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Gravity-perfused airway-on-a-chip optimized for
quantitative BSL-3 studies of SARS-CoV-2
infection: barrier permeability, cytokine
production, immunohistochemistry, and viral load
assaysT
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Human microphysiological systems, such as organs on chips, are an emerging technology for modeling
human physiology in a preclinical setting to understand the mechanism of action of drugs, to evaluate the
efficacy of treatment options for human disease and impairment, and to assess drug toxicity. By using
human cells co-cultured in three-dimensional constructs, organ chips can provide greater fidelity to the
human cellular condition than their two-dimensional predecessors. However, with the rise of SARS-CoV-2
and the global COVID-19 pandemic, it became clear that many microphysiological systems were not
compatible with or optimized for studies of infectious disease and operation in a Biosafety Level 3 (BSL-3)
environment. Given that one of the early sites of SARS-CoV-2 infection is the airway, we created a human
airway organ chip that could operate in a BSL-3 space with high throughput and minimal manipulation,
while retaining the necessary physical and physiological components to recapitulate tissue response to
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1 Introduction

With the highly contagious respiratory infection of SARS-CoV-
2 sweeping the globe more than once and respiratory disease
being one of the most common causes of morbidity and
mortality worldwide," we can well understand why interest in
modeling the human respiratory tract has reached an all-time
high. Essential features that must be recapitulated include
human cells, an air-liquid interface, co-culture of multiple
cell types mimicking native airway architecture, and immune
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infectious agents and the immune response to infection.

cell activation and recruitment, as well as compatibility with
Biosafety Level 3 (BSL-3) containment practices and ease of
translation into labs that study infectious disease.” Clearly,
the cells used for any infectious model are critical, as we were
once again reminded in the case of SARS-CoV-2, where several
promising drug candidates were advanced based on their
efficacy in Vero cells. Unfortunately, these candidates showed
no efficacy in human clinical trials, with the result that
precious time and money were spent on compounds that had
no future.>” Animals may respond to a specific viral infection
quite differently than humans, if at all,® and BSL-3 animal
studies are particularly difficult and time consuming, and
hence expensive. This in particular highlights the need for
robust, early-stage in vitro cell models for candidate drug
screening.

Microphysiological systems (MPS) have the potential to
meet this need in several ways. The ability to use primary
human cells from the relevant tissue type generates a model
that better mimics the actual infection process in humans.?
Another critical feature that MPS platforms can provide is the
opportunity for an air-liquid interface that cannot be
achieved with cellular monolayers on plastic.” Although
traditional cell culture of human airway epithelial cells can
allow human cell-virus interaction, these cells fail to develop

This journal is © The Royal Society of Chemistry 2024
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normally when cultured submerged in media.® Thus, to
achieve a mature and more physiologically relevant airway
epithelium requires the culture to have an air-liquid
interface, so that the air provides the necessary cues for
development and there is still a feeding mechanism to
maintain the cells. In addition, with an air-liquid interface,
the epithelial cells are not in contact with cell media but
instead exchange nutrients and metabolites across a porous
membrane whose opposite side supports a layer of
endothelial cells that are in direct contact with flowing cell
culture media. The continuous perfusion of the basal
(stromal) side of a cellular barrier may wash away secreted
inhibitors that would be active in a non-perfused
Transwell®.’ Hence, the MPS airway model requires not only
an air-liquid interface but also perfusion and multiple cell
types to provide the appropriate nourishment of the airway
epithelium.'®" With an increased focus on response to
infectious agents, MPS platforms could also include immune
cell components so that the tissue would be able to respond
directly and locally to the infectious agent, particularly with
regard to cytokine production. An appropriately designed and
implemented MPS model would create the microenvironment
into which a candidate therapeutic could be introduced not
only to human cells but also to a living epithelial/endothelial
barrier well in advance of human clinical trials. Lastly, the
design must be easy to use in the laboratory. In the case of
infectious disease studies, there is a particular need for
model systems that are compatible with the restrictions
placed on a BSL-3 environment, the most pressing of which
are the need for the system to be totally enclosed, so that no
aerosols are released in the lab environment, and a hardware
design that can withstand the rigors of decontamination for
component reuse or repair.'*'® These restrictions can be
readily met with a compact, self-contained chip that needs
neither extensive hardware nor external connections to
transport fluids or air. Moreover, it should be straightforward
to translate the platform into labs with expertise in infectious
disease, but not necessarily in the use of microphysiological
systems, so as to enable rapid drug screening and
identification of therapeutic candidates that can be moved to
more complex systems or animal models after passing these
initial hurdles.

Although there are several excellent pulmonary MPS
platforms that are readily used in a BSL-2 environment'” >’
and have been applied to infectious disease studies,> few
meet all of our criteria necessary for a standalone airway MPS
that can be used in BSL-3 laboratories, particularly without
tubing and external reservoirs or pumps. Even the platforms
that come closest>”>® struggle with secondary containment
issues, bulky equipment, and ease of use with regard to
tubing and setup that will prevent their widespread adoption
in many BSL-3 spaces. Optimization for BSL-3 use includes 1)
compact design, preferably without any tubing or vertical
platforms that would prevent complete secondary
containment, since open reservoirs to the incubator space are
not permissible and separated chips, reservoirs, and pumps
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connected with tubing increase the risk of leaks and
accidental spills; 2) no bulky powered equipment, such as a
rocker plate or pump perfusion, as this would take up
valuable cell culture space and would both necessitate
running power cords into the incubator, which is particularly
undesirable in a higher containment facility, and also
complicate decontamination of equipment for repair or at
the end of an experiment; and 3) ease of use, for rapid
adoption - the COVID-19 pandemic taught us that for
infectious disease experts to adopt a new model or platform
rapidly, it cannot have a steep learning curve if it is going to
be widely deployed. Since microfluidic platforms already
existed that were well suited for imaging studies, and because
we were interested in transcriptomics, Western blots, ELISA,
RNAseq, and mass spectrometry for gene expression, cytokine
detection, proteomics, and metabolomics, we focused our
airway chip design on achieving greater biomass and
conditioned media volumes than are possible with MPS
models whose cells are contained in a small microfluidic
channel. Also critical to our design was creating a simple,
easy-to-use platform that was highly compatible with the
restrictions of a BSL-3 environment and would allow greater
throughput than is seen with many MPS platforms.

We have previously described our development of a
microfluidic chip used to model the neurovascular unit
(NVU),>* ¥ consisting of two cellular chambers separated by
a semipermeable membrane, with flow in both chambers
driven by external syringe pumps that could support the high
flow rates required for shear-force polarization of the brain
microvascular endothelial cells. At the outset of the COVID-
19 pandemic, we concluded that our pump-perfused platform
and other organ chips that use pressurized reservoirs,
pumps, and gravity feed were ill-suited for BSL-3 use, with its
strict rules regarding secondary containment and rigorous
decontamination. In contrast to pseudovirus studies in
microfluidic devices to quantify the binding of antiviral
therapeutics to the spike protein,?® which can be performed
in BSL-2 facilities, study of the active SARS-CoV-2 pathogen
requires BSL-3. Furthermore, no existing standalone gravity-
fed devices can support for a full day the flow rates and
hence shear forces required to polarize microvascular
endothelial cells.

We now report a novel microfluidic barrier chip capable of
gravity-driven perfusion at a high rate of flow that is readily
used in either BSL-2 or BSL-3 without the need for external
pumps, reservoirs, or tubing. We designed our gravity-flow
chip with large enough reservoirs that we could maintain the
requisite flow rates for at least 24 hours between the addition
of new media and removal of the old, or longer if smaller
channels were used to restrict the flow rate. This in turn
required the development of deep, large area reservoirs that
could be replica cast with PDMS, a prerequisite for bonding
to both the channels and chambers of our previous barrier
chip. In Fig. 2 and the associated text, we describe in
complete detail the novel design considerations and
protocols to cast these reservoirs with smooth surfaces for
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bonding to PDMS microfluidics and without bubbles trapped
in the PDMS in the bottom or sides of the reservoirs.

We describe the application of this system for modeling the
response of an airway epithelium to a SARS-CoV-2 infection;
elsewhere we present results obtained when the chips were used
to create a gravity-perfused NVU that was used in BSL-3 facilities
to study alphavirus infections.*® A key feature of our design is
that these chips can be seeded and matured at the BSL-2 level
and, when the chips demonstrate the appropriate physiological
performance, they can be moved from BSL-2 into BSL-3 without
the challenges of maintaining continuous perfusion during
transfer, or the risks of biohazard release or the introduction of
bubbles while disconnecting the chips from one perfusion
system in BSL-2 and reconnecting the chips to another in BSL-3.
Our approach thereby limits the time and space within BSL-3 to
that required for infection and observation of the response, and
it avoids either open handling of the chips or the transfer into
BSL-3 of expensive hardware that cannot be readily removed for
service or disposal.

2 Methods
2.1 Cell culture

All cells were maintained in BSL-2 facilities and incubated at
37 °C with 95% humidity and 5% CO,.

2.1.1 Airway epithelial cells. NHBE-human bronchial/
tracheal epithelial cells (Lonza, Cat#: CC-2540S) were cultured
in BSL-2 according to manufacturer's recommendations using
B-ALI Bronchial Air-Liquid Interface Medium BulletKit™
(Lonza, Cat#: 00193514). Cells were initially seeded at a density
of 3500 cells per cm? in cell culture-treated T-75 flasks
(ThermoFisher Scientific, Cat#: 10364131) with B-ALI basal
media (Lonza, Cat#: 00193514), and media was exchanged every
48 hours. Cells were passaged upon reaching 60% confluency
using ReagentPack™ subculture reagents (Lonza, Cat#: CC-
5034). Initial stocks were frozen in B-ALI basal media with 10%
DMSO (Sigma, Cat#: D2650) at P3 and P4 to ensure
experimental consistency. To differentiate, NHBE cells were
plated on 1 um Transwell® inserts (Corning, Cat#: 353104) or
loaded into airway chips (500000 cells per ml and 1 x 10° cells
per ml, respectively) to achieve >80% confluence and
maintained in B-ALI basal media in both apical and basal
chambers. Once the monolayer reached >95% confluence
(within 24-48 hours of seeding), basal media was removed from
both chambers, and replaced with B-ALI differentiation media
supplemented with 2 pl ml™" freshly thawed B-ALI inducer in
the basal chamber only to achieve air-lift culture conditions.
Basal media was exchanged every 48 hours with B-ALI
differentiation media supplemented with inducer for the
remainder of the experiment. The apical chamber was rinsed
with sterile 1x PBS (Gibco, Cat#: 10010023) every 3-4 days to
thin mucous and remove cellular debris.

HMVEC-L - human lung microvascular endothelial cells
(Lonza, Cat#: CC-2527) were cultured in BSL-2 according to
manufacturer's recommendations using EGM™-2 MV
Microvascular Endothelial Cell Growth Medium-2 BulletKit™
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(Lonza, Cat#f: CC-3202). Cells were initially seeded at a density
of 10000 cells per cm” in cell culture-treated T-25 flasks
(ThermoFisher Scientific, Cat#: 156367) with B-ALI basal media
(Lonza, Cat#: 00193514), and media was exchanged every 48
hours. Cells were passaged upon reaching 90% confluency
using ReagentPack™ subculture reagents (Lonza, Cat#: CC-
5034). Initial stocks were frozen in EGM™-2 MV Basal media
with 10% DMSO (Sigma, Cat#: D2650) at P3 to ensure
experimental consistency.

2.1.2 Transwell® co-culture assembly. In BSL-2, a 100 pl
ECM solution comprised of human placental collagen IV
(Sigma, Cat#: C5533), fibronectin (Sigma, Cat#: F1141), and
1x PBS combined in a 4:1:5 ratio by volume, respectively,
was applied to the apical and basal chambers of 1 pm
Transwell® inserts in 24-well plates (Corning, Cat#: 3527)
and incubated at 37 °C overnight to coat. Transwell
membranes were then washed three times with 1x PBS prior
to inversion of the inserts within the well plates. HMVEC-L
cells were seeded on the basal side of the inserts at a
concentration of 100000 cells per ml in EBM-2 media and
allowed to incubate at 37 ©°C overnight to facilitate
attachment. The inserts were then returned to an upright
position with 500 pl EBM-2 media in the basal chamber.
NHBE cells were seeded at a density of 500000 cells per ml
of B-ALI basal media in the apical chamber and returned to a
37 °C incubator overnight. Once NHBE cells achieved >95%
confluence in the apical chamber, all media was removed
and replaced with 500 pl B-ALI differentiation media
supplemented with 2 ul ml™ inducer in the basal chamber.

2.1.3 Airway chip permeability assay. 10 kD FITC-Dextran
(FD10S, Sigma-Aldrich) was wused to evaluate passive
permeability in BSL-2 prior to transfer to BSL-3, and in BSL-3
post infection. Stock solutions were made in water at 1 mM and
stored at —80 °C. Working concentrations were prepared at 1
puM in basal medium. The basal compartments were perfused
via gravity, achieving an average flow rate of 2 uL ml™* over a 24-
hour period. For passive permeability measurements,
supernatant was collected from both vascular and basal
compartments every day 24 hours after the last renewal of inlet
media, and the difference in fluorescence intensity was analyzed
using a plate reader (GloMax Microplate Reader, Promega). By
measuring concentration in the vascular compartment, the
applied permeability coefficient was calculated as follows. By
measuring concentration in the airway and
compartment, the applied permeability coefficient was
calculated using the standard equation®® to calculate apparent
permeability, Pyqp = (dQ/dt) x 1/AC, where dQ/dt is the change in
concentration per unit time at steady state, A is the growth area,
and C is the initial concentration in the apical chamber.

vascular

2.2 Generation of SARS-CoV-2 for infection

The SARS-Related Coronavirus 2 isolate Italy-INMI1 (NR-52284)
was obtained from BEI Resources. The virus was propagated in
BSL-3 according to the manufacturer's recommendation. Briefly,
Vero cells were grown to about 70-80% confluency in a cell
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culture flask and infected with the stock virus (obtained from
BEI Resources) at a multiplicity of infection (MOI) of 0.1. Once
about 30-40% of the cells were exhibiting cytopathic effect
(CPE), which was observed as cell rounding and sloughing, the
supernatant was collected and titered by traditional plaque
assay in Vero E6 cells (ATCC, Cat#: CRL-1586). The final viral
titer was determined to be 1 x 10° PFU mI™.

2.3 Viral infection of airway chips

The infection was carried out in BSL-3 by introducing the
virus through the basal side port of the airway chip after the
virus had been added to the perfusion medium to reach an
MOI of 0.1. The virus-containing medium was continuously
perfused into the airway chips overnight at 37 °C, 5% CO,
conditions. For control chips, the usual medium was used on
each chamber. Twenty-four hours after the introduction of
the virus into the unit, supernatants were collected from both
outlet chambers of infected and control chips. Next, 1 ml of
the medium was added to the inlet chambers. This process
was repeated over the course of the study, and all airway
chips were maintained at 37 °C, 5% CO, in BSL-3 until the
termination of the study. Supernatants were collected at 24,
48, 72, 120, and 168 hours post infection from both
compartments of all (control and infected) airway chips.

2.4 Plaque assay for viral infection

In BSL-3, quantification of infectious virus titer by plaque
assay was performed in Vero E6-TMPRSS2 cells (kindly
provided by Dr. Shirit Einav, Stanford University). TMPRSS2
cells were seeded in 12-well plates at 1.5 x 10° cells per well.
Culture supernatants were diluted in Eagle's minimal
essential medium (EMEM) (ATCC, Cat#: 30-2003) containing
10% fetal bovine serum (Cat#: 35-010-CV, Corning) and 2%
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Geneticin (Cat#: 10131027, Life Technologies Corporation),
from 10" to 10° and the virus-containing medium was
overlaid on the cells for 1-hour infection. At 1 hour post-
infection, a 1 ml overlay of a 1:1 solution of 0.6% agarose in
distilled H,O with 2x Eagle's minimal essential medium
(Quality Biological, Cat#: 115-073-101) was added to the wells
and allowed to solidify at room temperature. The plates were
subsequently transferred to 37 ©°C, 5% CO, culture
conditions, and left for up to 72 hours. After 72 hours, the
plates were fixed with 10% formaldehyde at room
temperature. Approximately 24 hours after fixation, the agar
plugs were removed and fixed cells were stained with 1%
crystal violet in 20% methanol solution for 15 minutes. The
plaques were counted for each plate, and we calculated
plaque-forming units per ml (PFU ml™) for each sample. The
mean and standard deviation were determined using an
average of three replicates for each sample.

2.5 Statistical analysis and data processing

All quantifications were performed by incorporating data
obtained from triplicate samples unless indicated otherwise.
Error bars in all figures indicate standard deviations. Plaque
assay and proinflammatory cytokine data calculations were
performed using Microsoft Excel. Graphs and P-values were
designed and calculated using GraphPad Prism version
10.0.0 for MacOS. Significance values are from two-way
ANOVA with Dunnett's post-test or unpaired two-tailed ¢-test
and are indicated using asterisks: *p < 0.05, **p < 0.01, ***p
< 0.001, *¥***p < 0.0001.

2.6 Airway chip

2.6.1 Airway chip design and manufacturing. The
requirement of a high flow rate to induce shear-force

Perfusion
reservoirs

Epithelial
chamber

F Airway Input Vascular Output

Permeable

Endothelial

substrate

Vascular Input

Airway Output

Fig. 1 Layout and design of airway chip for BSL-3 use. A) A schematic representation of a gravity-perfused airway chip with two chambers
separated by a PET membrane (dashed line) and bonded inside the PDMS (hatched), with both chambers perfused by the difference in height of
the media in the supply and collection chambers. B) An airway chip with the epithelial cells on the upper surface of the barrier membrane
providing an air-liquid interface. C) An illustration of the complete chip. D) An exploded drawing of the device. E) The mask layouts for the vascular
(red) and airway (green) chambers and perfusion channels. F) A photograph of a completed airway chip with gravity reservoirs for use in a BSL-3

space.
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polarization of human lung microvascular cells, and our
desire to have a self-contained, gravity-perfused chip with
passive fluid reservoirs that could operate for 24 hours with
an acceptable range of flow rates, necessitated supply and
collection reservoirs with a large horizontal area, lest the 24-
hour changes in volume translate to significant changes in
height and hence perfusion pressure. As shown in Fig. 1, the
horizontal dimensions of the reservoirs were limited by the 5
cm width of the 5 cm by 10 cm microscope slide to which the
fluidics were bonded. The reservoirs and their boundaries
did not extend over the barrier region of the chip, so as not
to interfere with obtaining high-quality images of the cells
populating the barrier.

Unlike the pump-perfused NVU, the growth area of
this airway chip and the gravity NVU*® were designed to be
square, so that both sides of the membrane could be exposed
to shear flow. This symmetry enables the gravity-driven flow
to be more equal on both sides of the membrane, due to the
fact that the fluidic resistance of the two flow chambers is
nominally identical. This further means that reservoirs of
comparable volume and dimension can be used to generate
equivalent flow rates during the initial cell-seeding phase of
cell growth, before the epithelial side is transitioned to airlift
culture. All of these features contribute to the relative
simplicity of the device. The geometry of the flow chamber

27,28

A

E Contained volumes
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was modeled and optimized in conjunction with reservoir
geometry in order to have the fluidic resistance necessary to
provide ~2 ul min™ mean volumetric flow rate, which has
proven effective at inducing shear-driven tight junction
formation in endothelial cells in the NVU.

Manufacturing of the passive-perfusion reservoirs began
with a custom mold set consisting of a cavity mold and a flat
lid, separated from each other with 1 mm-thick spacers
(Fig. 2A). The cavities that form the reservoir walls were
machined into 12 mm-thick poly(methyl methacrylate)
(PMMA) stock (McMaster Carr, Atlanta, GA, P/N 4615T54)
with a tapered end mill (McMaster Carr, P/N 8936A69) to a
depth of 10 mm, with the 5° taper selected to ensure easy
unmolding of the thick polydimethylsiloxane (PDMS)
chamber from a deep mold. Demolding ports (Fig. 2B) were
machined into the bottom of the cavity mold to aid in the
removal of cured reservoirs from the mold. A second piece of
PMMA was laser-cut and bonded to the top of the cavity mold
to form a rim around its edge to contain any overflow during
the casting process. A third sheet of PMMA was laser-cut to
serve as the lid for the cavity mold. A handle was affixed to
the lid to assist in the casting process. Finally, PMMA spacers
were cut, sanded to precise thickness, and bonded to the
underside of the lid. Sylgard 184 PDMS (Dow Corning,
Midland, MI) was mixed in a 10:1 ratio of base to curing

B Casting

cavity
Lid
Port cavity Rim
Office

tape

Via
chamfer

Passive perfusion reservoir: 4 ml (each quadrant)
Microfluidic chip: 14 pl (total)

Chamber: 3.8 ul (each)

Punched ports: 4.6 pl (each)

Lead-in channels, including splitters: 0.5 pl (each side)

! . 1

Fig. 2 Fabrication of the gravity-perfused airway chip. A) An exploded drawing of the mold used to cast the deep supply and collection reservoirs.
B) Details of the cavities on the bottom of the mold that, upon removal of the small PDMS plug, allow pneumatic or hydraulic pressure to simplify
extraction of the PDMS reservoir casting to be removed from the deep, tapered mold channels that form the sides of the reservoirs. C) A
photograph of the PDMS-filled mold prior to parting. D) The cast PDMS piece removed from the mold. Note that the four sets of reservoirs share a
common, 1 mm thick bottom. The small, raised ring of PDMS near the edge is the overflow after an accurately measured volume of PDMS is
poured into the open mold, degassed, and then displaced by the gradual lowering of the lid, with the excess PDMS being displaced into the gap
between the lid and the rim. E) Device volumes. F) Port, channel, splitter, and chamber dimensions.
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agent using a Thinky planetary conditioning mixer (Thinky,
Tokyo, Japan, model AR-100). After covering the demolding
ports with self-adhesive office tape, the liquid PDMS was
poured into the cavity mold and placed under vacuum for 10
minutes to remove any air bubbles. The lid was then lowered
onto the surface strategically so as to prevent the capture of
air between the mold parts (Fig. 2C). The PDMS was allowed
to cure at room temperature for a minimum of 48 hours
before demolding so that it would not cure into a thermally
expanded mold, which would lead to the device being larger
than desired upon cooling. Note the complete absence of
bubbles in the cast chambers.

Forceps were used to remove the larger, cured PDMS plug
filling the demolding port cavity (Fig. 2B), with the chamfer
on the outer end of the via ensuring that the larger plug and
the smaller one that connects it to the reservoir wall would
separate as a unit that would be torn from the reservoir wall
by the other, sharp via edge. Hence the plugs can be
separated from the molded reservoir wall without leaving a
protruding fragment on the wall. Compressed air was
injected through the demolding ports to part the reservoir
casting from the mold. After demolding the reservoirs
(Fig. 2D), flash was trimmed and a 12 mm diameter hole was
punched from the floor of each quadrant using a biopsy
punch (Difa Cooper, Milan, Italy).

The locations of the holes in the floors of the reservoirs
match the access ports in the airway chip, which was cast
using a similar molding approach, except that the channel
and chamber pattern (Fig. 2F) was created using a modified
photolithography technique. Briefly, a 100 pm thick dry film
photoresist (SUEX 100, DJ Microlaminates, Sudbury, MA) was
bonded to either a standard silicon wafer or a 22 gauge, #8
polished stainless steel wafer cut to fit a 120 mm square Petri
dish (Stainless Supply, Monroe, NC). The pattern for the chip
was exposed onto the dry film photoresist through a chrome
on soda-lime glass photomask (Advanced Reproductions
Corp., North Andover, MA). Once molded, two halves of the
airway chip were bonded together with a corona treatment
system (Electro-Technic Products, Chicago, IL, model BD-
20AC).

To complete fabrication, the top surface of each airway
chip and the bottom surface of each reservoir were also
activated with corona treatment for 30 seconds, brought into
contact with each other, and baked at 65 °C for a minimum
of 4 hours. This process is very similar to the one used to
create the gravity-flow neurovascular unit chips described
previously.*

2.6.2 Airway chip preparation. Assembled airway chips
were sterilized by gamma irradiation and stored in sealed
bags at room temperature. To prepare for use, the airway
chips were exposed to vacuum for 20 minutes up to 24 hours,
then sterile water (Sigma, W3500500ML), prewarmed to 45
°C, was loaded via syringe into the vascular and airway
compartments, taking care to avoid bubbles in the fluidic
channels. The syringe assembly included a 1 ml Luer-Lok™
syringe (BD, Cat#: 309628) fitted with a blunt-tipped 23G
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needle (SAI, Cat#: B23-50) inserted into sterile (Tygon, 0.20
ID) tubing (Fisher Scientific, 14-171-284). The tubing was
then pressure-fitted into the PDMS inlet channel. Chips were
housed within T-150 resealable flasks (TPP, Cat# 91051), and
5 ml sterile water was added to the vascular and airway inlet
reservoir chambers before placing the flasks on a level plate
within the 37 °C incubator. To rinse any residual chemical
byproducts from manufacturing that may leach from the
PDMS molds, water was exchanged daily for 7 days by
removing effluent via pipet from the exit chambers and
adding fresh 45 °C sterile water to the inlet chambers. Chips
were then coated with ECM solution via syringe, injecting at
least 100 pl solution into both wvascular and airway
compartments, and allowed to incubate overnight at 37 °C.
Once coated, the chips were rinsed with 1x PBS via syringe
before loading EBM-2 media into the vascular chamber and
B-ALI media into the airway chamber to further condition the
PDMS for 24-48 hours prior to loading cells.

2.6.3 Airway chip cell loading. 100 pl HMVEC-L cells
(Lonza, CC-2527) were loaded into the vascular compartment
at a concentration of 500000 cells per ml EBM-2 media via
syringe assembly. The airway chips were inverted within a
T-150 resealable flask housing and incubated overnight at 37
°C to allow attachment of the HMVEC cells to the basal side
of the membrane. They were then returned to an upright
position and 5 ml EBM-2 media was added to the vascular
inlet reservoir to initiate vascular flow. 100 pul of normal
human bronchial epithelial cells (NHBE) (Lonza, #CC-25410S)
at a concentration of 1 x 10° cells per ml B-ALI basal media
(Lonza, 00193516) were subsequently loaded via syringe
assembly into the airway compartment and incubated
overnight at 37 °C to facilitate attachment. 5 ml B-ALI basal
media was then added to the airway chamber inlet reservoir
to initiate flow. If the NHBE monolayer failed to achieve 95%
confluency within 48 hours of initial seeding, the NHBE
loading step was repeated.

2.6.4 Airway chip maintenance. When the NHBE
monolayer reached 95% confluency within the airway
compartment, the airway chips were transitioned to airlift
culture conditions. All media was removed from the inlet and
exit reservoirs, as well as the airway compartment, via gentle
suction with a 1000 pl pipet tip. 5 ml of B-ALI differentiation
media (Lonza, 00193517) supplemented with 2 ul ml™
inducer was added to the vascular compartment inlet
reservoir only. For the first week, differentiation media was
exchanged daily by removing effluent from the vascular exit
reservoir and adding fresh media to the vascular inlet
reservoir. Thereafter, media was exchanged every 48 hours for
the duration of the experiment. Every 3-4 days, 1x PBS was
added to the airway compartment inlet to rinse the NHBE
cells of mucous and cellular debris.

2.6.5 Transwell® fixation and staining. Transwells® were
rinsed three times with 500 pl 1x PBS for five minutes at
room temperature. Cells were fixed by application of 100 pl
undiluted Cytofix solution (BD Biosciences, Cat#: 554714)
and incubated at room temperature for 15 minutes before
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rinsing three times with Cytoperm solution (BD Biosciences,
Cat#: 554714) diluted 1:10 in 1x PBS for five minutes. Cells
were blocked with 500 ul 1x PBS containing 2% goat serum
(Thermo-Fisher Scientific, Cat#: PCN5000) and incubated
overnight at 4 °C.

2.6.6 Airway chip fixation and staining. All media was
removed from the inlet and outlet chambers prior to gently
flushing 200 pl 1x PBS via syringe assembly through each
cellular chamber. The inlet chambers were then filled with 5
ml 1x PBS and allowed to flow via gravity for a minimum of
15 minutes at room temperature. All fluid was removed
before introducing 100 ul Cytofix (Fisher Scientific,
BDB554722) solution via syringe assembly and incubating at
room temperature for 15 minutes. Chambers were then
washed by first gently introducing 200 pl Cytoperm diluted
1:10 in 1x PBS via syringe assembly. Inlet chambers were
filled with 5 ml Cytoperm solution and allowed to flow via
gravity at room temperature for at least 15 minutes. Cells
were blocked by removing the Cytoperm solution, then filling
the inlet chambers with 5 ml 1x PBS with 2% goat serum and
incubating overnight at 4 °C. Cells were then labeled with
antibodies diluted in 1x PBS with 2% goat serum and allowed
to incubate overnight at 4 °C (Fig. S1}), followed by a final
wash with 1x PBS before imaging.

2.6.7 ELISA. ELISA for ACE-2 (AbCam Waltham, MA), IL-6,
and TNF-o (ThermoFisher Waltham, MA) samples were
prepared and run as per the manufacturer's recommendation
for each ELISA cytokine kit.

2.6.8 Micro-ELISA. Effluent samples (50 pl) were taken at
time listed points after infection as indicated for cytokine
analysis using the V-Plex Human Cytokine Kit (Meso Scale
Discovery, Rockville, MD, USA). Sample preparation was
carried out as described previously.*’

3 Results

The following results have allowed us to assess both the
maturation of our airway chips in a BSL-2 environment and
their ability to recapitulate in a BSL-3 environment the
infection of the human airway with the SARS-CoV-2 virus,
thereby demonstrating that gravity-perfused airway chips can
be used to study viral infections over the course of several
days with minimal complications in translating our MPS
technology from BSL-2 to BSL-3 environments.

3.1 NHBE maturation under static, Transwell® conditions

We performed initial validation experiments to verify the
ability to generate an airway model comprising vascular and
airway epithelial components under static conditions by
culturing NHBE and HMVEC-L cells on the apical and
basolateral surfaces, respectively, and assessing cellular
markers and functional indicators of maturation over time.
Maturation of a pseudostratified, polarized epithelium
typified by mucin-producing goblet cells and ciliated columnar
cells was analyzed through antibody staining of cellular markers
cadherin-26 (CDH26, Fig. 3A), Vangl-1 (Fig. 3B), MU5AC (mucin,
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Fig. 3C), and alpha-tubulin (Fig. 3D) on days 0, 14, and 28 after
airlift. In each case, staining profiles intensified over time with
maximal expression observed after four weeks of culture. Next,
we assessed permeability of the co-cultures to 330 Da sodium
fluorescein over time. Fig. 3E shows that the barrier
strengthened from 1.85 x 10~ cm s™* on day 0 to 7.83 x 10™° cm
s " on day 28 after airlift, providing evidence of increasing
robustness of intercellular junctional integrity with maturation.
Finally, we compared monolayer permeability to sodium
fluorescein to co-culture assemblies after 28 days (NHBE and
co-culture samples were maintained under airlift conditions).
Fig. 3F shows that co-culture conditions resulted in markedly
decreased permeability as compared to HMVEC-L (1.36 x 10~
cm s ') and NHBE (2.35 X 10~ ¢cm s ) monolayers, emphasizing
the importance of the synergism between vascular and
epithelial layers in the development of the airway model.

3.2 Co-culture in airway chips

We sought to demonstrate the ability to reproduce the static
Transwell® airway model within a microphysiological platform
subjected to continuous gravity-driven perfusion. Fig. 4A shows
the permeability of airway chips to sodium fluorescein on days 0
and 30 after airlift, decreasing from 4.9 x 10 cm s™ to 1.4 x 10™°
cm s ', as compared to 7.83 x 10° cm s in Transwells®,
showing that the perfused chips have a seven-fold tighter barrier
than that of Transwell® cultures, and that our observed barrier
strength increased during four weeks of maturation. Notably, the
permeability values are markedly lower with the 3D fluidic
environment compared to static cultures at all time points. We
also evaluated ACE-2 expression over time, as it has been well
established that SARS-CoV-2 leverages ACE-2R to gain entry into
cells.*™* Fig. 4B shows the concentration of soluble ACE-2 in the
vascular and airway compartment effluent samples on days 15,
30, 45, and 60 after airlift, revealing a modest increase in ACE-2
secretion beginning after 45 days of culture. Although the
platform configuration presents challenges in terms of imaging,
we attempted to perform immunofluorescence assays of cellular
markers associated  with integrity  and
pseudostratification of epithelial layers. In Fig. 4C, images show
that the vascular (HMVEC-L) cells, which represent the
endothelial layer of the airway chip, exhibit robust ZO-1
expression after 30 days post-airlift, demonstrating intact tight
junctions. Likewise, epithelial layers (NHBE cells) positively stain
MUCAS5 (Mucin) and VANGL-1 30 days after airlift (Fig. 4D).

vascular

3.3 Assessing ACE-2 expression

Given the critical importance of ACE-2 to SARS-CoV-2 infection
and the relatively low concentration of soluble ACE-2 detected in
previous experiments, we sought to determine whether cytokine
stimulation of airway epithelial cell monolayers would increase
ACE-2 levels. Two cytokine candidates, IL-33 (ref. 33) and IFN-
gamma,>* were identified from the literature as associated with,
or likely to directly influence, elevated ACE-2 levels. Airway
epithelial cells were cultured for 45 days on a Transwell® insert
under airlift conditions, then exposed to IL-33, IFN-gamma, or a
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Fig. 3 Maturation markers of airway epithelial development. A) Cadherin-26 expression, which is associated with cell-cell junctions, epithelial
integrity, and maturation, shows an increase in expression over time. B) VANGL1 is a planar cell polarity marker associated with barrier maturity
that increases in expression over time as the airway epithelium develops. C) Mucins are produced by goblet cells of surface epithelium and are
associated with cilia formation and a mature epithelium. D) a-Tubulin is associated with cilia development and would indicate a well-differentiated
epithelium within the bronchial area. E) Barrier permeability of airway cells in a Transwell in mono- and co-culture after 28 days in culture. F)
Airway barrier formation over time in a Transwell containing both endothelial and epithelial airway cells.
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Fig. 4 Maturation of the co-culture airway chip. A) After 30 days, there is a functioning airway epithelial-to-vascular barrier, as shown by a
significant decrease in permeability to small fluorescein (N = 9, p = .001). B) Detection of soluble ACE-2 is present after 15 days in culture in both
vascular and epithelial effluent (N = 9). C) Maturation of the airway vascular endothelium shows junctional protein expression of Z0-1. D) Airway
epithelium on the chip was also shown to have maturation markers previously described, including VANGL1 and mucin.
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Fig. 5 Effects of 1-33 and INF cytokine exposure on ACE-2 expression and airway chip permeability. A) Effects of IL-33 and INF on ACE-2
expression were most pronounced for Hi INF, Low IL-33 + INF, and Hi IL-33 + INF (N = 4). B) Effects of IL-33 and INF on airway chip permeability,
the condition which most improved ACE-2 expression without loss of barrier function, was low IL-33 + INF (N = 4). C) Table overview of low and
high concentrations of cytokines.

combination of both (see Fig. 5C) diluted in B-ALI differentiation =~ blood-brain barrier permeability activation as assessed by
media for 24 hours. Fig. 5A shows that the greatest increase in  cytokine production (Fig. S27).

ACE-2 concentration was associated with the IFNg-Hi (100 ng
ml™" IFN-gamma), IL33/IFN-Lo (100 ng ml™" IL-33 + 20 ng ml™
IFN-gamma), and IL33/IFN-Hi (1000 ng ml™" IL-33 + 100 ng mI™*
IFN-gamma), resulting in a 49%, 40%, and 34% change in ACE-  Having validated the airway model for both physiological
2 concentration as determined by ELISA. We also assessed the  relevance for human bronchial airway and suitability for
impact of cytokine exposure upon barrier permeability to ensure  infectious disease testing, we were ready to study infection of
that treatment did not disrupt cellular functioning. Fig. 5B  the airway model with SARS-CoV-2 in a BSL-3 facility. Chips
shows that the IF-33-Hi (1000 ng ml™" IL-33) and IL33/IFN-Hi  were allowed to mature for 38 days in BSL-2 before infection in
cohorts were associated with a marked increase in barrier =~ BSL-3. By three days post initial infection, barrier disruption
permeability, indicating potential cellular toxicity. We could also ~ can be seen (N = 3; see Fig. 6A), and plaque assays show
show that introduction of activated immune cells could affect  successful infection of both the airway and vascular side as early

3.4 Infection with SARS-CoV-2
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Fig. 6 Airway chip permeability and viral load in the basal and vascular compartments in the context of SARS-CoV-2 infection. A) Permeability of
the gravity airway chip was assessed by quantification of FITC-dextran levels in the basal and vascular chambers. Units were either infected with
SARS-CoV-2 ltalian isolate, or uninfected controls. Data are obtained as averages from N = 3 each for infected and for control samples. B)
Longitudinal quantification of viral load in basal and vascular sides of the infected and control units. Data are obtained as averages from N = 3 each
for all samples, and infectious titers are represented as PFU ml™. Statistical analysis was performed using two-way ANOVA with Dunnett's post-
test (***p < 0.001, ns = not significant).
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Table 1 Quantification of proinflammatory cytokine load in the basal and vascular compartments of the airway chips following SARS-CoV-2 Italian
isolate infection. The perfused media from the basal and the vascular sides of the units (infected [N = 3], control, [N = 3]) were collected at 24, 48, 72,
120, and 168 hours post infection. The amounts of 10 proinflammatory cytokines were analyzed in these samples by multiplexed ELISA, of which data
for 10 cytokines (IFN-y, IL-1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL12-p70, IL13, and TNF-a) are included. Each sample was included in the multiplexed ELISA as
technical duplicates and the data were averaged for each analyte at each time point. The overall average of the biological replicates was obtained and
represented as pg ml™ concentration for each cytokine. Statistical analysis was carried out using t-test *p < 0.05, **p < 0.01, ***p < 0.001, ***¥p <

0.0001.

Vascular Airway
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*=p < 0.05, % = p < 0.01, ¥¥* = p < 0.001, **** = p < 0.0001.

as 24 hours and continuing out to five days (Fig. 6B). Using
microscale ELISA from MDS, a panel of 10 cytokines was
evaluated over the course of the five-day infection (Table 1).
From these data, three distinct response groups are evident
(Fig. 7): one group can be identified by an early response seen
only on the basal side, which was the site of infection (Fig. 7A)
and is represented by the cytokines TNF alpha and interleukin
10. The second response group is one where only the basal side
showed strong production (Fig. 7B), represented by interleukin

4, 13, and 12p70. The third is the group of cytokines that
showed upregulation for both the basal and the vascular sides,
indicating a response to the progression of the infection
(Fig. 7C) and represented by interleukin 6, 8, 1B, and INF. Of
the 10 cytokines investigated, only interleukin 2 showed
relatively no response; however, this cytokine is more strongly
associated with T cell activation and T cells were not included
in this model, which may explain the lack of response in
interleukin 2. Overall, these proinflammatory cytokines show a
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Fig. 7 Representative expression of three different patterns of cytokine response to SARS-CoV-2 infection in airway chips. The perfused media
from the basal and the vascular sides of the units (infected [N = 3], control, [N = 3]) were collected at 24, 48, 72, 120, and 168 hours post infection.
A) An early response on the basal/infected side that reduces over time. B) Robust cytokine response that is restricted to the basal side alone but
maintained throughout the exposure. C) Robust cytokine response on both the basal and the vascular side. Statistical analysis was carried out using
t-test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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pronounced response to SARS-CoV-2 infection, demonstrating
that the airway model successfully recapitulates the cytokine
storm that has been associated with this infectious disease.

4 Discussion

The rapid emergence the COVID-19 pandemic and the world-
wide spread of SARS-CoV-2 variants presented a breadth of
challenges in diagnosis of the infection, identification of the
specific pathogen, characterization of the sequence of events
following infection, and determination of the mechanism of
action of both the infection and possible therapeutic and
prophylactic treatments. In vitro assays for any of these steps
that involve active SARS-CoV-2 virus must be performed in a
Biosafety Level 3 (BSL-3) facility.

It is generally recognized that co-culture and barrier MPS
models can recapitulate human physiology and pathology more
accurately than mono-culture, mono-layer biology on plastic,”
and we explicitly demonstrated that co-cultures in Transwells®
still had significantly reduced barrier function as compared to
the MPS chips with the same cells. However, with an increase in
the technical demands of the assay there is often a decrease in
throughput. The vast majority of MPS studies to date have been
conducted in BSL-2 level facilities, which require the assay
operator to wear gloves and a lab coat, and only open the assay
to air in a HEPA-filtered cell culture biosafety hood, ie., the
same as required for culture of any mammalian cells. The
addition of syringe or peristaltic pumps, pressurized reservoirs,
or static or dynamic reservoir height differences to drive media
flow past cells enclosed in a microfluidic device is more of an
inconvenience than a barrier to the use of MPS devices in
standard BSL-2 laboratories, which are essentially designed to
protect the cells from the investigator studying them.

One of the accepted challenges of using a syringe pump or
pressurized reservoirs to perfuse a microfluidic organ-on-chip
device is the need to avoid the introduction of bubbles in the
feed lines when connecting a pump or pressurized reservoir
to a chip that is already seeded with cells, in that a bubble
can effectively scrub cells otherwise adherent to the
microfluidic channel. This problem occurs in BSL-2
laboratories and is aggravated in BSL-3 because of the
awkwardness of additional layers of personal protective gear
and cramped space. In contrast, in a gravity-perfused device
such as ours, the addition of media to a large, open supply
reservoir or removal from collection reservoir can be done
without the introduction of bubbles, and without the
complexity of tethering an organ chip to a perfusion system.

In contrast to conventional BSL-2 studies, the study of active
microbial and viral agents that can infect humans and for
which there are no effective prophylactic or therapeutic
treatments must be conducted in a BSL-3 facility, which protects
not only the cells but also the investigators. In addition to the
BSL-2 requirements, in BSL-3 investigators must be double-
gloved and wear masks and more effective eye protection, and
all biowaste and wused laboratory supplies must be
decontaminated, typically by incineration."**® Equipment
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maintenance and repair cannot involve simply removing the
equipment from the BSL-3 space, repairing it, and later
returning it to BSL-3. Equipment that is inoperable, obsolete, or
simply no longer needed must be incinerated or otherwise
thoroughly decontaminated. These requirements and the
typically severe space constraints within a BSL-3 laboratory often
discourage the introduction of complex and expensive
instruments. Finally, BSL-3 facilities have stringent restrictions
on the handling of fluids that could have been exposed to
infective agents. For example, a typical cell culture flask must at
all times reside within a secondary containment vessel such that
spills or splashes cannot contaminate the culture hoods,
incubators, bench tops, instruments, floors, or personnel.
Actively perfused MPS systems can present unique containment,
maintenance, and transport challenges in BSL-3.

Currently, infectious disease studies that require a safety
level of BSL-3 or higher must overcome several challenges,
such as getting bulky equipment into and possibly out of the
facility. In addition, because of sterilization requirements,
the usual methods for pumped perfusion are not ideal in this
space, nor are the rocker plates or the graduated ring setups
currently used for gravity-perfused devices, as many of these
will not meet the requirements of secondary containment, or
if they do will take up a significant space within the facility
and reduce throughput. Although studies demonstrate that
these methods can be used in a BSL-3 facility,”"*>** they are
not ideal and will retard the adoption of MPS within the BSL-
3 space. In designing our device, we sought not only to make
something possible, but also practical, robust, and reliable.
Our design of a gravity-powered MPS enables both the study
of SARS-CoV-2 and Venezuelan equine encephalitis virus
(VEEV), and it can be rapidly adapted for new, emerging
diseases in the future, thus preventing the time lag that
affected research during the recent pandemic. In Fig. 2 and
the associated text, we provide a simple yet detailed recipe
that should enable other investigators to modify their devices
for prolonged studies in a BSL-3 environment.

At present there are few lung organ chips that model the
bronchial tracheal area of the respiratory system, which is
critical for micro-organ modeling of airborne infectious
disease. In addition, very few organ chip systems are highly
compatible with the restrictions necessary for use in a BSL-3
environment. We acknowledge those that have been used in
the space,®***> but these chips are not practical for
widescale deployment because they retain issues with
secondary containment, space, and ease of use. For our
airway chip to contribute something new, it needed to
require no scaffolding, no powered rocking machine, and no
tubing so that we could maintain a high level of secondary
containment and throughput, which are limited by bulkier
approaches, and streamline the ease of use so that
laboratories that are not experienced with microfluidic
systems could benefit from the technology and use their
expertise in infectious disease or critical requirements for
our chip design. After designing a BSL-3-compatible, gravity-
perfused airway chip and completing perfusion testing, our
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first goal in validation was to demonstrate the ability to
culture and generate a fully differentiated, polarized airway
epithelial layer. To do so, we utilized multiple cell-surface
staining markers as indicators of maturation,"" including
cadherin-26, which has been shown to localize to the apical
surface near ciliary membranes and support polarity,®> and
Vangl-1, which is strongly associated with a planar-polarized
ciliated epithelium.>®*” The presence of mucin-producing
goblet cells was confirmed with mucin 5 AC staining.*® We
were also able to show evidence of ciliation through positive
staining with acetylated alpha tubulin.*® Taken together,
these results strongly support the development of mature
epithelium within the airway chip.

As we intended these organ chips for use in the fight against
COVID-19, we also understood the importance of the expression
of ACE-2, which is particularly relevant since it had been shown
that although Vero cells not expressing ACE-2 could become
infected with SARS-CoV-2, this different mechanism of infection
provided poor concurrence with human drug trials.> Through
both immunohistochemistry and ELISA, we were able to
demonstrate the expression of ACE-2 and to show how
modulation of cytokine activity could affect the expression of
ACE-2 with or without changes to vascular permeability. The
final stage of validation showed that we could maintain
physiologically relevant permeability*>*" over at least 30 days in
culture.

Having succeeded in validating our novel airway chip, we
were ready to test its reliability for modeling infectious disease
by infecting it with SARS-CoV-2 in an actual BSL-3 space with
live virus. While some groups have conducted studies using
pseudoviruses or BSL-2-appropriate coronaviruses,**** these
options obviously come with limitations with regard to
providing direct information on SARS-CoV-2 itself. By utilizing
the Italian strain of SARS-CoV-2 and demonstrating the ability
to transfer the chips into a BSL-3 space, we were able to
establish both infection of the airway epithelium and a transfer
of infection to the airway endothelium, resulting in a marked
increase in proinflammatory cytokines from both spaces within
the airway chip and thus recapitulating key features of COVID-
19 in a human cell-based airway chip. Early infection of the
basal airway epithelium was characterized by upregulation of
IL-10 and TNF alpha. TNF alpha has been implicated in
assisting viral infection,*” and IL-10 has been associated with
the early phase of COVID-19 infection;* thus the airway chip is
accurately mimicking the human response. In the case of the
cytokinesis, upregulation was limited to the airway epithelial
side. The cytokines IL-4 and 13 have been implicated in lung
remodeling in response to COVID-19,*> as well as in the
cytokine storm that includes IL-12p20.*> Finally, there are four
cytokines that show significant upregulation, and both the
airway epithelial and the vascular endothelial of the airway chip
and serum concentrations of IL-8, IL-6, and IL-1f have all been
shown to have correlations with disease progression or severity,
thus indicating their presence in the vascular tissue.*>*® Given
both the spatial and temporal expression of specific cytokine
signatures that closely parallel those found in patients suffering
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from COVID-19 infections, we believe that this platform shows
real potential for use not only in better understanding the
consequences of SARS-CoV-2 infection, but also as a platform
for novel therapeutics moving forward, not only for SARS-CoV-2
but of other viral agents that can enter the body through the
airways, including those that have been weaponized for
biological warfare, or by other means. This has been partially
realized with our success in using this organ chip platform to
study VEEV infection.*”

5 Conclusions

We have demonstrated the ability to produce a
microphysiological airway model consisting of a vascular
component and a mature epithelial component, with the
ability to introduce circulating immune components. We
have validated this model's physiological function and its
suitability ~for studies of SARS-CoV-2 infection by
demonstrating the expression of both a permeability
maturation marker and ACE-2. We have also shown that this
airway model is capable of establishing a SARS-CoV-2
infection that leads to the production of a wave of cytokines
reminiscent of the cytokine storm seen in human subjects.
Furthermore, we have filled the need for a model system that
is compatible with the restrictions placed on a BSL-3
environment, yet can be used easily and interchangeably in
any other cell culture environment. By creating a human cell-
based airway chip and demonstrating its ability to
recapitulate key features of COVID-19 infection, we hope that
this will be a useful platform in drug and intervention testing
as novel strains of this and other respiratory pathogens
continue to challenge vaccines.
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