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Abstract

Mortality rates among patients suffering from acute respiratory failure remain

perplexingly high despite the maintenance of blood oxygen homeostasis during ventila-

tory support. The biotrauma hypothesis advocates that mechanical forces from invasive

ventilation trigger immunological mediators that spread systemically. Yet, how these

forces elicit an immune response remains unclear. Here, a biomimetic in vitro three-

dimensional (3D) upper airways model allows to recapitulate lung injury and immune

responses induced during invasive mechanical ventilation in neonates. Under such venti-

latory support, flow-induced stresses injure the bronchial epithelium of the intubated air-

ways model and directly modulate epithelial cell inflammatory cytokine secretion

associated with pulmonary injury. Fluorescence microscopy and biochemical analyses

reveal site-specific susceptibility to epithelial erosion in airways from jet-flow impaction

and are linked to increases in cell apoptosis and modulated secretions of cytokines IL-6,

-8, and -10. In an effort to mitigate the onset of biotrauma, prophylactic pharmacological

treatment with Montelukast, a leukotriene receptor antagonist, reduces apoptosis and

pro-inflammatory signaling during invasive ventilation of the in vitro model. This 3D air-

way platform points to a previously overlooked origin of lung injury and showcases

translational opportunities in preclinical pulmonary research toward protective therapies

and improved protocols for patient care.

K E YWORD S
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1 | INTRODUCTION

Acute respiratory failure epitomizes a deleterious lung condition asso-

ciated with high mortality rates (>35%) in critical care patients under-

going ventilatory support,1 despite the maintenance of blood oxygen

homeostasis.2,3 In deciphering this conundrum, the pulmonary

biotrauma theory suggests a multifactorial cascade, starting with inva-

sive mechanical forces triggering the release of immunological media-

tors in the lungs.4 Cyclic respiratory airflows are hypothesized to

facilitate the distribution of such mediators and their translocation
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across the alveolar-capillary barrier into the wider systemic circula-

tion.3 In turn, inflammatory effects may spread and amplify through-

out the body leading to multi-organ failure and eventually death.3

Biotrauma was first proposed in the context of invasive mechani-

cal ventilation; a life-supporting clinical intervention also recognized

to concurrently cause or worsen lung morbidity.2 Most recently,

mechanical ventilation has gained increased scrutiny amidst the

COVID-19 pandemic,5–7 owing to alarmingly higher mortality rates

among patients requiring respiratory support8,9 (�50%–97%). The

main physical mechanisms identified as contributing to pulmonary

injury10 include the overstretching during ventilation of lung tissue

from over inflation (known as volu- or barotrauma) and the repeated

opening and collapse of small airway units at excessively low volumes

(i.e., atelectrauma). Various protective ventilation protocols have

emerged to marginally improve patient outcomes and reduce mortality.11

Yet eliminating injurious mechanical forces is elusive as underlined in

clinical trials.12 Recent efforts have begun exploring therapeutic opportu-

nities (e.g. gene delivery) to mitigate lung injury in the deep alveolar

regions.13 Still, it remains widely unknown to what extent mechanical

forces influence the downstream precursors leading to biotrauma. Indi-

rect evidence from animal models14,15 and clinical studies11,16 has pro-

vided seminal support for the biotrauma hypothesis. However, a direct

corroboration in vivo is challenging since lung-derived inflammatory bio-

markers in patients are not readily collected in clinical settings in

detecting the origins of cytokine release and trafficking.17

In an effort toward bridging this gap, engineered in vitro lung

models leveraging advances in tissue engineering and microfabrication

have been increasingly utilized for advancing preclinical pulmonary

research and explore lung injury.18,19 For example, in vitro studies

have characterized wounding in alveolar epithelial cells subjected to

cyclic overstretching, including the release of inflammatory cytokines,

impaired structural integrity via changes in tight junctions and plasma

membrane breaks, and increased incidence of apoptosis.20–22

Cellularized in vitro models have typically focused on the airway epi-

thelial barrier of the deep acinar regions,23 where mechanical stresses

are dominated by tensile strains when the alveolar airway barrier

expands and contracts cyclically.24 In contrast, there has been little

emphasis on the lungs' proximal regions (i.e., upper airways), where

airflow dynamics are most prominent. Namely, the exposure of bron-

chial epithelial cells to respiratory flow-induced shear stresses has

been proposed as a potential link between large ventilation pressures

and morbidity and mortality25; a situation strongly correlated in venti-

lated patients undergoing surgery in the absence of prior lung

injury.26 In support, computational fluid dynamics (CFD)-based in sil-

ico studies have found that upper airway flow phenomena and ensu-

ing wall shear stresses (WSS) may contribute to ventilator-induced

lung injury (VILI) via the biotraumatic pathway.27–29 We have also

recently underlined the plausible occurrence of such injury during

invasive endotracheal intubation maneuvers.30 Nevertheless, in silico

studies are limited in addressing inflammatory cascades arising in con-

ducting airways and have instead relied on extrapolation from hemo-

dynamic studies with endothelial cells, limiting their clinical

relevance.31

In the present work, we explore for the first time the hypothesis

of potential immunological mediators originating in the upper respira-

tory tract of preterm infants as a result of ventilatory flow-induced

shear stresses. Preterm infants are particularly susceptible to VILI as a

result of potentially extended periods of ventilatory support.32 To this

end, we developed a true-scale, three-dimensional (3D) bronchial epi-

thelial airway in vitro model of the tracheobronchial tree subject to

physiologically realistic ventilatory protocols in intubated pediatric

populations that are prone to VILI.32 We expose injurious effects of

flow-induced WSS on the epithelial airway barrier populating the 3D

airway lumen, leveraging phenotypical endpoints of epithelial struc-

tural integrity, cell apoptosis, and importantly the secretion of cyto-

kines associated with inflammatory pathways. Our in vitro assays

support the manifestation of shear flow-induced lung injury during

mechanical ventilation, thus strengthening the biotrauma hypothesis.

Furthermore, our findings may help associate rare but acute adverse

effects (e.g. necrotizing bronchitis, epithelial erosion, and loss of sur-

face cilia) observed in clinical33 and animal34 studies on ventilation

associated injury. To mitigate the initiation of such inflammatory cas-

cades during ventilation, we demonstrate as a proof-of-concept the

topical delivery of a widely used anti-inflammatory respiratory thera-

peutic as a prophylactic strategy for preventive action that supports

opportunities in preclinical pulmonary research toward protective

therapies.

2 | RESULTS

2.1 | Development of 3D bronchial epithelial
airway model

As preterm infants are a unique patient population that may exhibit

significant damage resulting from mechanical ventilation support,32

we engineered an in vitro neonatal upper airway model (Figure 1a) to

investigate the effects of flow-induced shear stresses on the tracheo-

bronchial epithelium during intubated ventilation. The model spans

the trachea to the first three bronchial generations of the airway tree

(Figure 1b) and adheres closely to the idealized planar double-

bifurcating Weibel35 lung model.36,37 Following previously reported

methods,30,38 we homothetically scaled the model's geometric dimen-

sions to the anatomical size of a �2 kg (�33 weeks old) preterm

infant based on the tracheal diameter. We used additive manufactur-

ing (i.e., 3D printing) to fabricate a cast (Figure 1c) and filled it with liq-

uid polydimethylsiloxane (PDMS). Following polymerization, we

dissolved the printed material leaving a transparent PDMS phantom

(Figure 1d) used as an anatomically realistic scaffold architecture for

cell culture. Next, extracellular matrix (ECM) proteins (fibronectin and

collagen) were used to coat the model's inner surface before cell cul-

ture following an optimized coating study (see Figures S1 and S2).

Here, we cultured Calu-3 cells (Figure 1e); Calu-3 is an established

human bronchial epithelial cell line and widely used in preclinical pul-

monary research for drug screening and toxicity,39,40 thereby recapit-

ulating a relevant epithelium lining the bronchial regions. Specifically,
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using an airway epithelial cell line permits experimental control and

reproducibility as a preclinical benchmark by reducing variability in cell

cultures arising from donor-to-donor differences41 while maintaining

key features of the bronchial epithelium in human lungs (e.g., tight

junctions, mucus secretion, cytokine production and more).

Models were cultured under immersed conditions and tracked

over 3–4 weeks until a fully confluent epithelial monolayer populated

the entire 3D airway lumen (Figure 1f). As recently shown in silico,

jet-flow impaction in airways can be significant during invasive

mechanical ventilation.30 Hence, monitoring cell structural integrity is

critical (see tight junction occluding protein staining in Figure S2), in

particular, at the bifurcations (e.g., main carina in Figure 1f–h). Our

development of more realistic 3D in vitro airway morphologies is

supported by recent studies where Calu-3 cells (as well as other epi-

thelial cells) cultured on curved membranes and inside lumen exhibit

distinct characteristics from traditional two-dimensional monolayers,

including cell density and shape, apoptotic ratios, and cross-sectional

morphology.42,43 Here, we specifically designed a planar bifurcating

geometry to facilitate microscopy imaging by limiting the model's ver-

tical dimension, whose 3D curvature of the inner lumen extends

outside the depth of focus under higher magnifications (Figure 1h).

The total volume enclosed within the model is 1.5 ml, efficiently and

robustly removed or exchanged via plastic connector ports inserted

into all outlets for model maintenance, allowing for the simple removal

of medium and cell collection for further analysis such as ELISA and

flow cytometry (see below).

2.2 | In vitro and in silico flow dynamics reveal
focal shear stresses under invasive mechanical
ventilation

The intricate flow patterns in the human respiratory airways are

mainly driven by the interaction of time-dependent flow fields in the

upper airway generations (starting in the trachea) with changing

geometries, including changes in cross-sectional areas, wall curva-

tures, and carinal edges across the airway tree.36 We studied both in

experiments and simulations the flow dynamics in our model by

imposing symmetric, sinusoidal flowrate profiles (Figure 2a) at the

model's inlet mimicking the inhalation and exhalation phases under

F IGURE 1 Development of a true-scale, three-dimensional (3D) bronchial epithelial airway model. (a) Schematic of the lungs including the
conducting upper airways. (b) Computer-aided design (CAD) of a simplified, symmetric, double-bifurcating model starting at the first generation of
the airway tree (i.e., trachea) up until and including the third bifurcating generation of bronchi. The model's dimensions match the scale of a �33-
week old (preterm) infant. (c) 3D-printed cast used to fabricate a (d) transparent, polydimethylsiloxane (PDMS) phantom photographed alongside
one euro (€) cent coin for scale. (e) The in vivo epithelium-lined lumen is recapitulated in vitro by culturing bronchial Calu-3 cells on the PDMS
surface coated with extracellular matrix (ECM) materials (i.e., fibronectin and collagen). (f) The model is imaged via stereomicroscope and red
fluorescent membranal staining (CellTracker Red CMTPX), exhibiting a fully confluent monolayer of cells covering the inner lumen surface. Scale
bar in (f) is 5 mm. A dashed white circle highlights the first bifurcation (tracheal carina), shown at two magnifications: (g) 4� and (h) 20� after

staining F-actin (Phalloidin-iFluor 555) and nuclei (DAPI). Scale bars for (g) and (h) are 200 and 40 μm, respectively. See Section 4 for more details
on fabrication and cell culture

NOF ET AL. 3 of 14



intubated, positive pressure ventilation conditions that are fundamen-

tally distinct from normal physiological ventilation under negative

pressure conditions. We note that modern ventilators, including those

used in our simulated clinical settings (see Section 2.3), use more com-

plex (i.e., asymmetric inspiratory/expiratory rates) ventilation profiles.

These adapt in real-time to patient breathing conditions and are set

using pressure-based values. Here, ventilatory airflows are driven into

the in vitro upper airway model by setting velocity-based boundary

conditions at the inlet extracted from clinically relevant tidal volumes

and breathing rates following previously reported methods30,38 (see

Section 4).

Transient, temporally resolved 3D velocity vector fields were

measured via tomographic particle image velocimetry30 (TPIV)

(Figure 2b-c). A nearly identical PDMS phantom model (Figure S3)

was substituted to specifically improve optical access (with the addi-

tion of transparent side windows) and robustness (i.e., nylon tube con-

nector in place of the endotracheal tube, ETT, of comparable inner

diameter, ID). For the TPIV setup (see Figure S3), four cameras at spe-

cifically offset angles were used to simultaneously image the flow in

the model, fully capturing 3D flow features. Further processing

involves triangulating the location of flow-tracing particles in a volume

between the multiple cameras to resolve the flow in 3D space (see

Section 4). Analysis of the extracted flow fields reveals that a flow jet

exiting the ETT and impacting on the main carina is the most domi-

nant flow feature in the intubated upper airways, in particular at peak

strength midway during the inhalation phase (Figure 2a), and

supporting recent findings in a study using a six-generation intubated

neonatal upper airway model.30

We next ran in silico CFD simulations modeling identical flow

conditions in the airway model over several ventilation flow profiles

using the finite-volume method (FVM) and compared results with

experimental measurements for validation. In Figure 2d, we plot a

numerical solution matching the experimental case conditions shown

in Figure 2c, with orthogonal cut planes colored according to the nor-

malized velocity magnitudes and an overlay of velocity vectors. Given

the spatial imaging limitations in TPIV experiments,30 CFD is particu-

larly useful in resolving flows at higher spatial resolution, in particular

at the carina and in the vicinity of the lumen walls. In Figure 2e, we

plot the computed WSS on the model lumen during peak inspiration

when the inhalation jet is at peak strength. We find an elevated WSS

region localized at the jet's impaction site with the main carina, shown

in an enlarged inner side view in Figure 2f. Here, local WSS values

exceed 1500 dyn cm�2; namely two orders of magnitude higher than

levels found to impair epithelial permeability in human and mice bron-

chial epithelial cells.44 We find lower (<300 dyn cm�2) WSS values

concentrated in the two daughter bifurcations, an �80% attenuation

relative to the first generation due to viscous energy dissipation and

anticipated to occur in any symmetrically branching channel system.45

We performed four additional simulations with smaller tidal volumes

but identical flow rates (i.e., breathing frequency is increased

according to the linear relationship Q¼ f�TV, where Q is the flow

rate, f the frequency, and TV the tidal volume30) and tracked the peak

WSS values at the main carina. In Figure 2g, results are plotted as a

F IGURE 2 In vitro and in silico fluid dynamics analysis reveals a

region of elevated shear stress concentrated at the tracheal carina during

the inspiratory phase of intubated ventilation in a neonatal-sized airway

model. (a) A sinusoidal flow profile mimicking oscillatory mechanical

ventilation is imposed on the model via perfusion at the inlet (trachea).

The first quarter of the cycle (see red arrow) marks the inspiratory

phase's peak strength when air is pushed into the model. The flow is

visualized and measured experimentally using tomographic particle

image velocimetry (TPIV), demonstrated with a raw image (b) from one

of four cameras in the TPIV setup (see Section 4 and Figures S3 and S4),

showing illumination of 10 μm diameter fluorescent particles captured

instantaneously while tracing the streamlines of the flow. Following

image analysis (i.e., image pre-processing and TPIV algorithms), the

three-dimensional transient flow is fully resolved. The flow field at peak

inspiration is plotted in (c), with several orthogonal cut planes colored by

the normalized velocity magnitude contour field and overlayed with

velocity vectors. (d) An in silico, that is, computational fluid dynamics

(CFD), solution is compared with the experimental data. During peak

inspiration, the most dominant flow feature is captured by a synthetic jet

exiting the endotracheal tube and impacting the first carina. A numerical

solution allows for finer near-wall resolution and analysis of WSS,

mapped by colored contours in (e) with a top view of the first bifurcation

shown in the inset (f). Panels (b)–(f) feature a flow analysis of a

representative low-frequency ventilation protocol most similar to

conventional mechanical ventilation used in cellular in vitro experiments.

In (g), maximumWSS levels measured at the first bifurcation are plotted

as a function of normalized ventilation frequency, or α (i.e. Womersley

number), for five ventilation protocols solved using CFD (see Figure S5)
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function of the Womersley number, a nondimensional frequency

number defined as α¼D=2
ffiffiffiffiffiffiffiffiffiffiffiffi
2πf=ν

p
, where D is the airway diameter

and ν the kinematic viscosity. A reduction in maximum WSS values

relative to α (varied between 2 and 5) indicates that lower tidal vol-

umes at higher frequencies attenuate the flow jet's effects, implying a

possible link to the acknowledged protective benefits of low tidal vol-

ume ventilation.46 We note that negative pressure ventilation,47 an

alternative ventilatory support technique that drives gas flow into the

lungs by reducing pressure around the patient's chest and thus more

closely mimics normal physiological breathing, is fundamentally differ-

ent from intubated, positive pressure driven ventilation described

here and is thus anticipated to give rise to different WSS distributions

that would resemble more closely normal breathing features.

We next compare these findings to previous numerical studies on

flow-induced shear stress in human airways and find similarly

reported patterns of local peaks at the bifurcating sites.48 In an airway

model of generations 3–5, elevated WSS (�5 dyn cm�2) were

reported localized at the bifurcations,49 matching our findings that the

primary site for WSS is indeed at the impaction site of the intubation

jet with the main carina and that subsequent bifurcations witness the

localization of far lower shear stresses. A large eddy simulation type

computational study found that the addition of an ETT in a computed

tomography (CT) scan patient-derived airway model increased WSS at

the main carina during inspiration by �87% to a peak of �200 dyn

cm�2. These values are likely lower than our peak WSS values as their

study focused on high-frequency ventilation protocols (10 < α< 20)

using smaller tidal volumes. Furthermore, our study uniquely focuses

on a smaller, neonatal-sized airway geometry under pediatric ventila-

tion conditions, which we anticipate to increase local airflow velocity

and WSS values relative to corresponding adult settings, as discussed

in a recent age-comparative respiratory study.50 Our flow analysis

corresponds to an ETT positioned axisymmetrically in the trachea of

our transparent model. In clinical practice, medical imaging (e.g., X-ray)

is required to confirm proper ETT placement; a situation that may be

altered by the infant's movement and changes in body position. Muller

et al.51 studied the effects of ETT positioning on tracheal WSS under

high-frequency jet ventilation (HFJV), concluding that shear forces

were amplified more than twice in cases where ETT tubes were

placed asymmetrically more proximal to the tracheal wall, indicating

our relatively conservative approach for the ETT placement.

2.3 | Replicating clinical settings of invasive
ventilation in vitro

Once models achieved full epithelial confluence following 3–4 weeks

of culture (Figure 3a), these were prepared for exposure to invasive

ventilation, replicated with equipment and corresponding clinical set-

tings typically used in neonatal intensive care units, as described sche-

matically in Figure 3b,c. A 3.0 mm ID uncuffed ETT was inserted 2 cm

above the first bifurcation apex (see enlarged inset in Figure 3b),

matching approximately the insertion depth of 8 cm for a 2 kg

(�33 weeks) infant following the American Academy of Pediatrics

guidelines.32 Clinical ventilation settings were maintained (in the

absence of the lower regions of the lung) by fitting compliance

adapters (small latex balloons, see Figure 3b) to the four outlets of the

model and calibrated to match clinical pressure and lung compliance

conditions monitored by the ventilator (see Figure 3c and Section 4).

A natural rubber latex membrane was similarly used and calibrated in

simulating lung compliance of distal airways in vitro in a study on the

role of ventilation mechanics in reopening a collapsed lung.52 As a

control for the ventilation exposure assay, an additional upper airway

model was placed alongside and connected to identical tubing and

compliance adapters in the absence of any airflow ventilation. To

explore ventilation conditions on the epithelium at the air–liquid inter-

face (ALI), models were emptied of culture medium (stored for cyto-

kine analysis, see below), connected to ventilation tubing, and

ventilated for 4 h. Models were kept inside an incubator (37�C, 5%

CO2) for the duration of the exposure to factor for environmental

stress not associated with the ventilation (see Figure 3c,d). Ventilator

settings (Table 1) were chosen on the higher side of the rec-

ommended clinical range, used for infants with significant breathing

difficulty and at a low respiratory rate53,54 (i.e., frequency). These set-

tings were selected to underline the potential for damage, following

our flow analysis revealing the effects of shear stresses under

intubated ventilation conditions, and highest at lower respiratory fre-

quencies. Following the 4-h exposure assay, models were refilled with

fresh cultured medium and returned to the incubator. Later, this

medium was collected at identical culture time intervals as pre-

exposure samples.

In line with our experimental flow analysis identifying localized, ele-

vated WSS sites (Figure 2), we found evidence of physical damage to the

epithelium in our model at the same locations following exposure to

intubated ventilation conditions. Epithelial erosion (i.e., the detachment

of epithelial cells from the model) was observed using fluorescent nuclei

staining (Figure 3e) at the first bifurcation (i.e., main carina) 48 h follow-

ing a simulated ventilation exposure. We tracked the evolution of epithe-

lial erosion by imaging in bright-field the live cells in the models at

several time points following ventilation and compared it to the initial

pre-ventilation image at the same locations (see Figure S6). Erosion was

not observed in other regions of the ventilated model, including the two

daughter bifurcations where minor shear stress localization was

predicted by the flow analysis (Figure 2e). Notably, epithelial erosion in

the tracheobronchial region is known as a severe histopathological

marker of inflammation and acute lung injury found in pathological slides

sampled from infants who died following mechanical ventilation.33,55 The

prevalence of this damage in invasively ventilated infants today is mostly

unknown due to lower mortality rates and autopsy protocols that may

not include specific microscopic examinations of the trachea, carina, or

mainstem bronchi. Moreover, epithelial restoration mechanisms56 may

repair denuded regions in surviving infants, further obscuring potential

observation of this phenomena in the clinic. Solid mechanical stresses in

the context of cyclic reopening were shown to contribute to alveolar

epithelial cell death and detachment in a microfluidic model57 and may

similarly be a suitable proxy here for identifying structural lung

pathology in vitro.
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2.4 | An increase in cell apoptosis indicates an
early biotrauma cascade

Following ventilation/control exposure experiments, cells were

harvested from the models and analyzed for cell death using

fluorescence-activated cell sorting (FACS) with apoptosis/necrosis

using Annexin-V/propidium iodide (PI) staining (Figure 4a–c).

Annexin-V provides a sensitive method for detecting cellular apopto-

sis, while PI is used to detect necrotic or late apoptotic cells. Nearly all

cells from the control models (i.e., zero flow conditions) were found to

be viable cells (double-negative) when analyzed at both 24- and 48-h

time points following exposure (Figure 4a), while large decreases in %

live cells were found among the ventilated models. The % population

of live cells (indicated double-negative for both Annexin-V and PI) in

ventilated models decreased by 60% with 24 h following the exposure

and 75% at 48 h, respectively. Most nonviable cells were found in the

apoptotic subpopulation (indicated double-positive for both

Annexin-V and PI), increasing from <5% of the total cell population to

55% and 60% at 24 and 48 h, respectively. Necrotic cells (indicated

positive for PI and negative for Annexin-V) were found in negligible

levels in both control and ventilated models at both time intervals, as

seen in Figure 4c. We note here that cell detachment observed in a

small region near the carina at 48 h following ventilation exposure

(see Figure 3e) may introduce a bias to the 48-h postexposure

F IGURE 3 Simulated mechanical ventilation experimental setup and detection of cellular injury. (a) The three-dimensional lumen epithelium is
recapitulated by seeding bronchial cells (Calu-3) inside the model and cultured at 37�C and 5% CO2 until full confluence is achieved (3–4 weeks).
Before exposure to either ventilation or control conditions, models are imaged, and their culture medium collected for subsequent cytokines
analysis, serving as a reference point for a priori conditions. (b) Next, the model is prepared for clinical ventilation by installing compliance
adapters (latex balloons) at the four outlets (to simulate pressure conditions present in a full lung) and inserting a 3.0 mm ID uncuffed
endotracheal tube (ETT) 2 cm above the first carina (marked B1), following clinical guidelines for proper insertion depth. The two daughter
branches are marked B2L (left) and B2R (right) following anatomical orientation convention. Note that during ventilation, the ETT tip is placed
symmetrically while here shown at a 90� rotation for clarity. (c) Models are ventilated inside the incubator with medical-grade air, supplied via a
breathing circuit connected to a neonatal mechanical ventilator for 4 h using settings defined in Table 1. After the exposure, models are filled with
medium and returned to the incubator for an additional 24–48 h before further analysis and injury characterization, including microscopy imaging.

(d) Timeline of experimental protocol and endpoints. (e) Fluorescent bright-field microscopy imaging reveals a region of cell detachment localized
at the first bifurcation, exhibited 48 h following invasive ventilation. Scale bar is 100 μm. The delayed onset of epithelial erosion, that is, a severe
form of cell injury, demonstrates the complex traumatic pathway following exposure to flow-induced shear stresses during invasive ventilation.
Regions of cell detachment are highlighted with red dashed line
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analysis, although we anticipate this effect to be negligible owing to

the small (<1%) surface area affected relative to the total lumenal area

of the model. In interpreting such results, we recall that cell apoptosis

is a tightly regulated mechanism routinely employed in maintaining

normal tissue and organ homeostasis. Macrophages remove apoptic

cells through phagocytosis, a process enhanced via the local release of

anti-inflammatory cyotkines interleukin IL-10 and TGF-β1 by both

macrophages and apoptotic cells.58 Incidence rates of apoptosis

among airway epithelial cells above normal levels can indicate a com-

pensatory response to disease or a pathogenetic consequence, or

both.59 Pulmonary inflammation and fibrosis are known to be linked

to the accumulation of excessive apoptotic cells or the cleavage of cell

remnants, which in turn may promote further inflammatory pro-

cesses.58

2.5 | Ventilation exposure modulates epithelial
inflammatory cytokine secretions

To explore the causal relationship between biophysical injury and

induced inflammatory response, the central tenet to the biotrauma

hypothesis,3 we tracked the secretion of cytokines known to be criti-

cal mediators of pulmonary injury and inflammation. Secreted concen-

trations of pro-inflammatory (IL-6, IL-8) and suppressory anti-

inflammatory (IL-10) cytokines were measured in the sampled cul-

tured medium at two intervals: 24 and 48 h before and after the ven-

tilation/control exposure. In Figure 4d–f, cytokine secretions are

plotted as fold change relative to baseline, pre-exposure levels. As an

immortalized cell line, Calu-3 exhibit basal levels of cytokine secretion

that depend highly on cell passage,60 therefore calculating the differ-

ence in cytokine production between exposure states filters this bias

and allows for batch model interpretation. We found decreased IL-6

and IL-8 among the ventilated models at both time intervals, while the

control group showed slightly increased levels. At 24 and 48 h, IL-6

decreased by more than half of baseline levels and �75% relative to

the control; IL-8 decreased �25% at 24 h and 50% relative to the

control group, with no statistically significant reduction at 48 h. Con-

versely, elevated concentrations of IL-10 were measured 24 h after

ventilation while the control remained close to baseline levels. All

TABLE 1 Mechanical ventilator settings used during in vitro cell-
based experiments on neonatal-sized upper airway models are
presented. Flow conditions are set using pressure- and time-based
parameters following clinical convention. An infant-pediatric
ventilator (see Figure 3c) was enlisted to provide realistic clinical
ventilation conditions typically used in the Neonatal Intensive Care
Unit (NICU). These values lie on the higher side of the recommended
clinical range, used for infants with significant breathing difficulty and
at a low respiratory rate. In contrast to the simplified flow profiles
(see Figure 2a), modern ventilators feature advanced control
modalities that produce more complex flow cycles

Parameter Value Units

Positive end-expiratory pressure 7–8 cmH2O

Peak inspiratory pressure 25 cmH2O

Respiratory rate 60 bpm

Inspiratory time 0.35 s

24 48
0

50

100

 Necrosis

(-AnnexinV/+PI)
Live cells

(-AnnexinV/-PI)

24 48
0

50

100

%
c

e
ll

p
o

p
u

la
t i

o
n

*** ***

Apoptosis

(+AnnexinV/+PI)

24 48
0

50

100
** **

Ventilated

Control

IL-6

24 48
0.0

0.5

1.0

1.5

2.0

F
o

ld
c
h

a
n

g
e

****

*

IL-8

24 48
0.0

0.5

1.0

1.5

2.0
**

IL-10

24 48
0.0

0.5

1.0

1.5

2.0
**

Time after ventilation (hr)

(a) (b) (c)

(d) (e) (f)

F IGURE 4 Ventilation exposure modulates apoptotic pathways
and epithelial inflammatory cytokine secretions. Cells and culture
medium were collected from models 24 and 48 h following ventilation
exposure and compared with baseline levels. Air ventilation was
performed for 4 h, or the ventilator machine kept off for the same
duration as a control. Following the exposure, culture medium was
filled back into the models. (a-c) An increase in apoptotic cells
indicates a biotraumatic response. Cells were collected from models
and analyzed using flow cytometry (FACS) following Annexin-V and
Propidium Iodide (PI) staining. The % total population of (a) live cells
decreased by 60% at 24 h and 75% at 48 h in the ventilated group
relative to the control, which is largely unaffected at either time point.
Most of this increase in nonviable cells is found in (b) the apoptotic,
ventilated group while (c) negligible necrotic cells were counted for
either exposure group. The increase in apoptosis was consistent in
models analyzed both 24 and 48 h following the exposure

experiment. (d-f) Changes in the secretion of inflammatory cytokines
following ventilation suggest a signaling pathway. Cytokines IL-6 (d),
IL-8 (e), and IL-10 (f) were measured in culture medium collected from
the models after 24 and 48 h periods before and following simulated
ventilation, respectively. Measurements from repeated experiments
are plotted as normalized fold change to highlight signaling changes
resulting from the test exposure. In (d) and (e), we measured a
significant reduction in pro-inflammatory IL-6 (75% at both 24 and
48 h) and IL-8 (50% at 24 h) relative to the control, while conversely
in (f), we find that IL-10, an anti-inflammatory cytokine, is elevated
>30% at the 24-h time point compared with the control. All values are
normalized relative to their baseline, that is, divided by pre-exposure
secretory levels. Cytokines were measured using ELISA. All graphs
show mean (SD) values. *p < 0.05; ** p < 0.01; *** p < 0.001; ****p
< 0.0001
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cytokine secretory events were observed to be most prominent in the

first 24 h following the exposure, while at 48 h effects were found

diminished, indicating the transitory nature of the response to a single,

4-h ventilation exposure protocol. Notably, IL-10 is known to play a

crucial role in regulating immune responses by limiting and ultimately

terminating inflammatory events via the inhibition of cytokine synthe-

sis.61 One possible explanation for our findings is that at 24-h post-

stimulus, pro-inflammatory cytokine production is inhibited by IL-10

due to an anti-inflammatory response.

2.6 | Prophylactic leukotriene receptor antagonist
reduces cell death and modulates the secretion of
inflammatory cytokines

After establishing the presence of an inflammatory response to flow-

induced shear stress in our model (Figure 4), we next sought a direct

modulatory agent that could demonstrate the model's application for

therapeutic preclinical research. As a proof-of-concept, we tested the

prophylactic effect of the commonly used airway anti-inflammatory

drug Montelukast (sold under the brand name Singulair®) of the leu-

kotriene receptor antagonist (LTRA) family. LTRAs have bro-

nchodilatory and anti-inflammatory effects, typically used together

with inhaled corticosteroids in the maintenance treatment of adult

and pediatric asthma.62 We injected culture medium supplemented

with Montelukast (0.006 μg/ml) into models for 2 h prior to cellular

exposure at the ALI to either ventilation or control conditions. The

models were subsequently analyzed for cell death (i.e., apoptosis/

necrosis) and cytokine secretions (i.e., IL-6, IL-8 and IL-10) following

the previous section's protocol. Figure 5a–c plots cell cytometry anal-

ysis following apoptosis/necrosis staining 24 h following the ventila-

tion/control exposure, identified previously as a critical time point in

developing a biotraumatic response. In Figure 5a, we report a signifi-

cant increase (55%) in the total percentage of live cells analyzed from

ventilated models treated prophylactically with Montelukast relative

to models ventilated with no prior treatment. The increase of live cells

in the prophylactically treated, ventilated group follows the reduction

(75%) in apoptotic cells (Figure 5b) in this same group. Though the

percent population of necrotic cells in all groups was small (1%–5%),

as shown in Figure 5c, we measured a significant increase (70%) in

necrotic cells in the Montelukast treated, ventilated group. We found

no significant change due to prophylactic treatment in either control

group, with viable cell count measured >95% in all nonventilated

models.

In Figure 5d–f, we report the effect of prophylactic Montelukast

treatment on epithelial cell cytokine secretions. In the ventilated

group, where we previously measured a reduction in pro-

inflammatory IL-6 and IL-8 following ventilation exposure, we see a

similar reduction (Figure 5a,b) although values of IL-6 are significantly

higher (67%) in the pre-treated group relative to nontreated. We note

that while IL-8 secretory levels were unchanged in the ventilated

group following prophylactic treatment, a reduction of 50% was mea-

sured in the control (i.e., no ventilation exposure) group. Here, we

may speculate that Montelukast acts to inhibit IL-8 in respiratory epi-

thelial cells, as similarly reported in a previous review on the anti-

inflammatory activities of β2-agonisits.63 For IL-10 (Figure 5f), we

(a) (b) (c)

(d) (e) (f)

Prophylactic Montelukast treatment

- + - +

0.0

0.5

1.0

1.5

2.0

F
o

ld
 c

h
a

n
g

e

*

IL-6

- + - +

0.0

0.5

1.0

1.5

2.0 **

IL-8

- + - +

0.0

0.5

1.0

1.5

2.0 *

IL-10

- + - +
0

50

100

Necrosis
(-AnnexinV/+PI)

Ventilated

Control

*

- + - +
0

50

100

Apoptosis
(+AnnexinV/+PI)

*

- + - +
0

50

100

Live cells
(-AnnexinV/-PI)

%
ce

ll
p
o
p
u
la

tio
n

**

F IGURE 5 Aprophylactic leukotriene receptor antagonist
(Montelukast) reduces cell apoptosis andmodulates inflammatory
cytokine secretion in bronchial epithelial airwaymodels exposed to
ventilation injury.Montelukast, an asthma anti-inflammatorymedication
commonly used to treat pulmonary asthma, was supplemented in the
culturemediumofmodels for 2 h before ventilation exposure. Flow
cytometrywas performed on cells collected frommodels 24 h following
the ventilation/control and stainedwith Annexin-V and Propidium Iodide
(PI), indicating% of the cell population (a) live, (b) apoptotic (c), or necrotic.
Montelukast pretreatment significantly increased (55%) the number of
live cells in the ventilated group by reducing apoptosis (75%)while
showing no adverse impact on the control group's high live cell count.
(c) An increase in necrotic cells (70%)was observed in the ventilated group
while absent in control, with a negligible effect on%total of live cells due
to low overall counts (maximumof 5% total population). (d–f) Cytokine
secretionsweremeasured in the culturemedium collected from all models
24 h after the ventilation exposure. Cytokines IL-6 (d), IL-8 (e), and IL-10
(f) are plotted as fold change normalization to highlight changes in
signaling resulting from the test exposure. (d)We report no significant
difference in IL-6 secretion in the control groups, while an increase in IL-6

secretion (67%)wasmeasured in the pre-treated ventilated group relative
to nontreated. (e) In contrast to IL-6, IL-8 secretionwas found reduced in
the control group (50%) following prophylactic treatment, while we
measured no difference due to treatment in the ventilated groups. Lastly,
wemeasured the suppressory IL-10 secretion, withmean values
unaltered in the control groups but reduced by 30% following
prophylactic treatmentwithMontelukast. All cytokine secretion values
are plotted as fold change, i.e., normalized relative to their baseline pre-
exposure levels. Cytokinesweremeasured using ELISA. All graphs show
mean (SD) values. * p < 0.05; ** p < 0.01; *** p < 0.001; ****p < 0.0001
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measure a reduction (30%) to near-baseline levels in the prophylacti-

cally treated ventilated models, a reversal relative to the nontreated

exposure group. These results suggest that the inflammatory response

elicited in our models by ventilation exposure is directly modulated by

prophylactic treatment using Montelukast.

3 | DISCUSSION AND CONCLUSION

This study aimed to shed light on the physical pathways contributing

to biotrauma; the type of VILI most poorly defined and understood.4

Preterm infants are particularly susceptible to extended periods of

ventilatory support; the more immature the newborn is at birth the

longer the likely period of ventilation and thus the increased risk of

respiratory distress severity.64 Moreover, preterm infants are consid-

ered more susceptible to external stressors as their respiratory organs

are not fully matured and functional.64 Due to their prolonged expo-

sure to ventilation and their anatomical scales, we based our in vitro

airway model on the true-scale anatomy of preterm infants undergo-

ing invasive ventilation. Unlike adult patients suffering from lung dis-

ease, the preterm infants' central condition lies in their

underdeveloped lungs typically excluding other morbidity, thereby

isolating the effects of ventilation from the other underlying condi-

tions such as smoking and diabetes, common among adult ventilated

patients.64

Following a recent theoretical and computational analysis,30 we

hypothesized that flow-induced shear stresses in the tracheobronchial

tree's upper regions could be associated with a biotraumatic injury.

We designed and constructed a 3D tracheobronchial airway model

featuring a fully confluent cultured epithelial cell monolayer. We

exposed our model to physiologically relevant ventilation flow condi-

tions and used quantitative fluid dynamics tools to identify the local-

ized airway “hot spots” most susceptible to stress-related injury under

intubated mechanical ventilation. We found evidence of epithelium

structural destruction (i.e., cell erosion) localized at the impaction site

between a flow jet emanating from the ETT tip and the main carina.

Advanced in vitro platforms have introduced new bioengineering

methodologies to explore human diseases in vitro by recapitulating

key physiological functions in isolation, thereby offering new insights

that are often well beyond reach in vastly more complex in vivo

models.18 For example, lung-on-chips20,65 have established an attrac-

tive strategy to study among other human lung inflammation and drug

responses in vitro by recreating a human-relevant alveolar microenvi-

ronment. To date, some studies have investigated VILI and modeled

the downstream barotrauma effects of pressure and membranal

stretching at the acinar microscales only,43,57,66 whereas convective

flow phenomena occurring upstream at the macroscale

(i.e., conducting airways) have been largely overlooked.67 Yet, upper

airway flow phenomena drive downstream effects and thereby influ-

ence whole-organ lung function. For VILI studies, omitting the lung

macroscale potentially implies overlooking the primary insult's origin,

namely, where the invasive medical intervention at the root of the

problem first meets the patient. A gap thus exists between macroscale

physiological flow phenomena characteristic of actual clinical settings

and the downstream flow conditions introduced in microscale in vitro

models, where mechanotransduction signaling pathways have been

identified.68 Here, our hypothesis for flow-induced biotrauma is

rooted in the fluid dynamics of the clinical environment and the deriv-

ative shear forces imposed on the macro architecture of the upper

airways.

We sought a simple and robust in vitro model for exploring the

intubated ventilation jet's interaction with the upper airway's epithe-

lium. Extrapolating our computational data and comparing it to other

studies that included a broader anatomical scope found that the flow

jet's effect is negligible beyond the first several airway generations.

Therefore, we designed a model that included the trachea and first

three bronchial generations, a relatively limited section of the full

respiratory tract. Our flow physics analysis confirmed that the jet's

effect is mostly dissipated upon entrance into the second generation

in our model due to energy losses beyond the first bifurcations. To

explore the cellular response to the introduced flow phenomena, we

used our reconstructed airway model's PDMS surface as a scaffold for

culturing a monolayer of bronchial epithelial cells, covering the entire

three-dimensional lumen. We chose Calu-3, a well-established lung

cell line for preclinical pulmonary research that grows confluent layers

in immersed conditions and forms barrier junctions. Previous lung-on-

chip models have recapitulated other essential aspects of epithelial

cell function such as ciliation69 and mucus43 secretion by culturing pri-

mary cells at an ALI, but have excluded physiologically relevant flow

conditions critical to our study. Mucus is an aqueous secretion that

offers a critical protective lining to epithelial cells covering the in vivo

airways and serves to clear contaminants upward via ciliary motion.

While intubated, however, ventilated patients are typically suctioned

of secretions,70 including mucus, to quickly clear the airways and facil-

itate breathing. Following clinical guidelines,70 our ventilated model

similarly excludes mucus, although its potential for protecting against

the injury we have identified here warrants further research.

To isolate the effects of mechanical stress from intubated ventila-

tion, we exposed our models to 4 h of clinical ventilation conditions in

air; a duration that was short enough to avoid introducing interfer-

ence owing to the removal of cells from maintenance conditions, that

is, immersion in culture medium but sufficiently long to observe a

clear cellular response. Furthermore, a 4-h exposure protocol follows

previous studies investigating intubated ventilation in “one hit”
in vivo15,71 and in vitro models,72 facilitating the interpretation of our

results relative to the broader literature. In the clinical setting, patients

can be supported by a ventilator for days or even weeks, likely ampli-

fying the effects measured in our in vitro models following exposure

to 4 h alone. In analyzing our models following exposure to ventilated

conditions, we first explored changes to the epithelium layer's struc-

tural integrity. We found evidence of cell denudation localized primar-

ily at the main carina, matching our flow analysis that identified

concentrated levels of high shear stress at the same site, at maximum

during the inhalation phase of simulated ventilation. The deleterious

effects of a jet stream in the tracheobronchial region were first

suspected in the context of high-frequency jet ventilation (HFJV); a

NOF ET AL. 9 of 14



strategy of delivering short pulses of pressurized gas directly into the

upper airway through a custom-designed endotracheal lumen. Pro-

posed initially to improve gas exchange and thereby reduce the sever-

ity of VILI in both infants73 and adults,74 HFJV is no longer

recommended for use following a meta-analysis that failed to find an

advantage in reducing mortality rates,75 in addition to clinical33 and

animal34 studies revealing acute adverse effects (e.g., necrotizing

bronchitis, epithelial erosion, loss of surface cilia, and other markers of

inflammation). Limitations in trial design and imprecision due to the

small number of infants available for these clinical studies increases

the possibility that the damaging effects of a jet stream during

mechanical ventilation is not restricted to HFJV but could instead

apply to all intubated ventilation protocols and not fully appreciated

until now.

Previous studies may have also overlooked the potentially harm-

ful effect of intubated flows due to differences in anatomy between

humans and laboratory animal species. Rodents have monopodial air-

way branching, in contrast to the regular dichotomous branching in

humans.76 This situation likely alters the WSS distribution from

intubated ventilation though the effects of these anatomical varia-

tions on airflow and have not explicitly been explored. Even within

humans, differences in anatomy and airflows exist between pediatric

and adult populations, a topic of renewed interest, particularly in phar-

macological dosing of respiratory drugs.50 Here, we found that epithe-

lial erosion exhibited 48 h after the 4-h ventilation exposure in our

simplified, symmetrically bifurcating airway model. While a lengthier

exposure may have incurred more extensive damage, the delayed

occurrence of cell structural destruction indicates that the ventilation

jet's most immediate impact within such timeframe is likely to be a

more subtle and complex biological response rather than a singular,

acute phenomenon.

To further explore the cellular response in our model and the pos-

sible development of biotrauma following invasive ventilation, we

measured cell death (apoptosis/necrosis assay) and cytokine secre-

tions. Models were analyzed at 24 and 48 h following exposure, with

viability in the ventilated group reduced by 60%, with more than half

to apoptosis, while the controls retained over 95% live cells. Measure-

ment of cytokines secreted in the culture medium revealed increased

secretion of an anti-inflammatory mediator (IL-10) while simulta-

neously measuring reduced secretions of pro-inflammatory IL-6 and

IL-8 linked to ventilation exposure.46,61 Owing to its anti-

inflammatory effects, IL-10 has been proposed as a potential thera-

peutic after showing protective benefit in mice given nebulized IL-10

before injurious ventilation.15 Mechanical ventilation is generally con-

sidered inflammation promoting, with different strategies eliciting dif-

ferent inflammatory responses measured by increased production of

cytokines TNF-α, IL-1β, IL-6, and IL-8.77 Interpreting our cytokine

measurements could indicate the beginning of a healing process56

within our model following a 4-h exposure period, though the role of

mediators involved in respiratory inflammation and VILI remains con-

troversial owing to inconsistent results.15 In a rat model of acute

respiratory distress syndrome (ARDS), Chiumello et al.14 showed that

local and systemic pro-inflammatory cytokines increase over time

after the beginning of injurious ventilation, with a high peak between

2 and 4 h. In a human randomized control trial, however, concentra-

tions of IL-6 and IL-8 in bronchoalveolar lavage fluid and blood serum

samples from ventilated ARDS patients showed differences 36–40 h

following ventilation, whereas levels remained close to baseline when

measured between 24 and 30 h after ventilation. While we found that

changes in cytokines were most significant at 24 h following ventila-

tion, it is difficult to extrapolate our results directly to a clinical insight

in either infant or adult patients. However, the mechanical damage

exhibited only 48 h after the ventilation exposure suggests a much

more subtle form of biological damage, tying into the hypothesis of

biotrauma related to VILI.

To establish a proof-of-concept for our model's application as a

preclinical in vitro platform for drug screening, we tested our system's

response to Montelukast (Singulair®), an anti-inflammatory LTRA

commonly used via oral formulation in treating or preventing bron-

chial asthma among pediatric and adult patients.62 In preterm infants,

corticosteroids are still the mainstay for immunosuppression, proven

to improve short-term lung function. However, newly uncovered

adverse effects on neurological development78,79 have led to the sea-

rch for steroid-sparing solutions to treat inflammation in this vulnera-

ble population. Direct topical drug delivery has the advantage of

significant efficacy at the anatomical site of interest while avoiding

potential drug-related adverse events which may develop following

the systemic administration of formulations. Montelukast's potential

for reducing inflammation among premature infants would carry sig-

nificant clinical value. The prophylactic topical delivery of Montelukast

in our models demonstrates that the cellular and inflammatory

response induced by exposure to clinical ventilation conditions could

be modulated pharmacologically. In models pre-treated with Monte-

lukast and subsequently exposed to injurious ventilation, we found

increased cell viability together with changes to cytokine secretions,

aligning with clinical outcomes found in vivo.80–82 While further

experiments are necessary to investigate the longer-term effects of

this intervention, these findings demonstrate the in vitro platform's

potential as a lung biotrauma model and a potent preclinical tool for

identifying new therapeutic opportunities. Our efforts support recent

calls to advance the development of human-relevant preclinical

in vitro models in light of the ongoing lack of effective therapeutic

treatments of lung diseases.83

4 | METHODS

4.1 | Model fabrication

Fabrication of the neonatal tracheobronchial model (Figure 1a) begins

with the computer-aided design (CAD) of a planar, symmetric double-

bifurcating geometry with a constant bifurcating angle of 60, as sche-

matically shown in Figure 1b. A stereo-lithography type 3D printer

(Form3, Formlabs) was used to create a casting template (Figure 1c) in

the CAD model's shape shown in Figure 1b. Printing with a layer

thickness of 25 μm ensured a smooth surface and fully resolved
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details, yielding a total printing time of 24 h. Following postprinting

preparation (removal of supports and excess print material), liquid-

form PDMS (Sylgard184, Dow Corning) was poured into the cast fol-

lowing the manufacturer's instructions and left to polymerize at room

temperature for 24 h. The 3D-printed cast was subsequently dis-

solved by immersion in acetone for 24 h, leaving a transparent hollow

phantom (Figure 1d). More details can be found in a previous study

using similar silicone phantom fabrication methods.30 Following the

complete dissolution of the last remaining printed material, the PDMS

scaffold was left to dry in a well-ventilated space (i.e., chemical hood)

for >72 h. PDMS material swells during immersed conditions in ace-

tone, an effect reversed with sufficient drying time. Furthermore, we

found that acetone's inadequate evaporation due to shorter drying

periods disrupted later cell growth and prevented full monolayer

confluence.

4.2 | Model coating

Twenty-four hours before cell seeding, the inner surface of the PDMS

phantom models was coated with human plasma fibronectin

(#354008) and collagen from bovine skin (#C4243, Sigma-Aldrich) fol-

lowing a coating study for optimal growing conditions of Calu-3

directly on PDMS surfaces (see Figure S1). To coax cells to grow

directly on PDMS, we conducted a coating comparison study between

cells growing in a 24-well plate. We took bright-field microscopy

images of the wells 3-, 5-, and 7-days following cell seeding on three

different coatings: 10% fetal bovine serum (FBS), 1% v/v collagen, and

a combination of 1% v/v collagen, 1% v/v fibronectin in addition to

no coating. The combined fibronectin and collagen coating was found

to support full confluence consistently following 7 days and was sub-

sequently used in all models.

4.3 | Cell culture and seeding

Human airway epithelial cell line Calu-3 (American Type Culture Col-

lection) was used in this study (passage number 15–20). Cells were

maintained in minimum essential medium-eagle (#01–025-1B, Biologi-

cal Industries) supplemented with 10% FBS, L-glutamine (#41-218-

100, Biological Industries), and 1% antibiotic antimycotic (Sigma-

Aldrich, A5955). Calu-3 cells were seeded (106 cells) in 180 cm2 flasks

under immersed conditions and reached �80% confluency after

10 days under standard culture conditions (37 �C, 5% CO2-95% air).

Next, 3–4 � 106 cells (in 250-μl medium) were seeded inside the

model. Models were then attached to a rotator (Intelli-Mixer RM-2,

ELMI Ltd.) overnight at 1 RPM and subsequently left under immersed

conditions and reached 100% confluency after 3–4 weeks. In total,

each in vitro model requires approximately one month to transform

from a 3D-printed cast to a fully confluent airway lumen. Mycoplasma

controls were performed routinely and never showed infection. We

note here that selecting a pediatric in vitro model lies within the

experimental limitations of culturing an epithelium in a real-scale, full-

sized upper airway geometry; this would not be easily feasible with a

full-sized adult airway geometry requiring special incubation space

and tremendous efforts to achieve full epithelial coverage.

4.4 | Simulated ventilation experimental setup

An infant-pediatric ventilator (CrossVent2, Bio-Med Devices) was used

to ventilate the in vitro model with medical-grade air via a standard neo-

natal breathing circuit and a 3.0-mm ID ETT (#70–100-111 Blue Line

Oral Nasal Endotracheal tube, Smiths Medical). Simulating the function

of a compliant lung in the absence of all �23 generations of airways was

achieved by attaching tiny biocompatible water balloons (#FBA-WB-

100, Wet Products, Inc.) to the four outlets of the model and secured in

place using a plastic adapter (#FCFM-001, Nordson Medical) and thread

seal tape. The ventilator maintains a set pressure by adjusting the flow in

a closed control feedback loop. Built-in alarm systems on the ventilator

and incubator ensured consistent ventilation and environmental condi-

tions for the ventilation exposure duration.

4.5 | Tomographic particle image velocimetry

To perform particle image velocimetry (PIV), one of the most critical

requirements is that tracer particles faithfully follow the streamlines

of the flow. This requirement is most often met by calculating the

Stokes number, which relates the settling time of the particle to the

characteristic time of the flow and ensuring it is sufficiently small, that

is, Stk<<1. To seed air and most other gases, this would require parti-

cle sizes too small to be adequately imaged in the context of our

model. As typical to fluid dynamics flow visualization studies, we used

instead a glycerol/water solution (58% glycerol by mass) as the work-

ing fluid affording increased density and viscosity, thereby allowing

10 μm diameter particles (PSFluoRed; microParticles GmbH) for clear

optical imaging and fluorescent reflection. Conversion of experimen-

tally measured values to their air equivalent is straightforwardly done

following dimensional analysis, a standard tool in fluid dynamics to

relate flow phenomena between different length scales and material

properties. In facilitating the visualization experiment and preventing

leaks, the ETT was replaced with a nylon tube-to-tube connector

(MLSL035-1, Nordson Medical) with similar dimensions but with

added lips for securing tubing and placement in the model. A linear

motor (PS01-23x160H-HP-R; Linmot) was used to ventilate the upper

airway model using a setup described in our previous study30 span-

ning tidal volumes between 0.5 and 2.5 ml.

4.6 | Numerical methods

The systemof governing equations (i.e., conservation ofmass andmomen-

tum) is solved numerically using a commercial software's FVM (ANSYS

Fluent v19.2). The momentum equations are discretized using the

second-order upwind scheme for velocity and second-order scheme for
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pressure, whereas, for coupling the velocity and pressure fields, the

Coupled algorithm is applied along with a least-squares-based scheme for

gradients. For numerical modeling purposes, the mouth opening is treated

as a velocity inlet, and two bifurcation exits as pressure outlets. Cyclic flow

conditions following a sinusoidal velocity profile were applied at the inlet

as defined in Figure 2a, matching the flow rate (�9.5 ml/s) measured via

tomographic PIV at the inlet to the phantom model. The double-

bifurcating airway model, including the intubation tube, was meshed with

tetrahedral cells using a commercial meshing software (ANSYS ICEM). Rig-

orous mesh convergence tests were first performed to select the optimal

numerical setup ranging from 2.8 to 7.4 M. The final mesh selected for all

the numerical simulations is of 4.3 M tetrahedral mesh converted to a

polyhedral mesh with 0.74 M cells approximately in Fluent (see

Figure S5a). The time step chosen for each scenario was T/500, ade-

quately capturing the velocities (Figure S5b,c) present in the range of the

simulated ventilation profiles. Note that in matching the TPIV experi-

ments, working fluid of glycerol/water at 58:42 ratiowas used for defining

thematerial density and viscosity at room temperature (25�C).

4.7 | Biochemical and cytological analyses

Cytokine levels in sampled medium supernatants were measured

using commercially available ELISA kits in a blinded fashion and by fol-

lowing the manufacturer's directions (Invitrogen) for the following

cytokines: IL-6 (#88–7066-77), IL-8 (#88–8086-77), and IL-10 (#88–

7106-88). For flow cytometry, cells were dissociated from the lumen

of the model by adding Trypsin EDTA Solution B (0.25%), EDTA

(0.05%) (Biological Industries). Following collection, culture medium

(see culture) was added at a 1:1 ratio to block the Trypsin-B effect.

Cells were subsequently centrifuged at 3.0 rpm for 3 min., the super-

natant discarded and then resuspended in 500 μl of binding buffer,

stained with 10 μl of AnnexinV-FITC and PI following manufacturer's

instructions (Annexin-V Apoptosis Staining Detection Kit, ab14084,

Abcam). Metabolic activity tests were performed using an alamarBlue

cell viability assay (BUF012, Bio-rad). The absorbance of the incu-

bated media containing 10% alamarBlue (2 h) was measured at

570 and 600 nm using a microplate reader (Synergy H1, BioTek).

4.8 | Prophylactic medication preparation

Montelukast sodium hydrate (#SML0101, Sigma-Aldrich) was diluted

in DMSO to a stock concentration of 0.006 mg/ml and stored in

�20�C. Before a prophylactic ventilation experiment, the stock work-

ing concentration was further diluted in a culture medium (MEM-

eagle) at 1:1000 before injection into the models (0.006 μg/ml).

4.9 | Statistical analyses

Data are presented as the mean with error bars showing the standard

deviation (SD). Statistical analyses were performed using Prism 8.0

GraphPad software (GraphPad). Data were analyzed using a un/paired

two-sided Student's t-test, One-Way analysis of variance (ANOVA)

with Holm–Sidak's post-test, Two-Way ANOVA with Sidak's multiple

comparisons test, or as indicated in figure legends. p-values <0.05

were considered statistically significant and are reported in figures

using the following notation: *p < 0.05; **p < 0.01; ***p < 0.001; ****p

< 0.0001 (with * referring to the comparisons specified in each figure

legend).
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