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smoke inhalation integrated with
a breathing lung-on-chip to model
human lung responses to cigarette
exposure
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Continuous exposure to cigarette smoke (CS) significantly contributes to the development and
progression of chronic obstructive pulmonary disease (COPD) and lung cancer. Animal models that
inhale smoke nasally and have different lung physiology from humans may not accurately replicate
cigarette smoke-induced health effects. Furthermore, traditional in vitro models fail to replicate the
lung’s dynamic mechanical forces and realistic inhalation exposure patterns, limiting their relevance
in preclinical research. Here, we introduce an advanced smoke inhalation-based lung-on-chip system,
the Continuous Flow AX12 (CFAX12), to investigate CS-induced cellular responses in a physiologically
relevant manner. Unlike previous technologies, the CFAX12 integrates cyclic mechanical stretch with
controlled whole-smoke exposure, allowing for a more accurate recreation of CS-induced alveolar
microenvironment dynamics and barrier integrity responses. Using human alveolar epithelial cells,
lung microvascular endothelial cells, and macrophages in mono- and co-culture models under air-liquid
interface (ALI) conditions with breathing-like stretch (Str), we simulated key lung microenvironment
features. Our results show that CS exposure using the CFAX12 induced a ~ 60% reduction in trans-
barrier electrical resistance (TER), increased ROS generation depending on cellular model complexity,
and a ~ 4.5-fold increase in IL-8 gene expression, all key hallmarks of early COPD pathogenesis. These
findings underscore smoke-induced epithelial damage, inflammation, and oxidative stress, all of which
contribute to alveolar barrier dysfunction and disease progression. Also, CFAX12 provides a more
physiologically relevant alternative to submerged cigarette smoke extract (CSE) treatments, offering
controlled whole-smoke exposure using the VC10 Smoking Robot, ensuring precisely regulated smoke
delivery. Additionally, inclusion of pulmonary surfactant reduced IL8 gene levels by ~ 5 folds. Hence,
by integrating mechanical and biological complexity, CFAX12 offers a robust platform for assessing
inhaled smoke effects and identifying therapeutic targets. It's application in COPD drug screening

can facilitate the discovery of compounds that preserve alveolar integrity, reduce inflammation, and
mitigate oxidative damage, ultimately bridging the gap between regulatory and preclinical research
applications.
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Chronic lung conditions like COPD and lung cancer are leading causes of morbidity and mortality worldwide,
with cigarette smoke (CS) being the primary risk factor for these fatal conditions'?. COPD is a progressive
disease characterized by chronic airway inflammation and alveolar remodeling. COPD encompasses various
severe manifestations, including emphysema, which is characterized by irreversible alveolar remodeling,
resulting in impaired gas exchange and respiratory dysfunction®. Chronic exposure to CS manifests as
pathological changes like heightened oxidative stress, increased lung permeability, loss of tight junctions,
epithelial-mesenchymal transition (EMT) all of which contributes to tissue destruction and impaired lung
function®°. Functionally, alveolar macrophages in emphysematous lungs exhibit dysregulated cytokine release,
driving chronic inflammation and further amplifying epithelial damage (Kapellos et al. 2018). Additionally,
the altered lipid metabolism disrupts surfactant homeostasis, further impairing lung function”®. The human
alveolar microenvironment consists of tightly regulated crosstalk between epithelial, endothelial, and immune
cells, which is critical for maintaining lung homeostasis and responding to external insults such as CS°. In vivo,
alveolar macrophages (AMs) serve as frontline immune cells, interacting directly with epithelial and endothelial
cells to regulate inflammation, phagocytosis, and extracellular matrix remodeling. A recent insert-based lung
model incorporating epithelial-alveolar macrophage co-cultures have demonstrated that macrophages modulate
epithelial cell function under cigarette smoke exposure, mimicking in vivo inflammatory dynamics and
macrophage polarization shifts!’. Furthermore, endothelial cells play a crucial role in maintaining the air-blood
barrier and regulating inflammatory signaling in response to inhaled toxicants!!. These findings emphasize the
necessity of co-culture models in studying complex cellular interactions and disease progression, enhancing the
translational value of in vitro lung-on-chip models for inhalation toxicology research (Fig. 1).

Despite significant advancements in our understanding of COPD, the complex molecular mechanisms
underlying CS-induced lung damage remain incompletely understood. Existing animal models have limitations
in replicating COPD exacerbations from cigarette smoke. Common laboratory animals, like mice and rats,
are obligate nose-breathers, making them poor representatives of human respiratory exposure!>!%. This raises
concerns about their applicability in smoke exposure studies. Additionally, increasing societal and legislative
pressure, including the FDA Modernization Act of 2021 and the Humane Research and Testing Act, is driving
efforts to reduce animal testing. Alternatives are needed due to high costs, time constraints, and the frequent
failure of animal data to translate to human clinical trials'*!>. Current regulatory frameworks for tobacco and
nicotine-containing products (TNCPs) are strongly emphasizing standardized, high-throughput in vitro models
with toxicologically relevant endpoints!®. While early research provided a strong foundation, it was largely
exploratory and not designed for risk assessment applications. With the shift toward new approach methodologies
(NAMs) to replace animal testing, there is a growing need for reproducible, physiologically relevant models
that align with evolving requirements. Advancing these models through interdisciplinary collaboration will be
essential for generating robust toxicological data suitable for risk evaluation and decision-making.

Further, a critical limitation of most traditional in vitro existing smoke models is their reliance on the use
of cigarette smoke extract (CSE) rather than whole cigarette smoke (CS). CSE, which simplifies the exposure
process by focusing on hydrophilic constituents, does not fully represent the complex mixture of chemicals
and particulate matter found in whole cigarette smoke!”!8. Whole CS, inhaled into the respiratory system, is
a complex mixture of chemicals, including solid/liquid droplets in a gaseous phase generated by burning and
pyrolysis processes, with fresh mainstream smoke containing approximately 4,700 identified substances'.
Additionally, traditional in vitro models often treat lung cells with CSE under submerged conditions, rather than
at the air-liquid interface, an important physiological aspect of the air-blood barrier environment. Moreover, the
preparation of CSE involves multiple protocols that lack standardization, resulting in significant inter-laboratory
variations in the observed effects of CSE treatments®!. Hence, such study fails to reproduce the physiological
inhalation and delivery of smoke to lung tissue and lacks robustness. Consequently, the scarcity of human-relevant
preclinical models significantly contributes to high therapeutic failure rates resulting in fewer effective drugs for
treating COPD patients and ultimately to rising healthcare costs?’. The advent of microfluidic technology and the
development of organ-on-chip systems have provided new avenues for creating more physiologically relevant in
vitro systems. Lung-on-chip models offer the capability to mimic the dynamic environment of the human lung,
including ALI conditions, cyclic mechanical breathing-like stretch, flow, topography, co-culture of different cell
types?>?%. Such advanced models are being utilized in preclinical safety profiling of therapeutics*> and can be
even combined with advanced aerosol inhalation systems?® for toxicology and risk assessment studies. These
features enable a more accurate representation of the lung’s microenvironment, allowing for real-time study of
cellular responses to cigarette smoke.

Only a few studies on cigarette smoke inhalation using microfluidic cell culture systems have been reported so
far?’. A notable early study by Benam et al.?®% utilized a lung-on-chip model to expose bronchial epithelial cells
to cigarette smoke, leading to the identification of ciliary micro-pathologies induced by cigarette and e-cigarette
exposure. However, while valuable, this model had key limitations, including a lack of reproducible smoke dose
delivery, the inability to assess cigarette smoke-induced toxicity in the distal lung, and the absence of essential
readouts like trans-barrier electrical resistance (TER), restricting its applicability for studying alveolar-level
injuries. Similarly, a more recent study by Lagowala et al.!! combined transwell co-culture systems, precision-cut
lung slices (PCLS), and a membrane-free lung-on-a-chip model to investigate epithelial-immune interactions
and chronic smoke-induced lung remodeling. While this model provided detailed imaging and immune cell
incorporation, they lacked TER assessment as well, and biomechanical stretch, limiting their ability to fully
replicate inhalation-induced alveolar dysfunction. Additionally, the design of the smoking robot plays a critical
role in experimental accuracy, as valve systems within smoke-generating components can interact with cigarette
smoke, potentially altering its chemical composition. To overcome these challenges, we employed the VC10
Smoking Robot (Vitrocell Systems, Germany), which is well-characterized and optimized for in vitro studies®.
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Fig. 1. Critical role of the lung microenvironment in mediating the effects of cigarette smoke on alveolar
health. (Left) Schematic representation of cellular and molecular alterations in the alveolar region due to

CS exposure, illustrating key processes such as cytokine release, reactive oxygen species (ROS) generation,
increased protease activity, phagocytosis, altered lipid metabolism, degradation of the extracellular matrix
(ECM), and recruitment of neutrophils. Various cell types, including activated macrophages (AMs),
neutrophils, alveolar type I (AT I) and type II (AT II) cells, and activated fibroblasts, are depicted in the context
of emphysematous (COPD) damage. (Right top) Experimental setup used for cigarette smoke exposure,
featuring the AX12 Lung-on-Chip system and Continuous Flow AX12 (CFAX12). (Right middle) Overview
of the different exposure conditions employed in the study, including use of different cell types, air-liquid
interface (ALI) exposure and physiological stretch conditions. (Right bottom) Summary of the key endpoints
measured in the study, like barrier health, cellular morphology via imaging, gene expression analysis to
monitor changes at the molecular level and functional assays to evaluate cytotoxicity, ROS generation, and
other cellular functions.

This system ensures controlled, reproducible smoke exposure in a physiologically relevant environment, allowing
for precise regulation of exposure variables. Moreover, it reduces human error and limits direct exposure to
harmful smoke constituents, enhancing the reliability and safety of smoke exposure experiments’!.

Among the few other existing microfluidic systems*?-3, the majority rely on submerged CSE treatments,
which fail to mimic physiologically relevant air-liquid interface (ALI) conditions and dynamic mechanical
forces present in the lung. These limitations underscore the need for a next-generation lung-on-chip system like
CFAX12, which can more accurately replicate alveolar microenvironments and assess cigarette smoke toxicity in
a reproducible and physiologically relevant manner.

The CFAX12 lung-on-chip platform overcomes these challenges by integrating key features that are not present
in any other existing system. Unlike previous models, CFAX12 uniquely allows periodic TER measurements,
providing a reproducible, non-invasive assessment of barrier integrity over time, a critical endpoint for inhalation
toxicity studies. Additionally, the CFAX12 lung-on-chip platform is the only system to integrate biomechanical
stretch, simulating breathing-like forces, which significantly influence cellular responses to cigarette smoke
exposure. Furthermore, no other model to date has demonstrated such a high level of bio-model complexity, as
our study highlights the importance of co-culture systems and the inclusion of macrophages in smoke exposure
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models, which are essential for capturing the immune-inflammatory responses involved in COPD pathogenesis.
This system includes the VC10 smoking robot that mimics human smoking behavior and delivers whole smoke
to alveolar cells cultured under ALI and stretch conditions and a climatic chamber to house all the components
under relevant physiological conditions. The use of human alveolar epithelial cells (**AECs) in co-culture
with endothelial cells (h(LMVECs) and macrophages (THP-1 or primary blood-derived macrophages; pBDM:s)
enables a comprehensive assessment of cellular interactions and responses to smoke exposure. Here, we also
investigated the differential impact of whole smoke exposure versus traditional CSE treatment in lung cells.
Our results highlight the sensitivity of the epithelial barrier, oxidative stress, and inflammatory responses under
dynamic breathing-like stretch conditions, underscoring the importance of mechanosensitive responses in
smoke-induced lung damage. Additionally, the potential protective effect of pulmonary surfactant in mitigating
smoke-induced damage was investigated. Given the critical need for physiologically relevant smoke exposure
models of the alveolar space, the CFAX12 is developed as a platform for advancing inhalation toxicology research
and assessing therapies aimed at reducing smoke-related lung damage.

Methods

CFAX12 for in vitro analysis of cigarette smoke effects on-chip

The Continuous Flow AX12 (CFAX12) exposure system was employed to investigate the effects of cigarette
smoke on lung cells cultured in the AX12 Lung-on-chip (AlveoliX, Switzerland) (Fig. 2A). The system
integrates a modified smoking machine (VC10, Vitrocell Systems, Germany) described earlier, which has been
adopted for the current study to accommodate the AX12. Briefly, the smoke machine VC10 is connected to
an exposure module housed within a climatic chamber, enabling precise control of environmental conditions
during the experiments. The VC10 generates and delivers cigarette smoke to the exposure module. Cigarettes
are automatically loaded from a magazine (Supplementary Fig. 1B) into the cigarette holder port (Fig. 2C,
Supplementary Fig. 1F), where an electric lighter (Fig. 2D) ignited them. A syringe pump (Supplementary
Fig. 1H), designed to mimic the inhalation process of a human smoker, drew puffs, and transferred the smoke
to the dilution system (Supplementary Fig. 1C). The VC10 allows for adjustable puff parameters, including
volume, duration, interval, and frequency. At the end of each smoking cycle, the butt extractor (Supplementary
Fig. 1G) retracts all the burnt cigarettes and automatically dispenses them into an in-built ashtray. For this
study, the Health Canada Intense (HCI) smoking regime was employed in terms of puff volume, duration, and
number. Specifically, one 1R6F standard research cigarette (Kentucky Tobacco Research & Development Center,
Lexington, KY, USA) was smoked per cycle (one cycle in total), with a puff volume of 55 mL, a puff duration of
2's, a puff interval of 30 s, and a puff exhaust time of 8 s (Fig. 2B). A dilution airflow of 0.5L/min was applied,
resulting in a dilution factor of 0.1803 (Dilution Factor=Volume of Smoke / (Volume of Smoke + Volume
of Fresh Air). This standardized protocol facilitates the reproducibility and comparability of results. The
exposure module was modified to house the AX12 lung-on-chip (Fig. 2E), which was maintained at a constant
physiological temperature of 37 °C and humidity (~95%), achieved through the controlled environment of the
climatic chamber assisted with additional humidification station (Supplementary Fig. 1A) attached with water
baths (Supplementary Fig. 1D). The cigarette smoke generated by the VC10 smoking machine was diluted and
homogenized with cigarette smoke-free air before being delivered to the exposure head. This setup ensures
that the smoke reaches the cells cultured at the ALI condition in a controlled and uniform manner (Fig. 2G).
The smoke delivery system included a series of flow controllers that regulated the air and smoke flow rates to
achieve the desired dilution (Supplementary Fig. 1E). The exposure head, equipped with trumpet-shaped inlets,
ensured even distribution of smoke over the cells. A vacuum pump generated a flow that directed the aerosol
towards the cells, while the excess smoke was exhausted through an exhaust tube (Fig. 2F). The device was
installed by the manufacturer and subsequently underwent Installation Qualification (IQ) and Performance
Qualification (PQ) in accordance with their specifications at the time. Thereafter, performance was monitored
daily through leakage tests and the assessment and adjustment of the puff volume. The CFAX12 system allowed
for the precise adjustment of smoke concentration, simulating real-world smoking conditions. The exposure
module featured two parallel aerosol channels, enabling simultaneous exposure to different conditions within
the same experiment. Typically, one chip of the AX12 was exposed to cigarette smoke, while the other chip was
exposed to clean air as a control. This setup provided a robust comparative analysis of smoke-induced effects
versus healthy baseline conditions. Throughout the experiments, the system’s software interface recorded and
monitored all relevant parameters, including puff volume, duration, interval, and frequency.

Preparation of cigarette smoke extract

Cigarette smoke extract (CSE) was prepared utilizing the VC10 smoking robot component of the CFAX12. One
1R6F cigarette was loaded into the magazine which loaded it into the cigarette holder port. The smoke generated
was drawn by a syringe pump, mimicking smoker inhalation, and delivered to a T-tube connected to a PBS-
filled (10 ml) falcon tube. Smoke was bubbled through the PBS to create fresh 100% CSE extract before each
experimental round. After completing the smoking cycle, the CSE was filtered using a 0.22 pm sterile filter and
diluted with warm culture medium to the desired concentration (0%, 2.5%, 5%, 10%, 25%, 50% and 100%). The
prepared CSE was then applied to the apical side of the cell cultures in the AX12 for subsequent experimental
procedures.

AXLung on-chip technology

As described previously®>3¢, the “XLung-on-chip system (AlveoliX AG, Switzerland) comprises the Lung-on-
chip (AX12) consumable (Fig. 2B), two electro-pneumatic devices (*XExchanger and #XBreather), and the
interface platform (**Dock) (Fig. 1). Cell seeding and medium exchanges were performed according to the
manufacturer’s recommendations (AlveoliX AG). To initiate the breathing mechanism, the AX12 was positioned
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Fig. 2. Components of the CFAX12 System. (A) Overview of the three main elements of the CFAX12 (from
left to right): the computer system with the software interface, the VC10 smoking robot and the Climatic
chamber. (B) The operation is controlled via a software interface where the Health Canada Intense (HCI)
smoking regime was selected. (C) The cigarettes are loaded into the cigarette holders fully automatically and
without damage, with the rotation of the holder controlled by a stepper motor. (D) The electric lighter to
ensure automatic and contactless ignition. (E) The lung-on-chip consumable, AX12. (F) The VC10 smoking
robot initiates the process delivering the smoke to the dilution system, where dilution air is added to the smoke
feed stream. The whole smoke dilutes in the dilution module, passes through the exposure head, and reaches
the AX12 with the cells seeded, secured in the exposure module. A sample flow generated by a vacuum pump
(VP) diverts the aerosol towards the cells via “trumpet” inlets, and after contacting the cells, the smoke exits
through an exhaust tube; the continuous dilution air flow ensures that any remaining smoke is also exhausted.
Q).

within the 2XDock inside the incubator. The three-dimensional (3D) cyclic stretch (10% linear strain, 0.2 Hz) was
then initiated via a touchscreen control on the AXBreather, which deflected the microdiaphragm by generating
negative cyclic pressure. Both stretch (Str) and non-stretched static conditions were run simultaneously on a
single AX12, as the two chips were controlled independently.
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Cell culture and treatment

The alveolar epithelial cell line (**iAECs) used in this study was procured from AlveoliX (Switzerland). These
cells were derived from primary human alveolar epithelial cells (AECs) isolated from resected lung tissue
and subsequently immortalized using InscreeneX’s CI-Screen technology, as described by Lipps et al.¥’. The
AXjAECs were cultured according to the manufacturer’s instructions, as previously described and characterized
by Sengupta et al.*.

Human Lung Microvascular Endothelial Cells (h(LMVECs) purchased from PromoCell were expanded in
flasks using AX Endothelial Medium. hLMVECs were first seeded on the basolateral side of each membrane in
the AX12 at a density of 106,000cells/cm?, followed by a 2-h incubation, and then #*iAECs were seeded apically
at a density of 409,000 cells/cm? on day 0 for all co-culture experiments. The cells were maintained at 37 °C,
5% CO2, with the medium replaced every 2 days. On the AX12, ~XAECs were maintained in AX Alveolar
Epithelial Barrier Medium (AlveoliX, Switzerland) supplemented with 1% penicillin-streptomycin (Thermo
Fisher Scientific, Switzerland) for mono-culture studies and 2*iAECs/hLMVECs were maintained in AX E2
Alveolar Barrier Medium (provided by AlveoliX) for all dual-culture studies. In all studies, the “XiAECs alone
or in co-culture with the hLMVECs were maintained and differentiated on the AX12 for three weeks prior to
cigarette smoke treatment or exposure conditions, where ALI and stretch was initiated in specified experiments
around 10 days prior to smoke exposure.

Human primary blood-derived monocytes (pBDMCs) were isolated from donor bufty coats using the
EasySep™ Direct Human Monocyte Isolation Kit (Stemcell, #19669), which isolates primary CD14 + monocytes
via negative immunomagnetic selection according to the manufacturer’s protocol (Supplementary Fig. 2A). The
pBDMCs were cultured in RPMI medium (21875-034, Gibco) with 10% FBS, 1% P/S, and 2 mM L-Glutamine
for one day before being differentiated into macrophages (primary blood-derived macrophages; pBDM:s)
in the same medium supplemented with 50 ng/mL M-CSF (Peprotech, #300-25) for six days, with medium
exchanges every 2 days. After six days, the cells were washed with PBS and detached using pre-warmed Accutase
(Sigma Aldrich, # A6964). The pBDMs cell suspension was centrifuged, and the cell pellet was resuspended
in fresh triple-culture medium (2 parts of AX E2 Alveolar Barrier Medium: 1part of RPMI) and added on
the apical side at a ratio of 1:7 (pBDMs: AXiAECs). The usage of donor-derived pBDMCs was approved by the
Blutspendezentrum (SRK Bern).

The THP-1 monocytes (ATCC; TIB-202) are an immortalized monocyte-like cell line derived from the
peripheral blood of a patient with acute monocytic leukemia. These cells were cultured in RPMI medium
(21875-034, Gibco) supplemented with 10% FBS, 1% P/S, and 2 mM L-Glutamine. Differentiation of THP-1
monocytes into macrophage-like cells was induced using 100 nM phorbol 12-myristate 13-acetate (PMA; Sigma)
and incubated for 48 h following the established protocol by Kletting et al.?. After incubation, the differentiated
THP-1 macrophages were allowed to rest in PMA-free medium for an additional 24 h prior to seeding in the
AX12. For triple-culture experiments the THP1s were added apically at a ratio of 1:7 (THP-1: A% AECs).

For all experiments conducted, unless specified otherwise, 0 h refers to the time point immediately before
exposure to CS or CSE. The 4 h, 24 h, and 48 h time points indicate the number of hours post-exposure.

Both pBDMs and THP-1 macrophages were added to the epithelial/endothelial (**iAECs/hLMVECs) co-
culture 5 days prior to CS exposure. All cell lines were routinely monitored for mycoplasma contamination using
a mycoplasma detection kit (MycoStrip, InvivoGen).

Pulmonary surfactant

Porcine-derived pulmonary surfactant was added to the co-culture conditions 24 h before smoke exposure
(Fig. 7A). Curosurf® (poractant-alpha, Chiesi Farmaceutici, Parma, Italy) is a clinical surfactant preparation
provided as a suspension at 80 mg/mL containing more than 90% of surfactant phospholipids and around 1%
by mass of surfactant proteins SP-B and SP-C. It was carefully diluted in 1X PBS (Sigma Aldrich, #D8537) to a
concentration of 30 ug/ul and 5 pl was added on the apical side of the membrane per well in the AX12.

Flow cytometry analysis

Freshly isolated primary blood-derived monocytes (pBDMCs) were analyzed using flow cytometry. In brief, cells
were incubated at 4 °C with the following antibodies: anti-CD45 (Biolegend, # 30-F11), anti-CD14 (Biolegend,
# M5E2), as well as with Live Dead Fixable Blue (Thermofisher) for live/dead cell discrimination. After washing,
samples were acquired using a LSRII SORP device (BD Bioscience, USA) and analyzed with the FlowJo software
(version 10.8.1, BD Bioscience).

Liquid chromatography—-mass spectrometry measurements

CS exposure was performed in the CFAX12, and smoke was trapped in 1xPBS filled wells in the AX12.
Nicotine, cotinine and 3’-hydroxy-cotinine (OH-cotinine) were measured in PBS using a quantitative liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) method, based on a previously validated
method for saliva (as established in*). In brief, the measurements were performed using a Shimadzu Prominence
HPLC (Shimadzu, Reinach, Switzerland) coupled to a SCIEX 4000 QTrap mass spectrometer (AB Sciex,
Darmstadt, Germany) and a PAL autosampler (CTC Analytics, Zwingen, Switzerland). Chromatographical
separation was achieved with an XBridge BEH C18 column (3.5 um, 4.6 x 100 mm, 130 A, Waters, Dittwil,
Switzerland) and a delay column of the same specifications was used to minimize environmental contamination.
Mobile phase A consisted of 0.01% NH4OH in water and mobile phase B of 0.01% NH4OH in methanol with
a gradient starting at 5% mobile phase B which linearly increased to 90% B at 2 min and to 100% B at 2.5 min.
The PBS samples were combined with 80% methanol containing the deuterated internal standards (IS) (25 uL
sample +250 pL IS mix). For quantitation, calibration curves were constructed from at least six consecutive
calibrators in the range from 1 to 4000 ng/ml, covering the relevant concentration ranges in the samples. When
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necessary, the samples were pre-diluted 10 x with 80% MeOH to ensure concentrations within the dynamic
range of the method. The lower limits of quantification (LLOQs) of the method were 2, 1 and 1 ng/mL for
nicotine, cotinine and 3’-OH-cotinine, respectively.

TER measurement

To determine barrier formation, trans-barrier electrical resistance (TER) measurements were taken every two
days, starting 48 h after cell seeding as discussed previously®. In brief, a commercially available 96-well plate
electrode (STX100MC96, World Precision Instruments) and an Epithelial Volt/Ohm Meter (EVOM3; World
Precision Instruments) was used. TER was measured in mono, and co-culture conditions until endpoint. Before
taking a reading, the electrodes were carefully sterilized using 70% v/v ethanol for 5 min and then rinsed in
distilled water for another 5 min at room temperature (RT). The “TER measurement” option was initiated on
the AXExchanger while taking readings. For cells kept in ALI, pre-warmed 1X sterile PBS was added 15 min prior
to the measurements and then later re-equilibrated after TER readings. The background TER (Ohm) data was
obtained from a well having no cells. For analysis, the background subtracted TER (Ohm) values were multiplied
by the surface area of each cell culture well (0.071 cm? in AX12) to obtain the final TER reading in Ohm.cm?.

qRT-PCR

Total RNA was isolated separately from the apical and basal chamber and subsequently purified using the Direct-
zol™ RNA Microprep kit (Zymo Research, Switzerland) using the manufacturer protocol. Purity and concentration
of RNA was analyzed using a Nano-Drop Spectrophotometer (Thermo Fischer Scientific, Switzerland). Next,
cDNA was transcribed using the Super Script III Reverse Transcriptase kit (Life Technologies, Switzerland).
Finally, QRT-PCR reactions were performed in triplicates with SYBR® Select Master Mix (Thermo Scientific) in
an ABI7500 Fast (Applied Biosystems) real-time qRT-PCR system. Target gene expression was normalized to
housekeeping gene expression (GAPDH). The primer sequences are provided in supplementary Table 1.

ELISA

IL8 ELISA was performed with a human IL8 ELISA kit (BioLegend, #431504), according to the manufacturer’s
instructions. All ELISA experiments were repeated in technical duplicates with apical supernatants collected
from the AX12 Lung-on-chip.

LDH cytotoxicity assay

Collected apical supernatants from individual AX12 wells were analyzed for Lactate Dehydrogenase (LDH)
release. The LDH-Glo cytotoxicity assay kit (Promega, #]2381) was used according to the manufacturer’s protocol.
All LDH experiments were repeated in technical duplicates. The respective cell culture medium was taken as the
“blank” control. Healthy untreated cells were considered as “negative” control for the assay, whereas cells treated
with 1% Triton X-100 were considered as the “positive” control for maximum LDH release. Luminescence was
measured using a microplate reader (Tecan Reader M1000).

Measurement of ROS activity

To measure reactive oxygen species (ROS) from smoke exposed cells, the DCFDA/H2DCFDA cellular ROS
assay kit (Abcam; ab113851) was used according to the manufacturer’s instructions. A blank or negative control
(well with no cells) was included to normalize the background for subtraction. A positive maximal ROS control
was prepared with Ter-butyl hydrogen peroxide (TBHP) at a concentration of 150 uM in buffer (provided within
the kit). DCF amount obtained from the cells was then finally detected at Ex/Em =485/535 nm in a fluorescence
microplate reader (Tecan Reader M1000).

Immunofluorescence staining and imaging

Cells in AX12 were fixed using 4% paraformaldehyde in distilled PBS- (PBS without calcium and magnesium).
“Medium exchange” function on the #XExchanger was used to fix the cells within the basal chamber. Chips from
the AX12 were unscrewed and opened using the *XDisassembly tool (AlveoliX, Switzerland) prior to staining
and mounting. Cells were first permeabilized using 0.1% Triton X-100 (Sigma-Aldrich, Germany) dissolved
in PBS for 15 min at RT and then blocking buffer (2% BSA in sterile PBS) was added. The cells were incubated
for 1 h at RT with the blocking buffer. The antibodies used for the study are conjugated Alexa Fluor 488 anti-
Z01 (Thermo Fischer Scientific, #339188) and conjugated Alexa Fluor 568 anti-CD31/Pecam-1 (Cell Signaling;
#61255). The antibodies were diluted in 2% BSA/PBS and incubated overnight at 4 °C. Nuclei were stained with
Hoechst (1:1000 dilution; Invitrogen, #33342). The actin cytoskeleton was visualized using the conjugated Alexa
Fluor 647 phalloidin stain (1:300 dilution; # PHDN1-A, Cytoskeleton, Inc.). Lastly, the stained membranes were
sealed between two glass coverslips using a mounting medium (Sigma-Aldrich, #F6182). Images were obtained
using a confocal laser scanning microscope (Zeiss LSM 980) using appropriate settings.

Statistical analysis

All bar graph data are presented as mean + standard error of the mean (SEM) unless specified otherwise. For all
AX12 experiments, “N” represents the experimental repetitions, and “n” represents the number of individual
wells estimated for all experiments with mRNA and cell supernatants. All statistical tests were performed using
t-tests, one-way or two-way analysis of variance (ANOVA) with p values adjusted for multiple comparisons
using Tukey’s multiple comparisons test, *p <0.0332, **p <0.0021, ***p <0.0002, ****p <0.0001. For all studies,
the absence of statistical significance brackets indicated that the p-value was greater than 0.0332. GraphPad
Prism software v10.0 was used for data analysis. The exact number of repeats performed for each experiment is

indicated in the corresponding figure legends.
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Results

Homogeneity of smoke exposure

To evaluate the homogeneity of cigarette smoke reaching the cells in the AX12, a series of dose distribution
studies were conducted. These studies were designed to assess both the distribution of smoke within experimental
rounds and within individual wells of the AX12 (Supplementary Fig. 3C). For this study, both Chip A and
Chip B were exposed to cigarette smoke (Fig. 3A). The modular design of the exposure system allowed for the
connection of either both channels with a U-piece to create identical conditions across all 12 wells of the AX12
(as shown in Fig. 3A) or have control air exposed on one chip and cigarette smoke on another chip within the
same AX12 (as shown in Fig. 3D). Carbon dots, components of cigarette smoke with a strong fluorescence*’ were
used as marker. The fluorescence intensity of the carbon dots deposited in each well was considered proportional
to smoke deposition. The deposition values in three experimental rounds (N1, N2 and N3) were noted to be
in range of+15% standard deviation validating uniform smoke distribution across different runs (Fig. 3B).
To examine the intra-well dose distribution within the AX12, fluorescence intensity was used as an indicator
(Relative Fluorescence Units, RFU). The heatmaps for each well position in Chip A and Chip B indicated a high
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Fig. 3. Dose distribution and exposure analysis using the CFAX12 system (A) Diagram illustrating the

airflow paths and distribution channels for cigarette smoke in the CFAX12 system. Both Chips (A and B)

were exposed to cigarette smoke for this study. (B) Consistent dose distribution across multiple experimental
runs (N#1, 2, 3). The graph plots indicate the relative dose received by each well (A1-A6 and B1-B6) in the
AX12. The dotted lines represent the minimum and maximum acceptable dose range. (C) Image of the AX12,
highlighting the positioning of Chip A and Chip B containing six individual alveolar units each. Heatmap and
bar graph depict the dose distribution across the wells of the AX12 chip based on fluorescence intensity (in
RFU—Relative Fluorescence Units). (D) Schematic airflow paths for cigarette smoke in Chip B and control air
in Chip A in the setup for nicotine distribution study. (E) Concentration of nicotine (in ng/ml) within the wells
of Chip A and Chip B is depicted. The individual dots represent measurements from specific wells. Lower limit
of quantification (LLOQ) for nicotine concentration was at 1 ng/ml. Data are shown as mean + SEM.
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degree of uniformity in smoke exposure within each well. Quantitative dose analysis was performed to provide
a more detailed assessment of the distribution revealing that individual data points for each well was clustered
closely around the mean values (Fig. 3C). To further validate, we measured the concentration of nicotine, cotinine
and 3’-hydroxy-cotinine (OH-cotinine) in the exposed wells using mass spectrometry. Nicotine is known to be
the primary addictive component of cigarettes and the first known biomarker to assess smoke exposure*!. Here,
Chip A was exposed to control pure air and Chip B to cigarette smoke (Fig. 3D). The concentration levels of
nicotine (~ 6325 ng/ml), cotinine (~ 15.6 ng/ml) and OH-cotinine (~ 1.3 ng/ml) revealed consistent levels and
increased measurement with CS exposure (Fig. 3E; Supplementary Fig. 3B).

Effect of cigarette smoke extract (CSE)

First, the impact of traditionally used cigarette smoke extract (CSE) on human alveolar epithelial cells
(*XiAECs) cultured under submerged static (Fig. 4A) and dynamic stretch (Fig. 4D) conditions in the AX12
was investigated. CSE was pipetted on the apical side of the alveolar epithelial cells in AX12. 24 h (h) after
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Fig. 4. CSE treatment induced oxidative stress without affecting barrier integrity. (A) Overview of cells
(AXAECs), culture conditions (static) and treatment (CSE) performed. (B) TER (Ohm cm?) measured in
“static” conditions pre-treatment at 0 h and 4 h and 24 h post-treatment of CSE (0%: Control, 2.5%, 5%
and10%) (N =2; n=5-6/concentration). (C) ROS generation was measured in the “static” conditions using
the DCFDA assay (N =2; n=3/concentration). Fluorescence intensity for treated cells were normalized with
control (0% CSE) non-treated cells. (D) Overview of cells (**iAECs) used, culture conditions (dynamic) and
treatment (CSE) performed. (E) TER (Ohm.cm?) measured in “dynamic” conditions pre-treatment at 0 h and
4 h and 24 h post-treatment of CSE (0%: Control, 2.5%, 5% and10%) (N =2; n=5-6/concentration). (F) ROS
generation was measured in the “dynamic” conditions using the DCFDA assay (N =2; n=3/concentration).
Fluorescence intensity for treated cells were normalized with control (0% CSE) non-treated cells. Data are
shown as mean + SEM.
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instillation, a significant increase in cytotoxicity was observed in the 10%, 25%, 50%, and 100% CSE treated
conditions compared to the respective 0% CSE control samples in dynamic conditions only (Supplementary
Fig. 4A). This suggest that mechanical forces, in addition to chemical exposure, play a crucial role in modulating
cellular responses to cigarette smoke. Due to this heightened cell toxicity and the fewer viable cells remaining
at higher concentrated CSE treated samples (starting from 25%), subsequent experiments utilized lower CSE
concentrations (0%, 2.5%, 5%, and 10%). TER measurements before treatment (at 0 h) and post-CSE treatment
(at 4 h and 24 h) revealed that barrier function was not affected by CSE treatments in both static (Fig. 4B) and
dynamic (Fig. 4E) conditions. However, ROS generation significantly increased 24 h post-treatment with 5%
and 10% CSE in both static (Fig. 4C) and dynamic (Fig. 4F) conditions, as measured by the DCFDA/H2DCFDA
assay. Further, gene expression studies with the dynamic conditions revealed a strong increase in the expression
of IL6 and IL8 within the 10% CSE treated samples (Supplementary Fig. 4B). These results indicate that CSE
treatment did not significantly impact barrier integrity, but led to increased cytotoxicity, elevated inflammatory
markers, and heightened oxidative stress.

Impact of ALI and dynamic culture conditions to CS exposure with the CFAX12

Next, the effects of whole cigarette smoke (CS) exposure were investigated using the CFAX12 system with
human alveolar epithelial cells (**iAECs) cultured under air-liquid interface (ALI) on-chip and tested under
static and dynamic (stretch) conditions in the AX12 (Fig. 5A). For this study, one chip was exposed to cigarette
smoke and the other chip to control cigarette smoke-free air simultaneously within the same AX12 (schematic
Fig. 3D). The integrity of the cellular barrier was evaluated using TER measurements. A significant drop in TER
was observed at both 24 h and 48 h post-exposure to CS compared to CTRL samples, indicating a compromised
barrier function (Fig. 5B). Cytotoxicity was assessed by measuring LDH release at 24 h and 48 h post-exposure to
CS which indicated no substantial effect at either time point compared to the control (CTRL) samples (Fig. 5C).
Gene expression levels of TNFa, IL-6, IFNy, and E-cadherin were measured using qRT-PCR. The results showed
no significant changes in the expression of these genes following CS exposure compared to CTRL samples
(Supplementary Fig. 5A). Cigarette smoke exposure is known to increase oxidative stress by raising superoxide
radicals and reducing intracellular glutathione*?. Interestingly, ROS levels assessed 48 h post-exposure to CS
using the DCFDA/H2DCFDA assay displayed a significant increase in the CS-exposed cells compared to CTRL
samples (Fig. 5D). These results collectively demonstrate that while CS exposure under ALI static conditions
did not significantly affect cytotoxicity or gene expression of key markers, however it significantly compromised
barrier integrity and increased oxidative stress in the alveolar epithelial cells.

To understand how cigarette smoke exposure affects the lung alveolar barrier under breathing-like
movements, “XiAECs were cultured under ALI + Stretch (ALI + Str) conditions (Fig. 5E). One chip was exposed
to cigarette smoke, while the other was exposed to control pure air simultaneously within the same AX12 plate,
as shown in the schematic (Fig. 3D). The cellular barrier integrity, evaluated using TER measurements, showed
a substantial decrease as early as 4 h after CS exposure, which remained consistently decreased until the 48 h
endpoint, indicating compromised barrier function (Fig. 5F) in comparison to the healthy non-CS exposed cell
barrier (Supplementary Fig. 3A) displaying tight barrier cell junctions. Furthermore, LDH measurements at 24 h
and 48 h post-exposure to CS indicated a significantly increased cytotoxic effect at the 48 h time-point compared
to the respective CTRL samples (Fig. 5G). Although inflammatory genes such as TNFaq, IL-6, and IFNy did not
show drastic changes compared to control, E-cadherin (ECAD) expression significantly decreased within the
CS-exposed ALI + Str samples (Supplementary Fig. 5B). Additionally, ROS levels assessed 48 h post-exposure
to CS using the DCFDA/H2DCFDA assay displayed a significant increase in the CS-exposed cells compared to
CTRL samples (Fig. 5H). These results collectively demonstrate that CS exposure under ALI dynamic conditions
elicited more sensitive responses, showing early barrier disruption, increased cytotoxicity, and heightened ROS
levels compared to non-stretched static conditions.

Investigating co-culture effects on CS-induced responses using the CFAX12

Building on previous findings that dynamic (stretch) conditions were more sensitive to CS exposure, we
investigated dual and triple co-culture models to better understand the impact of CS in complex bio-models in
the AX12. The experimental setup is depicted (Fig. 6A), showing a Dual Culture (DC) with alveolar ~XiAECs
seeded on the apical side and hLMVEC endothelial cells on the basal side of the membrane. The Triple Culture
(TC) models included activated primary blood-derived macrophages (TC pBDMs) or activated human THP1
macrophages (TC THP1) on the apical side along with the alveolar epithelial cells, all maintained under ALI + Str
conditions (Fig. 6B) and hLMVEC endothelial cells on the basal side of the membrane. TER measurements
indicated a significant drop in barrier integrity at 48 h post CS exposure in the DC model compared to CTRL
samples (Fig. 6C). This was also evidenced from the immunofluorescent staining of CS exposed wells displaying
reduced tight junctions in apical alveolar epithelial cells (stained with ZO-1) and lower CD31/PECAM-1 gene
and protein expression on the basal endothelial cells (Supplementary Fig. 3B, 7E). From the flow cytometry
analysis, it was observed that pBDMCs isolated from two donor buffy coats (#D2 and #D3) exhibited a
higher percentage of viable cells, exceeding 70% (Supplementary Fig. 2B, C). Consequently, these donor cells
were utilized in our subsequent study. Upon activation with M-CSF (Supplementary Fig. 2D), the pPBDMCs
differentiated into pBDMs, staining positively for CD68 pan-macrophage marker (Supplementary Fig. 2E). In
both the TC pBDMs and TC THP1 AX12 models, early barrier disruption was observed starting at 24 h post-
exposure and consistent until 48 h time-point, indicating compromised barrier function following CS exposure
(Fig. 6C). IL-8 concentration levels, assessed using ELISA, revealed a significant increase in IL-8 secretion
in both TC pBDMs and TC THP1 models at the 48 h time-point after CS exposure (Fig. 6D). LDH release
measurements showed a significant increase in cytotoxicity in all co-culture models at 48 h post CS exposure
(Fig. 6E), suggesting heightened cell death under these complex co-culture conditions. Additionally, PPARy
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Fig. 5. CS exposure under ALI dynamic conditions induce early barrier disruption and increased cytotoxicity
than ALI static. (A) Overview of cells (**iAECs), culture conditions (static) and treatment (CS exposure)
performed. (B) TER (Ohm cm?) measured in “ALI, static” conditions pre-exposure at 0 h and 4 h, 24 h and

48 h post-exposure to CS (N = 3; n=14-16/time-point). Data are shown as violin plots, medians are indicated
by black dotted lines. (C) Cytotoxicity was calculated from LDH release at 24 h and 48 h after CS exposure

(N =3; n=6/time-point). (D) ROS generation was measured in the “static” conditions using the DCFDA assay
(N'=2; n=4). Fluorescence intensity for treated cells were normalized with control (CTRL) pure air exposed
cells. (E) Overview of cells (*¥iAECs), culture conditions (dynamic; ALI + Str) and treatment (CS exposure)
performed. (F) TER (Ohm cm?) measured in “ALI +Str” conditions pre-exposure at 0 h and 4 h, 24 h and 48 h
post-exposure to CS (N =3; n=14-16/time-point). Data are shown as violin plots, medians are indicated by
black dotted lines. (G) Cytotoxicity was calculated from LDH release at 24 h and 48 h after CS exposure (N'=3;
n=6/time-point). (H) ROS generation was measured in the “ALI + Str” conditions using the DCFDA assay
(N'=2; n=4). Fluorescence intensity for treated cells were normalized with control (CTRL) pure air exposed
cells.

expression was decreased in DC and significantly upregulated in TC THP1 model upon CS exposure, suggesting
an adaptive response to lipid dysregulation (Supplementary Fig. 7A). Apart from alterations in lipid metabolism,
EMT is also well-known hallmark of cigarette-smoke induced COPD*®. We observed that a decrease in the
epithelial marker cadherin 1 (CDH1) (Supplementary 5A,B) and a significant increase in mesenchymal markers
like a smooth muscle actin (ACTA2) and Vimentin, particularly in the TC THP1 model, indicating enhanced
EMT in response to CS exposure (Supplementary Fig. 7B). ROS levels assessed 24 h post-exposure to CS using
the DCFDA/H2DCFDA assay displayed a strong increase in the TC THP1 CS-exposed cells compared to DC
CS exposed samples (Supplementary Fig. 7C). Baseline LDH levels were assessed in healthy controls, comparing
DC and TC models, as well as ALI and ALI+Str conditions, and no significant differences were observed.
Additionally, maximal LDH release (positive control) was evaluated between DC and TC models, showing no
significant variation (Supplementary Fig. 7D). These findings indicate that neither increased model complexity
(inclusion of macrophages) nor mechanical stretch adversely affected cell viability in the system. In summary,
the presence of macrophages in the TC models resulted in an earlier and more pronounced inflammation, lipid
alteration and EMT response to CS exposure, highlighting the critical role of these cell types in mediating the
cellular response to CS exposure.
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Fig. 6. Differential effects of CS exposure on various co-culture dynamic models. (A) Overview of cells used
in the dual culture “DC” (**{AECs/hLMVECs), culture conditions (dynamic; ALI + Str) and treatment (CS
exposure) performed. (B) Overview of cells used in the triple culture “TC pBDMs” (**{AECs/hLMVECs/
pBDMs) and “TC THP1” (**iAECs/hLMVECs/THP1), culture conditions (dynamic; ALI + Str) and treatment
(CS exposure) performed. (C) TER (Ohm cm?) measured in “ALI +Str” conditions pre-exposure at 0 h and

4 h, 24 h and 48 h post-exposure to CS in DC (N = 3; n=3/time-point), in TC pBDMs (N =2; n = 3/time-point)
and TC THP1 (N =3; n=3/time-point). Data are shown as violin plots, medians are indicated by black dotted
lines. (D) The levels of IL-8 (pg/ml) in the supernatants collected from the cells were measured by ELISA in all
the co-culture models. (E) Cytotoxicity was calculated from LDH release at 48 h time-point after CS exposure

(N'=2; n=3/time-point for all models). Data are shown as mean + SEM.

Influence of interfacial pulmonary surfactant layers on CS exposure with the CFAX12

In the final study, the TC THP1 co-culture model was utilized and pre-treated with surfactant to assess the
outcome of CS exposure in the presence of a surfactant layer formed at the air-exposed interface, using the
CFAXI12 (Fig. 7A). The surfactant preparation used was Curosurf, a clinical formulation of porcine origin widely
used in the treatment of preterm neonates. This surfactant contains most of surfactant lipids plus the hydrophobic
proteins SP-B and SP-C, which are responsible for the spreading of the lipid/protein complexes to form layers at
the air-exposed surface of the alveolar epithelium. The extreme hydrophobicity of these proteins makes Curosurf
very low immunogenic in a humanized context. Due to low cell isolation count and donor variability with
the primary macrophages (pBDMs), the well-characterized THP1 macrophages were used for this part of the
study. Although the presence of surfactant could not recover the barrier loss due to the CS exposure induced
stress (Supplementary Fig. 5C), immunofluorescent staining revealed substantially less barrier breakdown along
with higher nuclei count (more visible number of viable cells) in the presence of surfactant in comparison to
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Fig. 7. Apical surfactant addition demonstrates potential protective effects against CS exposure. (A) Overview
of cells used in the triple culture “TC THP1” (AXiAECs/hLMVECs/THP1), culture conditions (dynamic;

ALI +Str) and treatment (Surfactant pre-treated followed by CS exposure) performed. (B) Representative
immunofluorescence staining of CTRL ALI + Str (- Surfactant) cells (top row; scale bar 50 um), CS exposed
ALI + Str (-Surfactant) cells (second row; scale bar 50 um), CTRL ALI + Str (+ Surfactant) cells (third row; scale
bar 100 pm), CS exposed ALI + Str (+ Surfactant) cells (fourth row; scale bar 100 um). Cells were stained for
Zonula Occludens 1 (ZO-1, in green) and nuclei (Hoechst, in blue). (C) IL-8 concentration (pg/ml) measured
from apical supernatants collected from the CTRL and CS exposed wells pre-treated with and without
surfactant (+ Surf or -Surf) via ELISA assay (N =2; n=6/condition). (D) mRNA was harvested at 48 h time-
point with and without surfactant (+ Surf or -Surf) post-exposure to CS. qRT-PCR study for inflammation
(Interleukin 6, IL6; Interleukin 8, IL8; Tumor Necrosis Factor a, TNFa) and oxidative stress-related (Heme
Oxygenase 1, HO-1; Human MutT Homolog 1, MTH-1) genes were conducted in all -Surf and + Surf CS
exposed and CTRL samples (N =2, n=3). Data are shown as mean + SEM.

the non-surfactant treated cells after CS exposure under ALI+Str conditions (Fig. 7B). Additionally, under
ALI +Str conditions, surfactant exposed cells were associated with significantly lower levels of IL8 secretion at
the supernatants (Fig. 7C), as well as decreased IL8 gene expression (Fig. 7D) after CS exposure in comparison
to the non-surfactant treated CS exposed samples. On the other hand, the cytotoxic effects appeared to be
slightly reduced with the addition of surfactant under dynamic conditions (Supplementary Fig. 6C) suggesting
a potential protective effect of surfactant on cells exposed to CS.

Discussion

Chronic respiratory diseases such as COPD and lung cancer are leading causes of morbidity and mortality
globally, with CS being a primary risk factor’. Conventional in vitro models frequently fall short in replicating
the intricate lung microenvironment and the dynamic exposure conditions present in vivo, thereby reducing
their predictive accuracy in preclinical studies?®*!. Advanced models like the CFAX12 integrated with a lung-
on-chip technology are crucial for bridging this gap, providing a more physiologically relevant platform to study
CS-induced lung damage. This innovative approach allows for the simultaneous exposure of human relevant
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cell types to whole smoke in a controlled environment, closely mimicking the actual conditions experienced by
human lung tissue.

The CFAXI12 platform presented in this study offers significant advantages over traditional models that
typically utilize cigarette smoke extract (CSE) treatment and culture cells under submerged conditions, which
do not accurately represent the ALI conditions found in the human lung*>*¢. Additionally, it is well-documented
that CSE elicits distinct cellular and molecular effects compared to CS in animal models'”. This distinction is
evident also in our studies, where CSE impacts cytotoxicity and ROS generation without significantly affecting
cell barrier integrity or inflammatory genes (Fig. 4, Supplementary Fig. 4). Furthermore, preparation of CSE
includes various protocols established in different labs which leads to inter-lab variations in the composition of
CSE leading to differential effect of these extract used in downstream studies. Moreover, the in vitro models used
for CSE treatments often lack the mechanical forces that are crucial for mimicking the respiratory movements
in vivo. The CFAX12 system, however, incorporates ALI and breathing-like motions (stretch; Str) conditions,
providing a more realistic simulation of the lung environment which is crucial for distal lung cell function?®.

Next, we demonstrated that replicating key aspects of the lung alveolar micro-environment specifically,
the air-liquid interface (ALI), breathing-like motions (stretch), and the inclusion of an immune component
significantly enhances the sensitivity of the smoke-induced lung-on-chip model. This comprehensive approach
not only improves the physiological relevance of the model but also reveals synergistic effects that are not
detectable when these factors are absent. Our results demonstrated that under combined ALI and Str conditions,
CS exposure led to a significant and early drop in TER, cytotoxicity and reduced expression of cell-cell
adhesion gene (Cadherin 1; CDHI) expression indicating compromised barrier integrity along with heightened
cytotoxicity (Fig. 5F, G; Supplementary Fig. 5B). In contrast, static ALI conditions showed a late decrease in TER
and less pronounced cytotoxicity, emphasizing the importance of mechanical forces in exacerbating the effects
of CS on the epithelial barrier (Fig. 5B, C; Supplementary Fig. 5A). Interestingly, our previous studies observed a
similar significant impact of breathing-like stretch on the uptake of inhaled substances by the alveolar barrier?.
Cyclic mechanical stretch plays a crucial role in modulating lung responses to cigarette smoke exposure, as lung
cells experience continuous biomechanical forces during breathing. Mondofiedo et al.*” demonstrated that when
lung tissue is subjected to cyclic stretch during CSE treatment, there is a significant increase in inflammatory
cytokine IL-1P and proteolytic enzymes such as MMP-1, which are key contributors to emphysema progression.
Moreover, stretch influences oxidative stress responses and tissue remodeling, as regions of the lung exposed
to abnormal mechanical forces become more susceptible to cigarette smoke-induced injury. This aligns with
findings showing that mechano-transduction pathways regulate epithelial integrity and inflammatory cascades
in COPD pathogenesis. Moreover, nicotine has been shown to down-regulate both the proliferation rate and
biosynthesis of glycan molecules*, important components of the ECM. Hence, CS exposure may additionally
initiate abnormal ECM remodeling process, a well-established hallmark of COPD**-°!. In this context, future
studies would benefit from utilizing a biological relevant, biodegradable membrane-integrated lung-on-chip
model® to better assess smoke-induced ECM remodeling. These observations highlight the importance
of incorporating dynamic and biophysical conditions in COPD research to better understand the complex
interactions between cell types and mechanical forces in the lung.

Nicotine is known to rapidly metabolize into cotinine and OH-Cotinine, indirectly contributing to more
heightened ROS accumulation®***. In humans, it has a very short half-life and is rapidly metabolized by
liver enzyme CYP2A6 into cotinine and OH-Cotinine, which in turn can be utilized as clinical biomarkers
to assess smoking-status®. In our LC-MS/MS studies, smoke trapped in PBS was collected immediately after
exposure from the CFAX12. In this setting, CYP2A6 metabolism and conversion of nicotine to its metabolites
is unlikely and consequently high metabolite concentrations, typically reported in humans, were not observed.
The observed rise in cotinine concentration (~0.2% of nicotine measured concentration) in the PBS can be
explained by its presence in the tobacco leaves®, whilst there is no direct explanation for the observed OH-
cotinine in the PBS (~0.02% of nicotine concentration) (Supplementary Fig. 3B). The nicotine concentration
measurements confirmed the system’s ability to deliver consistent smoke exposure across all the wells in the
AX12 plate (Fig. 3E), validating its robustness and accuracy. This enhanced physiological relevance translates
to more reliable and translatable data for preclinical research. Furthermore, the nicotine concentration level
(~6.5-7 pg/ml) obtained per well in our studies related with previous smoke exposure reports utilizing the
1R6F cigarettes®”*8, although future in-depth studies are required to standardize the in vitro to in vivo smoker
dose correlation to better assess human smoking responsiveness. In our current modeling approach, the chronic
exposure regimen led to excessive cytotoxicity, limiting our ability to assess long-term endpoints and subtle
inflammatory responses. Therefore, we standardized our experiments using acute dosing (single cigarette),
which allowed us to capture early cellular responses while preventing overt toxicity. Moving forward, it will be
essential to optimize the exposure conditions to support a chronic smoke regimen, including adjustments to
higher dilution flow rates and longer exposure duration, to enable a more controlled and physiologically relevant
modeling of chronic smoke-induced effects. Further refinements of the cell model and exposure system will be
critical in ensuring long-term cell viability while maintaining sensitivity to pathophysiological changes over
extended exposure periods.

In addition, the inclusion of macrophages in the TC models (TC pBDMs or TC THP1) demonstrated an
early and more pronounced response to CS exposure compared to DC (epithelial/endothelial) models. This was
evident from the significant drop in TER, increased IL-8 secretion along with enhanced cytotoxic reactiveness in
TC culture models compared to the DC culture model (Fig. 6), suggesting that macrophages play a critical role
in mediating inflammatory responses to CS. Single-cell RNA sequencing studies in murine smoke models have
identified an excessive influx of monocyte-derived macrophage subset population responsible for heightened
inflammation and ECM remodeling, a finding that has also been validated in emphysematous COPD patients™.
The initial dip in TER observed in all control (CTRL) samples around 4 h post-exposure, followed by recovery,
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suggests that the cells may be sensitive to the exposure conditions, including the impact of cigarette smoke-free
control air, and due to being kept outside the incubators. However, the subsequent increase in TER indicates
that the CTRL cells adapt and recover, reestablishing a tight barrier (Figs. 5B, F, 6C). Additionally, it is known
that primary alveolar macrophages have a higher potential to incite inflammatory responses compared to
blood-derived macrophages. However, obtaining and culturing human primary alveolar macrophages is
challenging due to their deep location within the lung and their terminal differentiation status, which was out
of scope for this study. Therefore, subsequent studies should examine the influence of including primary lung
alveolar macrophage in such smoke-induced studies in vitro. Within the TC THP1 cell model, the presence
of macrophages amplified ROS generation, as evidenced by a 7.4-fold increase in DCFDA levels, compared
to 5.2-fold in DC culture conditions upon CS exposure (Supplementary Fig. 7C). Additionally, key oxidative
stress-associated genes, including HO-1, Catalase, and SOD1, were significantly upregulated in the TC THP1
CS model relative to the DC model (Fig. 7D, Supplementary Fig. 6D). Given that ROS generation is highly time-
sensitive, it is possible that earlier timepoints in the DC model would yield more sensitive readouts of oxidative
stress dynamics. This suggests that incorporating earlier sampling intervals may be necessary to fully capture
the kinetics of ROS induction and improve the resolution of early-stage smoke-induced oxidative damage. In
addition, phagocytosis is also an essential process for clearing apoptotic cells and maintaining lung homeostasis,
but CS impairs this process in COPD, leading to persistent inflammation®. Studies show that smoke exposure
reduces macrophage phagocytic ability by downregulating key recognition receptors and MFG-ES, a crucial
bridging molecule for apoptotic cell clearance®!. This results in the accumulation of apoptotic cells, triggering
secondary necrosis and further lung damage. While phagocytosis was beyond the scope of our study, its role
in COPD progression highlights the need for future research to better understand alterations in macrophage
functions also including polarization and formation of foamy macrophages.

Our findings reveal a decreased PPARYy expression in dual-culture conditions (without macrophages) and
a significant upregulation in triple-culture conditions (with macrophages) upon cigarette smoke exposure
(Supplementary Fig. 7A), suggesting a macrophage-dependent regulation of PPARYy. This aligns with previous
studies indicating that PPARY is highly expressed in alveolar macrophages and plays a pivotal role in modulating
inflammation and oxidative stress responses®>®>. Macrophage presence may contribute to increased PPARy
expression via TLR4-mediated signaling, as cigarette smoke is known to induce PPARy upregulation through
inflammatory pathways in alveolar macrophages®. Additionally, PPARYy is a key regulator of lipid metabolism
and surfactant homeostasis, both of which are known to be disrupted in COPD. CS exposure is known to alter
lipid metabolism by impairing PPARy signaling, leading to increased lipid accumulation in alveolar macrophages,
which exacerbate chronic inflammation®. The upregulation of PPARy in the presence of macrophages might
thus reflect a compensatory mechanism aimed at enhancing lipid catabolism and mitigating smoke-induced
lipid dysregulation, oxidative stress and inflammation.

The presence of layers of pulmonary surfactant at the apical side demonstrated in our studies a potential
protective effect against CS exposure. Although TER and cytotoxicity did not fully recover post-CS exposure,
inflammation markers such as IL8 cytokine secretion and IL8 and HO-1 gene levels were significantly
reduced, suggesting that surfactant helps mitigate some of the inflammatory damage caused by CS (Fig. 7C,
D; Supplementary Fig. 5C, E). Under static ALI conditions, the presence of surfactant resulted in minor but
not significant improvements in IL8 secretion (Supplementary Fig. 5D), further emphasizing the enhanced
sensitivity of dynamic models to smoke exposure. Compression-expansion breathing-like dynamics relates
to the formation of complex surfactant structures at the air-liquid interface, which may in part enhance the
somehow protective barrier effect against airborne chemicals. CS and its component, acrolein, have been
identified to induce modifications in the function of surfactant proteins SP-A, SP-B, and SP-C while significantly
lowering SP-D levels®®-%8. Another school of thought suggests possible chemical alterations of the surfactant
phospholipid composition and structure due to interactions with gaseous components from cigarette smoke®”°.
Exposure to CS may therefore have an additional impact on pulmonary surfactant structure and function,
including its ability to maintain the presence of a protective coating layer at the epithelial surface. This extreme
situation has not been analyzed here as it is far from the scope of this work but guarantees future studies in
an alveolar-mimicking scenario such as the one recreated in our models. Moreover, the presence and role of
surfactant as a protective physical barrier preventing damage to underlying cells is also well-documented”'~"4.
It is well established that surfactant lipids and proteins down-regulate inflammation through direct molecular
interactions with both epithelial and immune cells. It is also conceivable that the lipid-rich surfactant layer
act as scavenger of hydrophobic components of CS, captured from the air phase, and somehow retained
from the exposure to the epithelial lining. Some of the surfactant components, such as unsaturated and alkyl
phospholipids, have been proposed to act as antioxidants, therefore reducing the exposure of cell membranes
to ROS. A study has shown that pulmonary surfactant reduces oxidative stress and mitigates inflammation
from inhaled toxicants. It can decrease lipid peroxidation and restore antioxidant enzyme activity (e.g.,
catalase, superoxide dismutase), which are otherwise impaired by CS. Additionally, surfactant phospholipids
and proteins (SP-A, SP-D) modulate immune responses by interacting with macrophages, reducing excessive
pro-inflammatory cytokine release’>. Moreover, surfactant inclusion has been reported to lower ROS levels and
protect mitochondrial function by preserving ATP production in lung alveolar cells’®, which aligns with our
findings where its presence significantly reduced IL-8 gene expression and oxidative stress markers following CS
exposure. These mechanisms suggest a potential barrier-protective and immunomodulatory role of surfactant in
our CFAX12 model. However, which of these and other potential mechanisms are responsible for the protective
effects shown here by surfactant against CS need further studies. The limitations of the current research, such as
the investigation of the incomplete recovery of TER in the presence of surfactant in samples post-CS exposure,
also needs to be addressed in future research targeting the need of additional components and contributions
to fully protect barrier integrity. Exploring different concentrations and combinations of surfactants, including
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human native surfactant’? containing the highly immunomodulatory surfactant collectins SP-A and SP-D,

along with other protective agents such as anti-inflammatory drugs or antioxidants, could yield more effective
strategies for mitigating smoke-induced damage.

Pulmonary hypertension is known to be clinically associated with COPD and studies have established
vascular remodeling and aberrant activation and function of the endothelial cells in CS-induced emphysema?”.
Hence from this growing evidence, it might be beneficial to look more closely into the endothelial activation and
develop strategies to inhibit or repair this abnormal response as a measure to combat CS-induced associated
cardiovascular and other health effects. Interestingly, as our results indicated an ongoing EMT following CS
exposure, evidenced by decreased epithelial marker CDH1 and increased mesenchymal markers ACTA2 and
Vimentin (Supplementary Fig. 7B, 5A, B). Including fibroblasts or other mesenchymal cell populations in co-
culture models could be crucial for studying smoke-induced effects, as these cells contribute to extracellular
matrix remodeling, fibrosis, and epithelial-mesenchymal interactions, which are key processes in COPD and
emphysema progression. Additionally, their presence modulates epithelial responses to cigarette smoke by
influencing cytokine signaling, oxidative stress adaptation, and tissue repair mechanisms, providing a more
physiologically relevant model for inhalation toxicity studies’®-*. This could provide insights into the interactions
between different cell types and how they contribute to cigarette smoke-induced damage and repair processes.

Additionally, the CFAX12 system can be adapted to investigate other respiratory diseases and toxic
exposures, such as the effects of e-cigarette vapor or heated tobacco products on human lung health. This
adaptation could facilitate crucial studies comparing the toxicity and safety profiles of new-generation tobacco
products with traditional combustion cigarettes. For instance, the system could be used to quantify oxidative
stress, inflammatory cytokine release, and epithelial barrier integrity changes following exposure to different
e-cigarette exposure, providing a comparative framework for regulatory assessments. Furthermore, CFAX12
could elucidate the progression and pathomechanism of vaping-associated pulmonary injury (EVALI),
identifying key associated molecular signatures. Finally, integrating advanced imaging techniques and high-
throughput omics approaches, such as single-cell transcriptomics, spatial proteomics, and metabolomics, could
provide deeper insights into the molecular and cellular responses to cigarette smoke and other new alternative
tobacco products. This comprehensive approach would enable the identification of novel biomarkers and
therapeutic targets, advancing our understanding of smoke-induced health effects, while paving the way for
more personalized and effective treatments.

Conclusion

The CFAX12 system uniquely integrates a whole smoke exposure platform with a breathing lung-on-chip
technology, providing a physiologically relevant method for studying cigarette smoke-induced changes at the
cellular level. Unlike conventional in vitro systems, the CFAX12 better mimics the in-vivo smoke inhalation
situation, with the alveolar epithelial cells cultured at ALI, being directly exposed to the smoke rather than
cigarette smoke extract (CSE) in liquid form. In addition, the dynamic environment of the air-blood barrier
makes the cells more sensitive and the barrier more responsive to CS-induced changes. This is critical, as our
study demonstrates that mechanical stretch significantly intensifies smoke-induced damage, with notable
differences observed in barrier integrity, oxidative stress, and inflammatory responses under dynamic ALI
conditions compared to static ALI conditions. Additionally, the presence of macrophages in triple-culture
models further amplified the inflammatory response, highlighting the crucial role of immune cells in mediating
lung injury scenarios. This model also addresses the limitations of traditional cigarette smoke extract (CSE)
studies, which do not fully capture the complex chemical milieu and mechanical forces present during actual
smoke inhalation. Our results clearly show that whole smoke exposure leads to differential effects of cellular
damage and inflammation compared to CSE, emphasizing the necessity of using whole smoke for realistic
toxicity assessments. The CFAX12 platform, therefore, proves to be an essential tool for preclinical research,
enabling detailed exploration of the cellular and molecular mechanisms underlying cigarette smoke-related
diseases and facilitating the development of targeted therapeutic strategies. Its ability to simulate majority of the
spectrum for smoke exposure conditions and its incorporation of mechanical forces make it a reliable model
for advancing our understanding of respiratory diseases and improving the translation of preclinical findings to
clinical applications.
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