This model-
ing estimated an in vitro dose of 0.4 pg/cm? for community mem-
bers and 19ug/cm? for firefighters. Thus, our experimental
conditions represent a higher exposure most relevant to
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firefighters or to community members experiencing very high
exposure. Pneumacult-ALl media with the same amount of PBS
as the diluted condensate was used as the vehicle control.
Immediately prior to exposure, cultures were washed apically
with 100ul of warmed HBSS, and basolateral media were
replaced. For the acute exposure paradigm, cells were exposed
for 4 h, with media and cell collection immediately following
exposure. For the repeated exposure paradigm, cells were
exposed for 4 h, three times per week (Monday, Wednesday,
Friday), for 2 wk. This experimental design was chosen to mini-
mize the stress of apical liquid application on cells typically cul-
tured at the ALI and to maintain cells on a standard feeding/
media change schedule (Monday, Wednesday, Friday).
Basolateral media were collected before each exposure, repre-
senting a collection timeframe of approximately 42h after the
end of the previous exposure, with the exception of day 8, which
was collected approximately 66h after the end of the previous
exposure. Notably, all sample collections were within 2 to 3d to
maintain consistency among repeated exposure measures while
maintaining study feasibility. After each exposure (4 h), the expo-
sure media were removed, the apical side of the cultures was
washed with 100ul warmed HBSS, the basolateral media were
collected (postexposure samples), and the basolateral media
were replaced with fresh media. Cells were collected immedi-
ately following the 4-h exposure on the last day (day 12). Cells
were collected in Qiagen Buffer RLT (Qiagen 79216) with 1% 2-
mercaptoethanol (Millipore Sigma M6250), and cell lysates were
immediately passed through Qiashredder columns (Qiagen
79656). Media and lysates were stored at —80°C until further
experimentation. The exposure and sample collection paradigm
is summarized in Fig. 1.

Lactate dehydrogenase assay

To assess cytotoxicity from the single acute exposure, as well as
throughout the repeated exposure, lactate dehydrogenase activ-
ity (LDH) in the basolateral media was measured using the
CyQUANT LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific
C20301) per manufacturer’s instructions. For a positive control,
one well from each donor was lysed via apical addition of 1% tri-
ton X-100 in 250 ul and incubation of the well for the same period
of time as the experimental treatment (4h). Absorbance at
490nm (peak) and 680nm (background) was measured using a
SpectraMax iD5 plate reader (Molecular Devices). Percent cyto-
toxicity was calculated by dividing background- and blank-
corrected absorbance from each sample by the positive control
absorbance from the corresponding lysed cells from the same
donor and multiplying by 100.

Trans-epithelial electrical resistance

To assess epithelial barrier integrity following repeated exposure
to red oak condensate, trans-epithelial electrical resistance
(TEER) was measured using an EVOM3 (Epithelial Volt/Ohm
Meter) and EndOhm 12mm cup chamber (World Precision
Instruments) as described in detail previously (Mallek and
McCullough 2021). Coated inserts without cells were used to
obtain blank resistance, which was subtracted from measured
resistance. Q x cm? was calculated by multiplying the blank-
corrected resistance by the surface area of the insert (1.1 cm?).
TEER was considered a nondestructive assay and was measured
just before sample collection described in the previous section.
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Fig. 1. Schematic of experimental design. Primary human bronchial epithelial cells from four donors were differentiated and exposed apically to 22 pg/
cm? smoldering red oak condensate. Cells were exposed using either an acute paradigm (4 h) or a repeated paradigm (4 h per day, 3 days per week, for
2 wk). Bulk RNA sequencing was performed on cell lysate collected immediately following the acute exposure and the repeated exposure on day 12.
Basolateral media were collected pre- and postexposure each day of the repeated exposure experiment and assayed for secreted proteins and
cytotoxicity. Created in BioRender. Hickman, E. (2025) https://BioRender.com/e5cxn4u.

RNA sequencing

RNA was isolated using the Qiagen RNeasy Micro Kit (Qiagen
4004). Concentration and quality were measured using a
NanoDrop 100 spectrophotometer (Thermo Fisher). All samples
had 260/280 values greater than 2, indicating high quality. RNA
libraries for RNA-seq were prepared using the TempO-Seq Assay
Kit following manufacturer’'s protocols and evaluated through
the BioSpyder TempO-Seq Human Whole Transcriptome Assay
(BioSpyder). Libraries were sequenced with an Illumina NovaSeq
X. BioSpyder TempO-Seq R software was used to process the raw
data via the following steps: (i) BCL to Fastq (bcl2fastq
v2.20.0.422) was used for the base-calling with the use-base
mask parameter (Y51, 19,19 1); (i) Reads were aligned using STAR
aligner (version 2.5.3a) with the end-to-end option, allowing up to
two mismatches (genome build: GRCh38/h38); (iii) The count
table was generated using featureCounts (version v1.5.3) with
default parameters. Further sequencing QA/QC included requir-
ing >6x10° mapped reads in positive controls; requiring low
signal-to-noise ratios (i.e., total number of mapped reads in posi-
tive controls divided by total number of mapped reads in nega-
tive controls >20:1); and requiring >80% of mapped reads in
positive controls. All processing steps are available through the
Tempo-SeqR pipeline.

Secreted protein measurement

Proteins secreted into the basolateral compartment were meas-
ured via the Nomic nELISA MaxPlex and Core Immune assays,
which are high-throughput, multiplex assays that combine pri-
mary antibody capture with proximity-based colocalization for
detection of up to 275 and 283 different proteins, respectively
(Tables S2 and S3). Supernatants from treated cells were frozen
and sent to Nomic Bio (Montreal, Canada) for Nomic Platform-
based secretome analysis using standard protocols, as described
previously (Dagher et al. 2025). Briefly, Nomic’s nELISA technol-
ogy pre-assembles antibody pairs on spectrally encoded

microparticles, resulting in spatial separation between noncog-
nate antibodies, preventing the rise of reagent-driven cross-reac-
tivity, and enabling multiplexing of hundreds of nELISA assays in
parallel. Protein concentrations on microparticles were read out
by high-throughput flow cytometry (Bio-Rad ZE5 cell analyzer)
and decoded using Nomic’'s proprietary software. Standard
curves for all targets were generated to derive pg/ml values from
cytometry fluorescence units.

Data analysis

Reproducibility

Raw and processed RNA sequencing data are available via Gene
Expression Omnibus under the accession GSE288818. Raw and
processed multi-plex protein expression data are available via
the Ragerlab-Dataverse (Hickman et al. 2026). All data were ana-
lyzed using R (R Core Team 2025). All associated input files and
script are available via the Ragerlab GitHub (2026). Packages used
throughout the analysis, in addition to those in base R, included
janitor (Firke 2024), openxlsx (Schauberger and Walker 2025),
tidyverse (Wickham et al. 2019), patchwork (Pedersen 2025),
ggpubr (Kassambara 2025), rstatix (Kassambara 2023), pheatmap
(Kolde 2025), and factoextra (Kassambara and Mundt 2020).
Additional packages used for specific analyses are detailed
below.

LDH and TEER

LDH and TEER data were assessed for normality quantitatively
using the Shapiro-Wilk test and qualitatively using histograms
and Q-Q plots. Significant differences in cytotoxicity between
vehicle and treated cells for the single acute exposure and each
day of the repeated exposure were determined using a Wilcoxon
signed rank test. Significant differences in TEER between vehicle
and treated cells on day 12 of the repeated exposure were deter-
mined using a paired t-test.


https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfag035#supplementary-data
https://BioRender.com/e5cxn4u

RNA sequencing

RNA sequencing counts were first evaluated for potential
unwanted variation in the data through RUV surrogate variable
derivation (Risso et al. 2014), and minimal changes in data distri-
butions were observed; therefore, analyses continued without
additional data normalization. Potential sample outliers were
assessed via principal component analysis and hierarchical clus-
tering, with no outliers (greater than 6 standard deviations from
the mean) detected (Fig. S1). Differential gene expression was
assessed using DESeq?2 (Love et al. 2014) with the design formula
~ Donor + Exposure_Paradigm. Contrasts were extracted for dif-
ferences between acute exposure and its vehicle control and
between repeated exposure and its day-matched vehicle control.
Genes were considered significantly differentially expressed with
adjusted P-value < 0.05 and absolute value of the log, fold
change > 0.585. Overlap in differentially expressed genes
between the acute and repeated exposure paradigms was visual-
ized using Euler plots (Larsson 2024). Pathway analysis was
conducted with Ingenuity Pathway Analysis (IPA) software
(QIAGEN 2025) using P-values and log, fold changes for signifi-
cantly differentially expressed genes. For pathway enrichment
statistics, a Benjamini-Hochberg adjusted P-value < 0.05 was
considered significant; for activation/inhibition statistics, a z-
score > 2 was considered predicted activation, whereas a z-score
< —2 was considered predicted inhibition (QIAGEN 2025).

Secreted proteins

Secreted protein data processing and analysis were conducted
separately for pre- and post-exposure samples due to differing
lengths of cell incubation time with the media (48 to 72 h for pre-
samples and 4 h for post-samples). A schematic of the data proc-
essing workflow is shown in Fig. S2. Proteins were retained in the
dataset if they were detected in at least two donors on atleast 1d
in at least one exposure group (vehicle or red oak). Tables S2 and S3
include the upper and lower limit of detections for each protein
and whether they were retained in the dataset. Missing values
were imputed using GSimp (Wei et al. 2018), an algorithm that
allows for imputation above or below a specified limit of detection
for each protein. Data from the MaxPlex and Corelmmune panels
were then merged. In the case of duplicated proteins between the
two panels, data from the CoreImmune panel were retained due
to higher sensitivity of that panel. This resulted in 210 proteins in
the pre-exposure dataset and 181 proteins in the postexposure
dataset. Potential sample outliers were assessed via principal
component analysis, with no outliers (greater than 6 standard
deviations from the mean) detected (Fig. S3). Data were assessed
for normality quantitatively using the Shapiro-Wilk test and qual-
itatively using histograms and Q-Q plots, and data were log, trans-
formed prior to statistical analysis. Paired t-tests within each day
were used to assess significant differences in secreted protein con-
centration between vehicle and red oak-treated cells, with P < 0.05
considered significant. To assess overall structural variation
between pre- and postexposure proteomic profiles, PERMDISP, a
multivariate dispersion test, was implemented using vegan
(Oksanen et al. 2025) to evaluate differences in sample spread
within each condition. To further account for potential donor-
specific effects on overall variability, a linear mixed-effects
model was fitted using Ime4 (Bates et al. 2015) to per-sample
mean pairwise Euclidean distances, with donor included as a
random effect and condition and timepoint as fixed effects.
Results were visualized using heatmaps and UpSet plots (Lex et al.
2014; Krassowski 2020).

Toxicological Sciences, 2026, Vol, 209, Issue4 | 5

Integration of RNA sequencing and secreted protein data

To understand whether there were correlations between specific
gene-to-protein expression levels, and whether there were simi-
lar trends following exposure, secreted protein data from day 1
post-exposure and day 3 pre-exposure were compared with the
acute exposure RNA sequencing data (day 1 postexposure), and
secreted protein data from day 12 postexposure were compared
with the repeated exposure RNA sequencing data (day 12 postex-
posure). The biomaRt (Durinck et al. 2005, 2009) and
geneSynonym (Mancarci 2025) packages were used to convert
secreted protein Uniprot IDs to gene names and to search the
RNA sequencing datasets for gene synonyms in cases of multiple
gene names. Spearman correlations were used to understand the
relationship between log, protein concentration and RNA-
sequencing raw counts, with P<0.05 and |R| > 0.6 considered sig-
nificantly correlated. We also compared lists of significantly dif-
ferentially expressed genes and proteins to determine overlap in
significance and directionality of change following red oak expo-
sure between the endpoints.

Results
Confirmation of culture integrity

Primary HBEC culture differentiation was confirmed prior to
experimentation using Alcian Blue PAS staining for mucins and
hematoxylin and eosin staining for general histology (Fig. S4).
Smoldering red oak condensate exposure did not elicit significant
changes in cell viability or TEER in comparison with vehicle expo-
sure (Fig. S5).

RNA sequencing differential expression

To characterize transcriptomic responses to smoldering red oak
and determine whether responses differ between acute (4h) and
repeated (4h/d, 3d/wk, 2wk) exposure conditions, bulk RNA
sequencing was performed. Cellular RNA samples were specifi-
cally collected immediately following the 4-h acute exposure and
immediately following the 4-h exposure on day 12 of the repeated
exposure paradigm. For all genes that were measured in this
analysis, alongside their full gene names, see Table S4. A total of
214 genes were differentially expressed (49 decreased, 165
increased) following acute exposure to smoldering red oak con-
densate, and 172 genes were differentially expressed (107
decreased, 65 increased) following repeated exposure to smolder-
ing red oak condensate (Fig. 2A and B, Table S4). 62 genes were
significantly differentially expressed and changed in the same
direction across both exposure paradigms (12 decreased, 50
increased), representing a small proportion of the total gene
expression changes, with the majority of gene expression
changes unique to each exposure paradigm (Fig. 2C and D). The
magnitude of change in gene expression was similar between the
acute and repeated paradigms, and the two genes with the high-
est positive log, fold changes (TIPARP and CYP1B1) were the same
in both the acute and repeated exposure. Genes that were signifi-
cantly increased in both exposure paradigms also included SPDEF
and IL24, and genes that were significantly decreased in both
exposure paradigms included EDN2, IL33, and WNT10A, demon-
strating a small degree of consistency in molecular responses to
red oak condensate over time. Genes that were uniquely
increased following acute exposure included IL19, TIMP3, and
TNFRSF11A, and genes that were uniquely decreased included
ADRA2A, EGR3, and NR2F2. Genes that were uniquely increased
in expression following repeated exposure included NQO1, TGFBI,
and KRT5, and genes that were uniquely decreased included PGF,
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IL1R2, and DACT?2. Notably, principal component analysis on sig-
nificantly differentially expressed genes demonstrated clustering
of acute and repeated red oak-exposed samples separately from
each other and from the vehicle samples, whereas vehicle sam-
ples clustered together (Fig. 2E). This suggests minimal effects of
repeated exposure to the vehicle control and confirms, in gen-
eral, the overall unique gene expression profiles following acute
and repeated exposure to smoldering red oak condensate.

RNA sequencing pathway analysis

Pathway analysis with significantly differentially expressed
genes was used to further understand biological changes occur-
ring with acute and repeated exposure to smoldering red oak
condensate (Table 1). Following acute exposure, 8 pathways
were predicted to be activated, and 1 pathway was predicted to
be inhibited. Activated pathways were primarily related to
cell signaling (S100 family signaling, IL-15 production, IL-10
signaling), stem cell biology, and pulmonary fibrosis, whereas
the IL-27 signaling pathway was predicted to be inhibited.
Genes that were associated with the greatest number of acti-
vated/inhibited pathways following acute exposure were
FGFR1 (n=6 pathways), SMAD3 (n=6), FGFRL1 (n=4), WNT10A
(n=4), and WNT9A (n=4). In contrast, 11 pathways were pre-
dicted to be inhibited following repeated exposure, including

pathways related to fibrosis and cytokine signaling. Genes that
were associated with the greatest number of pathways follow-
ing repeated exposure were TGFB2 (n=6 pathways), FZD8
(n=5), NGFR (n=5), and WNT4 (n=5). Similar to the differen-
tial expression results, the pathway analysis results demon-
strate increases in molecular pathway signaling associated
with acute exposure followed by decreases in signaling associated
with repeated exposure. For full pathway analysis results, see
Tables S5 and S6.

Secreted protein differential expression

To assess whether exposures resulted in changes in protein
secretion, we measured the concentration of secreted proteins in
the basolateral media before and after each day of exposure
(days 1, 3, 5, 8, 10, and 12). Interestingly, PCA suggested that
donor-specific differences in protein secretion were reduced fol-
lowing exposure, as indicated by greater overlap among donors
(Fig. S3B and E). To statistically evaluate this observation, a mul-
tivariate dispersion test was conducted, which confirmed a sig-
nificant difference in sample dispersion between the pre- and
postexposure datasets (Table S7). To determine whether these
differences persisted after accounting for donor-specific and
temporal effects, we next applied a mixed-effects model incorpo-
rating donor and timepoint as random and fixed factors,


https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfag035#supplementary-data
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Fig. 3. Secreted proteins measured in post-exposure samples across days of the repeated exposure paradigm. (A) Heatmap showing average log, fold
change and statistical significance for proteins with a significant difference between red oak and vehicle on at least one of the days (n =60 proteins). Log,
fold change was calculated as red oak/vehicle control for each donor, then averaged and log, transformed. Statistical significance was determined using
paired t-tests. ® P < 0.05, ® P < 0.01, ®®¢ P < 0.001, and eeee P < 0.0001. Upset plots showing overlap in proteins (B) significantly increased or (C) significantly
decreased across days of the repeated exposure. For example, the first bar of (B) shows that 15 proteins were uniquely significantly increased on day 3, and the
seventh bar shows that 2 of the same proteins were significantly increased on days 1 and 10. The upset plots also show the total number of significantly
increased and decreased proteins for each day on the horizontal bar chart next to the group matrix. For example, (B) shows that 9 proteins were significantly
increased on day 1, 20 proteins were significantly increased on day 3, and 9 proteins were significantly increased on day S.

respectively. This model confirmed that the observed reduction
in dispersion persisted even after accounting for repeated meas-
ures (Table S8), suggesting that: (1) interindividual differences
are more readily detected in the absence of toxicological insult,
(2) responses to toxicological insult may have more commonal-
ities across individuals, and/or (3) interindividual differences are
more apparent for samples collected over longer periods of time
(i.e., 48 to 72h for accumulation of secreted proteins vs 4h). For
full statistical results across all detected proteins, alongside full
protein names, see Tables S9 and S10.

In the post-exposure samples, there were 60 proteins with signifi-
cantly different concentrations in conditioned media of red oak ver-
sus vehicle controls on at least one of the days (Fig. 3A), with a
majority of these proteins significantly increased in red oak-exposed
samples. On day 3, the day with the highest number of differentially
secreted proteins, there were 28 proteins with significantly different
concentrations (20 increased and 8 decreased), and most of these
were unique to day 3 (Fig. 3B and C). Proteins with significantly
increased concentrations across multiple days included IL6, TGFa,

TIMP1, CXCL14, and LIF. By day 12, most significantly differen-
tially secreted proteins were decreased in concentration. The pro-
teins with the greatest decrease in concentration were CXCL10,
CXCL5, and GMCSF. Only two differentially secreted proteins
changed directionality across days: (i) IL17C was significantly
increased on day 3 and significantly decreased on day 5; (i)
Decorin was significantly decreased on day 1 and significantly
increased on days 5 and 8. Thus, the majority of significantly dif-
ferentially secreted proteins were either increased or decreased in
concentration across the repeat exposures demonstrating a degree
of consistency across biological responses over time.

In the pre-exposure conditioned media samples, there were 75
proteins with significantly different concentrations between red
oak and vehicle on at least one of the days (Fig. 4A). The days
with the highest number of significantly differentially secreted
proteins were day 5 (22 increased, 6 decreased) and day 12 (13
increased, 14 decreased) (Fig. 4B and C). Proteins with signifi-
cantly increased concentrations across multiple days included
CXCL14, MMP1, FLT3L, CCL22, CD46, and SCF. Paralleling the
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Fig. 4. Secreted proteins measured in pre-exposure samples across days of the repeated exposure paradigm. (A) Heatmap showing average log, fold
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same proteins were significantly increased on days 5 and 8. The upset plots also show the total number of significantly increased and decreased
proteins for each day on the horizontal bar chart next to the group matrix. For example, (B) shows that 7 proteins were significantly increased on day 3,

and 6 proteins were significantly increased on day 5.

postexposure data, CXCL5 and CXCL10 were significantly
decreased on day 12. Importantly, the pre-exposure data demon-
strate that even after exposure was removed, the cells did not
fully recover before application of the next exposure.

Relationship between secreted protein and RNA
sequencing data

To assess the agreement between gene expression changes and
secreted protein levels following acute or repeated red oak expo-
sures, we next compared detection, correlation, and significant
changes in expression levels across the datasets (Fig. 5A).
Specifically, we compared secreted protein levels on days 1 and 3
to acute gene expression changes, and we compared secreted
protein levels on day 12 to gene expression changes on day 12 of
the repeated exposure. Although we found high overlap in detec-
tion between the gene expression and secreted protein data, gene
counts and protein concentrations were generally not well-
correlated, with around 11% to 30% of proteins with

concentration that correlated to the RNA sequencing raw counts
for each pair of protein-to-gene (i.e., gene that encodes the same
protein match). When comparing significantly differentially
expressed genes and proteins, approximately half of the differen-
tially expressed proteins had log, fold changes in the same direc-
tion in the RNA sequencing data. On day 1, two proteins (LIF and
BMP3) were significantly differentially expressed in both the
secreted protein and RNA sequencing data (Fig. 5B and C), and on
day 3, two proteins (IL-24 and uPA-R) were significantly differen-
tially expressed in both the secreted protein and RNA sequencing
data (Fig. 5D and E). We hypothesize that lack of correlation
between secreted protein and RNA sequencing data may be due
to a number of factors, including the differences in analyzed
samples (i.e., cell samples for RNA and conditioned media for
protein), collection timepoint being the same for RNA and protein
samples, differing detection technologies, low number of sam-
ples, post-translational modifications, and secretory mecha-
nisms/protein transport from cells to media. Still, the changes
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A Summary of Relationships Between RNAseq and Secreted Protein Data
Protein Expression Data
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Fig. 5. Comparison of measurements and statistical significance between RNA sequencing and secreted protein data. (A) Table summarizing the
approach and results for comparing RNA sequencing and secreted protein data. (B-E) Plots showing correlations between RNA sequencing raw counts
and log, protein concentrations for proteins with significant differences and shared directionality between groups (as bolded in part A).

that commonly persist across these differences in platforms,
timepoints, and endpoints are worth highlighting.

Discussion

It is important to understand the effects of both acute and
chronic exposures to WFS, as populations such as firefighters

and community members are often repeatedly exposed to WES.
This study demonstrates the utility of differentiated primary
HBECs for evaluating toxicological responses to WS over time, as
we were able to implement single (4h) and repeated (4h/d, 3d/
wk, 2wk) WS exposure while maintaining cell viability. Results
indicate that transcriptional and secreted protein responses to
WS are time-dependent, with increased markers of tissue



remodeling and immune response following acute exposure and
decreased signaling following repeated exposure.

In both the acute and repeated exposure paradigm, genes
with some of the highest positive log, fold changes included
CYP1B, which is involved in phase 1 metabolism of xenobiotics
such as PAHs (Spivack et al. 2001); TIPARP, which inhibits hypoxia
signaling (Zhang et al. 2020) and can promote angiogenesis
(Miura et al. 2023); IL24, which has been hypothesized to play a
role pulmonary fibrosis and wound healing (Rao et al. 2021); and
SPDEF, which regulates goblet cell differentiation (Musthafa et al.
2023). Genes with some of the highest negative log, fold changes
included IL33 and WNT10A. Increased IL33 is associated with air-
way inflammation, asthma, and chronic obstructive pulmonary
disease (COPD) (Calderon et al. 2023; Zhou et al. 2023), though
lower expression has been also been observed in smokers (Faiz
et al. 2023), and while increased WNT10A is associated with fibro-
sis (Oda et al. 2016; Chen et al. 2018), no studies to our knowledge
have reported the biological implications of decreased WNT10A
expression. These findings suggest some degree of consistency in
response to acute versus repeated exposure to woodsmoke in
pathways that have direct relevance to toxicant exposure and
respiratory diseases.

However, despite these shared changes, the majority of signif-
icantly differentially expressed genes were unique to either the
acute or repeated exposure samples. Following acute WS expo-
sure, a higher number of genes were significantly increased in
expression, including genes such as IL19, which is a pleiotropic
cytokine involved in immune regulation and which is upregu-
lated in lung fibrosis and asthma (Huang et al. 2008; Hoffman
et al. 2011; Wang et al. 2022), and TNFRSF1A, which is increased
in asthma and lung cancer. Interestingly, TIMP3, which exerts
anti-inflammatory effects by breaking down metalloproteinases
involved in inflammatory responses (Gill et al. 2013; Meunier
et al. 2016), was also increased. Pathway analysis results paral-
leled individual gene results, with predicted activation of path-
ways relating to fibrosis and immune homeostasis. In contrast,
following repeated exposure, more genes and pathways were sig-
nificantly decreased/inhibited, including fibrosis-related path-
ways. It is possible that this phenomenon is due to negative
feedback or adaptive mechanisms, wherein pathways are upre-
gulated following acute exposure and then downregulated
through negative feedback over time during the repeated expo-
sure. For example, many heavy smokers do not develop lung can-
cer, which has been attributed to adaptation that may facilitate
tolerance to toxic exposures (Huang et al. 2022). To further
explore this hypothesis, additional studies examining pathway-
specific responses in greater mechanistic depth are needed. It is
also important to recognize that responses relating to wound
healing and tissue repair, such as broad pathway activation in
the acute exposure paradigm and upregulation of TGFB and KRT5
in the chronic exposure paradigm, may represent either physio-
logic injury and repair processes or may contribute to pathologi-
cal wound repair.

Both the acute and repeated exposure findings we report here
are largely unique in comparison with previous in vitro and
rodent in vivo studies characterizing the effects of WFS and WS,
which have generally only focused on immune and inflammatory
phenotypes (Sussan et al. 2014; Vose et al. 2021; Upadhyay et al.
2024; Heibati et al. 2025; Noél et al. 2025). We hypothesize that
differences in findings between studies are due to differences in
experimental models and exposure paradigms as well as differ-
ences in endpoints assessed, as previous studies focused on
inflammatory cell infiltration and secretion of smaller sets of

Toxicological Sciences, 2026, Vol, 209, Issue4 | 11

cytokines and chemokines. For example, many cell culture stud-
ies report an increase in IL-8 following acute WS condensate
exposure, which we did not observe; however, these studies were
all either conducted in cell lines or with longer exposure lengths
(24h) (Perng et al. 2013; Heibati et al. 2025), suggesting that some
responses only occur with longer exposure windows than were
used in our study. Notably, similar to previously published stud-
ies of nasal and central airway secreted protein responses in
human participants following acute smoldering red oak exposure
(Rebuli et al. 2019; Nalesnik et al. 2026) and a study of differenti-
ated nasal epithelial cells exposed to smoldering red oak conden-
sate (Brocke et al. 2022), we did not find a significant increase in
secretion of proinflammatory proteins IL-8 or TNF-a.
Importantly, our results demonstrate early changes in genes and
pathways important in lung injury and repair. These pathways
also play a role in pathogenic processes in multiple lung diseases,
such as asthma, COPD, and pulmonary fibrosis. Thus, these data
support previously reported associations between WFS/WS/PM
exposure and lung disease development (Orr et al. 2020; Cui et al.
2023; Xing et al. 2025) and exacerbation (Delfino et al. 2009; Reid
et al. 2016; Winterbottom et al. 2018). However, additional stud-
ies are needed to more specifically understand the sequence of
events from initial perturbation to development, progression,
and/or exacerbation of each specific lung disease.

To further explore temporal variation in response to WS expo-
sure, we measured a panel of secreted proteins in basolateral
media collected immediately following exposure on each day
(“post”) and prior to exposure on subsequent days of the repeated
exposure (‘pre”). We observed significant increases in many
proinflammatory proteins, including 1L-6, IL-1a, MMP1, and IL-8,
on days 1 and 3, with this effect disappearing on days that were
later in the repeated exposure. By day 12, a number of proteins
were significantly decreased, most notably CXCL5 and CXCL10.
CXCL5 has been shown to regulate recruitment of neutrophils
and lymphocytes to the airway, with decreased CXCL5 resulting
in increased B lymphocytes (Guo et al. 2021); thus, decreased
CXCLS following WS exposure could have implications for Th2-
related disease processes and responses to respiratory infections.
In contrast, increased CXCL10 has been associated with inflam-
mation and disease severity, so the decrease in CXCL10 we
observed may serve as a compensatory response following
repeated inflammatory insult (Ding et al. 2025). Statistical find-
ings also support an interesting temporal trend, wherein interin-
dividual differences in secreted proteins become muted
immediately after WFS exposures, and then re-appear after a few
days of recovery, supporting the timing element of sample collec-
tion being critical in future in vitro studies.

Although this study represents an advancement toward
understanding the toxicity and underlying cellular processes
impacted by wildfire-relevant exposures in the lung, we recog-
nize limitations that could be addressed in future investigations.
For example, we used cells from four donors (two males and two
females), which were sufficient for detecting differentially
expressed genes and proteins but could be expanded to better
assess interindividual variability, such as sex- and age-
dependent differences in response to WS over time. Another
source of interindividual variability in response to exposure
could include epigenetic memory from previous exposures (Clark
and Rager 2020), though previous environmental exposures
would be difficult to evaluate from deceased donors. Aside from
visual inspection, we also did not assess whether any condensate
remained on the surface of the cultures or inside the cells after
removing the exposure and washing the cells. If any condensate
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remained on the surface or inside of the cells, our results could
reflect the effects of sustained insult that may accumulate over
time, and this type of exposure may also occur in vivo in lung. To
better understand WS particle accumulation in lung cells, more
studies are needed, particularly comparing in vitro versus in vivo
models.

We also recognize that, given the high degree of variation in
wildfire-relevant smoke emission chemistries (Kim et al. 2018;
Koval et al. 2022), it will be important for future studies to incor-
porate more than one type of WFS-relevant exposure, to expose
cells at ALI to whole smoke, and to include photochemically aged
smoke condensates (Kim et al. 2023) to fully capture the range of
potential chemical exposures that occur as a result of wildfires
and to more accurately model repeated exposures, which are
more likely to include photochemically aged smoke. It would also
be valuable to compare diluting condensate in media versus PBS
or another buffer solution, as there is potential for interaction
between chemicals in the condensate with components of the
cell culture media and potential for different responses of cells to
apical PBS versus media treatment, even in the absence of chemi-
cal exposure. Future studies that include collection of a wider
range of sample types at interim time points, determine how
long it takes for cells to recover, repeat exposures over a longer
period of time, and model continuous exposure will also provide
needed insight into the temporal dynamics of response to WS
exposure and better model a broad range of real-world WFS
exposure scenarios. In addition to limitations relating to the
experimental paradigm, our assessment of biological endpoints
was limited to gene expression and protein concentration, which
may not necessarily capture protein or signaling pathway activ-
ity. Finally, although differentiated primary human airway epi-
thelial cell cultures include multiple cell types present in the
airway epithelium in vivo, future studies using single-cell
sequencing are needed to understand cell-specific responses in
these cultures. Many of our findings were related to the adaptive
immune system and fibrosis; therefore, advanced approaches
that enable assessment of interactions between immune cells,
fibroblasts, and epithelial cells, such as multilayered cell culture
models, organoids, and organ-on-a-chip, are needed to expand
upon these findings. Relatedly, in vitro cultures lack clearance
mechanisms found in the lungs in vivo, such as mucociliary
transport and macrophage phagocytosis, which can limit com-
parisons between in vitro exposure paradigms and real-world
exposures in humans.

Overall, our findings demonstrate unique biological responses
following acute versus repeated exposure to WS and provide a
novel lens into the molecular mechanisms underlying WS expo-
sure effects through unbiased assessment of the cellular tran-
scriptome and secretome. These data also serve to inform future
studies investigating temporal variation in response to acute and
repeated WS exposure. Taken together, these findings support a
growing body of literature on the respiratory effects of WES expo-
sure and highlight the importance of studying long-term expo-
sure to WFS.
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