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Capturing the Onset of Bacterial Pulmonary Infection in

Acini-On-Chips

Arbel Artzy-Schnirman, Hikaia Zidan, Shani Elias-Kirma, Lee Ben-Porat,
Janna Tenenbaum-Katan, Patrick Carius, Ramy Fishler, Nicole Schneider-Daum,

Claus-Michael Lehr, and Josué Sznitman*

1. Introduction

Bacterial invasion of the respiratory system leads to complex immune

responses. In the deep alveolar regions, the first line of defense includes
foremost the alveolar epithelium, the surfactant-rich liquid lining, and
alveolar macrophages. Typical in vitro models come short of mimicking

the complexity of the airway environment in the onset of airway infection;
amongst other, they neither capture the relevant anatomical features nor the
physiological flows innate of the acinar milieu. Here, novel microfluidic-based
acini-on-chips that mimic more closely the native acinar airways at true scale
with an anatomically inspired, multigeneration alveolated tree are presented
and an inhalation-like maneuver is delivered. Composed of human alveolar
epithelial lentivirus immortalized cells and macrophages-like human THP-1
cells at an air-liquid interface, the models maintain critically an epithelial
barrier with immune function. To demonstrate, the usability and versatility of
the in vitro platforms, a realistic inhalation exposure assay mimicking bacte-
rial infection is recapitulated, whereby the alveolar epithelium is exposed

to lipopolysaccharides droplets directly aerosolized and the innate immune
response is assessed by monitoring the secretion of IL8 cytokines. These
efforts underscore the potential to deliver advanced in vitro biosystems that
can provide new insights into drug screening as well as acute and subacute

Lung inflammation plays a critical role in
many respiratory diseases including acute
respiratory distress syndrome (ARDS),
chronic obstructive pulmonary disease
(COPD), asthma, and cystic fibrosis (CF)
amongst others.[!! Traditionally, the immu-
nological mechanisms underlying such
conditions have been studied using animal
models and/or in vitro models. While
animal models of lung inflammation
remain an invaluable tool for both basic
research and preclinical trials, their use
is known to be limited by the underlying
differences between such in vivo models
and the human body.>* Concurrently,
in vitro models,®! most commonly con-
sisting of submerged cell cultures seeded
in well plates or grown on transmembrane
well inserts, are not only limited in their
ability to faithfully recapitulate critical bio-
logical functions of the innate organ, they

toxicity assays.
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also lack essential phenotypes that range

from anatomical traits to physiological

flows and mechanical stresses applied
in vivo. To overcome the aforementioned shortcomings, there
is a growing need for alternative in vitro platforms that better
mimic the pulmonary milieu.®!

In the last decade microfluidics, and so-called organ-on-chips
in particular, have gained significant momentum in laying the
foundations for constructing advanced in vitro models that can
mimic more faithfully physiologically relevant organ functions.
This includes, for example, the critical role played by (air and
blood) flows in the respiratory zone (i.e., pulmonary acinus).
Multiple groups have leveraged lung-on-chip models to recreate
breathing phenomena; yet, the bulk of such efforts has relied
on single channels or isolated airsacs,’~% thereby neglecting
important anatomical features of the deep lung environment
that lead to acinar-specific aerosol deposition outcomes and
may play a significant role in drug distribution.!% A faithful
reconstitution of the underlying lung architecture, and in
particular the intricate foam-like structure of deep alveolated
airways, remains technically challenging and is still widely
beyond reach.l Although the aforementioned studies as well
as others represent major advances in investigating alveolar
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physiology,”#11-14] they come short in both mimicking accu-
rately the morphology and ensuring respiratory airflow distri-
butions pertinent to acinar airways in vivo.l®!®! This latter aspect
is critical when considering that by and large in vitro inhala-
tion exposure assays on airway barriers have relied on instilling
liquid suspensions directly onto cell cultures. More recent
efforts have pushed to deliver aerosols via direct spraying,[1®-18]
yet there is still a gap in capturing physically realistic aerosol
transport at an ALI in mimicking more truthfully the fate of
aerosols depositing on the airway lumen.

Beyond the anatomical and physiological flow determinants
of the acinar regions, three main cell types line the lumen of
the deep lungs in vivo. These include alveolar epithelial cells
type 1 (AT1) that enable gas exchange and barrier function,
alveolar epithelial cells type 2 (AT2) responsible for surfactant-
secretion, and alveolar macrophages that orchestrate the innate
immune response at the barrier site. AT2 cells also serve as
progenitor cells, maintaining the regenerative capacity of the
alveolar sacs and alveolar macrophages. Importantly, epithelial
cells together with alveolar macrophages are known to have
immunomodulatory functions characterized by the secretion of
proinflammatory cytokines.['%2% To date, the majority of micro-
fluidic-based in vitro alveolar models have advocated the use of
primary pulmonary cells. While it is generally accepted that pri-
mary alveolar cells directly isolated from human lungs better
preserve physiological properties of the lung tissue, ongoing
hurdles include difficulties in obtaining such cells and the
huge variability between donors, in addition to the challenges
of cell culturing alone.??2l Most significantly, benchmarking
standardized assays with primary cells is critically challenging
whereas past cell lines do not hold sufficient. In circumventing
such challenges, a novel alternative and highly relevant epi-
thelial model was recently developed, i.e., human alveolar epi-
thelial lentivirus immortalized (hAELVi) cells. Briefly, hAELVi
cells feature AT1-like phenotypes corresponding to the normal
composition of the alveolar epithelium.?3! Furthermore, they
maintain critical epithelial barrier functions leading to high
transepithelial electrical resistance (TEER), in analogy to pri-
mary cells harvested from human tissue.?!) Such characteris-
tics render them most suitable for drug delivery and cytotoxicity
assays amongst others but have never been leveraged beyond
traditional in vitro assays.

Here, we have developed a novel anatomically inspired acini-
on-chip platform that mimics more closely native acinar air-
ways at true scale in a multigeneration alveolated tree. Together
with hAELVi cells and a model for human monocyte derived
macrophages, differentiated to macrophage-like cells at an ALI,
our in vitro devices underline the reconstitution of a functional
alveolar barrier including immune functions. To model alveolar
macrophages, we use the THP-1 cell line; a cell line that has
been extensively used?*?* to study monocyte and macrophage
functions, signaling pathways, and drug transport among
others. In addition, it is an established cell line to induce pro-
inflammatory activation of lung epithelial cells.[”! As a proof-of-
concept of the model's potential, we recapitulate in vitro an aer-
osol exposure assay and monitor the proinflammatory response
of the alveolar epithelial barrier. To model inflammatory events
typically going along with bacterial infections we used lipopoly-
saccharide (LPS), a notorious stimulator of the innate immune
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system and constituting a major outer surface membrane pro-
tein expressed on Gram-negative bacteria,?® i.e., in mycobac-
terium tuberculosis. The reconstituted alveolar epithelium in
coculture with the macrophages is exposed to LPS-laden aero-
sols via a realistic inhalation-like exposure composed of air-
borne droplets under airflow, whereby ensuing cell response
is assessed by monitoring IL8 secretion. Overall, our versatile
model captures anatomical and physiological characteristics
while preserving essential functions of the homeostatic cellular
microenvironment. Such platform represents an important
milestone toward the realization of new in vitro tools that could
better predict clinical outcomes.

2. Results and Discussion
2.1. Acini-On-Chip Establishment

To assess the biological applicability of our acini-on-chip bio-
systems, two anatomically inspired microfluidic devices of
increasing complexity were designed. First, a microfluidic
device featuring an anatomically inspired, multigeneration alve-
olated airway tree was established (Figure 1a). The device con-
sists of six asymmetric dichotomously branching generations,
where saccular airspaces, corresponding to early stages during
pulmonary development, are mimicked by enlarged cavities at
the distal generations (see Figure 1a, blue arrows). Underalveo-
lated branches, on the other hand, are depicted by cavity deple-
tions off from the proximal ducts (see Figure 1a, red arrows). To
adequately capture the acinar length scales of developing acinar
airways, our designs feature characteristic channels of 170 um
width by 100 pm height with alveolar diameters of 155 pm, fol-
lowing morphometric data from lung casts.*”?8l As the meas-
ured data are acquired in fully inflated lungs representative
of total lung capacity, our acinar airway anatomies are scaled
to match lung volumes corresponding to functional residual
capacity (FRC) in line with respiratory volumes representative
of tidal breathing. The selected FRC values are matched to pedi-
atric populations exhibiting height and weight distributions as
obtained from lung cast measurements.[””l A notable feature
of our microfluidic design is given in the matched flow rates
at the distal ends of the acinar tree (see Figure 1a, stars); such
requirement stems from the in vivo environment, where no slip
flow conditions on the alveolar walls assure zero flow across all
terminal ends of the acinus.® Here, we have established an
analogous condition by adjusting the pathways between each
terminal end of the microfluidic tree and the common outlet.
This ensures matching the same pressure drop across all paths
by having channels of equal length within the microfluidic-
based in vitro device.

The acinar airway tree model (Figure 1a) offers an anatomi-
cally relevant model that demonstrates the versatility of micro-
fluidic-based lung models in realizing intricate morphologies
of the developing deep airways. Concurrently, it poses tech-
nical difficulties in achieving full epithelial coverage due to the
vast surface area combined with such intricate length scales
and morphological features (e.g., bifurcations, alveoli, etc.). In
parallel, we thus opted for an anatomically simpler, alveolated
airway model based on a recent design useful for investigating
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(a) Airway Tree Design (b) Airway Channel Design
(c)
Acini Geometry
Inlet/Outlet TRk
Medium Reservoir PET Membrane
Inlet/Outle )
| PDMS
1‘“‘-ﬁ:::1‘:“\

Glass Slide

Figure 1. Anatomically inspired microfluidic model of acinar airways. a) Microfluidic alveolated acini-on-chip design featuring a multigeneration
asymmetrically bifurcating model of subacinar airway structures. Distal airways are modeled by saccular alveoli (blue arrows) and underpopulated air-
ducts (red arrows). Note that the model provides equal flow at each terminal end, by adjusting and matching the length of a channel connecting the
common microfluidic outlet and the last generation of our acinar tree. b) A microfluidic device combining straight ducts (resembling airways) lined
with cylindrical cavities (mimicking alveolar spaces). c) Exploded view of the computer-aided drawing (CAD) of the acini-on-chip. A compartmental-
ized sandwich structure is assembled on a glass slide, and a porous membrane is positioned between the PDMS alveolated airway tree (apical side)
and a bottom reservoir (basal side) to perfuse culture media (with integrated openings for inlet and outlet). On the apical side, two openings (inlet
and outlet) allowing selective insertion of desired components to the upper tree, e.g., cells for seeding followed by airflow to reproduce physiological

flow conditions. d) Snapshot of the assembled acini-on-chip.

barrier functions®® (Figure 1b). This design mimics underlying
features of the acinar ducts only. The microfluidic model com-
bines straight channels of 166 um width and 100 um height,
regularly lined with cylindrical cavities of 40 um radius. The
alveolar opening angle (o0 = 60°) was selected to match closely
that frequently used to model fully developed adult alveoli.!]

To render our microfluidic acinar designs compatible for
cell culture and thereby recapitulate underlying characteristics
of the alveolar epithelial barrier at an ALI, devices were assem-
bled by integrating the poly(dimethylsiloxane) (PDMS) polymer
microfluidic channels (on the apical side) to a PDMS pool con-
taining cell medium (on the basal side), separated by a 10 um
thick porous polyester (PET) membrane (Dow Corning) with
0.4 um pore sizes (see Figure 1c). These so-called microfluidic
“sandwich” structures, namely device assemblies featuring an
ALI separated by an epithelial barrier with medium perfusion
from the basal side, have been increasingly utilized in recent
years.[6832] Finally, tubing is connected to the apical and basal
compartments, respectively, to allow easy access of fluid and/or
airflow at the hands of the end user (Figure 1d).

2.2. Epithelial Barrier Characteristics
A growing number of cell lines derived from different regions

of the airways are available for in vitro studies of the respira-
tory environment.?3l To date, the most commonly used and
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widely characterized cell type to model the alveolar epithelium
remains the A549 (American Type Culture Collection, ATCC
CL-185) cell line; an epithelial model immortalized and derived
from human lung adenocarcinoma.?4 The morphology and
biochemical features of this cell line resemble the characteris-
tics of human alveolar type 2 cells in situ. A major limitation
of the A549 cells remains their inability to form functional
intercellular tight junctions, resulting in so-called “leaky”
monolayers of the epithelium; a major limitation in realizing
attractive in vitro models for drug permeability and absorp-
tion assays. In the past few years, alveolar primary cells have
become more commonly used to overcome the limitations of
A549 cells.[1135-38] Nevertheless, the limited number of cells
that can be received during each isolation, the short life span
and the uncertainty due to donor variation represent important
drawbacks.*”) Here, we present acini-on-chip cultured with
hAELVi cells (Figure 2). Unlike primary cells, hAELVi cells can
be cultured up to passage 75, under liquid-liquid as well as ALI
conditions. Furthermore, and in contrast to A549 cells, hAELVi
cells resemble AT1 cells and maintain their capacity to form
tight intercellular junctions, with high transepithelial electrical
resistance (>1000 Q cm?).123l

To the best of our knowledge, the present acini-on-chip con-
stitutes the first use of hAELVi cells as an in vitro functional
biosystem of the alveolar epithelial barrier. Namely, the epi-
thelial barrier was established by coating the device's mem-
branes with type I collagen and fibronectin solution. Following
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Figure 2. Anatomically inspired microfluidic models of alveolated airways seeded with hAELVi cells in the full alveolated airway tree (top row) and acinar
ducts (bottom row). a,d) Brightfield image. b,e) Immunofluorescence micrographic views of hAELVi cells immunolabeled with anti-ZO-1 (green) and
DAPI (blue) at (a) day 17, and (b) day 18 cultivated at an ALI from day 2. ¢,f) Immunofluorescence micrographic views of hAELVi cells immunolabeled

with antioccludin (red) DAPI (blue).

coating, hAELVi cells were seeded in the apical compartment
and allowed to adhere under liquid-liquid conditions. To
mimic in vivo conditions, medium was removed after 48 h
from the apical compartment and cells were allowed to grow
at the ALI for at least 12 days. At that time point, a densely
packed monolayer of cells can be observed under light micros-
copy (see Figure 2a,d). To confirm the formation of tight junc-
tions, the expression of two characteristic proteins were exam-
ined: zona occludens (Z0-1) and occludin. Clearly labeled tight
junction complexes appeared as a continuous thin line between
adjacent cells in both the alveolated tree (Figure 2b,c) and the
airway channel design (Figure 2e,f), similar to those observed
on traditional Transwell inserts (see Figure S1, Supporting
Information).

To recapitulate relevant immune functions of the acinar
environment with alveolar macrophages, THP-1 monocytes
were differentiated into macrophage-like cells. Differentiated
THP-1 cells were then trypsinized and seeded on top of pre-
formed hAELVi monolayer and the devices were further culti-
vated for up to 7 days. In each experiment, two sets of devices
were seeded simultaneously; cocultures of hAELVi cells and
THP-1 macrophage-like cells and monocultures of hAELVi
cells, for direct comparison. The differentiation of THP-1 cells
into macrophage-like cells was determined by using antihuman
CD11b antibody, which stains macrophages!*’l (Figure 3a,b).
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Notably, TEER measurements were used to evaluate the
integrity of the epithelial monolayer and have thus become a
standard experimental method. Here as a control, each pas-
sage of hAELVi cells, seeded in a device, was also seeded on an
insert and TEER was monitored over time (see Figure S2, Sup-
porting Information) to ensure the capability of each specific
cell passage to deliver a functional barrier, with values reaching
well within 1000 Q c¢m? In the acini-on-chip platforms, how-
ever, TEER measurements are still challenging as no practical
and validated approach has yet been developed.[!! The minute
dimensions of the channels together with the stringent require-
ment for a closed and controlled environment to support cell
growth creates limited access to the epithelial layer leading to
difficulties in measuring adequately TEER.

To circumvent such challenges, we have evaluated the bar-
rier properties of the coculture using a hydrophilic molecule,
i.e., sodium fluorescein (FluNa). This follows as high TEER cor-
relates with low transepithelial transport and provides a viable
alternative to TEER measurements.[?}l Briefly, FluNa was added
to the apical compartment and a transport buffer was intro-
duced to the basolateral compartment. At different time points,
30 puL samples were taken from the basolateral compartment
and the volume lost during sampling was replaced with fresh
buffer. The sodium fluorescein amount in the samples was
measured and the apparent permeability (P,,,) was calculated
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M Insert | Airway Channel

Figure 3. Morphology and barrier properties of hAELVi/THP-1 cocultures.
a) Airway channel seeded with coculture of hAELVi (day 21) cells and
THP-1(day 7), overlaying of bright field image and on THP-1 cells stained
with anti-CD11b antibody (Green). b) Immunofluorescence micrographic
views of THP-1 cultured on-chip for 7 days at the ALI, stained with anti-
CD11b antibody (green) and DAPI (blue). c) Transport of FluNa across a
monolayer of hAELVi. The THP-1 cells were seeded between day 17 and
20 on a preformed hAELVi monolayer on insert and devices. Data shown
as mean = SD (insert: W-THP-1 with n = 8, WO-THP-1 with n = 4, airway
channel W-THP-1 with n = 7, and WO-THP-1 with n = 4) ““p < 0.001.

following Elbert et al.l?2l To compare between the different cul-
turing conditions in the device and the traditional insert, cells
were grown until a full confluent monolayer was achieved (i.e.,
14-35 days) to allow the formation of tight junctions. At that
time point, differentiated THP-1 cells were seeded respectively
in the Transwell inserts and the microfluidic devices, and the
transport assay was performed after 72 h following a pre-
vious protocol reported by Kletting et al.*% on inserts. As can
be seen in Figure 3c, no statistical differences were found in
P,,, measurements between the airway channels and the Tran-
swell inserts; both in the absence or presence of THP-1 cells
(i.e., mono- vs cocultures). Indeed, measured P, yields values
within the same order of magnitude, as previously highlighted
for hAELVi cells monolayer specifically,?*! although transepithe-
lial transport is slightly higher within the microfluidic device
compared to the Transwell insert. We hypothesize that the
main reason for such discrepancy may arise due to the inter-
face between the PET membrane and the channel walls made
of PDMS since the cells grow only on the membrane but FluNa
may nevertheless translocate across the interface between the
two materials (PET and PDMS).

As a final remark in considering epithelial barrier character-
istics, we open here a short parenthesis in evaluating the bene-
fits of both advocated platforms, i.e., the complex acinar airway
network (Figure 1a) compared with straight alveolated channels
(Figure 1b). As presented in Figure 2, a functional epithelial
barrier is established across the full airway tree that carefully
adheres to the geometrical constraints of the underlying sub-
strate. Yet, it has been recently shown that a mere 0.4% lack
in epithelial coverage of the surface leads to an 80% decrease
in TEER measurements,*?] correlating with high P, values.
With this in mind, guaranteeing a strict 100% surface coverage
across the intrinsically complex airway network featuring a
large number of bifurcations, branches, and alveolar cavities
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is not realistic. Thus, we have introduced a device platform
(i.e., acinar ducts) that delivers a compromise in anatomical
complexity (i.e., straight channels) while still offering relevant
anatomical features of the acinus (i.e., alveoli). Together, our
two complementary platforms offer benefits for different appli-
cations depending on the specific endpoints. While in both
devices functional tight junctions are formed (Figure 2b,e),
if the scope of the in vitro assay is targeted at pure transport
assays, the simpler device anatomy would be preferential as

guaranteed by Py, values (Figure 3).

2.3. Aerosol Inflammation Exposure Assay

In the alveolar regions, the first line of defense includes the
alveolar epithelium, the surfactant-rich alveolar fluid lining
and the alveolar macrophages. AT1 and AT2 are known to have
immunomodulatory functions characterized by the secretion
of proinflammatory cytokines.'”) AT1 contain toll-like receptor
4 (TLR4), i.e., a receptor for LPS, a cell wall protein found on
Gram-negative bacteria. LPS is a strong stimulator of the innate
arm of the immune system, which is known to cause acute
lung injury in vivol*! and has been widely used to simulate bac-
terial infections in vitro.** Notably, LPS stimulation of alveolar
epithelial cells and macrophages has been shown to produce
proinflammatory cytokines. As a proof-of-concept of the poten-
tial and suitability of our in vitro platforms for various aerosol
exposure assays, our acini-on-chip were exposed to nebulized
aerosols. While inhalation therapies often aim at tracheobron-
chial delivery in the context of asthma and obstructive diseases
(e.g., COPD), delivering therapeutics to the deeper pulmonary
alveolar regions has drawn increased attention in recent years
with potential applications for systemic delivery*®l (e.g., vac-
cinations**8 and insulin delivery*)) as well as antibiotics
for targeted treatments of pulmonary infections,% such as in
pneumonia and CF. Our in vitro biosystems lend themselves
as a potent alternative for conducting early-stage, preclinical
studies in assessing inhalation therapies.

To induce an inflammatory response, the acini-on-chips were
directly connected to a standard mini compressor nebulizer. All
chips were exposed to nebulized aerosols for up to 4 min, with
phosphate buffered saline (PBS) as the carrier liquid (i.e., dep-
osition field inside device, Figure 4a). 48 h after the exposure
assay, the medium from the basal compartment was collected
and analyzed for IL8 secretion using an enzyme-linked immu-
nosorbent assay (ELISA). IL8 plays a role in the pathogenesis of
various diseases, including ARDS and asthma. IL8 has a major
role in neutrophil chemoattractant and activating, one of the
major immune cell types that accumulate in the airway when
inflamed. As can be seen in Figure 4D, IL8 secretion levels were
higher upon LPS exposure in both the airway channel and tree
for hAELVi cells alone, thereby supporting the role played by
the epithelial monolayer itself. The IL-8 levels of the co- and
monocultures with nebulized PBS show similar values as
exposing the samples to PBS without the nebulizer (data not
shown), representing the basal secretion levels. Coculturing
of hAELVi cells with THP-1 macrophage-like cells (Figure 4c)
resulted in a similar yet enhanced trend in secretion, i.e., IL-8
levels were higher compared to the control in both models. As
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Figure 4. Mimicking bacterial inflammation in the acini-on-chip. a) Qualitative snapshot of a local deposition field after 2 min exposure with a com-
mercial nebulizer: dry channel on a glass slide, FluNa 2.5 ug mL™" in PBS. b,c) Plots show the secretion of IL8 cytokines following 48 h poststimulation
with LPS nebulization (10 ug mL™") or PBS nebulization as a control, measured by enzyme-linked immunosorbent assay (ELISA): (b) monoculture
(hAELVi) and (c) coculture (hAELVi and THP-1). Cells were grown until a full confluent monolayer was achieved (14-35 days). Data shown as mean +
SD (airway channel: mono- n =3, coculture n = 6, alveolated airway tree: mono- and coculture n = 3 independent experiments); ““p < 0.001, (ANOVA).

*p < 0.05, compared with controls (i.e., cells cultured without LPS).

expected from the coculture, the THP-1 augments IL-8 secre-
tion by more than an order of magnitude, thus demonstrating
the important role played by THP-1 in recapitulating realistic
immune functions within the acini-on-chip. The influence of
the LPS exposure on the epithelial integrity was examined by
staining of the tight junction proteins, i.e., ZO-1 and Occludin,
72 h after the LPS exposure, with no change in the epithelial
monolayer integrity (not shown for brevity); a result consistent
with previous findings.[*8l

3. Conclusions

The acini-on-chips presently described are the first in vitro plat-
forms, to the best of our knowledge, that integrate character-
istic airflows of the respiratory zone within a morphologically
relevant anatomy while guaranteeing underlying epithelial bar-
rier characteristics. To date, all efforts within lung-on-chip plat-
forms have been performed in straight channels. For the first
time, we have expanded such concept to complex airway tree
networks mimicking more closely native acinar airway anato-
mies. Using a novel cell model system (hAELVi), we have suc-
cessfully reconstructed relevant cell populations of the alveolar
region and demonstrated the establishment of a functional epi-
thelial barrier in an anatomically relevant manner. We used two
complementary techniques to demonstrate a functional barrier
in a coculture system where macrophage-like cells are grown on
top of the epithelial cell layer: staining of tight junction proteins
as well as permeability assays. Within the scope of establishing
an in vitro acinar benchmark, THP-1 cells have been used to
mimic alveolar macrophages and deliver valuable insight that
can be developed in the future into a biosystem consisting of
lung primary cells. We successfully demonstrated a long-term
cell culture inside the lung-on-chip while maintaining func-
tional barrier properties. The presented assays were performed
following up to 35 days from seeding, providing a promising
platform for both acute (normally, 48-72 h) and subacute
(14-28 days) toxicity assays in the deep alveolar regions. As a
proof-of-concept, the devices were leveraged to mimic the onset
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of bacterial infection. Following a realistic aerosol exposure
scenario with inhaled airborne droplets in airflow, LPS was
introduced into the devices and cell response was measured by
IL8 secretion. Our in vitro biosystem was able to recapitulate
the protective responses from the epithelium and its further
enhancement by the immune cells. Possible directions include
integrating additional cell types that play a critical role in the
orchestra of the immune response, such as endothelia and neu-
trophils. Here, we have used the hAELVi cells with a unique
opportunity to help bridge between in vivo and in vitro studies
in respiratory research. With the practical difficulty in obtaining
human alveolar primary cells and alveolar macrophages, the
variability between different donors can mask effects and jeop-
ardize delivering clear conclusions. As such, the hAELVi and
THP-1 cells provide an attractive alternative in establishing a
novel in vitro benchmark for other researchers and scientists
to compare with (e.g., control), allowing for example to “nor-
malize” differences between different donors. Such biological
functionality in conjunction with mimicking more closely mor-
phological constraints (i.e., airway anatomy) and physiological
conditions (e.g., respiratory airflows) offer tangible opportu-
nities for drug toxicity screens and aerosol deposition assays
amongst other.

4. Experimental Section

Microdevice Fabrication: Standard soft-lithography techniques were
adopted for microfabrication of PDMS-based microfluidic devices;P'!
such techniques were combined with a modified method for master
production using deep reactive ion etching of a silicon on insulator(!”
wafer to manufacture delicate features of the acinar model.

A clean 2 in. wafer was dehydrated on a hot plate (300 °C, 5 min).
SU-8 2150 photoresist (Microchem) was spin-coated on the wafer at
500 rpm for 10 s using a 100 rpm s~ acceleration rate, then 3000 rpm
for 30 s with acceleration of 300 rpm s™'. The wafer was kept overnight
on a leveled surface in a sealed petri dish to improve surface flatness,
then baked on a hot plate (65 °C 5 min, 90 °C 30 min), and exposed
to UV light through a photomask at a total dose of 400 m) cm~ using
an MA6 mask aligner (Karl Suss). Postexposure bake was performed on
a hot plate (65 °C 5 min, 95 °C 13 min) and then the substrate was
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developed in propylene glycol monomethyl ether acetate, rinsed with
isopropyl alcohol, and spin dried. The resulting SU-8 pattern on the
silicon wafer is then continuously used as a master template for PDMS
casting, and manufacture of PDMS microdevices. PDMS was mixed with
a curing agent (DOWSIL 184 Silicon Elastomer Kit) at a 10:1 volume
ratio, poured on the template, and baked for 60 min at =65 °C. Cured
PDMS was pealed from the wafer, punched using a T mm biopsy punch
(Miltex, 3331) to create inlets and outlets, and rinsed with 70% ethanol.
The PET membrane with 0.4 um pore size (Corning), was irreversibly
bonded to the acinar microchannels using a “stamping” technique.?
Briefly, liquid PDMS (10:1) was spin-coated on a glass side (500 rpm
for 20 s acceleration 100 rpm s~', 4000 rpm for 20 min acceleration
127 rpm s71.), creating a thin liquid layer. Thereafter, a readily made
PDMS microdevice was gently brought into contact with the thin layer
(for 30 s) and immediately attached to the PET membrane from one
side. The structure was cured at 65 °C for an hour to accomplish a
complete bonding, and placed using stamping on top of a PDMS well to
be further filled with culture media. Finally, a glass cover slip (Corning)
was prepared and cleaned with ethanol and bonded to the bottom side
(reservoir) of the device.

Cell Culture: hAELVi cells (INSCREENeX, INS-CI-1015) were cultured
as previously described.”’l In brief, hAELVi cells were cultured in small
airway epithelial cell growth medium (SAGM) BulletKit (Lonza CC-3118)
supplemented with 1% FBS and 1% penicillin/streptomycin (P/S) (Life
Technologies, 15140-122). Prior to seeding, flasks were coated with
coating buffer (1% (v/v) fibronectin; (Corning, 33016015) and 1% (v/v)
collagen (Sigma, C4243)). The medium was changed every two to three
days. When cells reached 90% confluency, they were trypsinized and
used for maintenance or experiments, as described below.

The THP1 cells were cultured in RPMI-1640 (Biological Industries
Israel Beit-Haemek Ltd. 01-100-1A) supplemented with 10% FBS and 1%
penicillin-streptomycin (P/S). THP-1 monocytes (ATCC, TIB-202) were
differentiated to macrophage-like cells using 7.5 ng mL™" of phorbol
12-myri-state 13-acetate (PMA; Sigma, P8139) following incubation
of 16 h. Differentiated THP-1 cells were trypsinized and used in the
experiments.

All cells were grown under 37 °C, 5% CO,, and 95% humidity.

Mycoplasma controls were performed routinely and never showed
infection.

Insert Cell Culture: hAELVi cells (2 x 10° cells cm™2) were seeded on
coated Transwell polyester membranes (Corning 3460; growth area
1.12 cm?; pore size 0.4 um). Under liquid-liquid conditions, 500 uL of
medium was perfused in the apical side and 1.5 mL at the basolateral.
The medium was changed every second day. For air-liquid conditions
(ALl), at 2 days postseeding, the medium from the apical compartment
was aspirated and the cells were further fed from the basolateral
compartment with 500 uL of medium.

Microfluidic Cell Culture: The devices were sterilized following three
rounds of UV (254 nm), 15 min each. Following sterilization, the apical
side was incubated with coating buffer for 1 h in 37 °C, 5% CO,, and
95% humidity. All devices were washed with PBS and seeded with cells
without drying the membrane.

Monocultures: 10 UL or 5 uL of a hAELVi cell suspension (3 x 107 cells
mL™"), were seeded on the membrane of a coated full tree or the airway
channel, respectively. Both the basolateral and apical compartments
were filled with medium. Following 48 h in liquid-liquid conditions the
medium from the apical compartment was aspirated, allowing the cells
to grow at the ALI. The cells were further fed every second day from the
basolateral compartment, by withdrawing the liquid from the basolateral
side and then injecting fresh medium changed the medium.

Cocultures: hAELVi monocultures pregrown for 20-35 days were used
to set up the coculture with THP-1 cells. Differentiated THP-1 cells
(1 x 107 cells mL™"), 10 or 5 uL of the suspended cells were seeded on
top of hAELVi cells in the full tree or the airway channel, respectively.
In the basolateral compartment, SAGM was applied. The coculture was
cultivated between 1 and 7 days at 37 °C, 5% CO,.

Scanning Electron Microscopy: The samples were washed three times
with PBS and fixed in primary fixative buffer (1% paraformaldehyde
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(PFA) and 2% GA in 0.1 m NaP pH 7.4 and 3% sucrose) for 60 min
at RT. Following three washes with 0.1 m cacodylate buffer, pH 7.4
the samples postfixed with 1% osmium tetraoxide in 0.1 m cacodylate
buffer for 15 min at RT. Next, the samples dehydrated through a graded
ethanol series, processed by critical point drying and sputter coated with
chromium (5 nm). Images were taken with a Zeiss ULTRA plus field-
emission scanning electron microscope.

Immunostaining: hAELVi and differentiated THP-1 cells were washed
with PBS, fixed with 3.6% PFA (Sigma-Aldrich, 47608) in PBS for 15 min
at RT, following a rinse with PBS. Next, the cells were permeabilized
with 0.5% Triton X-100 (Sigma-Aldrich, T8787) in PBS for 5 min at RT.
The cells were washed with PBS and blocked with 10% serum in PBS
for 1 h. For DAPI nucleic acid staining cells were incubated with DAPI
solution (ThermoFisher Scientific, D1306), diluted with PBS (ratio of
1:1000) for 5 min at RT. For tight junction proteins, Zonula occludens-1
(ZO-1) and Occludin staining, cells were incubated with the primary
antibodies rabbit anti-ZO1 (ThermoFisher Scientific, 617300)/mouse
antioccludin (ThermoFisher scientific, 331500) diluted with PBS (ratio of
1:200) overnight at 4 °C, followed by incubation with secondary antibody
Alexa Fluor 488 antirabbit/antimouse (Jackson ImmunoResearch, 111-
545-144/115-545-062), diluted with PBS (ratio of 1:400) for 1 h at RT.
The differentiation of THP-1 toward macrophage-like cells was examined
with FITC antihuman CD11b (BioLegend, 301329), diluted with PBS
(ratio of 1:20) for 1 h at RT. Confocal microscopy imaging of fluorescent
immunostaining was performed (Nikon Eclipse Ti with spinning disk,
Yokogawa, Japan).

Transport Studies: The devices were seeded with mono- or coculture as
previously described. The cells were allowed to grow for 14-25 days (in
ALI from day 2). Transport experiments were then performed according
to Elbert et al.l?2 Briefly, the cells were washed twice with prewarmed
Krebs—Ringer buffer (KRB; NaCl 142.03 x 107 wm, KCl 2.95 x 107 w,
K,HPO,3H,0 1.49 x 107% m, HEPES 10.07 x 107 m, p-glucose 4.00 x
1073 M, MgCl,"6H,0 1.18 x 1073 m, CaCl,"2H,0 4.22 x 1073 m; pH 7.4),
and incubated in KRB for 45 min. Next, medium was aspirated and 10 puL
FluNa (10 ug mL™" in KRB) were added to the apical compartment and
500 KRB were added to the basolateral compartment. The devices were
placed in the incubator and 30 uL samples were taken every 30 min,
from the basolateral compartment only, and transferred into a 384-well
plate to measure FluNa concentrations. Sampled volumes were refilled
with 30 uL KRB. The samples in the 384-well plates were measured with
a Varioskan LUX plate reader using wavelengths of 495 nm (em) and
520 nm (ex).

TEER Measurement: The TEER was measured as previously described.
Briefly, 100000 cells cm™ cells were seeded on precoated PET membrane
with a pore size of 0.4 um and a growth area of 0.33 cm? (Corning,
CLS3460). 48 h after seeding the medium from the apical side was
aspirated to allow ALI. Before measuring TEER, the apical side was refilled
with 300 pL prewarmed medium and the basolateral compartments were
filled up to a final volume of 500 pL. Following 1 h of incubation, the TEER
was measured in all samples using an epithelial volt-ohm meter (Millicell
ERS-2) equipped with chopstick electrodes (MERSSTXO01, Millicell). The
electrical resistance was calculated by subtracting the value of blank
inserts containing medium from all samples, and multiplication with the
cultivation area of the inserts (0.33 cm?).

LPS Stimulations: The exposure assay was conducted using a Mini
Compressor Nebulizer (Bio-rich). The nebulizer plastic parts were rinsed
with soap (Ariel Clean liquid soap) followed by ethanol, and then sterilized
for 15 min under UV radiation (254 nm). The nebulizer cup was loaded
with PBS or LPS diluted with PBS (10 g mL™") (L4516 SIGMA). Using
an adaptor, the outlet of the nebulizer cup was connected to the apical
compartment of the acini-on-chip devices using Cole—Parmer tubing (cat
# 06400-90). Each exposure assay was conducted for up to 4 min.

IL8 Secretion Assay: Cell culture supernatants were assayed using
ELISA for IL-8 (Termo fisher scientific) following the manufacturer's
instructions.

Statistical Analysis: Data are representative of 3-9 independent
experiments and shown as mean £ SD. Two-way ANOVA was performed
using GraphPad Prism & software (GraphPad).

(23]
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