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ABSTRACT

Previous lung-on-chip devices have facilitated significant advances in our understanding of lung biology and pathology. Here, we describe a
novel lung-on-a-chip model in which human induced pluripotent stem cell-derived alveolar epithelial type II cells (iAT2s) form polarized
duct-like lumens alongside engineered perfused vessels lined with human umbilical vein endothelium, all within a 3D, physiologically relevant
microenvironment. Using this model, we investigated the morphologic and signaling consequences of the KRAS®'*® mutation, a commonly
identified oncogene in human lung adenocarcinoma (LUAD). We show that expression of the mutant KRAS®'*" isoform in iAT2s leads to a
hyperproliferative response and morphologic dysregulation in the epithelial monolayer. Interestingly, the mutant epithelia also drive an
angiogenic response in the adjacent vasculature that is mediated by enhanced secretion of the pro-angiogenic factor soluble uPAR. These
results demonstrate the functionality of a multi-cellular in vitro platform capable of modeling mutation-specific behavioral and signaling
changes associated with lung adenocarcinoma.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0207228

I. INTRODUCTION

Lung cancer is the leading cause of cancer-associated mortality in
the United States." Among histological subtypes, lung adenocarcinoma
(LUAD), a type of non-small cell lung cancer, is the most common
type of lung cancer, accounting for nearly 40% of all cases. Due to its
aggressive nature and frequent discovery late in disease course, the
median survival of LUAD is less than five years from diagnosis.”
Alveolar epithelial type II (AT2) cells, which are responsible for surfac-
tant production and regeneration of the alveolar epithelium following
injury, have recently been identified as the cell of origin for LUAD.™
Unfortunately, these cells are challenging to obtain from patients, par-
ticularly at early stages of disease and difficult to maintain in culture,

as these cells tend to lose their AT2 program with serial passaging.’
Historically, these traits have made in vitro investigation into the ori-
gins of LUAD difficult, and as such, our understanding of the patho-
genesis and mechanisms of metastasis of LUAD remains limited.”
Over the last decade, organ-on-chip models have enabled the
mechanistic study of fundamental biological processes with high spa-
tiotemporal precision and led to significant advances in our under-
standing of lung biology and pathology. Mechanically actuated devices
have been used to demonstrate the role of strain on drug transport,
tumor growth, tissue repair, and epithelial permeability.”'" Others
have focused on the development of multi-cellular co-culture devices,
including co-culture of primary bronchial epithelium with primary
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microvascular endothelial cells, as well as co-culture of immortalized
lung cancer cells with vasculature.'*"”

While these devices have significantly improved our understand-
ing of lung pathology, most have relied on immortalized human lung
epithelial cell lines, which diverge in phenotype and function from
native alveolar epithelium. Numerous studies have demonstrated that
immortalized lines, such as A549, lose expression of the gene regula-
tory networks that define human AT2 cells and consequently differ
significantly in terms of response to infection, morphology, and ability
to produce surfactants.*'” Additionally, many of these devices culture
cells directly on a PDMS/polymeric membrane of supraphysiologic
stiffness and porosity, with largely planar rather than tubular surfaces,
all features that are known to alter cellular organization and func-
tion.'**’ Furthermore, there is a need to expand from single-lineage
3D models to more complex multi-lineage human models, where
crosstalk between multiple cell types derived from various germ layers
can be examined in otherwise difficult-to-access platforms, such as
modeling the epithelial-endothelial interactions that drive LUAD pro-
gression.”* However, achieving this level of complexity requires a plat-
form that enables a priori control of tissue structure, identification of
compatible media able to support the co-existence of different cell line-
ages, and tools for achieving precise spatiotemporal control of genes
for disease modeling.

To address these challenges, we have developed a novel lung-on-
a-chip platform in which we are able to co-culture human iPSC-
derived AT2 cells (1AT2s) with primary human endothelial cells in
distinct channels within an extracellular matrix-based hydrogel with
physiologically relevant geometries. iAT2s have previously been shown
to functionally and transcriptionally mirror native AT2 cells, while
maintaining the ability to proliferate indefinitely.”*® These cells have
also shown promise in modeling behavioral consequences of expres-
sion of LUAD-related oncogenes, as iAT2s genetically modified to
conditionally express KRASS*?®, a common oncogenic mutation
implicated in the development of lung adenocarcinoma,”’** were
recently shown to have increased proliferation and reduction in AT2
phenotype in an organoid model.”” Kirsten rat sarcoma virus (KRAS)
is the most frequently mutated oncogene in cancer, and the codon 12
activating mutation, KRASS'?P, is one of the most prevalent KRAS
mutations in all carcinomas.”’ In LUAD, the KRAS®'*® mutation
defines a subset of patients associated with a lower pack-year smoking
history, lower tumor mutational burden, and distinct clinical and
immunologic features compared to non-G12D mutations.”’ Thus,
KRASS'?P is an essential KRAS mutation to study due to its promi-
nence in lung adenocarcinoma patients, as well as its distinct charac-
teristics that necessitate targeted therapy.

Here, incorporation of conditionally expressing KRAS®'*P iAT2s
into our 3D microfluidic platform enabled on-chip modeling of the
biological consequences of KRAS®'*P-mediated LUAD in terms of
both epithelial morphology and response of nearby vascular endothe-
lium. Using this model, we demonstrate that epithelial KRASS'*P
expression led to a lumen-filling hypercellularity coupled with dis-
rupted epithelial morphology and demonstrate alterations in paracrine
crosstalk that ultimately drive an angiogenic response in the adjacent
engineered vessel. We show that these changes are mediated, in part,
through enhanced secretion of soluble urokinase-type plasminogen
activator receptor (suPAR). We anticipate that the high spatiotemporal
resolution of 3D morphodynamic remodeling afforded by this model
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system will enable additional mechanistic studies of lung epithelial-
endothelial interactions in development, disease, and drug testing
contexts.

Il. RESULTS

A. iPSC-derived alveolar epithelial type 2 cells maintain
identity in the EpiChip

The EpiChip is a PDMS-based microfluidic device designed with
a blunt ended duct adjacent to an endothelialized conduit in a 3D
extracellular matrix (ECM) microenvironment, functionally enabling
the development of a terminal epithelial duct with central lumen adja-
cent to a perfused, engineered vessel [Fig. 1(a)].”* Disaggregation of
iAT2 alveolospheres (N = 3 iPSC lines: SPC2-ST-B2, BU3 NGST, and
BU3 NGST KRAS3) and seeding of the blunt-ended epithelial duct
with a cell suspension of iAT2s enabled the generation of iAT2-seeded
ducts [Figs. 1(b) and 1(a), supplementary material]. Over the span of
five days in a chemically defined serum-free, feeder-free medium,”
iAT2s were able to form a peripheral cuboidal epithelial monolayer
around a central lumen, while maintaining expression of
SFTPCYT™ indicating maintenance of AT2 identity [Fig. 1(b)]. As
alveolosphere cultures are typically grown in 3D Matrigel ™ (MG) for
12-14 days before passaging, we anticipated that a MG coating of the
epithelial duct would improve cellular adhesion and growth.”*” As
predicted, MG coating of the duct increased cellular adhesion and pro-
moted the development of a confluent monolayer at earlier time points
[Fig. 1(b), supplementary material].

We next tested whether EpiChip culture alters iAT2 morphology,
polarity, or function as compared to alveolosphere culture in 3D MG.
To do so, we stained for junctional markers, including E-cadherin,
EpCAM, and the proliferative marker Ki67 using immunofluores-
cence. iAT2s in typical 3D culture expressed basolateral, cup-like
EpCAM and E-cadherin and included a subset of proliferating cells
[Fig. 1(c), left]. iAT2s cultured within the epithelial duct of the
EpiChip showed similar basolaterally localized cell adhesion molecules
[Fig. 1(c), right]. In contrast to iAT2s in 3D MG culture, iAT2s in the
EpiChip assumed a quiescent phenotype typical of resting human AT2
cells, evident as reduced Ki67 staining in the monolayer covering the
epithelial duct [Fig. 1(c)].

As apicobasal polarization and production of surfactant-
containing lamellar bodies are both necessary for appropriate biologi-
cal function of AT?2 cells, we next assessed iAT2 ultrastructure follow-
ing formation and maintenance of a contiguous monolayered
epithelium in the EpiChip. Using transmission electron microscopy
(TEM), we observed apical microvilli facing into the epithelial duct
lumens and lamellar body formation with localization to the apical
surface of iAT2s in the EpiChip. Electron dense projection cores
appeared within most lamellar bodies [Figs. 1(d) and 1(c), supplemen-
tary material], as has been described previously for human but not
rodent primary AT2 cells.”* These hallmark ultrastructural features of
AT2 cells, in addition to the basolateral, cup-like EpCAM, and E-
cadherin localization by immunofluorescence microscopy [Fig. 1(c)],
suggest both the maintenance of AT2 identity and appropriate apico-
basal polarization of the iAT2s in the EpiChip. We observed no loss of
AT?2 identity in our samples, specifically, no AT2 transdifferentiation
to flat alveolar epithelial type 1 cells (AT1) as endogenous AT2s are
capable of doing.”” This phenotype maintenance was expected due to

APL Bioeng. 8, 026126 (2024); doi: 10.1063/5.0207228
© Author(s) 2024

8, 026126-2


https://doi.org/10.60893/figshare.apb.c.7252831
https://doi.org/10.60893/figshare.apb.c.7252831
https://doi.org/10.60893/figshare.apb.c.7252831
https://doi.org/10.60893/figshare.apb.c.7252831
pubs.aip.org/aip/apb

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

A Epithelial
Port

Endothelial
Port

s Duct
Collagen

Matrix

SFTPCTm
Actin

VZeZzZZz7Z\essel

Alveolosphere EpiChip

Ki67

D

Microvilli
5 T

S FrPCthom

FIG. 1. iPSC-derived alveolar epithelial type 2 cells maintain identity in the EpiChip. (a) Schematic of the EpiChip device, depicting a blunt ended epithelial duct, perfusable
endothelial duct, and collagen matrix region. The inset shows cellular architecture within the collagen matrix. (b) iAT2s seeded into the epithelial duct adhere to MG-coated col-
lagen duct and ultimately form a peripheral monolayer surrounding a centralized lumen. (c) iAT2s in the alveolosphere culture show basolateral E-Cad and EpCAM expression
with a subset of proliferating cells (Ki67) (left, scale =50 um). iAT2s seeded into the EpiChip show similar basolateral E-Cad and EpCAM staining but relative growth arrest
(right, scale = 100 um, Blue: DAPI; Green: Specified Molecule; Red: SFTPC'™™ Gray: Actin) (d) TEM of iAT2 cells forming the peripheral monolayer exhibits apicobasal polar-
ization with apical microvilli facing the EpiChip lumen and ultrastructural features typical of human AT2 cells such as multivesicular bodies and lamellar bodies with electron
dense projection cores (inset). (€) iAT2 ducts can be cultured for at least 14 days in the EpiChip and maintain expression of SFTPC'™™ expression.
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maintenance of cells in a medium optimized to sustain the AT2
phenotype.

Although the detection of lamellar bodies by TEM, basolateral
EpCAM expression, and sustained SETPC'YT°™° expression suggest
maintenance of type 2 cell identity over the course of our 5 day experi-
ments, we sought to test the stability of this phenotype within the
EpiChip. Prolonged culture of iAT2 cells in the EpiChip demonstrated
sustained expression of SFTPC'YT*™ gver 14 days in culture, again
suggesting that culture of these cells in the EpiChip does not affect
AT?2 identity [Fig. 1(e)]. Collectively, these results suggest that iAT2
cells in the EpiChip can form a lumenized, quiescent peripheral mono-
layer with similar morphology and polarization to iAT2 in 3D MG cul-
ture and sustained maintenance of AT2 identity.

B. Supplementation of iAT2 medium with bFGF
and VEGF supports iAT2-HUVEC co-culture

To investigate epithelial-endothelial interactions in the EpiChip,
a common medium that could support both iAT2s and HUVECs was
required. iAT2s are known to show a loss of AT2 phenotype when
exposed to serum,”® a common and often necessary element in endo-
thelial media, so we searched for compatible media based on the native
serum-free iAT2 medium, CKDCI, so named for its constituent com-
ponents: CHIR99021, KGF, Dexamethasone, 8-Br-cAMP and IBMX.
Cellular viability and function were tested in various combinations of
CKDCI and EGM2, the native HUVEC medium. Both cell types were
cultured in EGM2, CKDCI, a 1:1 blend of CKCDI and EGM2, and
CKDCI + VEGFA + bFGF, two growth factors known to be impor-
tant in endothelial survival.”® Representative images and quantification
of number of adherent HUVECs after 5 days of culture in each
medium, are shown in Figs. 2(a) and 2(b). HUVECs maintained strong
VE-Cadherin junctions and did not show significant loss of number of
adherent cells when cultured in their native EGM2 medium, a 1:1
blend of CKDCI and EGM2 or CKDCI + VEGFA + bFGF (hereafter
termed “CKDCI++"); however, a significant loss in cell number was
seen in CKDCI alone, suggesting poor medium compatibility with
HUVECs.

Flow cytometry was used to assess iAT2 performance in alveolo-
spheres cultured in each medium. Analysis of NKX2-1°* and
SFTPC'To™ reporters targeted to their endogenous human loci,
respectively, demonstrated that NKX2-19"%, a pan-epithelial lung line-
age marker, was significantly diminished in EGM2 culture, and
SETPC!dTomate 5 specific marker of AT2 cell identity, was significantly
reduced in the 1:1 blend and EGM2-alone media. Importantly, NKX2-
19"% and SFTPC'To™a' (¢ expression was maintained in iAT2s
cultured in CKDCI++ medium, suggesting that this medium can
support iAT2 identity for at least 5 days, the duration of the assay
[Figs. 2(c) and 2(d)]. Similar results were seen at the transcript level by
RT-qPCR analysis of iAT2s in each of the media conditions [Fig. 2(e)].
Collectively, these results demonstrate that CKDCI++ can support
both iAT2s and HUVEGs, independently, suggesting that it could
serve as a common medium to permit co-culture experiments.

To ensure that sustained culture in CKDCI++ would not
adversely affect 3D endothelial vessels, HUVEC vessels were generated
within the endothelial compartment of the EpiChip and cultured for
five days in each specified medium. Staining for VE-cadherin suggests
that endothelial cells can establish mature VE-cadherin junctions
when cultured in CKDCI4-+, but not CKDCI [Fig. 2(f)]. Similarly,
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culture of iAT2 ducts in the EpiChip in CKDCI++ did not adversely
affect their duct-forming abilities or their basolateral localization of
EpCAM [Fig. 2(a), supplementary material]. These data confirm that
CKDCIH+ can support both cell types in a 3D collagen microenviron-
ment, further suggesting that CKDCI++ could permit co-culture
experiments within the EpiChip.

Morphologically, HUVEC vessels cultured in CKDCI++ were
noted to have a larger diameter than vessels cultured in their native
EGM2 medium. We anticipated that this was a physiologically relevant
response of the endothelium to the 8-Br-cAMP and IBMX in the
CKDCI medium, which act to raise intracellular cAMP levels, func-
tionally reducing cytoskeletal tension and leading to increased diame-
ter of the engineered vessel.”” To test this, engineered vessels were
cultured in the EpiChip for two days in their normal EGM2 media,
and then switched to either CKDCI++ or CKD++ (omitting 8-Br-
cAMP and IBMX). While the vessels switched to CKDCI++ showed
immediate dilation, those switched to CKD++ did not have any sig-
nificant changes in vessel diameter over the three additional days of
culture, suggesting that the dilation is secondary to cAMP-mediated
increases in vessel diameter, a physiologically relevant response within
the endothelium [Fig. 2(b), supplementary material]. This result dem-
onstrates that the endothelium still responds to physiologically relevant
cues even when cultured in the modified iAT2/HUVEC medium, fur-
ther identifying this medium blend as a viable medium for sustained
iAT2/HUVEC co-culture.

To test the ability of CKDCI++ to support both cell types when
cultured together, iAT2 and HUVECs were seeded into the epithelial
and the endothelial ports of the EpiChip, respectively, and co-cultured
in CKDCI+4+ for 5 days. Both phase contrast and immunofluores-
cence microscopy indicated normal junctional protein localization and
cell morphology of both cell types, with clear junctional VE-cadherin
localization in the lumenized HUVEC vessel and a clear peripheral
monolayer around a central lumen in the iAT2 epithelium [Fig. 2(g)].
Together, these results suggest that CKDCI4-+ medium can support
both iAT2 and HUVEC:s in the EpiChip for at least 5 days, facilitating
further investigation of iAT2/HUVEC interactions in physiologically
relevant microdevices.

C. KRAS®™?P mutation drives a change in iAT2
morphology secondary to increased proliferation

Understanding the consequences of distinct and recurring driver
mutations in lung adenocarcinoma (LUAD) has been difficult, as few
humanized models exist to study their behavior in cultures that reca-
pitulate aspects of the native 3D microenvironment. As the EpiChip
permits high spatiotemporal monitoring of key morphologic events
and paracrine interactions between epithelial and endothelial compart-
ments, we next turned to modeling the early stages of LUAD in this
device. To do so, we utilized our BU3 NGST-TetOn:KRASG12D
reporter iPSC line engineered to carry NKX2-1°"F and SFTPC'4Toma
reporters as well as a doxycycline (dox)-inducible KRAS®'*® oncogene
targeted to the AAVSI locus [Fig. 3(a)].”” We generated iAT2s from
this iPSC line and treated parallel wells of the resulting iAT2s with
either dox or DMSO vehicle control in 3D alveolosphere culture
[Fig. 3(b)]. As expected, dox treatment induced expression of KRAS
accompanied by a significant decrease in SFTPC expression, consistent
with our previously published observation that KRAS®'*" promotes a
shift in both primary and iPSC-derived AT2s away from a mature state
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FIG. 2. CKDCI++ supports iAT2/endothelial co-culture in EpiChip. (a) Representative images of 2D monolayers of HUVECs cultured for 5days in either EGM2, CKDCI, 1:1
blend of EGM2/CKDCI, or CKDCI + VEGFA + bFGF (CKDCI+-+-). Red = VE-cadherin, Blue = DAPI. (b) Number of remaining adherent HUVECs in each condition after 5d
of co-culture in each medium. (c) Percentage (by FACS) of iAT2 cells expressing SFTPC'I™™® (jeft) or NKX2-1°F" (right) after 5d culture in each indicated medium. (d)
Representative FACS plots showing expression of NKX2-1°7" and SFTPC“™™ in each media. (¢) RT-qPCR analysis of SFTPC (left) and NKX2-1 (right) mRNA expression in
iAT2 cells after 5days culture in each medium (each point is an individual well). (ff HUVEC vessel micrographs stained for VE-cadherin after 5d of culture in each listed
medium. (g) Phase contrast image of iAT2s and HUVECs in EpiChip after 5d (left), maximum projection of VE-Cadherin stained endothelial duct (upper middle), and XZ cross-
sectional confocal micrograph of actin-stained iAT2 seeded epithelial duct (top right) and confocal micrograph of a single slice of an iAT2 seeded epithelial duct, all after 5d
co-culture. (* p < 0.05, “*** p < 0.0001).
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into a more proliferative AT2 progenitor cell state.”” The inducible
nature of these cells, together with their fluorescent reporter readouts,
make them useful for the investigation of oncogenic behavioral
changes in AT2-like cells in our co-culture model system.

As oncogene expression can drive significant morphologic and
proliferative changes in epithelial cells, we next examined the mor-
phology of ducts seeded with iAT2s harboring the KRASS' alter-
ation. While dox-treated iAT2s maintain luminal alveolosphere
morphology in 3D alveolosphere cultures as we previously reported,
an altered morphology emerged when dox-treated iAT2 cells were
seeded into the epithelial duct of the EpiChip [Fig. 3(c)].”” In contrast
to the peripheral monolayer and large central lumen seen in the
DMSO-treated cells, ducts seeded with dox-treated iAT2s exhibited
significant hypercellularity and luminal infilling that reduced the cen-
tral lumen to several smaller, disconnected acellular pockets
[Fig. 3(d)]. Daily imaging of these ducts suggested that this infilled
phenotype emerges early in the dox-treated ducts, with acellular pock-
ets in the hypercellular central region clearly visible by day three of
culture [Fig. 2(c), supplementary material]. Quantification of the num-
ber of cells in a mid-duct confocal slice of each sample demonstrated
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knocked into the AAVS1 locus of BU3 NGST-TetOn:KRASG12D iPSCs. (b) RT-gPCR data showing an increase in KRAS expression in dox-induced cells and a decrease in
SFTPC expression. (c) Phase contrast images of DMSO and dox-treated alveolospheres (left) and EpiChip ducts (right). White outlines indicate acellular lumen or luminal
pockets. (d) Immunofluorescent micrograph (and XZ cross sections) contrasting the morphology of ducts seeded with DMSO-treated iAT2s vs dox-treated iAT2s
expressing KRAS®'?. (e) Number of cells (including peripheral monolayer and luminal cells) counted in mid-plane sections of ducts. (f) Quantification of proliferation, scored
by fraction Ki67+ cells, in DMSO- vs dox-treated devices at 1d and 3d post seeding. (g) TEM images comparing lamellar bodies (left) and apical tight junctions (right) in
DMSO and dox-treated iAT2s in EpiChip devices. (* p < 0.05, ** p < 0.01).

cassette

that ducts harboring dox-treated iAT2s had significantly more cells,
consistent with the hypercellular phenotype seen in these ducts
[Fig. 3(e)].

To assess if this increased number of cells was the result of
increased proliferation, an expected response to constitutive KRAS
activity, ducts were fixed at one- and three-days post seeding and
stained with Ki67 to determine the number of cells in S-phase of the
cell cycle.”™”” At one day post seeding, there were no statistically signif-
icant differences in the fraction of proliferating cells in DMSO- and
dox-treated ducts. However, by 3 days post seeding, dox-treated ducts
showed clear maintenance of proliferation, while DMSO-treated ducts
showed a significant reduction in fraction of proliferating cells
[Fig. 3(f)]. This response is consistent with the expected quiescent phe-
notype of normal iAT2s after sufficient seeding and outgrowth, as
observed in Fig. 1. These results suggest that both cell lines undergo an
initial proliferative burst as they establish a confluent peripheral mono-
layer, with growth arrest by day three in the DMSO-treated cells but
continued proliferation and expansion in the KRASS'?P expressing
iAT2s. These findings are consistent with the hyperplasia observed in
multiple KRAS®'*” models, including primary mouse and human
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AT?2s, further validating that culture in this platform does not signifi-
cantly alter key behavioral responses of AT2.””*"*!

Ultrastructural comparison of DMSO and dox-treated ducts sug-
gested that KRASS'?P expressing iAT2s have significantly fewer lamel-
lar bodies. In fact, in contrast with normal or DMSO treated iAT2s,
where multiple lamellar bodies were observed [Figs. 1 and 3(g)], only a
single, albeit dysmorphic lamellar-like body, indicative of a single func-
tionally mature iAT2 cell, could be found in tissue sections of ducts
seeded with dox-exposed KRAS®"?P jAT2s [Fig. 3(g)], a finding in line
with our prior report that KRAS®'*P drives a less mature, more
progenitor-like state in iAT2s.”’ Furthermore, while the apical tight
junctions between DMSO-treated iAT2s were narrow with closely
abutting cell membranes as expected for an intact epithelial barrier,
junctions between dox-treated expressing cells showed significant dis-
ruption [Fig. 3(g)]. These data suggest KRASC®'?P jAT2s exhibit
altered, dysregulated morphology and growth in the EpiChip.

D. KRAS®?P-expressing iAT2s drive an angiogenic
response in adjacent vessels partially mediated
by epithelium-secreted uPAR

One of the quintessential hallmarks of cancer is the ability of a
tumor to promote angiogenesis in nearby vasculature.”” While expres-
sion of a single oncogene does not entirely recapitulate the multitude
of cellular changes that occur in carcinogenesis, the behavioral changes
associated with expression of an oncogene can contribute to increased
angiogeneic signaling from the cells harboring the mutation. Thus, we
next investigated the impact of the KRAS®'*" oncogenic mutation in
iAT2 cells on nearby endothelial cells to assess the role of this onco-
gene in tumor angiogenesis. To this aim, we co-cultured either
DMSO- or dox-treated iAT2s in epithelial ducts of the EpiChip along-
side HUVEC engineered vessels [Fig. 4(a)]. While DMSO-treated
iAT2s had minimal effect on vascular morphology, co-culture of dox-
treated iAT2s resulted in a significant disruption of vascular pheno-
type, with a significant increase in number of endothelial sprouts and
vessel diameter, both changes known to be characteristic traits of
tumor angiogenesis [Figs. 4(b)-4(d)]."” Importantly, culture of engi-
neered vessels alone with either dox or DMSO (but no iAT2s) had no
effect on vessel morphology, suggesting that the phenotypic changes
observed in the co-culture model resulted from expression of
KRAS®"?" in the iAT2s, rather than the effect of doxycycline itself
[Fig. 2(d), supplementary material].

We speculated that this angiogenic vascular behavior might result
from altered paracrine signaling between KRASS'?? expressing iAT2s
and endothelial cells. To identify potential paracrine mediators pro-
moting this change, we quantified the relative levels of angiogenic fac-
tors secreted into conditioned media from DMSO vs dox-treated BU3
NGST-TetOn:KRASG12D iAT2s. The ten factors most significantly
upregulated in conditioned medium from the Dox-treated iAT2s are
summarized in Fig. 4(e), and the full dataset can be found in Fig. 3,
supplementary material. sSVEGFR2 was identified as the most highly
enriched protein in the KRAS'?P conditioned media, however, given
its role as a soluble decoy receptor for VEGFA, reducing the effective
concentration of VEGFA seen by nearby endothelial cells, it is consid-
ered an anti-angiogenic molecule and was not investigated further.
The second most highly upregulated factor detected in the screen was
the urokinase-type plasminogen activator receptor (uPAR), a cell sur-
face receptor tethered to the membrane via a cleavable GPI-anchor.

pubs.aip.org/aip/apb

Cleavage of this anchor allows uPAR to diffuse away from the cell as a
paracrine signaling molecule known as soluble uPAR (suPAR).**
suPAR has been previously implicated in driving increased angiogene-
sis both in vitro and in vivo and has been suggested as a biomarker
that correlates with poor overall survival in non-small cell lung cancer
patients."” **

To investigate the association of KRAS mutations with expression
of uPAR, genomic data from patients with LUAD generated as part of
The Cancer Genome Atlas were analyzed. Comparison of expression
of PLAUR, the gene encoding uPAR, in patients with a missense
KRAS mutation at the G12 residue (including KRAS®*“ and
KRASS'?P) and without a KRAS®'? missense mutation revealed that
tumors from patients with KRASY'? mutations have increased expres-
sion of PLAUR. This suggests a functional association between
KRAS®'* mutations and uPAR expression, raising the possibility that
this soluble mediator may drive some of the angiogenic response seen
in our model [Fig. 4(f)].”***" Hence, we next investigated the poten-
tial angiogenic role of suPAR in the KRAS®'?" context.

To test the role of suPAR in driving the observed vascular
changes, we infused recombinant uPAR into an un-seeded epithelial
duct to permit diffusion to HUVEC-seeded endothelial vessels in the
EpiChip [Fig. 4(g)]. Vessels cultured in CKDCI++4 and exposed to a
suPAR gradient (30 ng/mL) displayed significantly increased diameter
and number of endothelial sprouts as compared to vessels cultured in
the EpiChip with CKDCI++ and vehicle alone, suggesting that
suPAR is capable of phenocopying some of the elements of the angio-
genic response seen in the co-culture of KRAS'?" expressing iAT2s
with HUVEC endothelium [Figs. 4(h)-4(j)].

11l. DISCUSSION

Organ-on-a-chip models often combine multiple tissue types into
a single platform and in a specified orientation to mimic the biologi-
cally relevant structure-function relationships of native tissues. They
are particularly useful for bottom-up modeling of physiological pro-
cesses and pathology, as they permit the development of more physio-
logically relevant organ- or tissue-specific cellular morphologies and
behaviors than can be found in more traditional 2D or 3D monocul-
ture. They also permit the observation of key morphologic events and
cell-cell interactions with high spatiotemporal resolution that can
enable detailed mechanistic studies of both normal and disease
states.”” "’ Here, we focused on engineering a model of lung epithe-
lial-endothelial crosstalk by seeding iPSC-derived AT2s into 3D blunt
ended ducts of relevant alveolar size (~200 um™) adjacent to engi-
neered vessels composed of human endothelial cell-lined chan-
nels.”””**” The iAT2s maintain their AT2 phenotype in this model
despite the slightly softer than physiologic stiffness of native lung tissue
(139Pa vs approximately 500Pa of native lung tissue).” Taken
together, our results indicate this engineered platform facilitates
modeling of paracrine crosstalk between our previously published
epithelial-only human alveolar organoid model and vascular endothe-
lium, which ultimately facilitated identification and validation of a
pro-angiogenic paracrine signaling factor selectively expressed in
KRAS GI12D mediated LUAD.” Identification of such signaling
changes is the first step toward targeted therapy for patients harboring
such a mutation.

Cultures of single cell lineages typically utilize unique media for-
mulations distinct to each cultured cell type. This represents a signifi-
cant hurdle for investigators wishing to combine separately derived
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FIG. 4. Co-culture of duct harboring KRAS®'®-expressing cells with adjacent vessel drives an angiogenic response that is mediated in part by epithelium-secreted suPAR or
added suPAR. (a) Schematic depicting paracrine signaling between KRAS®'?° expressing iAT2s and adjacent endothelial vessel in the EpiChip (b) Representative images of
HUVEC endothelial vessels co-cultured alongside DMSO or dox-treated KRAS®'22 iAT2s for 5 days. (c) and (d) Quantification of ductal diameters (c) in vessels co-cultured
alongside DMSO or dox-treated KRAS®'2° iAT2 epithelial ducts and number of sprouts (d) after 5days of co-culture. (€) Top 10 upregulated proteins found in media condi-
tioned by dox-treated iAT2 cells, as compared to media conditioned by DMSO-treated iAT2 cells. (f) Comparison of PLAUR expression in LUAD patients with tumors harboring
KRAS G12 mutations and those without. FDR computed using cBioPortal. (g) Schematic depicting experiment to test the role of the factors identified in (e) on vascular pheno-
type, where factors are introduced into an unseeded epithelial duct and diffuse toward the HUVEC endothelial vessel in the EpiChip. (h) Representative images of HUVEC ves-
sels co-cultured for 5d alongside epithelial ducts supplemented with CKDCI+-+ alone or CKDCI++- with 30 ng/ml uPAR. (i) and (j) Quantification of average ductal diameter (i)
and number of sprouts (j) for HUVEC ducts cultured alongside either CKDCI++ alone or CKDCI+~+ with intra-epithelial-duct infused uPAR. (* p < 0.05, ™ p < 0.01,

*p < 0.001).

primary or iPSC-derived lineages in a single, common medium that
will successfully maintain the phenotype and viability of each lineage
in a co-culture. Here, we first developed a common serum-free, feeder-
free defined medium able to support the co-existence of both iPSC-
derived alveolar epithelial type 2 cells (iAT2s) and human umbilical
vein endothelial cells (HUVECs). These lineages were co-cultured in a
shared three-dimensional extracellular matrix and common medium
containing factors critical for both epithelial and endothelial cell sur-
vival, and neither epithelial nor endothelial cell behavior was signifi-
cantly altered from that in monoculture with their individualized,
optimal media. Identification of the role of these growth factors in
maintaining viability of both cell types raises the possibility that future
endothelial cell-compatible media could be generated by supplement-
ing native, defined stem cell media with these vascular-supporting
factors.

Applying our new model to interrogate multicellular changes that
might be associated with early stages of LUAD formation, we demon-
strated that iAT2s overexpressing oncogenic KRASS'?P displayed
abnormal multi-layered, multi-luminal morphology in the EpiChip
device and that endothelial cells co-cultured with these iAT2
KRASS'?P mutants displayed increased angiogenic behaviors. We
found that delivery of recombinant soluble uPAR is sufficient to phe-
nocopy elements of the KRAS®'?P-mediated angiogenic response,
altogether establishing a model of lung adenocarcinoma that allows for
multicellular interrogation and investigation of mutation-specific para-
crine signaling changes underlying tumor progression.

It is well established that paracrine signaling between tumor cells
and nearby stromal cells are essential for cancer progression.””"’
Given the significant role of endothelial cells in tumor progression,
including angiocrine signaling and angiogenic response, there is a need
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to develop models that facilitate investigation of the epithelial-
endothelial crosstalk in diseases, such as LUAD.*> ' In lung adenocar-
cinoma, the oncogenic KRAS®'?" mutation in alveolar epithelial type
2 cells (AT2s) causes a loss of mature lineage identity genes such as
surfactant protein C (SFTPC) and drives epithelial hyperplasia.””®”
Our data corroborate these prior results, as the epithelium expressing
the oncogenic KRAS®'*” mutation shows morphological changes con-
sistent with a hyperproliferative, immature phenotype, while also iden-
tifying that co-culture of these mutant iAT2s with a normal
endothelium elicits an angiogenic response, reminiscent of a tumor
phenotype.

The angiogenic mediator uPAR has been suggested to play a role
in endothelial cell migration.”>*** While the precise role of uPAR in
tumor angiogenesis is unclear, it has been shown that increased expres-
sion levels of uPAR in patients with non-small cell lung cancer is asso-
ciated with poor overall survival, and uPAR over-expression in non-
small cell lung cancer cell lines was found to be functionally associated
with RAS mutations.””” Consistent with these previously published
findings, our analysis of conditioned medium from KRAS®'?P-
induced iAT2s identified soluble VEGFR2 (sVEGFR2) and soluble
uPAR (suPAR) as the two most highly enriched factors in the
KRASS?P iAT?2 conditioned medium. In our model, treatment of
endothelial cells with recombinant uPAR significantly increased vessel
diameter and sprouting, highlighting the role of this factor in
KRASS'?P-mediated angiogenesis and further supporting the pro-
angiogenic nature of soluble uPAR. These findings suggest that uPAR
may be an actionable target to limit tumor angiogenesis in LUAD
patients harboring a KRASS'?" mutation.

The lung-on-a-chip platform reported here is a highly adaptable
platform that permits mechanistic investigation into the origins of
lung adenocarcinoma with high spatiotemporal precision. KRASS2P
is only one of several common and recurring mutations detected in
patients with LUAD, and the modeling of additional common LUAD
driver mutations, such as EGFRY>R 3 constitutively active EGFR
receptor, requires only re-engineering of the iAT2 cell line to reflect
these cancer-specific genomic changes. These mutations may show
distinct epithelial morphologies and drive unique, mutation-specific
responses in the adjacent endothelial vessel. Additionally, the distance
between the epithelium and the endothelium warrants further study
and customization, as additional behaviors could potentially emerge as
the two compartments come closer together. For example, close prox-
imity of epithelium and endothelium would be required to study
highly labile factors (such as nitric oxide) or the interactions triggered
by mechanical stresses transmitted across the collagen matrix (e.g., ten-
sion driven matrix alignment). These potential interactions would
need to be examined in future studies when our ability to bring these
compartments closer together becomes technically feasible. Further
improvements to the model, including the development of an in-
device air-liquid interface for AT2 culture or mechanical actuation of
the hydrogel, could leverage some of the biological insights gleaned
from other lung-on-a-chip models to further improve the biological
relevance of our model and provide enhanced mechanistic insight.
Overall, this study adds to the growing field of reductionist organo-
typic models of cancer that enable a more nuanced and physiologically
relevant investigation of oncogenesis than is possible in 2D culture and
complements the more costly and biologically complex in vivo models
of disease.
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IV. CONCLUSION

In this work, we developed and validated a novel lung-on-a-chip
device that permits the co-culture of iPSC-derived alveolar epithelial
type 2 cells with HUVEC endothelium. Using this device, we demon-
strate that KRAS®'?P, a common driver mutation in lung adenocarci-
noma, leads to epithelia that resist growth arrest, producing
hypercellular ducts with reduced luminal volume, and secrete angio-
genic factors—including suPAR—which affect the neighboring endo-
thelium. This biological insight suggests that targeting suPAR in
patients with KRASS'?P-driven LUAD may have therapeutic benefit.

V. METHODS
A. Cell culture

Induced pluripotent stem cell (iPSC)-derived alveolar epithelial
type 2 cells (IAT2s) were generated as previously described.”*”” Briefly,
iPSCs—BU3 NKX2-1°" SFTPC'"*™*° (NGST) and SPC2 [clone
SPC2-SFTPCYT°m(ST) B2 ] —were taken through the directed differ-
entiation protocol, sorted for NKX2-19"" 4 or CD47"/CD26" cells at
day 15 of differentiation, respectively, and further sorted for
SFTPCUT™at 1 cells at day 45 of differentiation. Putative iAT2s were
cultured in feeder-free conditions (“CKDCI” media: CHIR, KGF,
Dexamethasone, 8-Br cAMP, IBMX)26 in 3D Matrigel (Corning)
droplets, and passaged every 10-14 days.

For induction of LUAD-associated gene mutations in iAT2s, we
used a previously published iPSC subclone of the above-mentioned
BU3 NGST line, which has been gene edited to carry a doxycycline-
inducible KRAS®"*P oncogenic mutant cDNA, bi-allelically targeted to
the “safe harbor” AAVSI locus (iPSC clone name “BU3 NGST-TetOn:
KRASG12D,” also known as “BU3 NGST KRAS3”).”’ After directed
differentiation of this clone into iAT2s (hereafter KRASS'?P iAT2s),
doxycycline (dox; 1 ug/ml) or vehicle control (DMSO) were added to
parallel wells of KRASS'?P iAT2s, and experiments were performed
after approximately 3 months of dox and DMSO treatment.

Human umbilical vein endothelial cells (HUVECs, Lonza) were
cultured in EBM2™ Basal Medium (Lonza) supplemented with an
EGM2 bullet kit (Lonza). In co-culture in the microfluidic devices,
HUVECs were cultured in CKDCI supplemented with VEGFA and
bFGF to concentrations equivalent to those in EGM2 medium, creat-
ing a co-culture medium herein named “CKDCI4-+.” All HUVECs
were used before passage 8. All cells were cultured in a humidified
incubator at 37 °C and 5% CO,.

B. EpiChip device fabrication and seeding

EpiChip devices were fabricated similarly to previous work, with
the notable exception of an increased epithelial duct seeding density
necessary when seeding iAT2 to ensure adequate epithelial monolayer
formation.”” Briefly, polydimethylsiloxane (PDMS, Sylgard 184, Dow-
Corning) was mixed with its curing agent in a 10:1 ratio, poured over
microfabricated molds, and allowed to polymerize. Devices were then
separated from the mold, bonded to glass using oxygen plasma and
functionalized with 0.01% Poly-L-lysine and 1% glutaraldehyde
(EMS). After three washes in DI water, 160 um acupuncture needles
(Seirin) were loaded into the gel region through the needle guides.
Devices were UV sterilized for 15min. A 2.5 mg/ml collagen solution
was prepared as described previously and 35 ul of collagen solution
was added to each device. This resulting collagen gel has a Young’s
modulus of 130 + 39 Pa.””
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The next day, needles were removed, forming the channels and
ducts, and devices were chilled at 4°C for 30 min. 75 ul of cold PBS
with 1% Growth Factor Reduced Matrigel (Corning) was added to the
epithelial port. Devices were rocked overnight at 4 °C, washed three
times with cold PBS, and allowed to come to room temperature.
HUVECs were resuspended in EGM2 at 1 x 10° cells/ml and seeded
into the endothelial channel by adding 50 ul of cell solution to one
endothelial port and 45 ul to the other. Cells were allowed to perfuse
through the endothelial channel for 15 min before replacing the cell
suspension with 90 ul of fresh EGM2 in each port. Devices were
rocked along the endothelial axis. For these devices, the expected maxi-
mal volumetric flow rate is ~1.06 pl/s and maximal shear stress is
~3.3 dyn/cm’.”

iAT2 spheroids were dissociated using Dispase (Corning) at
37°C for 1h, followed by 0.05% trypsin at 37°C for 12 min. iAT2s
were then resuspended in CKDCI + VEGFA + bFGF (“CKDCI++")
+10 uM Y27632 (SellekChem) at a concentration of 1 x 10° cells/ml.
Both endothelial ports were emptied and replaced with 45pul of
CKDCI++ and 50 ul of iAT2s solution was added to the epithelial
port. iAT2s were allowed to flow into the epithelial duct until an
appropriate density was achieved under direct live microscopy visuali-
zation. As noted earlier, adequate seeding density for iAT2 cells was a
dense monolayer, with cell-cell juxtaposition across the sides and top/
bottom of the duct, without large regions (2-3 cell diameters) of acellu-
larity, as has been previously described for seeding other cell types in
this device. Once the critical density of cells in the epithelial duct was
achieved, media in all ports was replaced with 90 ul of CKDCI4-+ and
devices were cultured on a rocker in the incubator, rocking along their
endothelial axis, for 5 days. Media was exchanged every 24 h. In experi-
ments utilizing inducible cells, devices were cultured with doxycycline
or DMSO supplementation.

C. Immunofluorescence

Devices were fixed in 4% paraformaldehyde (Electron
Microscopy Sciences) in CKDCI++ for 30min on a rocker in a
humidified incubator. Devices were washed three times with PBS, per-
meabilized using 0.25% Triton-X in PBS for 30 min, washed three
more times in PBS, and blocked overnight in 3% BSA in PBS (Sigma).
Devices were incubated with primary antibody at the specified concen-
tration on a rocker overnight at 4 °C. After three washes in PBS, devi-
ces were incubated with the appropriate secondary antibody (1:1000
dilution), again rocking overnight at 4 °C. During this overnight incu-
bation, samples were additionally stained with DAPI (1:1000, Thermo)
and phalloidin of an appropriate color (Alexa Fluor™ Plus, 1:1000;
Thermo). After three more PBS washes, devices were imaged on a
Leica SP8 laser scanning confocal microscope (Leica Microsystems)
with Leica HC FLUOTAR L 25x/0.95W VISIR controlled by LASX
software. 2D monolayer images were collected using a Nikon Eclipse
Ti2 outfitted with a 20x Nikon Plan Apo objective and an Evolve 512
camera (Photometrics).

Antibodies used for morphologic analysis included: EpCAM
(CST #2929, mouse, 1:500 dilution), E-Cadherin (CST #3195, clone
24E10, rabbit, 1:500 dilution), anti-Pro-SP-B (Seven Hills Bioreagents,
rabbit, 1:250), VE-Cadherin (Santa Cruz #9989, Clone F-8, mouse,
1:500), and Ki67 (Abcam, ab15580, rabbit, 1:500 dilution). All second-
ary antibodies used were Invitrogen Highly Cross-Adsorbed
Secondary Antibodies, Alexa Fluor Plus (Thermo, used at 1:1000

pubs.aip.org/aip/apb

dilution) targeted to the species of primary antibody with appropriate,
non-overlapping colors selected.

D. Transmission electron microscopy

To prepare samples for transmission electron microscopy (TEM),
devices were seeded and cultured for five days as previously described.
Samples were fixed by perfusion with a mixture of 2% glutaraldehyde
and 1% paraformaldehyde made fresh in a 0.1 M sodium cacodylate
buffer (Sigma). After 90 min of fixation in this mixture at room tem-
perature, samples were removed from the devices using a 5 mm biopsy
punch, punching a hole around the epithelial duct, but being careful
not to crack the cover glass below. Fixation continued for a total of 3 h.
The glass coverslips were carefully removed, and samples were post
fixed in 1% osmium, block stained with 1% uranyl acetate, then dehy-
drated and infiltrated with Epon resin mixed 1:1 with propyleneoxide
using standard methods. The samples were embedded in upside down
BEEM capsules with fixed collagen matrix oriented at the flat bottom.
After overnight polymerization, the end opposite to the matrix was
trimmed off, the PDMS extracted with a needle and the samples re-
embedded in Embed 812 Resin (Electron Microscopy Sciences). 70 nm
sections were cut and stained with 4% uranyl acetate and 0.2% lead cit-
rate. Samples were then imaged on a Phillips CM12 TEM.

E. Proliferation analysis

To compare the proliferation of cells expressing the dox-induced
KRASS"?P mutation to those treated with DMSO, iAT2s were seeded
into the EpiChip and fixed one day and 3 days post seeding [Fig. 1(a)].
After permeabilization, cells were stained with a primary antibody tar-
geting Ki67 (CST #12202, Rabbit, 1:500) and processed as described
above. Upon imaging, the number of total nuclei and Ki67+ nuclei
were manually counted, and the fraction of proliferating cells was
quantified by dividing the number of Ki67+ nuclei by the total num-
ber of nuclei counted in that device.

F. Conditioned medium analysis

Conditioned medium was collected from either DMSO or dox-
treated iAT2 cells in 3D alveolosphere culture. Two mL of supernatant
was collected every 2 days, flash frozen, and stored at —80 °C. Once
10ml of supernatant per condition were collected, samples were
thawed on ice and pooled. Pooled samples were immediately applied
to pre-activated membranes from the Angiogenesis C1000 Array
(Raybiotech), and processing was performed according to the manu-
facturer’s instructions. Comparison of relative protein content was
analyzed as per kit instructions.

To test the angiogenic potential of uPAR, recombinant soluble
uPAR (R&D 807-UK-100, 30 ng/ml) was delivered via an unseeded
epithelial duct at a dose comparable to previously described levels of
soluble UPAR secretion from tumors.”” The angiogenic response of
each vessel was assessed by quantifying changes in vessel diameter and
number of sprouts, two factors known to be increased in tumor angio-
genesis, in vessels exposed to soluble uPAR compared to vessels
exposed to vehicle alone. To quantify vessel diameter, vessels were
measured at three equally spaced regions along the length of the vessel
using FIJI, and the diameter was reported as the average of those mea-
surements. To quantify the number of sprouts, each vessel was
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visualized and endothelial cells abluminal to the plane of the mono-
layer were counted as spouting cells.

G. TCGA gene expression analysis

A LUAD-specific TCGA dataset was mined using cBioPortal to
compare expression levels of PLAUR, the gene encoding uPAR, in
patients with tumors harboring a KRAS GI12 missense mutation to
patients without KRAS G12 missense mutations.”” " All G12 mis-
sense mutations were analyzed as the dataset was not sufficiently
enriched in G12D samples (20 patients of 566) for G12D-specific anal-
ysis of PLAUR expression. Data were replotted using GraphPad Prism.
Statistics, including FDR, computed using cBioPortal analysis tools.

H. Statistics and plotting

All statistics and plotting of graphs and charts was performed in
Prism (GraphPad). Unless otherwise specified, for two group analyses,
a Student’s t-test was performed, while a one-way ANOVA analysis
with Tukey post-hoc analysis was performed for multi-group
comparisons.

SUPPLEMENTARY MATERIAL

See the supplementary material for three additional supplemen-
tary material referenced in the text, including additional information
about development of the iAT2 epithelial duct (supplementary
material Fig. 1), further morphological characterization of each duct
(supplementary material Fig. 2), and for comparison of the angiogenic
factor content of the conditioned medium (supplementary material
Fig. 3).
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