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Abstract

There is a critical need to understand pathophysiological mechanisms involved in injury from acute chlorine gas (Cl,) exposure.
Limited information is available regarding the time course and mechanisms of injury after acute Cl, exposure due to a lack of human
clinical data and limited fidelity of pre-clinical animal models. We designed and integrated a Cl, exposure platform to generate and
deliver precise concentrations of Cl, to a microfluidic human airway-on-a-chip microphysiological system. Chemical, biological,
structural, and functional airway-on-a-chip responses to Cl, exposure were characterized across multiple concentrations, exposure
times, and post-exposure timepoints. Transcriptomics and metabolomics analyses delineated key molecular, cellular, and
physiological pathways involved in the acute response to Cl, exposure. This work represents a significant advancement towards
high-throughput, human-relevant characterization of pulmonary toxicants and medical countermeasure development, addressing
critical gaps in toxicology modeling while reducing reliance on animal studies.
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organ-on-a-chip

Human exposures to chlorine gas (Cl,) are primarily caused by
transportation accidents, misuse of chemicals, industrial expo-
sures, or use as a chemical warfare agent (Jones et al. 2010; Govier
and Coulson 2018). The implications of a significant release of Cl, in
a high-density area could result in exposure of as many as 700,000
people (Scenario 8: Chemical attack—chlorine tank explosion 2004).
Of the exposed population, 5% could receive potentially lethal expo-
sures, 15% will require hospitalization, whereas the remainder
would require treatment and release at the scene. Compounding
these risks is the lack of effective medical countermeasures (MCMs)
for Cl,-induced lung injury (Huynh Tuong et al. 2019). Limited infor-
mation is available regarding the dosimetry and time course of
injury after acute Cl, exposure due to the unanticipated and uncon-
trolled nature of human exposure situations.

Preclinical animal models of acute Cl, exposure face significant
limitations in safety, ethics, cost, and throughput that constrain
their utility for establishing human-relevant pathophysiology and
therapeutic indices (Wang et al. 2005; Batchinsky et al. 2006;

Leustik et al. 2008; White and Martin 2010; Zarogiannis et al. 2011;
Samal et al. 2012; Watkins et al. 2021; Baljinnyam et al. 2023;
Clark et al. 2023; Gustafson et al. 2023; Liu et al. 2023; Matalon
etal. 2024; Hemstrom et al. 2024). A single acute chlorine exposure
study in rodents requires specialized containment facilities,
trained personnel, and involves significant costs for animal
acquisition, housing, and veterinary oversight. The logistical com-
plexity and expense of such studies severely limit the throughput
necessary for comprehensive dose-response characterization or
therapeutic screening. Typical animal studies utilize sample sizes
in the range of 3 to 10 animals per group (Leustik et al. 2008;
Samal et al. 2012; Clark et al. 2023) to achieve statistical power,
whereas airway-chip studies such as our own employ comparable
sample sizes yet enable parallel testing of multiple exposure con-
ditions with substantially reduced time, cost, and ethical burden
while providing human-relevant cellular responses. Our recently
developed 3D airway model (Leach et al. 2023), integrated into a
microfluidic chip platform, hereby referred to as an airway-chip,
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incorporates multicell type organization, biomimetic ECM hydro-
gel, and air-liquid interface capabilities, enabling tissue barrier
measurements. These airway-chips demonstrate epithelial heter-
ogeneity and function more representative of native tissue com-
pared with traditional 2D monolayer cultures. Notably, airway-
chips exhibit more accurate drug and xenobiotic metabolism
responses (Skardal et al. 2020; Leach et al. 2023), making them
particularly valuable for chemical exposure modeling.

Here, we describe the application and validation of airway-
chips for modeling pulmonary toxicity resulting from exposure to
Cl,. We characterized chemical, biological, and functional airway-
chip responses to Cl, exposure across multiple concentrations,
exposure times, and measured at multiple post-exposure time-
points. Transcriptomics and metabolomics analyses delineated
molecular, cellular, and physiological pathways involved in the
acute response to Cl, exposure. This work represents a step
toward the maturation of a 3D human airway-on-a-chip platform
for the characterization of pulmonary toxins and informing the
targeted screening of MCMs.

Materials and methods

Detailed methods can be found in the online supplementary
material.

3D airway-on-a-chip model

3D airway-on-a-chip was fabricated as previously described (Leach
et al. 2023), with modifications for integration into the microflui-
dic chip designed to maintain media flow and allow for accurate
gas delivery to the epithelial air-liquid interface (Skardal et al.
2017; Rajan et al. 2020; Skardal et al. 2020). Following 6 d at liquid:
liquid culture, apical media was removed, and airway-chips were
exposed to air flow and maintained in an upright air-exposed cul-
ture for a minimum of 21 d. Human lung microvasculature endo-
thelial cells were seeded on the basal surface of the airway-chips
for a minimum of 7 d for experimental use.

Cl, exposure system

The Cl, exposure system provided calibrated Cl, mixtures to the
airway-chips maintained at +1ppm (standard deviation of the
mean) of the predefined Cl, concentration. The design included
mass flow controllers (MFCs) that provided a calibrated flow of
medical air (MA; 74% Ny, 21% O,, 5% CO,) either directly to
airway-chips or to an electrochemical generator, where a con-
trolled Cl, dose was introduced into the air stream before pro-
ceeding to the airway-chips. Six independent tissues can be
exposed to Cl, gas, and an additional 6 tissues exposed simulta-
neously to MA as controls.

pH measurements

Measurements of airway-chip surface lavage fluid pH were per-
formed using an Orion Versa Star Pro pH meter (Thermo
Scientific) with up to 6 MI-410 Micro-Combination pH probes
(Microelectrodes, Inc.) (n=5-10). Measurement of circulating
lower-chamber media or HBE was performed as above, in
custom-made microfluidic flow cells in series downstream from
exposed airway-chips. Measurements were recorded every 30s
for up to a 30 min exposure duration (n=3).

Hypochlorous acid (HOCl) measurements

HOCI measures were performed using the BioTracker TP-HOCL1
Live Cell Dye (MilliporeSigma) (n=#6). Briefly, airway-chips were
lavaged post-exposure with 20 ul of 250 uM HBS which was mixed

50:50 with 20 uM BioTracker TP-HOCL1 dye, incubated for 10 min
and measured at Ex/Em = 375/500nm. HOCl was quantified
using a standard curve.

Mitochondrial superoxide

Mitochondrial superoxide was quantified using the Mitochondrial
Superoxide Indicator (Red) Assay Kit (Abcam Cat# ab228567)
(n=6-9). Airway-chips incubated with the Superoxide Detection
Agent for 10min at 37 °C. Airway-chips were then washed 3x with
PBS and incubated with the Live Cell Imaging Buffer with Hoechst
33342. Image capture and analysis were performed using the co-
localization software module in the Nuance software (version
3.0.1.2).

Targeted detection of chlorotyrosine and
chlorolipids

Chlorotyrosines (3-Cl-Tyr and 3,5-Cl,-Tyr) were quantitated in
airway-chips and basal circulatory media by liquid chromatogra-
phy mass spectrometry (LC-MS/MS) following Cl, exposure as
previously described (Crow et al. 2016) and detailed in Table S1
(n=6). Chlorolipids (2-chloropalmitic acid and 2-chlorostearic
acid) were quantitated in airway-chips by LC-MS/MS following
Cl, exposure as previously described (Ford et al. 2016) and
detailed in Table S2 (n=6).

Live:dead viability assays

The LIVE/DEAD Viability/Cytotoxicity Kit (Thermo Fisher
Scientific) was applied according to the manufacturer’s instruc-
tions to quantify post-exposure airway-chip viability. Briefly,
2uM Calcein AM and 8uM of Ethidium Homodimer-1 were pre-
pared in Hank’s Balanced Salt Solution (HBSS) with CaCl, and
MgCl,. Image analysis was performed using the Olympus
cellSens software, which quantified total cell number, total live
(green) cells, and total dead (red) cells. Percentage viability was
calculated as the number of live (green) cells divided by the total
cell number (live + dead) (n=3-6).

Transepithelial resistance (TEER)

TEER was adapted to the airway-chip platform by including elec-
trodes into the chip design. Electrodes were inserted into access
ports of the chips, allowing direct measurement of TEER between
the apical and basal sides of the airway-chip. Sterile silver/silver
chloride TEER probes were connected to an EVOM2 Epithelial Volt/
Ohm Meter (World Precision Instruments) and introduced into the
ports of the upper and lower chambers. Only airway-chips with
baseline TEER values above 250 Q/cm? were used for experimental
studies. Once stable, TEER resistance data were measured and
normalized to baseline values for each airway-chip (n=6).

Caspase activation

The NucView 488 & MitoView 633 Apoptosis Assay Kit (Biotium)
was used to profile apoptotic cells based on caspase 3/7 activity and
changes in the mitochondrial membrane potential using fluores-
cence microscopy. Briefly, airway-chips were washed with HBSS
and incubated for 15min at 37 °C with staining solution containing
1x NucView 488 and 1x MitoView 633. Image analysis was per-
formed using the co-localization software module in the Nuance
software (version 3.0.1.2) and expressed as normalized values to
mitochondrial membrane potential of airway-chips (n=6).

Immunohistochemical staining

Immunofluorescence protocols were implemented for whole-
mount and paraffin section staining. Whole mount samples
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(VE-Cadherin, Phalloidin, Ac-TUB, CC10/SCGB1A1, MUCSAC)
underwent fixation, permeabilization, and blocking before anti-
body incubation. Paraffin sections (p63) were deparaffinized and
processed for antigen retrieval before antibody treatment.
Quantification utilized Imaris software to measure RFU across
multiple fields for VE-cadherin and F-actin (n=6), p63/DAPI
colocalization percentages, and volume ratios for CC10, a-tubu-
lin, and MUC5AC positive staining (n=10). A summary of pri-
mary and secondary antibodies used in this study is included in
Table S3.

Transcriptomics

A total of 144 airway-chip tissues were exposed to either MA or
20ppm Cl, with an exposure time of 30 min. Airway-chips were col-
lected at 0-, 6-, 12-, and 24-h post-exposure. Exposures were per-
formed across 3 batches of 48 airway-chips (n=6 per timepoint for
each exposure; n= 18 total per timepoint per exposure group). RNA
was purified from lysed cells using QIAGEN’s miRNeasy Micro Kit.
Differential expression analysis using DESeq? identified signifi-
cantly altered genes at each timepoint. The top 400 associations
(200 upregulated, 200 downregulated) were analyzed using STRING
(Szklarczyk et al. 2023), Cytoscape (Bader and Hogue 2003), and
REACTOME (Fabregat et al. 2017). Benjamini-Hochberg adjusted P-
values (Benjamini and Hochberg 1995) and log, fold changes were
analyzed using IPA software (P,g; cutoff: 1.0 x 107*°). Pathway sig-
nificance was determined using Fisher’s exact test (P < 0.05).

Metabolomics

A total of 144 airway-chips were exposed to either MA or 20 ppm
Cl, for 30min. Exposures were conducted across 3 independent
experimental batches (n=3 batches), each consisting of 48
airway-chips. Within each batch, airway-chips were divided into
experimental conditions (MA or Cl,) and sampled at 4 post-
exposure timepoints (0, 6, 12, and 24 h). For metabolomic analy-
sis, 6 airway-chips from the same condition and timepoint within
a batch were pooled into a single tube to provide sufficient total
protein for LC-MS/MS processing. Thus, each pooled sample rep-
resented the average metabolite profile of 6 airway-chips (pool-
level n=1), and each batch contributed one pooled sample per
condition at each timepoint (batch-level n=1 per condition/time-
point). Across the 3 independent batches, this yielded an effective
n=3 per condition at each timepoint for downstream statistical
analysis (timepoint-level n=3). Metabolomic analysis was per-
formed according to the previously reported workflow (Gonzdlez-
Ruiz et al. 2017) with minor modifications.

Statistical analysis

Each experimental dataset utilized a single donor set of cells,
remaining consistent throughout the specific experiment,
although multiple donors were utilized throughout the overall
study due to the limited supply of primary human cells. For each
experiment, each n represents a within-donor independent tech-
nical replicate airway-chip, defined as independently generated
airway-chip tissues, derived from genetically identical donor tis-
sue but fabricated, exposed, and analyzed independently.
GraphPad Prism 10 was used for statistical analysis. Data are
expressed as the mean+SD from at least 3 independent experi-
ments. Single factor comparison between the 2 groups using the
unpaired 2-tailed Student’s t test. One-way and 2-way ANOVA
with post-hoc tests were used for comparisons of more than 2
groups. P <0.05 was considered statistically significant. Detailed
data and statistical analysis are included in the Supplementary
Methods section.
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Data availability

The transcriptomic datasets generated during this study are
available in NCBI's Gene Expression Omnibus (GEO) and are
accessible through GEO Series Accession Number GSE261463.
Metabolomic data files are available from the corresponding
author upon reasonable request. The source data underlying the
figures are provided as Supplementary Data files. Additional
datasets used during the current study are available from the
corresponding author upon reasonable request.

Code availability

RNA-seq data processing was performed with Partek Flow soft-
ware, differential expression analysis with DESeq2, and metabo-
lomic data analysis with XCalibur Software. The analysis
pipeline includes standard bioinformatics tools: Cutadapt (v3.4),
STAR aligner (v2.7.9a), and DESeq?2 (v1.34.0) packages imple-
mented in R. No proprietary code was developed for this study.

Results

3D airway-on-a-chip

The airway-on-a-chip consists of a multi-cell type 3D tissue con-
struct, combining primary human airway epithelial cells at an
air-liquid interface, stromal cells in ECM hydrogel, and microvas-
culature endothelium in media (Fig. 1A). After 3 to 4 wk, airway-
chips develop pseudostratified mucociliary differentiation
resembling native tissue (Fig. 1B and C). Microfluidic chips enable
controlled gas delivery and continuous media perfusion (Fig. 1D
and E), with laminar flow in both air and fluid chambers (Fig. 1F).
Calculated the Reynolds number (Re) for the flow within the
microfluidic channels ranged from 0.33x 1077 to 3x 107/, well
below the laminar-turbulent transition threshold (Re > 3000).

Exposure parameters and system validation

The Cl, exposure system delivered metered MA to a modified
electrochemical Cl, generator for room temperature (20 to 25°C)
gas blending (Fig. S2A). Total flow rate was 30 standard cubic
centimeters per minute (sccm), distributed to 6 control airway-
chips receiving MA only and 6 airway-chips receiving Cl, doses (5
sccm each) (Fig. S2B). Individual airway-chip flow rates main-
tained 1.15% average error over 30min (Fig. S2C). System range
was 3.75 to 375ppm Cl,, validated at 5 ppm increments to 30 ppm
for 30 min exposures (Fig. S2D and 2E).

Epithelial surface and circulating fluid pH

Cl, exposure experiments (10, 20, and 30 ppm) were conducted
for 10, 20, and 30min versus MA controls. Post-exposure pH
measurements of airway-chip lavage (0.25mM HEPES saline)
revealed concentration- and time-dependent acidification
(Fig. 2A). At 10 ppm, pH changes emerged at 30min of exposure
time. Exposure to 20ppm Cl, demonstrated a broad pH change
that was related to exposure duration, with a significant reduc-
tion in lavage pH following 20 min of Cl, exposure. The 30 ppm
exposure demonstrated significant acidification by 10min.
Circulating fluid pH measurements showed minimal change
(~0.5 pH units) in HEPES saline, with no decrease in culture
media over 30 min at 30 ppm (Fig. 2B).

Hypochlorous acid (HOCI)

HOCI production was measured in the airway-chip surface lav-
age fluid (Fig. 2C) immediately following Cl, exposure as
described above. With 10 ppm Cl, exposure, an increase in HOCl
concentration compared with MA control was only detected
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Fig. 1. Overview of the airway-on-a-chip microphysiological system. A) The airway-on-a-chip microphysiological system comprises a multi-cell-type
planar 3D tissue construct with primary airway epithelial cells exposed to an air-liquid interface (ALI), a stromal layer comprising extracellular matrix
(ECM) and lung stromal cells, and a microvasculature endothelium exposed to liquid media. B and C) Airway-chips possess an epithelial layer with
increased pseudostratified mucociliary differentiation, epithelial cell height, ciliated cell numbers, mucin production, and epithelial heterogeneity
more like native tissue than 2D monolayer cultures (n = 11, *P < 0.05, **P < 0.01, ***P < 0.001). D) Microfluidic chips are fabricated with a simple
patterning technique of laser-cut polymethylmethacrylate (PMMA) layers stacked with adhesive film layers in a self-aligning manner. E) Airway-chip
tissues are integrated into the microfluidic chips and maintained in microfluidic circuits comprising basal media flow and apical air flow. F) Circuits
and flow rates are designed to support airway-chip function and physiologically relevant laminar flow at the gas interface. Native airway IHC image in
panel B repurposed from graphical abstract in Leach et al. Sci Rep. 13:10137 (2023).

when exposed for 30min. For both 20 and 30 ppm exposures, a
significant Cl, concentration- and exposure time-dependent
increase in HOCI was observed.

Mitochondrial superoxide production

Quantification of superoxide positive cells demonstrated a Cl,
concentration- and time-effect on mitochondrial superoxide pro-
duction as a proportion of airway-chip cells activated, derived by
comparing superoxide- and Hoechst-positive pixel co-localization
(Fig. 2D). A significant Cl, concentration- and exposure time-
dependent increase in superoxide-positive airway-chip cells was
detected following exposure to 20 and 30 ppm Cl,.

Detection and quantitation of chlorinated
proteins and lipids

3-Cl-Tyr and 3,5-di-Cl-Tyr have been proposed as biomarkers of
respiratory tract exposure to Cl, (Sochaski et al. 2008; Nishio
et al. 2021). For airway-chips exposed to 20 ppm Cl, for 30 min,
the average concentration for 3-Cl-Tyr was 56.2+14.0ng/ml in
airway-chip tissue samples and 92.0+14.9ng/ml in airway-chip
media samples. For 3,5-di-Cl-Tyr, the average was 26.6 +6.1ng/
ml in airway-chip tissue samples and 63.6 £ 11.3ng/ml in airway-
chip media samples (Fig. 2E). Neither 3-Cl-Tyr nor 3,5-di-Cl-Tyr
was detected in airway-chip tissue or media samples following
control MA exposure only.

Chlorinated lipids, 2-chloropalmitic acid (2-Cl-PA) and 2-
chlorostearic acid (2-Cl-SA), can also serve as indicators of Cl,
exposure and may also have important downstream systemic
effects (Marsche et al. 2004; Spickett 2007; Ford et al. 2016). For
airway-chips exposed to 20ppm Cl, for 30min, the average

concentration for 2-Cl-PA was 4.14 £0.12ng/ml, and the average
concentration for 2-Cl-SA was 3.45+0.013ng/ml in airway-chip
tissue samples (Fig. 2F). 2-Cl-PA and 2-Cl-SA were not detected in
the airway-chip media samples (data not shown) or MA-exposed
airway-chips.

Post-exposure viability

Analysis of airway-chip viability following MA and Cl, exposures
(10, 20, and 30 ppm for 10, 20, and 30min) was assessed at 0-, 6-,
12-, and 24-h post-exposure. At 10ppm Cl,, 10 min exposures
showed transient viability decrease with recovery by 24h,
whereas longer durations resulted in sustained decline to 56% to
60% viability (Fig. 3A). Exposure to 20 ppm Cl, demonstrated an
exposure duration-dependent viability reduction, with immedi-
ate decrease to 66% to 75% and further decline to 45% to 55% by
24h (Fig. 3B). At 30ppm Cl,, all exposure durations led to near-
complete viability loss over 24h (Fig. 3C). These findings estab-
lished platform parameters for MCM intervention studies, with
20ppm Cl, selected for subsequent mechanistic investigations
based on its intermediate injury profile.

Trans-epithelial electrical resistance (TEER)

TEER measurements assessed airway-chip barrier function fol-
lowing MA (30 min) or Cl, exposures (10, 20, and 30ppm for 10,
20, and 30min) at baseline, 0-, 6-, 12-, and 24-h post-exposure.
The lowest dose (10ppm, 10min) showed maximal TEER reduc-
tion at 6h with complete recovery by 24h (Fig. 3D). At 20ppm,
all exposures demonstrated 90% TEER reduction at 6h, with
minimal recovery observed only for 10- and 20 min exposures
by 24h (Fig. 3E). All 30ppm exposures resulted in nearly
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Fig. 2. Immediate biochemical impact of chlorine gas (Cl,) exposure of the airway-on-a-chip microphysiological system. Cl, concentration and time
experiments were performed using 10, 20, and 30 ppm Cl, vs medical air (MA - 0 ppm Cl,) for exposure durations of 10, 20, and 30 min. A) Cl, exposure
lowered the airway-chip epithelial surface lavage fluid pH in a concentration- and time-dependent manner, B) but only a minor decrease in the pH of
circulating fluid (~0.5 pH units) was measured over the duration. C) A significant Cl, concentration- and exposure time-dependent increase in HOCl in
the airway-chip lavage fluid was measured following exposure to 20 and 30 ppm Cl, for exposure times of 20 and 30 min at both concentrations. D) A
significant Cl, concentration- and exposure time-dependent increase in superoxide positive cells was detected in airway-chips following exposure to 20
and 30 ppm Cl,. E) Significant increases in the chlorinated amino acids, 3-chlorotyrosine (3-Cl-Tyr) and 3,5-dichlorotyrosine (3,5-Cl,-Tyr), were found in
airway-chips exposed to 20 ppm Cl, for 30 min. F) Significant increases in the chlorinated lipids, 2-chloropalmitic acid (2-Cl-PA) and 2-chlorostearic
acid (2-Cl-SA), were also found in airway-chips exposed to 20 ppm Cl, for 30 min.

complete TEER reduction (approximately 100%) sustained
through 24h (Fig. 3F). MA exposure induced temporary TEER
reduction at 6h, suggesting airflow-mediated effects, with
recovery by 12h.

Epithelial and endothelial junctions

Airway-chip barrier analysis following exposure to MA or
20ppm Cl, (30 min) utilized F-actin fluorescent probing for epi-
thelial assessment and VE-cadherin IHC for endothelial evalua-
tion. Epithelial barrier disruption, characterized by gap
formation, was evident immediately post-Cl, exposure and

persisted through 24h (Fig. 3G). Endothelial barrier integrity,
assessed at 0-, 24-, 48-, and 72-h post-exposure, showed signifi-
cant disruption only at 72 h in Cl,-exposed airway-chips (0- and
72-h shown in Fig. 3H).

Caspase activation

Apoptotic mechanisms were assessed in airway-chips exposed to
20ppm Cl, (30min). Significant caspase activation was observed at
all timepoints (0-, 6-, 12-, and 24-h) post-Cl, exposure compared
with MA controls (Fig. 3I). Post-exposure caspase levels stabilized
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Fig. 3. Time course of the biological impact of chlorine gas (Cl,) exposure of the airway-on-a-chip microphysiological system. Cl, concentration and time
experiments were performed using 10, 20, and 30 ppm Cl, vs medical air (MA — 0 ppm Cl,) controls for exposure durations of 10, 20, and 30 min. Airway-
chip biological responses were evaluated immediately post-exposure (0-h) as well as 6-, 12-, 24- or 72-h post-exposure. A-C) Cl, exposure conditions were
defined that encompass the entire range of viability outcomes that could be relevant for acute human exposures, with the lowest 10 ppm Cl, for 10 min
exposure showing minimal airway-chip injury and full recovery, whereas 30 ppm Cl, exposure for 30 min resulted in an almost total loss of viability. D-F)
Transepithelial electrical resistance (TEER) measurements of barrier function also showed recoverable function at 10 ppm Cl,, progressing to a critical
loss of barrier function at higher concentrations or exposure durations. G) Disruption to the airway-chip epithelial barrier was observed immediately after
exposure to 20 ppm Cl, for 30 min through 24-h post-exposure. Scale bar = 50 um. H) The airway-chip endothelial barrier was maintained immediately
after exposure to 20 ppm Cl, for 30 min, but demonstrated measurable disruption at 72 h post-exposure. Scale bar = 50 pm. I) Relative levels of caspase
through the post-exposure time course increased slightly after the 0-h timepoint and remained stable for the remaining timepoints. J) Quantification of
several key airway-chip epithelial cell types showed a reduction in staining for a-tubulin, p63, and CC10 after exposure to 20 ppm Cl, for 30 min, whereas
MUCSAC+ staining was unchanged compared with MA exposures.



after initial increase, indicating sustained apoptotic cell death,
whereas mitochondrial membrane potential remained unchanged.

Epithelial cell phenotype

Airway-chip analysis of epithelial cell populations following
exposure to MA or 20 ppm Cl, (30 min) was performed via IHC uti-
lizing both confocal Z-stacks, and 2D maximum intensity projec-
tion (MIP) images at 24-h post-exposure (Fig. 3] and Fig S4).
Quantification revealed significant reductions in a-tubulin+ cili-
ated cells, p63+ basal cells, and CC10+ secretory club cells in Cjp-
exposed airway-chips, whereas MUCS5AC+ staining remained
unchanged or slightly increased. These findings highlight the cel-
lular susceptibility to Cl,-induced toxicity, with preservation or
potential increase of goblet cell populations and/or mucus pro-
duction.

Transcriptomic analysis

RNA sequencing was performed to analyze gene expression
changes in airway-chips following exposure to MA or 20 ppm Cl,
(30 min duration), evaluating responses at 0-, 6-, 12-, and 24-h
post-exposure. Each batch of transcriptomics data was reviewed
for potential outliers, based on quality control checks, prior to
analyses. Quality control checks included total read counts, prin-
cipal component analyses (PCAs), and assessment of diversity
indices using the exponentiated Shannon’s index. A total of 8
outlier airway-chip samples were removed from analysis, with
final sample numbers documented in Table S4. Temporal sepa-
ration of expression profiles (Fig. 4A and Fig. S2) demonstrated
immediate and sustained transcriptional responses to Cl, expo-
sure. Comprehensive differential expression analysis results are
detailed in Fig. 4B and Table S5 and raw datasets are available
upon request.

‘Cellular Responses to Stimuli’ and ‘Autophagy’ were 2 reoc-
curring clusters (across exposure durations) identified by path-
way analysis of the top 200 genes significantly upregulated and
200 genes downregulated. We selected 3 genes from each of these
clusters to assess exposure effects across time as a linear test (Hg
=W < Mo < M3 < pa) and as a test of baseline effects (Ho = 31 = o
+ M3 + Ma). Results are shown in Table 1 and Fig. 4C.
Transcriptomic analysis identified 106 genes meeting signifi-
cance criteria (Pog; < 1 x 107'%) immediately following Cl, expo-
sure, predominantly affecting EIF2 signaling pathways. Analysis
across later timepoints (6, 12, and 24h) revealed >200 signifi-
cantly altered pathways, progressing from initial stress responses
to immune pathway activation. This temporal progression culmi-
nated in enhanced cytokine and chemokine signaling networks
by 12 to 24 h post-exposure, demonstrating a coordinated cellular
response to Cl,-induced injury.

Analysis of differentially expressed genes using IPA identified
pathways significantly affected in airway-chips exposed to Cl, at
each post-exposure timepoint. A subset of the top pathways
identified as being activated and inhibited following Cl, exposure
is shown in Table 2 and Table 3, and pathway categories are
shown in Fig. 4D. Analysis revealed significant pathway inhibi-
tion across multiple timepoints post-Cl, exposure. AHR signaling
was suppressed at 6 h, whereas xenobiotic metabolism and fatty
acid p-oxidation were downregulated at 12h. Oxidative phos-
phorylation emerged as the most consistently inhibited pathway
across all timepoints (6 to 24h), accompanied by sustained sup-
pression of biosynthetic and nuclear receptor signaling path-
ways.
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Metabolomics

Metabolomic profiling was performed using identical exposure
conditions and timepoints as the RNA-seq analysis. PCA demon-
strated clear separation between Cl,-exposed and control
airway-chips across timepoints (Fig. SA and Fig. S3). Of 91 identi-
fied metabolites, 48 showed significant differences between Cl,
and MA exposure in at least one timepoint. Metabolites meeting
Bonferroni significance threshold (P<0.00055) are detailed in
Table S6, with increased levels shown in green and decreased
levels in blue. Three metabolites (a-aminoadipate, r-phenylala-
nine, and inosine) exhibited persistent significant changes across
all timepoints (Fig. 5B).

IPA analysis identified the top 15 affected pathways (P < 0.001)
at each timepoint (Fig. 5C). Pathway activity was predominantly
increased at later timepoints (12- and 24-h) compared with ear-
lier timepoints (0- and 6-h), particularly in amino acid and amine
compound transport/metabolism. Notably, the aminoacyl-tRNA
charging pathway showed decreased activity at 12- and 24-h.

Analysis of biological processes (Fig. 5D) revealed an initial
decreased cell survival post-exposure, returning to control levels
by 24-h. Several processes increased across timepoints, including
macromolecule metabolism, stress response, and molecular
export. Ca®* dynamics and metal ion quantities increased signifi-
cantly by 12- and 24-h, whereas amino acid uptake and ROS for-
mation decreased during these timepoints.

Discussion

There remains a critical gap in capabilities between single-cell
monolayer cultures and the existing rodent and large animal
studies. Our study aims to provide an advanced in vitro human
primary cell airway-on-a-chip microphysiological system that
better recapitulates the structure, composition, and function of
human airway tissue and addresses the capability gap between
existing pre-clinical models of airway exposures to Cl,. Findings
from this study are consistent with key known characteristics
and physiological responses of airway tissue following exposure,
including rapid chemical changes of the airway surface fluid
(Bosse 1994), formation of chlorinated biomarkers of exposure
(Robaszkiewicz et al. 2011; Ahmad et al. 2015; Ford et al. 2016),
epithelial (Mo et al. 2015) and endothelial (Samal et al. 2010)
injury, loss of barrier function (Menaouar et al. 1997; Zellner and
Eyer 2020), and inflammatory signaling (Massa et al. 2014; Clark
et al. 2023). We also provide characterization of changes in the
transcriptome and metabolome that may help improve under-
standing of injury mechanisms and guide the discovery of tar-
geted MCMs.

Cl, absorption into airway tissues leads to epithelial surface
fluid acidification through hydrochloric acid and HOCI genera-
tion. Our model demonstrates this rapid acidification, showing
concentration- and time-dependent effects on airway-chip lav-
age fluid pH and HOCI levels. Cl,-induced airway damage occurs
through oxidative mechanisms, with rapid formation of reactive
oxygen and nitrogen species (Martin et al. 2003; Evans 2005;
Leustik et al. 2008). HOCI and hypochlorite form reactive inter-
mediates that modify aromatic amino acids, generating chloro-
tyrosine residues (Robaszkiewicz et al. 2011) and chloramine,
previously identified in Cl,-injury models (Ahmad et al. 2015).
Chlorinated lipids form through direct Cl, reactions with plas-
malogen vinyl ether bonds, producing species like 2-chloropal-
mitic acid and 2-chlorostearic acid (Ford et al. 2016). Our data
confirms rapid production of chlorotyrosine and chlorolipids
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Fig. 4. Transcriptomic analysis of the airway-on-a-chip microphysiological system following chlorine gas (Cl,) exposure. A) Principal component
analysis (PCA) of gene expression profiles reveals partitioning of airway-chip tissue samples based on post-exposure collection time. Each point
represents the gene expression profile of an individual airway-chip tissue, with point color corresponding to time after Cl, exposure. Variation
attributed to the experimental batch was removed using the remove batch effect tool within Partek Genomics Suite to visualize the biological effects of
Cl, exposure. B) Volcano plots summarizing differential expression by log, fold change (LFC) on the X-axis and —log;o(P-value) on the Y-axis indicate
Cl,-induced significant transcriptome changes across all timepoints. Data points with LFC > 0 exhibited increased expression with Cl, exposure,
whereas LFC < 0 exhibited decreased expression. C) Three genes from “Cellular Response to Stimuli” and 3 genes from “Autophagy” MCODE clusters
that exhibited significant expression changes by exposure. HSPA6 shows increased expression with time (0 to 24 h); SIRT1 shows increased expression
at 6 h, decreasing to baseline by 24 h; SQSTM1 and MAP1B show increased expression through 12 h, then decreasing at 24 h. SOX2 and CFTR exhibit
consistent reduction compared with medical air across time. Immediately post-exposure (0 h), 106 genes met significance criteria (Pag; < 1 x 107'9),
predominantly involving EIF2 signaling. Analysis of 6, 12, and 24 h timepoints identified >200 significantly altered pathways, including cellular stress
responses, intracellular signaling cascades, and inflammatory mediators. D) Categories of pathways significantly affected in airway-chips exposed to



Fig. 4. Continued
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Cl, at each timepoint. Early responses showed suppression of AHR signaling, whereas intermediate timepoints demonstrated downregulation of
xenobiotic metabolism and fatty acid g-oxidation. Oxidative phosphorylation was consistently inhibited across all timepoints (6 to 24 h). Pathways are
grouped by category (Y-axis), with the negative log of Fisher’s Exact test P-value shown (X-axis). Pathway bubbles are colored by z-score: >2 indicates
activation (orange), <—2 indicates inhibition (blue). Bubble size correlates with gene overlap.

Table 1. Reoccurring gene clusters identified by pathway analysis.

Pathway Gene ENSEMBLID Direction of effect P-value P-value P-value
with CE (global test)  (linear test) (baseline test)

Ho=1= Ho=p Ho =3w =

M2 = U3 = Ua < M2 < p3 < Mg (k2 + p3 + pa)
Cellular responses to stimuli HSPA6 ENSG00000173110.8 Increased expression 6.07E-32 1.40E-12 2.26E-17
Cellular responses to stimuli SIRT1 ENSG00000096717.12  Increased expression 1.97E-39 2.59E-01 2.32E-02
Cellular responses to stimuli SOX2 ENSG00000181449.4 Decreased expression 1.13E-38 9.94E—02 8.92E-01
Autophagy CFTR ENSG00000001626.16 ~ Decreased expression 2.92E-36 7.78E—02 4.44E-04
Autophagy SQSTM1  ENSG00000161011.20  Increased expression 2.78E-25 2.08E-05 1.11E-07
Autophagy MAP1B ENSG00000131711.15 Increased expression 2.95E-29 4.06E-05 9.35E-08

Analysis of selected genes from 2 MCODE-identified clusters based on transcriptomics data. We selected 3 genes from each of these clusters to assess exposure
effects across time as a linear test (Ho = p1 < o < p3 < pg) and as a test of baseline effects (Ho = 3= (uo + ps + 4)). Although a global comparison across
timepoints (Ho = p1 = Mo = us = ug) yielded highly significant P-values across all 6 genes, the “linear” and “baseline” tests reveal the variability of expression changes

with exposure duration.

Table 2. Top activated pathways identified following Cl, exposure.

Canonical pathways

Oh

6h

12h

24h

z-score —log(P-value) z-score -log(P-value) z-score -log(P-value) z-score -log(P-value)

EIF2 signaling

NRF2-mediated oxidative stress response

G beta gamma signaling

Agrin interactions at neuromuscular junction —

ERKS signaling

2.65

17.60

Pulmonary fibrosis idiopathic signaling pathway — —

Autophagy

Ceramide signaling
Endothelin-1 signaling
Oncostatin M signaling
a-Adrenergic signaling
PI3K/AKT signaling

Role of NFAT in regulation of the immune

response
Renin-angiotensin signaling
IL-8 signaling

ERBB4 signaling
Thrombopoietin signaling

VEGF family ligand-receptor interactions
Erythropoietin signaling pathway
Hepatic fibrosis signaling pathway

SPINK1 general cancer pathway

Chemokine signaling

Pulmonary healing signaling pathway

NF-xB signaling
STAT3 pathway
Thrombin signaling
IL-17 signaling

IL-6 signaling
HMGBI1 signaling
FGF signaling

FAK signaling

Regulation of the epithelial mesenchymal

transition by growth factors pathway
Endocannabinoid developing neuron pathway — —
Wound healing signaling pathway

CXCR4 signaling

Synaptogenesis signaling pathway

0.89 —

3.27 2.79
3.00 0.31
2.84 1.73
2.68 251
2.65 2.86
2.65 2.64
2.40 2.29
2.40 1.43
2.31 1.65
231 1.09
2.19 1.74
2.19 143
2.07 0.87
0.78 2.70
1.60 1.20
1.81 143
1.34 2.08
1.23 0.63
0.91 0.94
1.50 2.15
141 1.85
0.97 1.89
1.46 1.03
1.79 0.87
0.69 2.55
0.51 3.38
0.66 0.67
0.82 1.15
0.26 1.10
0.33 2.82
1.30 2.12
1.04 1.67
0.65 0.96
0.96 141
0.73 1.47

0.78
3.27
2.75
0.43
2.18
2.36
2.29
1.13
2.56
2.14
2.07
2.06
0.91

2.06
2.58
2.52
2.40
2.34
2.34
2.32
2.24
2.20
2.18
211
2.06
2.02
0.71
0.90
1.72
0.82
1.50
1.55

151
-0.28
1.98
1.00

— 1.06
2.16 0.52
0.57 2.06
1.93 1.04
0.50 2.45
1.17 2.74
1.86 2.71
2.05 0.67
2.61 1.95
0.94 1.73
1.56 0.43
0.51 1.67
2.10 1.09
2.11 1.95
3.41 2.39
1.53 1.53
1.60 0.82
3.88 1.77
141 0.14
1.33 191
1.58 1.96
1.95 2.50
1.78 1.97
1.03 2.84
141 0.93
1.97 1.84
3.51 2.77
0.57 241
1.16 2.36
1.78 2.35
3.84 2.32
3.88 2.18
1.06 2.14
0.33 212
2.29 2.02
0.81 2.01

1.15
1.30
2.02
1.02
1.20
1.36
3.40
2.62
0.33
2.12
1.19
1.08

2.09
2.92
1.73
1.96
3.33
2.17
3.20
1.38
1.63
3.34
3.20
4.38
3.30
3.20
2.25
3.35
1.46
4.52
1.57

2.09
2.37
2.95
1.73

Most significant pathways with predicted activation in airway-chip tissues immediately after chlorine gas (Cl,) exposure and at 6-, 12-, and 24-h post-exposure.
The significance value (P-value of overlap) for each pathway was calculated using the right-tailed Fisher’s Exact test. The calculated —log(P-value) is shown for
each pathway; —log(P-values) > 1.30 indicated significance (P-value < 0.05). Overall activation/inhibition states of pathways were predicted based on a z-score

algorithm; z-scores > 2 are considered significant predictions of activation.
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Table 3. Top inhibited pathways identified following Cl, exposure.

Oh 6h 12h 24h
Canonical pathways z-score —log(P-value) z-score —log(P-value) z-score -—log(P-value) z-score —log(P-value)
Aryl hydrocarbon receptor signaling — 0.63 —2.00 1.92 -1.04 1.89 0.21 1.15
Oxidative phosphorylation — — —4.24 0.74 -5.92 2.98 -5.70 3.68
TCA Cycle II (eukaryotic) — — —2.65 1.60 -3.32 2.58 -3.32 2.18
PPARa/RXRa activation — — -2.27 1.44 -2.14 1.04 -2.83 1.62
Gluconeogenesis I — — —2.00 0.53 -2.12 1.35 -2.12 1.10
Superpathway of cholesterol biosynthesis — — — — —-3.50 5.03 -4.12 5.12
Xenobiotic metabolism signaling pathways — 1.11 -1.35 0.72 -3.22 2.83 -1.94 1.83
Stearate biosynthesis I (animals) — — -1.89 0.58 -3.05 1.99 -2.14 1.40
Estrogen biosynthesis — — -1.51 1.79 —3.00 2.75 -3.15 2.48
Valine degradation I — — — 0.38 -2.53 2.34 -2.12 1.07
Nicotine degradation II — — -0.71 0.60 —2.50 1.99 —-3.00 1.42
Fatty acid p-oxidation I — 0.77 — — —-2.50 2.74 -1.73 1.80
Mevalonate pathway I — — — 0.22 —2.45 1.80 —2.45 1.54
Apelin adipocyte signaling pathway — — -1.27 0.38 —2.40 1.49 -2.41 3.24
Ethanol degradation II — 0.82 —1.00 0.27 -2.33 0.98 -2.11 1.43
Superpathway of melatonin degradation — — —-1.00 0.76 -2.18 2.12 -2.52 2.25
Acetone degradation I (to methylglyoxal) — — -0.71 1.74 -2.11 2.74 -2.33 1.04
Methylglyoxal degradation III — — — — —2.00 1.38 —2.00 0.63
PPAR signaling — — -1.79 0.87 —1.00 0.34 —2.54 1.55
Serotonin degradation — 0.60 -1.34 — -1.94 0.77 -2.52 2.11
LXR/RXR activation — — 0.58 0.34 —1.53 1.70 —-2.41 3.03
Zymosterol biosynthesis — — — 0.23 -1.34 2.97 —2.00 1.60

Most significant pathways with predicted inhibition in airway-chip samples immediately after chlorine gas (Cl,) exposure and at 6-, 12-, and 24-h post-exposure. The
significance value (P-value of overlap) for each pathway was calculated using the right-tailed Fisher’s Exact test. The calculated —log(P-value) is shown for each
pathway; —log(P-values) > 1.30 indicated significance (P-value < 0.05). Overall activation/inhibition states of pathways were predicted based on a z-score algorithm; z-
scores > 2 are considered significant predictions of activation, and z-scores < —2 are considered significant predictions of inhibition.

following Cl, exposure. These modifications serve as reliable bio-
markers of Cl,-exposure (Crow et al. 2016; de Bruin-Hoegée et al.
2022; Boles et al. 2024), distinguishing from other inflammatory
diseases. Our findings validate previous exposure studies while
providing a relevant human in vitro model for future clinical cor-
relations.

Clinical outcomes of Cl,-induced airway injury range from
epithelial desquamation at low concentrations to acute lung
injury, pulmonary edema, and respiratory failure at high concen-
trations (Das and Blanc 1993; Lemiere et al. 1997; Van Sickle et al.
2009). Our airway-on-a-chip microphysiological system demon-
strated concentration-dependent responses: low-concentration
exposures showed self-recovery within 24 h, whereas high con-
centrations caused rapid epithelial desquamation and critical
loss of basal cells, leading to total lethality. At intermediate con-
centrations (20ppm), we observed a linear decline in viability
with potential for stabilization through intervention. Post-
exposure analysis revealed significant reductions in ciliated,
club, and basal cells, despite the predicted protection of basal
cells within the pseudostratified layer. The maintained or slightly
increased levels of MUCSAC staining could be interpreted as
either the preservation of the goblet cell populations or potential
mucus hypersecretion, as staining did not distinguish between
intracellular and extracellular mucins. Exposure immediately
compromised epithelial cytoskeleton integrity, with 50% junction
loss persisting to 24h. In contrast, endothelial junction disrup-
tion emerged at 72 h, supporting secondary endothelial dysfunc-
tion following epithelial oxidative injury. Previous studies
demonstrate Cl, exposure disrupts vascular NO homeostasis
(Samal et al. 2010; Honavar et al. 2011), potentially mediated by
chloro-lipids affecting lung permeability and eNOS-dependent
vasodilation (Ford et al. 2016). We anticipate that our model is
well-suited for the examination of these mechanisms to support
ongoing efforts in animal studies.

Transcriptome analysis of airway-chips following Cl, expo-
sure revealed significant gene expression alterations across mul-
tiple timepoints. Immediately post-exposure, we observed
significant upregulation of the EIF2 signaling pathway, indicating
activation of the integrated stress response (Costa-Mattioli and
Walter 2020). At 6- and 12-h post-exposure, our findings align
with Clark et al. (2023), who described this as a “crisis” phase in
murine models, characterized by upregulation of oxidative
stress, protein degradation, and apoptosis pathways. We simi-
larly observed the highest predicted activation of NRF2-mediated
oxidative stress response (Elfsmark et al. 2018), along with upre-
gulation of specific stress-response genes (SNAI1, HSPAIA,
HSPA1B, NAA16, HSPH1). Both studies demonstrated significant
downregulation of keratins and genes involved in epithelial bar-
rier integrity during this phase. By 24 h, our data again paralleled
Clark et al’s “repair” phase, showing reversed transcriptional
patterns with upregulation of keratins, RPTN, and cytoskeletal
genes. Additionally, both models exhibited increased expression
of multiple Wnt molecules linked to lung fibrosis, including
WNT2B, WNT3, WNT4, WNT5A, WNT7A, WNT7B, and WNT10A.

Metabolomic analysis of Cl,-exposed airway-chips revealed
significant pathway alterations. We observed immediate ROS for-
mation increase, consistent with anticipated HOCl generation
(Evans 2005; Leustik et al. 2008). Supporting previous findings by
Carlisle et al. (2016) showing disrupted cell bioenergetics, our
analysis demonstrated early changes in transmembrane potential
and a 5-fold increase in succinate, suggesting electron transport
chain dysfunction. Similar to Ahmad et al.’s (2015) observations of
impaired SERCA activity in cardiomyocytes, we found significant
alterations in Ca®* quantity and mobilization, noteworthy given
Ca*" dysregulation’s role in airway pathologies (Amrani and
Panettieri 2002; Philippe et al. 2015). These changes likely contrib-
ute to the observed “crisis” phase of epithelial dysfunction and oxi-
dative stress. By 12h post-exposure, metabolic profiles shifted
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toward macromolecule synthesis and amino acid metabolism,
supporting Clark et al.’s “repair” phase description. We observed
significant increases in a-aminoadipate and L-phenylalanine,
metabolites previously associated with ARDS (Viswan et al. 2017;
Xu et al. 2020; Tang et al. 2023). These changes may reflect protein
degradation and altered bioenergetics (Tojo et al. 2018), potential
therapeutic targets for mitigating Cl,-induced injury consequen-
ces (Batchinsky et al. 2006; White and Martin 2010).

Multiple strategies have emerged to address the physiological
limitations of conventional 2D airway epithelial monocultures,
including microfluidic airway-on-chip platforms (Benam et al.
2016; Humayun et al. 2018; Si et al. 2021), precision-cut lung sli-
ces (Liu et al. 2019; Alsafadi et al. 2020), and airway explants
(Hirst 1996; Blume and Davies 2013). Our prior studies demon-
strated that complex tissue-engineered 3D co-culture airway
models can achieve more physiologically accurate cellular phe-
notypes and tissue architecture compared with 2D airway epithe-
lial monocultures (Leach et al. 2023). Each of these approaches
presents specific advantages and limitations regarding tissue
complexity, experimental throughput, standardization, and long-
term viability. Both precision-cut lung slices and airway explants
preserve native tissue architecture and multicellular complexity
but face constraints in culture duration, contamination risks,
inter-sample variability, limited scalability, and donor availabil-
ity (Klouda et al. 2021; Preufs et al. 2022; Marimoutou et al. 2024;
Diodati et al. 2025). Organ-on-chip platforms, including the
airway-chip system described here, enable controlled exposure
conditions, quantitative barrier measurements, and parallel test-
ing across multiple conditions. Selection of the most appropriate
model, or combination of complementary models, depends on
the specific scientific question, required endpoints, and experi-
mental context to ensure suitability for mechanistic investigation
and translational application.

As with all models, whether in vitro, ex vivo, or animal mod-
els, our airway-on-a-chip microphysiological system is not with-
out limitations and challenges. A primary constraint is the
absence of innate immune system components, limiting evalua-
tion of inflammatory responses to early epithelial/endothelial
signaling that would typically recruit neutrophils and macro-
phages. The lack of neutrophils and macrophages means key
inflammatory amplification and resolution phases (phagocytosis,
immune cell-mediated cytokine feedback) are modeled only indi-
rectly. Inclusion of immune cells into this model would be
expected to potentially amplify and extend the initial crisis
phase, possibly manifesting at lower Cl, concentrations. For
example, immune cell recruitment and activation following Cl,-
exposure might result in greater levels of oxidative stress,
enhanced loss of cell viability, and delayed or prevented recovery
of barrier function as measured by TEER. Such interactions war-
rant investigation in future iterations of this platform. We also
note that airway-chip batches generated for each experimental
dataset in this study utilized a single donor cell source, whereby
data interpretation represents an approximation of population-
level effects. Although single-source microphysiological system
approaches have enabled critical advances in the field, including
established alveolar (Huh et al. 2010), cardiac (Hoang et al. 2018),
thymic (Montel-Hagen et al. 2019), gut (Kim et al. 2012), and
multi-organ (Herland et al. 2020) model systems, future replica-
tion with additional demographically diverse donors will be nec-
essary to establish generalizability across the population. Such
validation studies would require substantial resources and may
be limited to confirming key findings from developmental and
discovery research, such as presented here. Given the magnitude

of observed differences and low P-values for key findings in our
study, we believe the interpretations within this study are infor-
mative approximations for such future studies. Finally, although
our airway-chip model reproduces many characteristics of Cl,
gas exposures documented in animal models, we observe tissue
viability loss at lower Cl, concentrations compared with estab-
lished lethal doses in animals. This difference may reflect our
system’s direct laminar flow exposure compared with animal
models, where Cl, absorption varies by airway location
(Nodelman and Ultman 1999). Additionally, anatomical differen-
ces between species (eg, rodents’ larger relative nasal surface
area) and experimental methods (tracheal intubation in large
animals) affect Cl, delivery patterns. Despite these limitations,
the strength of our model remains the range of possible exposure
conditions with a set of chemical, biological, and physiological
outcomes that model our current understanding of Cl, airway
exposure impact, with the potential to gain new understanding
of mechanisms and for testing MCMs.

The airway-on-a-chip microphysiological system overcomes
several major challenges in the field and provides an opportunity
to explore mechanistic and therapeutic questions in the future.
Future developments include immune cell integration, utiliza-
tion of donor cells representing relevant demographic character-
istics such as sex, age, ethnicity, or disease state, and extended
timepoint studies for recovery and fibrotic changes. Further vali-
dation against existing relevant animal models and expanded
human donor datasets remains critical. The model's high
throughput and cost-effectiveness facilitate MCM screening,
allowing evaluation of hundreds of compounds for the cost of a
single animal study. With the FDA Modernization Act 2.0, this
platform could guide animal model selection and provide com-
plementary data for therapeutic approvals, advancing the field’s
translational capabilities.
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