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“There are no incurable diseases — only the lack of will.
There are no worthless herbs — only the lack of knowledge”

Avicenna (c. 980—1037)






Resumo

A exposigado a radigdo-y ionizante, seja terapéutica ou acidental, pode resultar no
sindroma de radiagcdo aguda, que esta associada a perturbagbes gastro-intestinais
fatais. Ao utilizer o modelo Chip de intestino humano, simulamos uma leséo por radi¢do
induzida do intestino e validamos um farmaco potencialmente profilatico como contra-
medida, a dimetiloxaloilglicina (DMOG). Confirmamos que a DMOG reduz
significativamente a apoptose, a permeabilidade intestinal, a rutura de ligamentos e a
lesdo dos microvilos das células epiteliais intestinais, assim como a geragao de ROS e
a degradacéo lipidica em ambos endotélio e epitélio intestinais. Como o microbioma
comensal esta presente no microambiente intestinal, devera ter um papel central na
toxicidade por radiagao intestinal in vivo, desenvolvemos métodos de co-cultura de
epitélio intestinal humano vivo nos Chips intestinais, em contacto directo com as
comunidades aerobica e anaerObica da microbiota, em condigbes de gradientes de
hipéxia semelhantes aos que se observam in vivo. O modelo desenvolvido recapitula
com precisdo os comportamentos in vivo, incluindo a manutengcdo de bactérias
anaerobicas obrigatorias com racios entre Firmicutes e Bacteroidetes, semelhantes aos
observados nas fezes humanas. O modelo do Chip instestinal humano, compreendido
por epitélio, endotélio e microbioma intestinal humano pode servir para descobrir
ligacdes funcionais entre as células epiteliais e bactérias intestinais para compreender
0s mecanismos da lesdo humana por radiagdo, para descobrir novas contra-medidas
terapéuticas e para o avango da medicina personalizada

Palavras-chave: Radicdo, Intestino, Organ-on-a-Chip, Microbioma, Descoberta de

Farmacos



Abstract

Exposure to ionizing y-radiation, whether therapeutic or accidental, may result in acute
radiation syndrome that is associated with potentially life-threatening gastrointestinal
disturbances. Using human Intestine Chip model, we simulated radiation-induced
intestinal injury and validated a potential prophylactic radiation countermeasure drug,
dimethyloxaloylglycine (DMOG). We confirmed that DMOG significantly reduced
apoptosis, intestinal permeability, disruption of tight junctions and microvillus injury of
intestinal epithelial cells, as well as ROS generation and lipid degradation in both
endothelium and intestinal epithelium. Since commensal microbiome that are present
within the intestinal microenvironment are believed to play a pivotal role in intestinal
radiation toxicity in vivo, we developed methods to co-culture of living human intestinal
epithelium in Intestine Chips in direct contact with stable communities of aerobic and
anaerobic microbiota derived from human stool specimens under a hypoxia gradient
similar to that observed in vivo. Our model accurately recapitulates in vivo behaviors,
including the maintenance of an abundance of obligate anaerobic bacteria with ratios of
Firmicutes and Bacteroidetes similar to those observed in human feces. The human
Intestine Chip model, comprising human intestinal epithelium, endothelium and complex
microbiome, could be served to unravel functional links between intestinal epithelial
cells and gut microbes to understand mechanisms of human radiation disease, discover
new MCMs, and advance personalized medicine in future.

Keywords: Radiation, Intestine, Organ-on-a-Chip, Microbiome, Drug discovery
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. Chapter 1

Theoretical Background

This chapter is based on the articles:

1) A Bein?, W. Shin®, S. Jalili-Firoozinezhad, M. H. Park, A. Sontheimer-Phelps, A.
Tovaglieri, A. Chalkiadaki, H. J. Kim, D. E. Ingber. “Microfluidic Organ-on-a-Chip
Models of Human Intestine”. Cellular and molecular gastroenterology and
hepatology (CMGH), 5, 4, 659-668 (2018).

2) S. Jalili-Firoozinezhad et al. “ Modeling radiation injuries using human Organs-on-
Chips”. In preparation.




Introduction

The major organ function of the human intestine is to carry out digestion, absorption,
secretion, and motility, in addition to establishing a protective epithelial barrier between
this digestive environment and our body'. In addition, intestines regulate systemic
physiology by metabolizing drugs; communicate with other organs, such as the liver 2>
and pancreas®, via portal flow; and they contain an enteric nervous system that forms a
part of the gut-brain axis>®. The intestine is also the major site at which commensal
microbes of the gut microbiome play a crucial role in the regulation of health and
disease’®. The gut microbiota is essential for modulating the immune system,
controlling drug metabolism, nutrient digestion, and for protection against infections.
However, microbial community imbalance can adversely orchestrate host physiology
during various disorders such as inflammatory bowel disease, colorectal cancer,
diabetes, radiation enteropathy, hepatic steatosis, obesity, and rheumatoid arthritis®°.
Thus, the establishment and preservation of balanced host-intestinal microbiota
crosstalk are key requirements for maintaining gut homeostasis. Although preclinical
animal models have been instrumental in reflecting host-microbe crosstalk and unveiling
pathophysiological events underlying some diseases, they often fail to represent
complex human host-gut microbiome interactions'’. Thus, analysis of gut-microbiome
interactions with human intestinal cells has been limited to genetic or metagenomics
analysis because it has not been possible to co-culture these microbes with living

epithelium for more than a day using conventional culture models or even more

sophisticated intestinal organoid cultures. Therefore, there have been great efforts to



develop experimental in vitro or ex vivo models of human intestine that permit analysis
of intestinal pathophysiology both in the presence and absence of living microbiome.

The most common in vitro intestine models used to study barrier function or model drug
absorption involve culturing an established human intestinal epithelial cell line (e.g.,
Caco-2 or HT-29 cells) on extracellular matrix (ECM)-coated, porous membranes within
Transwell insert culture devices'®'®. While these models are most commonly used by
the pharmaceutical industry, this two-dimensional (2D) culture format fails to
recapitulate physiological 3D intestinal cell and tissue morphology or reestablish other
key intestinal differentiated functions (e.g., mucus production, villi formation, cytochrome

)'*"5_ These conventional static models also cannot

P450-based drug metabolism
support the co-culture of commensal microbiome with human intestinal cells, which we
know are critical for gut physiology™, because the bacteria will rapidly overgrow and
contaminate the human cell cultures within a day. Several ex vivo models, such as the
everted sac or the Ussing chamber have been developed for drug transport assays;
however, their expected lifespan (<8 hours) is not sufficient to enable many studies on
normal intestinal physiology, develop intestinal disease models, or study clinically
relevant host-microbiome crosstalk'®"8,

Emergence of tridimensional organoid models has raised hopes for various applications
including human-specific drug testing and regenerative medicine. Through resembling
the microenvironmental traits cells experiencing in vivo, organoid systems can
overcome the conventional in vitro/lex vivo models’ challenges in translating therapies

from cellular and animal level to humans. Despite many merits, organoid models share

some major challenges, which limits their basic and clinical research applications if they



are not addressed properly. Developing robust, safe and reproducible organoid systems
within more defined environments is not easily achievable. While organs are subject to
various mechanical forces in vivo, which regulate their 3D organization, maturation and
function, residing cells in organoids are less likely exposed to organ-relevant
mechanical cues'®. Moreover, lacking immune cells and vasculature along with issues
in oxygen and nutrient availability are further roadblocks in recapitulating normal human
intestinal functions and long-term growth of the organoids*2",

In light of the recent progress in microfluidic organ-on-chip systems, many of the
organoid-associated challenges could be addressed in a more physiologically relevant
approach. Recent advances with intestinal organoid models confirm the importance of
mechanical signals transferred via matrices in modulating the phenotype and directing
the differentiation of primary intestine cells.? Having fluid shear stresses to exert proper
biophysical signals, and medium flow to facilitate nutrient and oxygen adsorption,
miniaturized bioreactor technologies have shown great promise in organoids culture.?
Interestingly, organ-on-chip platforms are not only work as a micro-bioreactor to provide
characteristic mechanical cues (e.g. cyclic stretch, compression, shear), but also
capable of delivering biochemical signals (e.g. morphogens, hormonal signals) in a
highly controlled, systematic manner.?* Finally, organ-on-chip microdevices can host
different organ-specific cell types, such as endothelial and immune cells, at the vicinity
of the primary epithelium/organoids and thus, reconstitute tissue-tissue interfaces and
vascular perfusion.?® Microfluidic organ-on-chips possess number of features at once
and has a great potential to be harnessed for culturing primary intestinal cells. Below we

describe how microfluidic Intestine Chips offer new capabilities not possible with



conventional culture systems or organoid cultures, including the ability to analyze
contributions of individual cellular, chemical, and physical control parameters one-at-a-
time; to co-culture human intestinal cells with commensal microbiome for extended

times; and to create human-relevant disease models.

Microfluidic intestine chip models

Microfluidic devices containing hollow microchannels less than 1 mm in diameter
support laminar fluid flow and control of nano- to micro-liter scale fluid volumes, and
thus, they are amenable to use for culture of living cells. By using a syringe or a
peristaltic pump, culture medium may be perfused at desired flow rates through each
microchannel which can mimic the dynamic ranges of fluid flows and associated shear
stresses on the cell surface that are observed in the human intestinal lumen, as well as
in the blood capillaries®®?’. This fluidic control also enables delivery of nutrients, growth
factors, drug compounds, or even toxins to the intestinal epithelium grown on the
microfluidic channels in a highly regulated spatiotemporal manner.

One simple Intestine Chip model is a single-channel system which is lined with an
intestinal cell line on an ECM-coated surface within a channel that is continuously
perfused with culture medium?. This type of device has been used to study
pharmacokinetic/pharmacodynamic (PK/PD) modeling of drug compounds in vitro;
however, a single-microchannel device does not provide access to the basolateral
surface of the epithelium and so it does not permit studies on drug permeability or
barrier function. Intestinal epithelial cells cultured in these devices also commonly grow

as planar monolayers composed of flattened epithelial cells, and thus, they do not



faithfully mimic either the columnar shape of intestinal epithelial cells or the villus tissue
architecture observed in living intestine.

A more complex microfluidic device was created that contains two hollow channels
separated by a common porous, ECM-coated polyester or polycarbonate membrane,
which had immortalized human intestinal epithelial cells cultured on one of its
surfaces®. The epithelial monolayer formed in this device could be probed from both
the apical and basal sides of the epithelium, and this enabled quantification of tight
junction barrier function®® as well as absorption of nutrients®' and drugs®®. However, the
cells were seeded at a low density in this study and they were perfused only through the
apical channel; as a result, the monolayer of the immortalized intestinal cells could only
be cultured for a limited time (<5 days).

To better mimic the 3D form on human intestine using cell monolayers cultured under
microfluidic flow, micromolding methods have been used to form polymeric adhesive

3233 into villus-shaped structures®. Culturing

scaffolds (e.g. Ca-alginate or collagen gel)
human Caco-2 intestinal epithelial cells on these crenulated surfaces was shown to
promote formation of a similarly crenulated epithelium, and this was accompanied by
increased absorption of drug compounds and improved cellular metabolic enzyme
cytochrome P450 activity in response to apical fluid shear stress®. However, this design
did not enable analysis of intestinal barrier function because the solid polymer material
blocked the abluminal surface of the epithelium.

Mechanically active intestine chips. A more sophisticated, microfluidic 2-channel

Caco-2 Intestine Chip model has been developed that enables human intestinal

epithelium, capillary endothelium, immune cells, and even commensal microbial cells to



grow, coexist, and interact while experiencing physiologically relevant fluid flow and
peristalsis-like mechanical deformations in vitro®®. The Intestine Chip is made of a
flexible, gas-permeable, silicone polymer (polydimethylsiloxane, PDMS) that is crystal
clear so that it allows high-resolution imaging by phase contrast, differential interference
contrast (DIC), or immunofluorescence confocal microscopy. It contains two parallel
microchannels (each less than 1 mm wide) separated by a thin (~20 ym), ECM-coated,
flexible, porous PDMS membrane, and it is surrounded on both sides by hollow, full

height, side chambers'3>

(Fig. 1A). Intestinal epithelial cells are cultured on the top
surface of the membrane within the upper ‘parenchymal’ channel, and microvascular
endothelial cells are grown on the lower surface of the same membrane within the lower
‘vascular’ channel to recreate the intestinal tissue-tissue interface. Importantly,
pneumatic application of cyclic suction to the hollow side chambers results in outward
deformation of the vertical side walls and attached horizontal ECM-coated membrane
with the adherent cell layers, thereby mimicking cyclic mechanical deformations similar
to those experienced by the intestinal tissues during peristalsis (Fig. 1A). Under these
physiological conditions, human Caco-2 intestinal epithelial cells, which
characteristically grow as flattened cells within a planar monolayer in conventional 2D
cultures, spontaneously undergo villus morphogenesis inside this mechanically dynamic
Intestine Chip'® (Fig. 1B). The microengineered villi are lined by all four lineages of
differentiated small intestinal cells (absorptive, goblet, enteroendocrine, and Paneth)
which exhibit columnar cell morphology similar to that observed in the living intestine'.

Intestinal villus morphogenesis on-chip is also accompanied by establishment of a

crypt-villus axis, including restriction of proliferative cells to the basal crypts and their



upward migration, drug metabolizing activity, mucus production, and glucose

reuptake™®.

Human villus | 54
intestinal

epithelium
!/ Bacterial - Human
‘, patgogens‘ vascular.
IR endothelium

Gut
microbiome

immune

Figure I-1. The mechanically active human Gut Chip. (A) Human villus intestinal epithelium and
vascular endothelium are lined on opposite sides of a flexible porous membrane under fluid flows and
peristalsis-like strains. A zoom-in schematic shows the intestinal microenvironment undergoing complex
crosstalk between commensal gut microbiome, bacterial pathogens, and immune cells in parenchymal
and vascular channels, respectively. (B) Villus morphogenesis of human Caco-2 intestinal epithelium in
the Intestine Chip under physiologically controlled motions and flow. (C) Schematic showing the gut-
microbiome interface on human Intestine Chip. (D) An overlaid image of the co-culture of green
fluorescent protein—labeled Escherichia coli and microengineered villi in the Intestine Chip. Bars = 50 ym.
Figure was adapted from Reference 43.

Human primary intestine models. Although Caco-2 Intestine Chip recreated the villus
epithelium of normal intestine and enabled new insights into how flow and cyclic
peristalsis affects intestinal differentiation and function, it could not be used to study
processes that relied on normal intestinal cells from individual donors, which, for
example, is crucial for studying patient-specific responses for personalized medicine.
While it had been technically challenging to culture primary human intestinal epithelial
cells, intestinal 3D organoid cultures derived from either intestinal crypts containing

endogenous intestine cells or from induced pluripotent stem (iPS) cells have
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revolutionized the field by maintaining stem cell niches and supporting differentiation of
various differentiated intestinal epithelial cell subtypes in vitro. When cultured within an
3D ECM gel in medium containing Wnt, R-spondin, noggin, and other growth factors,
small intestinal organoids (‘enteroids’) also spontaneously undergo villus-crypt
morphological organization and intestinal histogenesis37. Each organoid line derived
from an intestinal tissue biopsy of an individual patient can be grown, frozen, and

revived for multiple reuses, which can potentially be used to establish biobanks®®°

as
well as develop multiplexed screening platforms for validating new drug candidates and
to advance personalized medicine®®. However, organoids are also limited in that they
lack other supporting cell and tissue types found within the living intestine, such as
endothelium-lined blood vessels and immune cells, which are important for drug
transport, pharmacokinetic (PK) analysis as well as disease modeling. They also do not
experience fluid flows and cyclic mechanical deformations similar to those experienced
in a peristalsing intestine that contribute significantly to intestinal health and function.
Furthermore, because each enteroid forms a closed lumen when cultured within
surrounding ECM gel, it is experimentally difficult to sample or manipulate luminal
components (e.g. microbial cells, nutrients, drugs, or toxins). This structure also
significantly limits researchers’ ability to study many critical intestinal functions (e.g.,
absorption, drug PK, or drug metabolism), in addition to critical host-microbiome
interactions*'.

These challenges have recently been overcome by the development of human primary

Intestine Chip. While organoid approach are leveraged to isolate intestinal stem cells

from human biopsies, they could be fragmented and seeded into the “epithelial”



channels of the microfluidic organ chips where they spontaneously form intestinal villi
oriented towards the channel lumen, and the epithelium in close apposition to human
intestinal microvascular endothelium. The epithelium’s maturation into a villus intestinal
epithelium with long finger-like extensions was helped along by co-culturing human
intestinal microvascular endothelial cells on the opposite side of the shared matrix-
coated porous membrane in the “vascular” channel where they assembled a surrogate
blood vessel with a hollow lumen through which feeding medium was flowed. Along with
intestinal stem cells, this system maintains the native population of differentiated
nutrient-digesting and absorbing enterocytes, mucus-producing Goblet cells, hormone-
secreting enteroendocrine cells, and microbiome-regulating and sensing Paneth cells*2.
This approach presents a new stepping stone for the investigation of normal and
disease-related processes in a highly personalized manner, including the transport of
nutrients, digestion, different intestinal disorders, and intestinal interactions with
commensal microbes as well as pathogens.

Combining two of the most advanced technologies in the field of tissue engineering, i.e.
organoid culture and Organ Chips, allows the generation of intestine tissues and organ-
level structures lined by human donor-specific cells with morphology, composition, and
function strongly resembling that of the duodenal region of normal small intestine. Since
the primary Intestine Chip recapitulates the physical microenvironment that cells
experience inside the human body, such as fluid flow and cyclic peristalsis-like
stretching motions, it exhibits a genome-wide gene expression profile that comes closer
to its in vivo counterpart than that of the same intestinal cells grown as 3D organoids.

As the small intestinal microenvironment can be maintained for weeks in continuously

10



perfused Organ Chips, they enable both short and longer-term studies whose
observations can be related back to the health and physiology of individual donors.
Same approach could be applied to different regions of the intestine, such as
duodenum, ileum, and colon, whose functions and disease vulnerabilities differ from

one another*®.

Gastrointestinal human—-microbe interface on chip. The interaction between the gut
and its microbiota regulates various physiologic processes that modulate human health
and disease states. To unravel the pathophysiological role of gastrointestinal human-
microbiome crosstalk, representative models are a prerequisite. Experimental in vitro
models offer alternative approaches for recreating the Gl host-microbiome interface by
spatiotemporal tuning of physical cues (e.g., oxygen availability or pH changes),
providing flexibility, scalability, controlled delivery of chemokines and therapeutic
agents, and facilitating high-resolution/throughput experimentations (Fig. 2) *"**.
Traditional host-microbe in vitro models such as centrifuge tubes or Transwell cultures
are, however, limited in creating the three-dimensional (3D) architecture and
differentiated barrier functions of the intestine'>*°. More advanced models, such as
organoid cultures, have shown great promise for studying host-microbiome interactions.
Despite many merits, 3D organoid cultures, are limited in providing an oxygen gradient,
peristalsis-like motions and vasculature interface, and also hinder long-term microbiota
co-culture*®*®. Since the Intestine Chip has continuous fluid flow, villi formation and

mucus production, it is also possible to co-culture living commensal microbes (e.g.,

Lactobacillus rhamnosus GG or the VSL#3 clinical probiotic formulation containing 8
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different microbial strains) in direct contact with the intestinal epithelial cells within the
lumen of the parenchymal channel for weeks in vitro without compromising barrier
integrity or intestinal cell function'3° (Fig. 1C,D). In fact, barrier function was shown to
increase when the intestinal epithelium was co-cultured with Lactobacillus rhamnosus
GG. In addition, transcriptomic analyses targeting approximately 23,000 human genes
revealed that the in vivo relevant fluid flow and physical deformations dramatically
changed the gene expression profiles compared to the static Transwell cultures, and
that mechanically active Intestine Chips that also contained a mixture of commensal
microbes (VSL#3 probiotic formulation) showed the highest level of genetic similarity to

normal human ileum.

In vivo representation
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Figure I-2. Evolution of host-microbiome in vitro models. Schematic representation of conventional
cell culturing techniques available and their ability to model host—-microbiome interactions™.
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Indeed, the Intestine Chip was utilized to demonstrate complex immune-microbiome
inflammatory interactions germane to chronic inflammatory diseases, such as
inflammatory bowel disease (IBD)*. Addition of lipopolysaccharide (LPS) endotoxin to
the luminal microchannel also was shown to induce secretion of the proinflammatory
cytokines, interleukin (IL)-18, IL-6, IL-8, and tumor necrosis factor (TNF)-a into the lower
vascular channel. Moreover, this was accompanied by increased expression of
intercellular adhesion molecule-1 (ICAM-1) on the endothelium, villus blunting, and
compromise of intestinal barrier function, but only in the presence of white blood cells
(e.g. peripheral blood mononuclear cells, PBMCs) that were infused through the
capillary microchannel. Moreover, additional experiments confirmed that all four
cytokines were required to be present at the concentrations measured within the
capillary channel to induce this intestinal injury response. Interestingly, additional
studies revealed that cessation of cyclic peristalsis-like mechanical motions caused an
increase in bacterial overgrowth in the Intestine Chip, which closely resembled the small
intestinal bacterial overgrowth (SIBO) that can result from cessation of peristalsis in
patients with ileus. Thus, by being able to control flow independently of mechanical
deformations, this study revealed that the past clinical assumption that SIBO results
from cessation of fluid flow when peristalsis is inhibited is incorrect; instead, it is the lack
of mechanical deformations that drives this bacterial overgrowth response. Thus, the
innovative modularity of the microfluidic Intestine Chip (Fig. 1A) can be leveraged to
gain new insights into intestinal pathophysiology, and to understand disease
mechanisms in ways that are not possible using conventional in vitro gut models or

simpler microfluidic Intestine Chips.
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In the absence of anaerobic conditions, the previous attempts to co-culture gut
microflora in the Intestine Chip platform remained limited to commensal or mutualistic
microorganisms growing under aerobic environments'. Absence of systems to regulate
and monitor oxygen gradient in past studies challenged the establishment of a stable
anaerobic co-culture environment and, thus, hampered the development of a robust in
vitro system enabling host-microbiome crosstalk. A recent microfluidics-based system,
HuMiX*”, supports culturing of aerobic Lactobacillus rhamnosus GG (LGG) and a single
obligate anaerobe Bacteroides caccae under anaerobic conditions on a porcine mucin-
coated nanoporous membrane that is physically separated from the intestinal epithelium
channel. This human-bacterial co-culture approach, however, lacks the direct contact
between microbial and intestinal epithelial cells. This represents a considerable hurdle
in studying functional interactions between the gut microbiota and its host, as well as
providing a comprehensive picture of molecular mechanisms linking bacterial
communities with disease states. Additionally, this system only allows microbial co-
culture for 24h, limiting a stable host gut-microbiota crosstalk for an extended culture
and, therefore, preventing long-term tissue function studies*'*®*°. As such, culturing
and maintaining a stable multi-species human intestinal microbial community in the

vicinity of intestinal epithelium remains a remarkable technical challenge in vitro.

Disease models using human intestine chips

Only a small body of work has been published on disease models using microfluidic
intestine devices. As described above, the 2-channel human Instestine Chip was used

to co-culture multiple commensal microbes in contact with living human intestinal
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epithelial cells and to analyze how gut microbiome, inflammatory cells, and peristalsis-
associated mechanical deformations independently contribute to intestinal bacterial
overgrowth and inflammation, which are associated with IBD>>*°.

A potentially important application of the microfluidic Intestine Chip models would be to
study various types of enteropathies for which current in vitro models have only a limited
ability to recapitulate, such as those associated with environmental enteric dysfunction,
colorectal cancer, cystic fibrosis, bacterial infectious diseases, and celiac disease®' .
We believe the likelihood that Intestine Chips will be able to meet this challenge to be
high given the successful modeling of other complex diseases (e.g., pulmonary edema,
asthma, chronic obstructive pulmonary disease, or Barth’s syndrome) with other
microfluidic Organ Chips®>™°. In addition to recapitulating disease phenotypes, human
Organ Chips offer a unique way to get insight into the molecular, genetic and
biophysical basis of disease based on their ability to incorporate different levels of
cellular complexity, and to independently control various critical control parameters (e.qg.
chemical gradients, mechanical forces, cell types, and ECM)®.

In past Intestine Chip disease modeling studies, induction of the pathological phenotype
was accomplished by exposure to specific pathogenic organisms, toxins or
inflammatory mediators (e.g., cytokines), with combination of two or more of these
factors being required to produce disease responses®. For example, both LPS
endotoxin and immune cells had to be added simultaneously in the Intestine Chip to
produce villus blunting and compromise intestinal barrier function, and neither could
induce this response on their own®. Inclusion of additional components, such as

14,35

microbiome' %, pathogenic bacteria®®>, mechanical cues*>*?, ECM, connective tissue
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cells, neuronal cells, organ-specific immune cells, and/or hormonal signals might be
needed to model other specific phenotypes that result from complex interplay among
several signaling pathways. This goal also might be achieved by creating Intestine
Chips with cells isolated from intestinal biopsies taken from patients with specific
diseases (Fig. 3). This approach also could facilitate development of robust

personalized disease models for improved drug screening and matching®®®’.

Immune Cells ECM Dlsea?e Therapeutics
@ Modeling Development
A

oo ema

Microbiome D Chemokines

Figure I-3. Personalized-medicine approach using human Intestine Chip. Organ Chip models of
intestine have been engineered with increasing complexity that also include neighboring channels lined
by human microvascular endothelium, and commensal microbes, immune cells, and pathogenic bacteria,
and some permit application of cyclic mechanical forces that mimic peristalsis-like deformations
experienced by living intestine in vivo. Intestine Chip platform could be utilized for more complex disease
modeling, drug development, and personalized medicine in the future.

Modeling radiation injuries using human Intestine Chip. Radiation syndrome
occurs after exposure to y-radiation during or shortly after cancer radiation therapy or
radiological incidences and characterized by the injuries to the healthy organs such as
the gastrointestinal (Gl) tract. Radiation toxicity in the Gl tract is associated with

epithelial barrier breakdown, microvascular endothelial apoptosis, morphological
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disturbances (e.g. villus blunting, shortened microvilli), inflammation, diarrhea, intestinal
bleeding and infection, which can consequently lead to death®®®. So development of
protective therapeutics to alleviate or prevent radiation-induced toxicities is of great
importance. Although animal models are currently available for assessing efficacy of
medical countermeasure drugs in a number of relevant tissues and organs, these
models require expansive and sophisticated radiation equipment that are complicated
by serious ethical issues. More importantly, animal models often fail to effectively mimic
mechanisms of action or toxicities displayed in humans, additionally, parameters such
as age and sex (females are often more radioresistant) of the subject are considered as

hurdles on using the animals in the radiation research®-°°

. Hence, despite many
scientific efforts in the field of radiation biology, there are great challenges in discovering
radio-protective drugs. There is therefore a critical need for predictive models that
recapitulate the complex functions of human intestine in vitro.

While in vitro models can be more conveniently irradiated, they are often not capable of
mimicking the complex cellular responses to radiation. Previous attempts to develop
intestinal in vitro systems such as tumor spheroids, organoids and Transwells cultures
were limited in replicating the normal 3D architecture, which is known to greatly

67,68

contribute in tissue radioresponses Moreover, incorporating vascular tissues,

immune cells or bacteria, which immensely contribute in intestinal radiation damage®"°,
is not easily done in these conventional models. Conversely, microfluidic Intestine Chip
systems are a promising compromise between the ease of irradiation and the ability to

recapitulate the in vivo-like radioresponses. Since mechanical forces are directly or

indirectly affect the radiation response’’, Intestine Chip devices could be served to
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model human radiation syndrome and medical countermeasure drug screening in
presence of normal mechanical peristalsis. In a recently study, Caco-2 Intestine Chip
was used to model the radiation injury response of human intestine. When Intestine
Chip was exposed to a radiation dose of 8 Gray, which is known to cause
gastrointestinal effects in humans, significant increases in several markers of cell
damage in both the endothelial and epithelial cells were observed: apoptosis (or cell
death), generation of reactive oxygen species (ROS, or free radicals), double-stranded
DNA breaks, degradation of lipids in the cell membrane, and loss of microvilli structure,
as well as disruption of the junctions between neighboring cells and of the mucous
membrane that protects the intestinal wall from bacteria and toxins. Interestingly, the
endothelial cells in the blood vessel channel was shown to have a stronger response to
radiation than the epithelial cells in the intestinal channel in terms of ROS generation,
lipid degradation, and DNA fragmentation. Furthermore, the endothelial cells
experienced peak apoptosis levels about 24 h after exposure, while epithelial cells were
hardest hit at 48 h, suggesting that the endothelium is more sensitive to radiation.
Interestingly, in absence of endothelial cells, typical response to radiation such as
microvilli blunting, mucosal barrier disruption and ROS generation was observed at
much lower extent. This result suggests that endothelial cells play a key role in the
gastrointestinal damage observed in radiation injury’?. Intestine Chip was also served to
validate a potential prophylactic radiation countermeasure drug, dimethyloxyallylglycine
(DMOG), hat has been shown to prevent radiation injury in rats by increasing the
production of the protective proteins hypoxia-inducible factors-1 (HIF-1a) and HIF-2a".

DMOG pre-treatment on chip, significantly reduced apoptosis, ROS generation and lipid
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degradation in both epithelial and endothelial cells, intestinal permeability, and
microvillus injury of intestinal epithelial cells, a result that has never been demonstrated
in human tissues before’. Thus, the human Intestine Chip could be used to identify new

radioprotective drugs by physiologically mimicking radiation damage in the gut.

Conclusion

Microfluidic Organ Chip systems provide unparalleled independent control over multiple
key biological, chemical, molecular, cellular and mechanical parameters within the
intestinal microenvironment, thereby enabling researchers to apply a synthetic biology
approach at the cell, tissue and organ levels which can lead to new insights into
intestinal physiology and disease mechanisms. By harnessing these unique capabilities,
Intestine Chips can be applied to analyze the molecular processes underlying various
enteropathies, and to advance development of new therapies. Creation of personalized
Intestine Chips containing stem cells, microbiome and immune cells from the same
patient will offer a powerful new approach to define patient-specific drug responses and
toxicities, and hence to advance precision medicine. This field is still in its infancy, and
there much remains to be done in terms of increasing the robustness of these models
and validating their value for drug development and personalized medicine. However,
the advantages they provide over conventional culture systems, and even enteroid

cultures, are becoming increasingly clear.
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Abstract

Studies on human intestinal injury induced by acute exposure to y-radiation
commonly rely on use of animal models because culture systems do not faithfully mimic
human intestinal physiology. Here we used a human Gut-on-a-Chip (Gut Chip)
microfluidic device lined by human intestinal epithelial cells and vascular endothelial
cells to model radiation injury and assess the efficacy of radiation countermeasure
drugs in vitro. Exposure of the Gut Chip to y-radiation resulted in increased generation
of reactive oxygen species, cytotoxicity, apoptosis, and DNA fragmentation, as well as
villus blunting, disruption of tight junctions and compromise of intestinal barrier integrity.
In contrast, pre-treatment with a potential prophylactic radiation countermeasure drug,
dimethyloxaloylglycine (DMOG), significantly suppressed all of these injury responses.
Thus, the human Gut Chip may serve as an in vitro platform for studying radiation-
induced cell death and associate gastrointestinal acute syndrome, in addition to

screening of novel radio-protective medical countermeasure drugs.

Introduction

Exposure to ionizing y-radiation, whether therapeutic or accidental, may result in acute
radiation syndrome that is associated with gastrointestinal (Gl) disturbances leading to
massive shortening or ‘blunting’ of intestinal villi, disruption of tight junctions, increased
apoptosis within the microvascular endothelium, mucosal barrier breakdown,
inflammation, abdominal pain, diarrhea and vomiting, which can result in intestinal
hemorrhage, sepsis and death'™. Development of medical countermeasures (MCMs) to

protect against the devastating effects of radiation is therefore of tremendous
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importance. Animal models have been primarily used for Gl radiation research because
they can mimic some of the clinical manifestations of radiation poisoning (e.g., vomiting,
diarrhea), however, these in vivo models often fail to effectively mimic cellular
mechanisms of radiation toxicities or drug mechanisms of action displayed in humans®®.
Ethical issues related to animal testing also present a considerable hurdle, particularly
when it relates to studies on primates’. As a result, the mechanisms underlying the
radiation-induced Gl syndrome remain unclear, and this represents a major challenge
with regards to discovery of new MCMs®®.

Understanding of radiation-induced intestinal injury could be greatly facilitated by the
availability of experimental in vitro models that recapitulate human cell and tissue
responses to radiation; unfortunately, this has not been possible using existing culture
systems. In particular, the 3D villus architecture and differentiated barrier functions of
the intestine are known to contribute greatly to intestinal tissue responses to radiation. It
is likely for this reason that past efforts, for example, using Transwell culture systems
lined by human Caco-2 intestinal epithelial cells that grow as a flat monolayer failed to

model radiation injury'®®"!

. Furthermore, past in vitro models used to study intestinal
responses to radiation did not incorporate a human vascular endothelium in the vicinity
of the intestinal epithelium to mimic capillary blood vessels, which are situated very
close to epithelial cells in the gut mucosa'’. This is important because while intestinal
stem cells have always been assumed to be the major mediator of radiation damage

12,13

involved in development of the Gl syndrome < '~, recent studies suggest that apoptosis

within the microvascular endothelium may be a key mediator of radiation damage that,

in turn, leads to stem cell dysfunction™"®.
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To model radiation-induced damage in vitro, we adapted a recently described
human Gut-on-a-Chip (Gut Chip) microfluidic culture device that is lined by human
intestinal epithelium interfaced with a human vascular endothelium, which
spontaneously differentiates and forms three-dimensional intestinal villi when cultured in
the presence of flow and cyclic peristalsis-like deformations''"'®. Here we show that
this microfluidic human Gut Chip can be used to analyze the effects of y-radiation on
villus morphology, barrier function, cell-cell junctions, cellular toxicity, apoptosis,
reactive oxygen species (ROS) generation, and DNA fragmentation in vitro. We also
demonstrate that it can be used as a tool to evaluate the radiation-protecting effects of a
potential radiation countermeasure drug, the small-molecule prolylhydroxylase inhibitor
dimethyloxalylglycine (DMOG), which has been reported to protect small intestine
against radiation damage by stabilizing hypoxia-inducible factor 1o and 2o (HIF-1a and

HIF-2a)"®.

Results

Establishing a human gut radiation injury model in vitro. The microfluidic human
Gut Chip is a microfluidic culture device composed of a clear, flexible, poly-
dimethylsiloxane (PDMS) polymer, which contains 2 parallel microchannels separated
by a porous, flexible, extracellular matrix (ECM)-coated membrane lined by human
Caco-2 intestinal epithelial cells on one side and human umbilical vein microvascular
endothelial cells on the other (Fig. 1a, left). Medium is perfused through both channels
(30 wl hr'; 0.02 dyne cm®) and cyclic deformations (0.15 Hz; 10% strain) similar to

those experienced by cells within the intestine during peristalsis?®® are induced by
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applying cyclic suction through hollow side chambers (Supplementary Fig. S1a), as
previously described'®'"'®. When Caco-2 intestinal epithelial cells are cultured under
these conditions, they undergo villus differentiation and express multiple features of
human small intestine within 5-7 days when analyzed at the molecular, morphological,

physiological and transcriptomic levels'®'""'®

, even though the same cells in the same
medium fail to undergo significant differentiation in Transwell cultures'. In contrast to
past Gut Chip studies, we cultured endothelial cells on all four sides of the lower
channel to engineer a hollow endothelium-lined vascular lumen in these devices (Fig.
1a, right). Differential interference contrast (DIC) and immunofluorescence microscopic
analysis confirmed that the Caco-2 cells formed a villus intestinal epithelium with
polarized epithelial cells lined by ZO-1-containing tight junctions and an apical villin-
containing brush border (Fig. 1b; Supplementary Fig. S1b). In the lower channel,
endothelial cells grew to form a confluent cell monolayer joined by CD31-containing

adherens junctions, which covered all four sides of the channel surrounding the hollow

vascular lumen (Fig. 1a right, Fig. 1c, and Supplementary Fig. S1b).
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Figure II-1. Human Gut Chip microfluidic culture device. (a) Schematic showing the positions of the
human intestinal epithelium and endothelium when initially plated on opposite sides of the matrix-coated
porous membrane within the 2-channel microfluidic device (left), and how this progresses to form a villus
epithelium in the top channel interfaced with a planar endothelium that forms a lumen in the bottom
channel (middle). A representative immunofluorescence confocal micrograph visualizing a cross-section
of the Gut Chip device with the villus intestinal epithelium stained for villin (green) to visualize the apical
brush border, and the planar endothelium stained for VE-cadherin (red) to visualize adherens junctions, is
shown at the right (bar, 100 um). (b) Microscopic views showing the villus morphology of the human
Caco-2 intestinal epithelium cultured for about 5 days in the Gut Chip with flow (30 ul.hr") and cyclic
strain (10% at 0.15 Hz), when viewed from above by DIC imaging (left; bar, 50 um) or by
immunofluorescence staining for the tight junction protein, ZO-1 (green, middle; bar, 50 um) and villin
(green, right; bar, 100 um). Blue and gray indicate DAPI-stained nuclei. (¢) Microscopic views showing
the planar morphology of the human endothelium cultured under identical conditions as in b, when
viewed from above phase contrast imaging (left; bar, 50 um) or by immunofluorescence staining for the
endothelial cell junction-associated proteins PECAM-1 (green, middle; bar, 50 um) and VE-cadherin (red,
right; bar, 200 um). Blue indicates DAPI-stained nuclei.

We then exposed the human gut chips to y-radiation. Previous studies have

shown that exposure to a level of ~ 4-8 Gray (Gy) of y-radiation can lead to Gl
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syndrome and death in the absence of treatment in humans'*?'. Rodents subjected to
total body irradiation at a dose of 8 Gy also show progressive intestinal injury with
increased number of apoptotic and mitotic cells, as well as shortening of the villi?>>.
Exposure of the human gut chips to 8 Gy y-radiation for 24 hours similarly resulted in
significant increases in apoptosis both within the epithelium and endothelium compared
to non-irradiated control chips, however, the number of apoptotic endothelial cells was
about 5 fold higher in the endothelium at this time (Fig. 2a,b). Interestingly, the
epithelium appeared to undergo a distinct and slower mechanism of apoptosis induction
as the apoptosis labeling index increased significantly 48 hours after radiation exposure,
whereas the endothelial apoptosis index was maximal at 1 day (Fig. 2a,b). In contrast,
both the epithelium and endothelium exhibited similar levels of cell membrane damage
at 24 hours, as measured by quantifying extracellular release of the intracellular
enzyme, lactate dehydrogenase (LDH), and these levels remained high for at least 72
hours after radiation exposure (Fig. 2c). Control studies also confirmed that direct
exposure of the chip without cells did not induce cytotoxicity when cells were then

cultured on these devices (Supplementary Fig. S2), confirming that cell injury was not

caused by radiation-induced release of toxins from the PDMS material.
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Figure ll-2. Radiation-induced apoptosis and cytotoxicity in intestinal epithelium and vascular
endothelium, and radio-protective effects of DMOG. (a) Representative immunofluorescence
micrographs of TUNEL (red) and DAPI (white) staining in epithelial and endothelial cells cultured on-chip
in the absence (Con) or presence (+ Rad) of 8Gy of y-radiation (Rad), with or without DMOG treatment,
24h and 48h after radiation exposure (bar, 50 um). (b) Graph showing the quantlﬂcatlon of the
percentage of epithelium and endothelium cells that expressed TUNEL staining (TUNEL" cells) 24h and
48 h after exposure to the conditions shown in a (n=3; P<0.05, 'P<0.01, " P<0. 001). (c) Graph showing
effects on radiation-induced cell death in the epithelium (left) and endothelium (right) exposed to radiation
in the absence (Rad) or presence of DMOG (DMOG + Rad), as assessed by quantifying LDH release
from cells (data are presented as fold change in LDH levels relative to the non-irradiated control cells;
n=3; P<0.05, "P<0.01,  P<0.001).

As ROS are critical mediators of radiation-induced damage that have been
reported to play a pivotal role in intestinal epithelial injury as well as epithelial and

endothelial apoptosis in patients?*2°

, we sought to determine if radiation induces ROS
formation in the human Gut Chip. Quantification of ROS production using CellROX
Green Reagent revealed that endothelial cells generated about twice the level of ROS
per cell compared to the intestinal epithelial cells (~8-fold versus 4-fold increases,

respectively) (Fig. 3a,b). Lipids are one of the main targets attacked by ROS, and this

34



21-29  Consistent with this

results in lipid peroxidation and cell membrane damage
observation and our ROS results, the level of lipid peroxidation after radiation in
endothelium was again almost two times higher in the endothelium compared to the
epithelium (Fig. 3c,d).

lonizing radiation is thought to produce many of its damaging effects on cells by
producing clustered DNA double-strand breaks (DSB), promoting hyperphosphorylation
of DSB-associated proteins, and inducing formation of discrete nuclear foci containing
p53 binding protein 1 (53BP1), an important regulator of DSB signaling that is regulated
by y-radiation®*=*?. Similarly, we found that while 53BP1 was diffusely localized in the
nuclei of control intestinal epithelial and endothelial cells in the Gut Chip, it relocated to
punctate nuclear foci within both cell types when they were irradiated (Fig. 3e,f). Again,
while more than 95% of endothelial cells exhibited discrete nuclear foci formation, the
intestinal epithelial cells only exhibited about half this level of response. These findings
appear to be consistent with past studies that suggested radiation-induced epithelial cell
injury and DNA damage are mediated by endothelial apoptosis and ROS generation

which are upstream from the epithelial cell injury responses'>3*3°,
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Figure II-3. Radiation-induced changes in ROS, lipid peroxidation and DNA fragmentation in the
presence or absence of DMOG treatment. (a) Radiation-induced changes in intracellular ROS in the
intestinal epithelium (top) and endothelium (bottom) measured 30 min after exposure to y-radiation (8Gy)
in the absence (Rad) or presence of DMOG (DMOG + Rad), or under control non-radiated conditions
(Con), as visualized using the CellROX Green Reagent (green) (blue, DAPI-stained nuclei; bar, 50 um).
(b) Quantification of ROS production measured under the conditions described in a, expressed as fold
change relative to non-irradiated control cells (n=3; P<0.05, P<0.001). (¢) Radiation-induced changes
in lipid peroxidation in the intestinal epithelium (top) and endothelium (bottom) measured under the same
conditions as shown in a, detected using an Image-iT® Lipid Peroxidation Kit in which lipid peroxidation
results in a shift of fluorescence emission from 510nm (red) to 590 nm (green) (blue indicated DAPI-
stained nuclei; bar, 50 um). (d) Quantification of lipid peroxidation measured under the conditions
described in ¢. Data are presented as a shift the ratio of the fluorescence emission peak from 510nm to
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590 nm (n=3; 'P<0.05, "P<0.01, MP<O.OO1). (e) Effect of radiation on formation of DNA double strand
breaks, as detected by increased punctate staining of 53BP1-positive (53BP1%) nuclei (green); nuclei
were counterstained with DAPI (white) (bar, 20 um). White arrowheads indicate nuclei that display
discrete punctate patterns of 53BP1" staining. (f) Quantification of the ratio of nuclei that exhibited
§38P‘I+ punctate staining relative to total nuclei measured under the conditions described in e (n=5;
P<0.05, P<0.01, P<0.001).

Recapitulating intestinal organ-level radiation-induced injury. The small
intestines of patients exposed to high levels of y-radiation exhibit characteristic
morphological changes including decreased villi height and irregular, shortened
microvilli (“villus blunting”), as well as cytoplasmic vacuolization and detachment of
epithelial and endothelial cells from their basement membrane®*>°. Similarly, we found
that exposure of the Gut Chips to 8 Gy resulted in loss of normal villus architecture and
disruption of epithelial and endothelial integrity within 48 h. Computerized image
analysis of cross-sectional immunofluorescence views of villin-stained epithelium (Fig.
4a) revealed a significant reduction in the average height of villi in irradiated versus
control chips (68.2 £ 11.3 vs. 160.4 £ 19.6 um, respectively) (Fig. 4b). Moreover, while
the heights of the majority of the finger-like villi in control (non-irradiated) chips ranged
between 100-200 um, less than 35% of villus structures in the irradiated chip reached
100 um or above (Fig. 4a,c). In addition, scanning electron microscopic (SEM) analyses
showed that the apical surface of the irradiated epithelial cells had very short and
irregular microvilli compared to control samples, making it difficult to identify cell
boundaries in the irradiated epithelium (Fig. 4e). When we analyzed the expression of
the cell-cell junction proteins, ZO-1 and VE cadherin, in the irradiated epithelial and
endothelial cells, respectively, we observed decreased expression of both molecules

and a loss of junctional continuity in the cell layers (Fig. 5a-c). Radiation exposure also
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resulted in cell detachment and generation of cell-free gaps in the endothelial

monolayer.
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Figure IlI-4. Morphological analysis of intestinal villus damage induced by radiation exposure. (a)
Representative vertical cross sectional, confocal, micrographic views through the intestinal epithelium-
membrane-endothelium interface of the Gut Chip at 48 h without (Con) or with exposure to y-radiation
(8Gy) in the absence (Rad) or presence of DMOG (DMOG+Rad), when immunostained for villin (green)
and nuclei with DAPI (blue) (parallel white dashed lines indicated upper and lower surfaces of the porous
matrix-coated membrane; bar, 100 um). (b) Quantification of intestinal injury evaluated by measuring
changes in the height of the villi (n = 50) under control conditions (Con) versus after exposure to radiation
(8Gy) in the absence (Rad) or presence of DMOG pre-treatment (DMOG+Rad) ( P<0.05, P<0.01). (c)
Distribution of villus heights measured under the conditions described in b. (d) Changes in apparent
paracellular permeability (P,,,) measured by quantitating cascade blue transport across the tissue-tissue
interface within the Gut Chip microdevices before (Con) or after radiation in the absence (Rad) or
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presence of DMOG pre-treatment (DMOG+Rad) (n=3; 'P<0.05, ~ P<0.001). (e) DIC (top; bar, 50 um) of
the intestinal villi and SEM views (bottom; low magnification bar, 10 um; High magnification Inset bar, 1

um) of the intestinal microvilli formed on-chip under control conditions (Con) or after radiation exposure
without (Rad) or with pre-treatment with DMOG (DMOG+Rad).

Radiation injury of intestinal villi in humans is also accompanied by breakdown
of the intestinal mucosal barrier, which can release bacteria and their toxins through the
intestinal wall, leading to further abdominal complications “>~*2. When we evaluated the
effect of radiation on intestinal barrier function and mucosal damage by measuring
changes in the apparent permeability coefficient (Papp), which is a measure of
paracellular barrier function in the human Gut Chip, we observed a 4-fold increase in
Papp (4.9 x 107 versus 1.2 x 107 cm s™) at 24 h after exposure when significant
apoptosis was detected in the endothelial cells, and Pspp, almost doubled again (8.7 x
107 cm s™) by 48 h (Fig. 4d). This was also accompanied by significant loss of
expression of the mucin protein, MUC2 (Fig. 6¢,d), which is the most abundant mucin
secreted by goblet cells that plays a pivotal role in organizing the intestinal mucus layers
and barrier integrity at the epithelial apical surface*>**. Importantly, the suppression of
MUC2 levels we detected on-chip is similar to what is observed in radiated intestinal
tissue in vivo*. Thus, the Gut Chip faithfully mimics many facets of the human intestinal

injury response to radiation in vitro.
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Figure II-5. Radiation-induced loss of junctional continuity and mucosal damage and the effects of
DMOG pre-treatment. (a) Confocal immunofluorescence micrographs stained showing horizontal views
through the mid-section of villi (100 um above the porous membrane) stained for epithelial tight junctions
(Z0O-1, red) at the top (bar, 100 um), and through the middle of the endothelium stained for adherens
junctions (VE-cadherin, red) at the bottom (bar, 20 um), within non-irradiated Gut Chips (Con) versus Gut
Chips exposed to 8Gy radiation for 48h without (Rad) or with DMOG pre-treatment (DMOG+Rad).
Quantification of fluorescence intensities (a.u.) of (b) ZO-1 and (c¢) VE-cadherin normalized per cell
number (n=3; P<0.05, P<0.01; n.s., not significant).

Endothelial cells as mediators of radiation damage. To confirm whether
vascular endothelium contributes to radiation-induced intestinal epithelium damage, we

irradiated the Gut Chips in the absence or presence of endothelial cells and analyzed
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effects on radiation-induced epithelium damage at cell and tissue levels. Interestingly,
whereas Gut Chips containing both epithelium and endothelium exhibited villus blunting
in response to radiation exposure (Fig. 4), there was no significant decrease in average
height of villi in irradiated chips lined by intestinal epithelium in the absence of
endothelium (Fig. 6a,b). We also found that the presence of endothelial cells enhanced
barrier function (reduced permeability by ~10-fold; Supplementary Fig. S3c) and
increased mucus secretion (~4-fold; Fig. 6c¢,d) by the epithelium compared to chips
lacking endothelium, and this was accompanied by suppressed or delayed responses to
radiation damage. For example, ROS generation in irradiated epithelium was
significantly lower when endothelium was not present (Supplementary Fig. S3a,b).
Moreover, in the absence of endothelium, no changes in paracellular barrier function
were observed even as late as 24 h and 48 h after radiation (Supplementary Fig. S3c).
Thus, based on our observations, the endothelium appears to be the principal target of

intestinal radiation injury, which is consistent with recent in vivo findings*®.
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Figure II-6. Vascular endothelium mediates the radiation damage. (a) DIC microscopic views
showing the villus morphology of the human Caco-2 intestinal epithelium cultured with and without human
vascular endothelium under control conditions (Con) or after radiation exposure (Rad) (bar, 50 um). (b)
Quantification of villus heights measured under the conditions described in a (n=3; P<0.01; n.s., not
significant). (¢) Representative immunofluorescence confocal micrographs of the Gut Chip device with the
villus intestinal epithelium stained for epithelial tight junctions, ZO-1 (red) and intestinal mucin protein,
MUC-2 (green) (blue, DAPI-stained nuclei; bar, 50 um). (d) Quantification of fluorescence intensities
(a.u.) of MUC-2 normalized per cell number under the conditions shown in ¢ (n=3; P<0.01, P<0.001;
n.s., not significant).
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Radio-protective effects of a potential radiation countermeasure drug.
Pharmacologic strategies for preventing or treating radiation-induced intestinal injury are
currently very limited; however, a recent study showed that the prolylhydroxylase
inhibitor, DMOG, partially prevented murine intestinal wall dysfunction when
administered before abdominal irradiation*”. DMOG elevates levels of Hif-1a. and HIF-
20, which are known to promote cell survival under conditions of stress, such as
ionizing radiation'®*®, Similar to the in vivo finding, we found that DMOG pre-treatment
prevented cell detachment (Fig. 5a-c), suppressed the increase in intestinal
permeability (Fig. 4d), increased MUC2 expression (Supplementary Fig. 5a,b) and
reduced villus injury (Fig. 4e), as evidenced by enhanced expression of ZO-1 (Fig. 5a)
and increased villus height (Fig. 4a,b) in irradiated Gut Chips. In addition, we
discovered that pre-treatment of cells with DMOG significantly reduced the number of
cells undergoing apoptosis in both the epithelium and endothelium (Fig. 2b,c), in
addition to inhibiting both ROS generation (Fig. 3a,b) and lipid peroxidation (Fig. 3c,d)
in these cells. As expected this was associated with increased expression of Hif-1a and

HIF-2a. (Supplementary Fig. S4a-d), which is known to prevent ROS generation*® as

well as inhibit apoptosis®®®’

. Interestingly, we also found that DMOG prevents DNA
fragmentation (Fig. 3e,f), which has never been described previously. Thus, again, the
human Gut Chip mimicked the protective effects of this potential radiation
countermeasure drug that were previously observed in animal models of intestinal

inflammation®'~%3,

DISCUSSION

43



In the present study, we leveraged a mechanically active, microfluidic Gut Chip
device to model human intestinal radiation injury in vitro. The human Gut Chip
recapitulates clinically relevant acute radiation injuries at both cellular and tissue-organ
levels. Radiation induces loss of junctional continuity, compromises intestinal barrier
function, and inhibits mucus production, in addition to promoting villus blunting and
distortion of microvilli. Our data show that the endothelium appears to be more sensitive
to radiation injury in terms of ROS generation, lipid peroxidation and DNA
fragmentation, which first triggers rapid endothelial apoptosis that then appears to
trigger subsequent epithelial cell injury responses, as previously described to in

VI-VO14,33

. Moreover, pre-treatment with a potential MCM drug, DMOG, significantly
reduced radiation toxicity in epithelium and endothelium in this in vitro model, again
mimicking responses that have been previously observed in vivo®'.

Because of the urgent need for predictive intestinal radiation models, previous
studies have explored the use of other types of in vitro cultures, including organoids and
Transwell co-culture systems’"**. However, they were found to be limited in their ability
to replicate normal human intestinal 3D architecture and function, and thus, they could
not recapitulate important features of radiation responses, such as villus blunting, which
have been observed in human patients. Our results suggest that these past models
were ineffective because they failed to recreate the physiologically relevant physical
microenvironment of the intestine, including fluid flow and peristalsis-like mechanical
deformations, which are present in the human Gut Chip. Moreover, unlike our
experimental system, past in vitro models did not contain human endothelial cells that

are known to serve as key contributors to radiation-induced intestinal dysfunction'®®.
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For example, using the vascularized human Gut Chip, we found that the endothelium
responds faster to ionizing radiation compared to the epithelium, with endothelial cells
exhibiting an increase in apoptosis within 24 hours after exposure, while epithelial cell
death increased over the following day. This is consistent with the past finding that while
exposure of mice to y-radiation results in loss of intestinal villi beginning approximately
24-36 hours after exposure, little apoptotic activity was observed in the intestinal
epithelium during the first day12'55. Moreover, when Gut Chips were lined by epithelium
in the absence of endothelium, we did not detect radiation-induced villus blunting, loss
of barrier function, or decreased mucus secretion, confirming that endothelial cells

mediate the intestinal radiation injuries as suggested by previous in vivo studies'®. |

n
addition, we found out that radiation-induced ROS generation by intestinal epithelium
cultured on-chip alone was significantly lower than when it was co-cultured with
endothelium. These data suggest that enhanced ROS generation by the endothelium
may play a pivotal role in regulating intestinal radiation damage, and hence that it could
serve as a target for therapeutics that mitigate radiation toxicity, as suggested by recent
in vivo reports®®“®. Although radiation damage is often coordinated by the intracellular
actions of ROS®, further investigation of other potential radiation-mediators, such as
inflammatory cytokines, are required to fully understand the crosstalk between epithelial
and endothelial cells in response to radiation exposure.

In summary, the results we obtained are fully consistent with past studies which
revealed that the microvascular endothelium is the initial target of radiation damage,
33,35,57

and that endothelial apoptosis is upstream of damage to the intestinal epithelium

Other studies have also demonstrated that radiation-induced epithelial cell injury and
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DNA damage are mediated via endothelial apoptosis and ROS generation'>3*-°

, which
trigger cytoskeletal changes and structural alterations within the endothelial cell
monolayer®®.

The changes in endothelial cell and tissue architecture that we observed are
consistent with the immediate morphological hallmarks of radiation that have been
reported to occur in the vascular compartment in patients at clinically relevant
doses®®®. In addition, the radiation-induced changes in the epithelium we observed in
the Gut Chip, ranging from villus blunting to distortion of the tips of the villi to their
complete villus, are consistent with clinical findings in patients and animals exposed to
ionizing radiation®”®". A similar level of damage to apical microvilli at the apical epithelial
cell surface also has been reported in both human and mouse irradiated tissues®®®2.

Importantly, we demonstrated that the Gut Chip radiation model can be used to
evaluate therapeutic response of potential radiation countermeasure drugs. As a proof-
of-concept, we showed that DMOG, which is known to protect murine intestine against
radiation damage by stabilizing HIF levels®®, has similar effects in the human Gut Chip.
Interestingly, the radioprotective effects of this drug on human cells and tissues have
not been previously reported, and thus, our findings provide hope that this potential
therapeutic approach could be useful in humans. In addition to replicating effects of
DMOG previously observed at tissue and organ level in vivo ', our results also unveiled
some novel features of DMOG action at the cell level, including its ability to prevent

DNA fragmentation, which also has not been previously described. In the future, our

intestinal radiation model could be harnessed to study the safety and efficacy of other
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radioprotectants that contain a free radical-scavenging group, such as amifostine, which
has been reported to reduce DSB accumulation*®:%,

We used the established human Caco-2 intestinal epithelial cell line in the
present study because it reproducibly undergoes intestinal differentiation and exhibits
villi formation as well as transcriptional signatures reminiscent of the ileum when
cultured within the mechanically active Gut Chip model'®"""®. However, two important
caveats require consideration when interpreting the results of this study with respect to
the effects of radiation on intestinal toxicity. The first is that the Caco-2 cell line was
originally isolated from a colon tumor, and thus, while it can recapitulate many features

of the human ileum when analyzed at the transcriptional level'®

, it does not fully express
the phenotype of a normal human intestine. These tumor-derived Caco-2 intestinal
epithelial cells also might differ in their sensitivity to radiation as compared to normal
epithelial and endothelial cells, so further studies are required to fully elucidate the
cross-talk between the two tissue layers in response to radiation. Specifically, this
approach could be further strengthened by integrating primary human intestinal
epithelial cells which might be more radio-sensitive into the model in the future (e.g., by
isolating cells from clinical biopsy samples), and this could enable one to evaluate
patient-specific responses to radiation as well. Second, while we were capable of
replicating multiple clinical responses of intestinal epithelium and endothelium to
radiation, other cells, including immune cells and commensal microbiome that are

present within the intestinal microenvironment are believed to play a pivotal role in small

intestine radiation toxicity in vivo®®®. Thus, it will be interesting to explore how the
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presence of these other cell types in the model might influence intestinal epithelial and
endothelial responses to radiation in the future.

When animals or humans are exposed to total body radiation doses that lead to
severe enterocyte depletion, lethality is mainly due to the combined effect of endothelial
injury, GI damage and bone marrow failure’. Therefore, Past studies focused on
preventing Gl damage that utilized in vivo total body radiation models may therefore
have had limited clinical relevance*®. In contrast, the human Gut Chip radiation model
offers the unique capability to analyze the direct effects of radiation toxicity on cells and
tissues within a single organ, in the absence of contributions from other organs and
systemic factors. However, different vascularized human Organ Chips can be linked by
their common endothelium-lined vascular channels to create an effective ‘human Body-
on-Chips’, which could then be used to explore how partial or whole body exposure to
radiation modifies the response of intestinal tissues contained within a linked Gut Chip.
Using this organ-level synthetic biology approach, it should be possible to identify how
individual molecular, cellular and physical factors contribute individually and in
combination to radiation toxicity. In addition to enabling study of the underlying
mechanisms involved in radiation-induced Gl syndrome, the human Gut Chip offers a
potentially powerful a tool for discovery and screening of new and more effective

countermeasure drugs in the future.

Materials and Methods

Human Gut-on-a-Chip microdevice. The microfluidic Gut-on-a-Chip devices were

fabricated from polydimethylsiloxane (PDMS; SYLGARD® 184 silicone elastomer kit) by
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soft lithography technique as previously reported’. The intestinal epithelium and
vascular endothelium channels shared same dimensions (1000 um wide x 14 mm long
x 200 um high) and separated by a porous (10 um diameter pores with 25 um spacing)
PDMS membrane (50 wm high). Prior to cell seeding, both microchannels were
activated using oxygen plasma (Diener ATTO; pressure, power and plasma time were
05 mbar, 30 W and 2 min, respectively), functionalized with (3-
Aminopropyl)trimethoxysilane (Sigma, 281778), washed by flowing absolute ethanol
(Sigma, E7023) and dried in a 80 C oven. Microchannels were then coated with type |
collagen (30 ug ml™"; Gibco, A10483-01) and Matrigel (100 ug ml™"; BD Biosciences,
356237) in the serum-free Dulbecco’s Modified Eagle Medium (DMEM; Gibco,
10564011) for 1 h at 37 C. To form vascular lumen, human endothelial cells (Human
Umbilical Vein Endothelial Cells (HUVECs); Lonza, C2519A (pooled donor)) cultured in
endothelial growth medium (DMEM/F12 (Gibco, 11039-021) plus EGM-2 BulletKit
containing 100 U L™ penicillin/100 mg ml”’ streptomycin (Pen/Strep; Gibco, 15140-122),
hydrocortisone, hFGF-B, VEGF, R*-IGF-1, ascorbic Acid, hEGF, GA-1000, heparin and
2% FBS; Lonza, CC-4176) were first introduced to the lower microchannel and
incubated for 1 h to attach on bottom side of the channel. Afterwards, HUVECs were
seeded on the opposite side of the porous membrane in the lower channel by
immediate flipping the entire chip upside down and placing it in an incubator for 1 h. The
device was flipped over again and human intestinal epithelial cells (Caco2 BBE human
colorectal carcinoma cell, Harvard digestive Disease Center) grown in DMEM (Gibco,
10564011) containing Pen/Strep 20% Fetal Bovine Serum (FBS; Gibco, 10082-147)

were seeded (1.5x10° cells cm™) into the top microchannel of the device and being
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allowed to adhere statically for 1 h. Gut chip was then cultured statically in incubator for
an overnight to form monolayer. A day after seeding, epithelial medium
(DMEM/20%FBS/antibiotics) and endothelial medium with reduced FBS (0.5%) were
perfused at 60 uL h’ through top and bottom channels, respectively. To mimic
peristalsis-like motions, cyclic stretching (10% strain; 0.15 Hz) was applied through
vacuum chambers via a vacuum controller 2 days after seeding. 5 days after seeding,
villus intestinal epithelium spontaneously appeared in top channel and endothelial
vascular lumen formed in bottom channel. Endothelium-free chips were similarly
prepared using the above procedure, except that after coating the chips with ECM, they
were seeded with human intestinal epithelial cells (Caco2) in top channel without adding

endothelial cells to the bottom channel.

Chip Radiation. Gut-on-a-Chip microdevices containing villus intestinal epithelium (with
or without endothelium) were removed from the syringe pump, immediately transferred
to irradiation facility and exposed to a single 8 Gy dose of gamma-irradiation (Cs-137;
Gammacell 40 Exactor) at 0.98 Gy min™'. Temperature of Irradiation chamber was kept
at 37 C thorough the procedure and no temperature fluctuations were observed. To
treat the control chips similarly, they were brought to irradiation facility and back without
being exposed to irradiation. To validate the prophylactic effect of dimethyloxalylglycine
(DMOG) in our Gut-on-a-Chip devices, DMOG (Sigma, D3695) reconstituted in
UltraPure DNase/RNase-free distilled water (Gibco, 10977015) and added to epithelium
and endothelium channels at 1 mM an overnight before irradiation procedure. Control

chips (vehicle) received only distilled water.
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Morphological analyses. Morphological analyses were performed using at least 3
independent gut chip samples at each interval, where images of villi were taken at more
than 10 different locations. The intestinal villus morphology was evaluated using
differential interface contrast (DIC) microscopy (Zeiss Axio Observer Z1 2, AX102). The
villus microarchitecture was also studied using immunoflorescnece microscopy with a
laser scanning confocal microscopes (Leica SP5 X MP DMI-6000 and Zeiss TIRF/LSM
710) inked to a 405-nm diode laser, a white light laser (489-670 nm), or an argon laser
(488 nm and 496 nm) and coupled to a photo-multiplier tube or HyD detectors. Acquired
images were analyzed using IMARIS (MARIS 7.6 F1 workstation; Bitplane Scientific
Software) and Imaged. High-resolution horizontal or vertical cross-sectional images
were obtained using deconvolution (Huygens) followed by a 2D projection process.

For scanning electron microscopy (SEM) analysis, gut chips were designed in a way
that top channel was not irreversibly bonded to the membrane, which permitted the
device to be dismantled manually without disturbing the cultured cells. Cells were fixed
with paraformaldehyde (PFA, 4%; Electron Microscopy Sciences, 157-4) and
Glutaraldehyde (2.5%; Sigma, G7776) and incubated in osmium tetroxide (0.5%;
Electron Microscopy Sciences, 19152) before serial dehydration in ethanol. Samples
were then dried using hexamethyldisilazane (HMDS; Electron Microscopy Sciences,

999-97-3) and imaged with a field emission SEM (Tescan Mira GMU, Czech Repubilic).

Paracellular permeability measurements. To measure intestinal permeability, 50 ug

ml”" of cascade blue (5.9 kDa; ThermoFisher, C687) were introduced to the top channel
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of the chips at 60 mL hr”" and fluorescence intensity of top and bottom channel effluents
at excitation/emission wavelengths of 390 nm/420 nm were measured using a multi-
mode plate reader (BioTekNEO) at different intervals. Apical-to-basolateral flux of the
paracellular marker was calculated according to the following equation:
Papp=(dQ/dt)/A.dC, where Papp (cm s'1) denotes the apparent permeability coefficient,
dQ/dt (g s™) is molecular flux, A (cm?) is the total area of diffusion and dC (mg mL™) is

average gradient.

Detection of reactive oxygen species (ROS) and lipid peroxidation (LPO).
Immediately after irradiation procedure, cellular ROS and LPO were detected using
CellROX Green (Life Technologies, C10444) and Image-iT Lipid Peroxidation Kit (Life
Technologies, C10445), respectively, according to the manufacturer's protocol. The
signal intensity of intracellular levels of ROS was measured at excitation/emission
wavelengths of 485 nm/520 nm (green), and ratios of emission peak from the 590 nm

(red) to 510 nm (green) were used to quantify lipid peroxidation in chips.

Cellular toxicity and apoptosis. LDH activity assay: CytoTox 96 Non-Radioactive
Cytotoxicity Assay (LDH; Promega, G1780) was used according to the manufacturer’s
instructions to measure epithelium and endothelium death rate at different intervals after
irradiation procedure and DMOG treatments. In brief, effluents were collected from top
and bottom channels, mixed with LDH substrate reagent and incubated for 30 min. The
enzymatic reaction was terminated using stop solution (containing acetic acid) and the

absorbance at 492 nm was recorded using a multi-mode plate reader (BioTekNEO).
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The LDH activity was assessed using quadruplicate of each group, calculated after
subtracting the background absorbance values and reported as a fold change of the
total LDH values of control group.

TUNEL assay: Late apoptosis was evaluated by the terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick-end labeling (TUNEL) immunostaining using
Click-iT TUNEL Alexa Fluor Assay Kit (Invitrogen, C10247) according to the
manufacturer’s protocol. Chips were co-stained with DAPI (Invitrogen, D1306) as the
nuclear DNA marker and the apoptotic cells were counted from 20 different fields (5
fields each from 4 replicates) to get an average number of TUNEL-positive cells per

field.

Immunofluorescence microscopy. For immunofluorescence staining, cells in both
channels were first gently washed with PBS, then fixed with paraformaldehyde (PFA,
4%,; Electron Microscopy Sciences, 157-4) for 20 min and subsequently washed with
additional PBS. Cells were then permeabilized with 0.25% Triton X-100 (0.25%; Sigma,
T8787) for 20 min and incubated with blocking buffer containing 1% BSA (Sigma,
A4503) and 10% donkey serum (Sigma, D9663) for 30 min at room temperature. Cells
were then incubated with antibodies directed against ZO1 (Life Technologies, 33-9100,
dilution 1:200), PECAM-1/CD31 (eBioscience, BMS137, dilution 1:100), VE-
cadherin/CD144 (BD Biosciences, 555661, dilution 1:200), Villin (Life Technologies,
PA5-29078, dilution 1:100), 53BP1 (Abcam, ab36823, dilution 1:100), MUC2 (Santa
Cruz Biotechnology, sc-15334, dilution 1:100) or HIF-1a (Abcam, ab16066, dilution

1:100) overnight at 4 C, followed by 6 x 5 min PBS washes. Secondary antibodies (Life
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Technologies) were then introduced in the channels for 1 h at room temperature and
washed 3 times with PBS. Cells were co-stained with DAPI (Invitrogen, D1306).
Microscopy was performed with a laser scanning confocal microscopy (Leica SP5 X MP
DMI-6000 or Zeiss TIRF/LSM 710). Quantification of the immunofluorescence images
was performed using Imaged software based on the mean fluorescence intensity on a

per cell basis.

Western Blot. To perform Western blot analysis, cell lysates were obtained using RIPA
(Alfa Aesar, J63306) buffer supplemented with protease inhibitor cocktail (Roche).
Followed by SDS-PAGE fractionation, samples were transferred to a nitrocellulose
membrane according to the manufacturer’s protocol (BioRad). Westerns were run using
precast gradient gels (4-15%, Biorad), with the same amount of protein load in each
lane of an individual gel, and the relevant protein ranges were cut out and blotted with
the individual antibodies. After blocking the membranes with 5% non-fat milk in TBST
(50 mM Tris-HCL, 150 mM NaCl, 0.1% Tween-20), samples were incubated with
antibodies against HIF-1a (R&D Systems, MAB1536, dilution 1:500), HIF-2a. (Abcam,
ab73895, dilution 1:500) and GAPDH (Santa Cruz Biotechnology, sc-32233, dilution
1:500). A horseradish-peroxidase-conjugated goat anti-rabbit or -mouse antibody was
then added, and the membranes were developed with the ECL Plus system (GE

Healthcare) according to the manufacturer’s protocol.

Statistical analysis. All experiments were carried out at n=3-6 (see figure captions),

and results and error bars in this article are presented as mean + standard error of the
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mean (s.e.m). Data analysis was performed with a one-way analysis of variance
(ANOVA) with Tukey HSD post hoc tests, using Graphpad Prism software. Statistical
analysis between two conditions was performed by an unpaired student’s t-test. P
values of less than 0.05 were considered to be statistically significant (*P<0.05,

**P<0.01, ***P<0.001).
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Supplementary Information
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Supplementary Figure S1. (a) A photographic image of the Gut Chip operating setup (left) running 5 Gut
Chip devices composed of clear PDMS elastomer connected to reservoirs containing epithelium (top, red)
and endothelium (bottom, clear) media, and a higher magnification photograph of a single device (right).
A syringe pump was used to perfuse medium through tubing from top and bottom channels inlets (T; and
Bi, respectively) towards outlet (T, and B, respectively) while mechanical strain exerted by applying
suction to the vacuum (V) chambers. (T, top channel; B, bottom channel; I, inlet; o, outlet). (b)
Representative 3D confocal immunofluorescence micrographic reconstruction of the human villus
intestinal epithelium interfaced with a human vascular endothelium surrounding a central lumen that
formed inside the Gut Chip (green, villin; VE-Cadherin, red; DAPI-stained nuclei, blue; bar, 100 um).
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Supplementary Figure S2. Effect of materials leached from PDMS after exposure to y-irradiation (8Gy)
on the viability of intestinal epithelial cells cultured on the irradiated substrates compared to conventional
plastic dishes, as assessed by LDH release.
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Supplementary Figure S3. (a) Radiation-induced changes in intracellular ROS in the intestinal
epithelium cultured without (-Endothelium) or with (+Endothelium) endothelium in the lower channel in
control (Con) and irradiated (Rad) chips, as visualized using the CellROX Green Reagent (green) (white,
DAPI-stained nuclei; bar, 50 um). (b) Quantification of ROS production measured under the conditions
described in a, expressed as fold change relative to non-irradiated control cells (n=3; P<0.05). (c)
Changes in apparent paracellular permeability (P,p,) measured by quantfying cascade blue transport
across the tissue-tissue interface within the Gut Chip microdevices with (+) and without (-) presence of
endothelium in control (Con) and irradiated (Rad) chips 24 h, 48 h and 72 h after exposure to y-radiation
(8Gy) (n=3; P<0.05, P<0.001; n.s., not significant).
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Supplementary Figure S4. Representative images of immunofluorescence staining of nuclei with DAPI
(white) at the top and HIF1-a (red) at the bottom in human intestinal epithelial cells and endothelial cells
before and after exposure to radiation (8Gy) without (Rad) or with DMOG pre-treatment (DMOG+Rad)
(bar, 30 um). (b) Graph showing the quantification of the percentage of epithelial and endothelial cells
that expressed HIF1-a (HIF1-o- cells) after exposure to the conditions shown in a (n=3; ***P<0.001). (c)
Western blot analysis of HIF1-a and HIF2-a protein levels in control (Con), irradiated (Rad) and DMOG-
treated (DMOG+Rad) chips. (d) Quantification of HIF1-a and HIF2-a. levels from Western blots. GAPDH
levels are shown to demonstrate equal loading. (Error bars represent mean + SEM of relative band
intensity values for n=4 chips in each group; 'P<0.05, "P<0.01, mP<0.001).
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Supplementary Figure S5. (a) Immunofluorescence micrographs of intestinal epithelial cells cultured on-
chip under control conditions (Con) versus after exposure to 8Gy radiation without (Rad) or with DMOG
pre-treatment (DMOG+Rad), and stained for the intestinal mucin protein, MUC-2 (green) and nuclei (blue,
stained with DAPI; bar, 30 um). (b) Quantification of fluorescence intensities (a.u.) of MUC-2 normalized

for equal cell number.
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lll. Chapter 3

Modeling radiation injury In a
primary human Small Intestine-on-
a-Chip

This chapter is based on the articles:

1) M. Kasendra®, A. Tovaglieri#, A. Sontheimer-Phelps, S. Jalili-Firoozinezhad, A. Bein, A.
Chalkiadaki, W. Scholl, C. Zhang, H. Rickner, C. A. Richmond, H. Li, D. T. Breault, D. E. Ingber.
“Development of a primary human Small Intestine-on-a-Chip using biopsy-derived organoids”.
Scientific Reports, 8, 1, 2871 (2018).

2) S. Jalili-Firoozinezhad et al. “ Modeling radiation injury in a primary human Small Intestine-
on-a-Chip”. In preparation.
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Abstract
Here we describe a method for fabricating a primary human Small Intestine-on-a-

Chip (Intestine Chip) containing epithelial cells isolated from healthy regions of intestinal
biopsies from different individuals. The primary epithelial cells are expanded as 3D
organoids and subsequently seeded into one microchannel of an Organ Chip
microfluidic device where they interface through a porous matrix-coated membrane with
human intestinal microvascular endothelium cultured in a parallel microchannel under
flow and cyclic deformation. This Intestine Chip recapitulates intestinal villus tissue
morphology with multi-lineage differentiation similar to that of intestinal organoids,
however, the apical surfaces of the polarized epithelial cells contact an open lumen with
continuous fluid flow in the chip as they do in vivo. Transcriptomic analysis also
indicates that the Intestine Chip more closely mimics whole human duodenum in vivo
when compared to the duodenal organoids that were used to create the chips. Because
fluids flowing through the lumen of the Intestine Chip can be collected continuously,
sequential analysis of fluid samples can be used to quantify nutrient digestion, mucus
secretion and establishment of intestinal barrier function over a period of multiple days
in vitro. The Intestine Chip therefore may be useful as a research tool for many
applications where normal intestinal function is crucial, including studies of metabolism,
nutrition, infection, cancer progression, and drug pharmacokinetics, as well as

personalized medicine.

Introduction

The small intestine is the major site for digestion, drug and nutrient absorption,
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interaction with commensal microbiome, and development of mucosal immunity, as well
as a primary site for many diseases, such as bacterial, viral and parasitic infections and
inflammatory bowel disease. Because the lack of human-relevant responses has
rendered many animal models unsuitable to study causal factors and treatment
strategies for human intestinal infections and disorders’, three-dimensional (3D) human
tissue surrogates, such as intestinal organoids (also known as enteroids) have emerged
as promising alternatives. These spheroidal ex vivo tissue cultures include Lgr5"
intestinal stem cells? and are grown embedded within a complex extracellular matrix
(ECM) gel (Matrigel) with Wnt3a, epidermal growth factor (EGF), Noggin and R-spondin
1 (collectively, WENR) to support their indefinite propagation3'4. Organoids faithfully
recapitulate the cellular diversity of the intestinal epithelium and are ideally suited for in
situ visualization and continuous monitoring of epithelial development and
differentiation*®. However, the presence of an enclosed lumen is non-physiological, as
secreted material from goblet, enteroendocrine and Paneth cells, as well as shed
apoptotic cells, accumulate within this central space instead of being removed through
peristalsis and luminal flow. In addition, the inaccessibility of apical cell surface renders
the use of organoids experimentally challenging for transport studies as well as
exposure to living commensal microbiome or pathogenic bacteria for more than
approximately one day in culture. Finally, organoid cultures lack a tissue-tissue
interface, mechanical forces (fluid flow and peristalsis-like motions), immune cells, and
a vascular compartment, which are all key contributors to normal intestinal physiology
and disease development. Thus, there still remains a compelling need for more complex

and physiologically relevant intestinal organ culture systems.
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One alternative approach involves the use of 2-channel Organs-on-Chips (Organ
Chips), which are microfluidic cell culture devices that contain two parallel hollow culture
chambers lined by living human cells and separated by a porous ECM-coated
membrane. These chips recapitulate normal tissue-tissue interfaces and mimic the
complex physical and biochemical microenvironment of living human organs®?%. This
technology has been previously applied to develop human Gut Chips that emulate many
features of human intestinal structure and function, however, these studies utilized

established human intestinal cell lines, such as Caco-2 or HT-29 cells'®2"24

, which
were originally isolated from tumor samples and they harbor multiple gene mutations. In
these studies, the intestinal cells also were either cultured alone or in the presence of a
non-specialized endothelium (e.g., human umbilical vein endothelial cells)21. Thus,
these human Gut Chips may not fully recapitulate normal human intestinal functions,
and they would be inappropriate to use to study many important human conditions
where genome fidelity is important (e.g., intestinal cancer, drug development, etc.).
Other investigators have engineered in vitro intestine models using fetal intestinal tissue
explants, but these progressively deteriorate after 24h of culture®?®. Thus, in the

present study, we set out to develop a primary human Small Intestine Chip (Intestine

Chip) using an approach that combines two of the most advanced tissue engineering

3,4,27 9,10
).

technologies: intestinal organoids and Organs-on-Chips (Organ Chips

The Intestine Chip contains normal human intestinal epithelial cells derived from
organoids established from endoscopic biopsies or tissue resections of living human
intestine, and intestinal tissue-specific microvascular endothelial cells. This

microengineered environment recapitulates many key anatomical and functional
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features of its in vivo small intestine counterpart including 3D intestinal tissue
architecture, multi-lineage differentiation, epithelial barrier function, enzymatic activity of
brush border enzyme and mucus production. Importantly, the transcriptome of the
primary Intestine Chip more closely resembles that of adult human duodenum in vivo
than the organoids that were used to plate the chips or other currently available
intestinal cell culture models, including our previous Caco-2 Gut Chip, especially with
regard to expression of genes relating to digestion, response to nutrients, cell

proliferation, and host defense response to infection.

RESULTS

Establishing a primary human Intestine Chip. We set out to create an Organ Chip-
based surrogate of the human small intestine that incorporates biopsy-derived
epithelium, intestinal endothelial cells, physiological fluid flow and peristalsis-like
mechanical motions that would allow analysis of human intestinal physiology and
pathophysiology in a more in vivo-relevant culture microenvironment. Our initial focus
was on developing a model that would enable longer term monitoring of host cell-
pathogen interactions than is possible with conventional intestinal organoid cultures. To
accomplish this, we first established organoid cultures using intestinal crypts derived
from macroscopically normal regions of human intestinal endoscopic biopsies. Once the
organoids matured (after 5 to 25 passages in culture), we then released organoid
fragments through enzymatic treatment and finally seeded these fragments on the
upper surface of the ECM-coated porous membrane of a microfluidic Organ Chip (Fig.

1). The polydimethylsiloxane (PDMS) chip devices we used contain two parallel, cell
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culture microchannels: an upper ‘epithelial’ channel (1 mm high x 1 mm wide) and a
lower ‘vascular’ channel (0.2 mm high x 1 mm wide) separated by a thin (50 um) flexible
PDMS membrane containing multiple pores (7 wm diameter, 40 um spacing) coated
with ECM (type | collagen and Matrigel) (Fig. 1a). Each microchannel has a dedicated
inlet and outlet for the inoculation of human cells, molecules or microbes as well as for
the precise control of physicochemical parameters through the perfusion of laminar flow
of appropriate culture medium. Dedicated outlets provide means to collect effluents from
the individual chambers for downstream characterization. The upper epithelial channel
and lower vascular channel are surrounded on either side by two hollow (1 mm high x
300 um wide) chambers that permit application of cyclic suction to mechanically stretch
and relax the sidewalls, as well as the attached flexible PDMS membrane and adherent
tissues in the central channel, thereby emulating peristaltic motions of a living human
small intestine.
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Figure IlI-1. Fabrication of the primary human Intestine Chip. (a) A schematic cross-sectional view
(top) and a phase contrast micrograph of the chip viewed from above (bottom) showing the upper
(epithelial; blue) and lower (microvascular; pink) cell culture microchannels separated by a porous, ECM-
coated, PDMS membrane sandwiched in-between. The membrane is elastic and can be extended and
retracted by the application of cyclic vacuum to the hollow side chambers. This actuation causes outward
deflection of the vertical side walls and lateral extension of the attached horizontal, porous elastic
membrane, which induces mechanical deformation of the adherent tissue layers cultured in the central
channels. (b) Schematic representation of the step-by-step procedure involved in the establishment of
microfluidic co-cultures of primary human intestinal epithelium and intestinal microvascular endothelium in
the Intestine-Chip.

To obtain primary human intestinal epithelial cells, we utilized a previously
published cell culture model based on 3D propagation of human intestinal crypts
containing functional stem cells to create a bank of organoids derived from normal
duodenal endoscopic biopsies or surgical specimens®*?%. Duodenal organoids cultured
for 3-5 days after passaging in expansion medium (EM) were than dissociated into
fragments and plated in the epithelial channel of the microfluidic devices (Fig.1b).
Organoids from the duodenal region of the small intestine were used in this study
because they display higher culture efficiency than those formed from ileum or jejunum,
as previously described®.

We first cultured the organoid fragment-derived intestinal epithelial cells alone
(without endothelium) in the upper channel, while perfusing both channels with epithelial
expansion medium (EM). The large majority of cells initially appeared spread
individually across the surface of the porous membrane at the start of the experiment
and progressively grew to form a continuous epithelium that underwent villus
morphogenesis over 8-12 days (Supplementary Fig. S1a). This resulted in formation
of a well-developed intestinal epithelium with a high density (~30 vill/cm?) of
characteristic finger-shaped, villus-like protrusions along the entire length of the upper

channel by 12 days of culture, as detected by phase contrast (Supplementary Fig.
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S1b), differential interference contrast (DIC) (Fig. 2a), and 3D confocal microscopy
(Fig. 2b). Immunofluorescence staining of this villus intestinal epithelium for Ki67 and
mucin 5AC (MUCS5AC) confirmed the presence of proliferative Ki67-positive cells, which
were limited to basal regions in close proximity to the PDMS membrane (Fig. 2¢), much
as they are restricted to basal intestinal crypts in vivo, whereas mucin producing cells
were present primarily along the apical regions of the villi-like structures (Fig. 2d), again
as is observed in living intestinal villi. Computerized image analysis revealed that these
villus-like structures were significantly more elongated than the more spherical
organoids from which they were derived, with the villi exhibiting average major and
minor axes of 232 £ 17 and 122 £+ 7 um (mean + SEM) compared to 256 + 13 and 220 +
11 wm for the organoids. In the course of these studies, we also found that more
effective epithelial cell seeding and efficient monolayer formation can be achieved if
organoid fragments are used, as single cell suspensions (produced using longer
enzymatic dissociation times) do not expand as efficiently to develop a functional
intestinal epithelial barrier (Fig. 3a), and whole organoids remain in their cystic spherical

form and thus, never form a continuous monolayer (data not shown).
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Figure lll-2. Morphological analysis of Organ Chips lined by primary duodenal organoid-derived
epithelial cells in the absence of endothelial cells. (a) Microscopic views showing the finger-like
protrusions of the primary intestinal epithelium cultured on-chip for 12 days under continuous flow (60 pl
hr'), when viewed from above by DIC imaging. (b) Representative 3D reconstruction of confocal
immunofluorescence micrographs of organoid-derived intestinal epithelium grown on-chip (magenta, F-
actin; blue, DAPI-stained nuclei). (¢) Representative vertical cross sectional view of confocal microscopic
images showing intestinal epithelium immunostained for F-actin (magenta) and Ki67 (yellow). (d)
Representative vertical cross sectional, confocal, micrographic views through the intestinal epithelium-
membrane interface of the intestinal epithelium grown on-chip when immunostained for F-actin (magenta)
and MUCS5AC (green), and nuclei with DAPI (blue) (in ¢ and d, white dashed lines indicate upper surfaces
of the porous matrix-coated membrane).

Incorporation of intestinal endothelial cells. To create an organ-level model of the
human intestine containing a tissue-tissue interface, fragments released from intestinal
organoids were seeded on the top of the same ECM-coated PDMS membrane, and

primary human intestinal microvascular endothelial cells (HIMECs) were plated on the
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bottom surface of the same membrane in the lower ‘vascular’ channel; control studies
also were carried out with epithelium alone in the absence of HIMECs. To maintain the
viability and growth of the HIMECs, we perfused endothelial cell medium (EGM2-MV)
through the lower channel while EM was flowed through the top. These studies revealed
that cultures that included HIMECs in the lower channel appeared to require less time to
form a confluent epithelium in the upper channel. Organoid fragments achieved
confluency within 6 days when seeded alone, while they only required 2 days in chips
when they were co-cultured with endothelium (Fig. 3a). The presence of HIMECs also
did not compromise barrier function and possibly enhanced it to a slight degree: with or
without HIMEC, the P, was sustained at 1-2 x 10° cm s for up to 12 days of culture
(with 8 days of perfusion of EM, followed by 4 days of DM through the upper channel,
while EGM2-MV was flowed through the lower channel) (Fig. 3b). After that time, we
detected cells that were shed and removed by the fluid flow, as expected from the fast
turnover of human intestinal epithelium in which mature enterocytes are shed from the
gut lining every 3-5 days®?3°. The presence of HIMECs in the lower channel also
appeared increase the efficiency of monolayer formation when organoids were fully
dissociated into single cells prior to culturing them in the microchannel, and formation of
putative villi-like structures was also observed in some of these cultures (Fig. 3a).
However, the reproducibility of seeding protocol was much higher using organoid
fragments versus isolated cells (~90% versus 40% success rate), and thus, we used the

fragment method in all subsequent experiments.
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Figure llI-3. Establishment of the primary human intestinal epithelium in the Organ Chip in the
presence or absence intestine-specific microvascular endothelium. (a) Comparison of the efficiency
of intestinal epithelial cell monolayer formation and development of villi-like structures between Organ
Chip devices initially seeded with isolated primary epithelial cells or organoid fragments in the presence
or absence of human intestinal microvascular endothelial cells (HIMECs), and then were maintained for 1
or 12 days under continuous fluid flow of EM (day 1-8) and DM (day 9-12) apically, while EGM2-MV
medium was perfused through the lower channel. White areas delineate empty spaces where initially
plated cells detached from the membrane when flow was initiated; dark areas represent patches of
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attached cells. Graph shows the percentage of the area covered by epithelium at days 1 and 12 of
culture, as assessed across 3 different field of views/chip with at least 3 chip replicates per condition, and
expressed as mean * SEM from 3 independent experiments. Note that when EGM2-MV medium was
perfused basally, intestinal villi-like structures only formed in the epithelium when HIMECs were co-
cultured on the opposite side of the porous membrane. (b) Graph showing maturation of the intestinal
barrier function on chips cultured under the same conditions measured by quantifying permeability of
fluorescent Lucifer yellow. P4, values are presented as mean + SEM from 3 independent experiments;
only P,pp values for the cultures that reached 100% of confluency are plotted here. Note that the
epithelium develops a higher barrier resistance to Lucifer Yellow more quickly when HIMECs are present.
(c) Representative differential interference contrast images of the primary intestinal epithelium cultured on
chip with HIMECs for 4, 6 or 12 days under continuous flow compared to 12 days in the absence of flow
(note that formation of intestinal villi-like structures occurred only in the presence of flow). (d) Phase
contrast microscopy views of the entire length of the epithelial microchannel (top) and a higher
magnification of the area highlighted in the white rectangle (bottom) showing the human primary intestinal
epithelium co-cultured with intestinal microvascular endothelial cells in the Organ Chip under peristalsis-
like motions and flow for 12 days (culture medium was switched from EM to DM on day 8). Note the
presence of villi-like structures across the entire length of the channel.

Once confluent epithelial and endothelial monolayers were formed in the
presence of physiological fluid flow (60 pl h™), the Intestine Chip was exposed to
peristalsis-like motions (10% strain, 0.2 Hz) generated by applying cyclic suction to the
flexible hollow side chambers. Use of these dynamic co-culture conditions, in
combination with a shift from use of the EM to a differentiation medium (DM) in the
upper channel on day 8, led to formation of well-defined intestinal folds throughout the
entire length of the epithelial channel (Fig. 3a,c,d). Interestingly, culture of these same
cells in the absence of flow did not result in changes of epithelial tissue architecture
despite continued application of 10% cyclic strain (Fig. 3c), which is consistent with
previous studies using Caco-2 intestinal cells in a Gut Chip'®. Importantly, phase
contrast and confocal fluorescence microscopic analysis of this dynamic tissue-tissue
interface confirmed the presence of a continuous, polarized, epithelial cell monolayer
with an apical F-actin-containing brush border and basal nuclei aligned along the
boundary of each villus-like extension into the lumen of the epithelial microchannel of

the chip (Fig. 4a). Scanning electron microscopic (SEM) analysis of the apical surface
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of the epithelial cells lining these villus-like luminal extensions revealed the presence of
cells with morphology similar to that previously described in SEM micrographs of

mucus-producing Goblet cells®!3?

and well-polarized absorptive enterocytes with
densely-packed apical microvilli*® (Fig. 4b). Cross-sectional confocal microscopic views
of the primary Intestine Chip also confirmed the polarized epithelial cell distribution of
basal Integrin p4 receptors and apical F-actin-containing brush border (Fig. 4c), as well
as the major polarized ion transporters, Na'/K'- ATPase and NHE3 in their normal
basolateral and apical positions, respectively (Fig. 4d). NHE3, which is responsible for
electroneutral Na* absorption in the small intestine®, localized along the apical
membranes of the epithelium, while Na'/K*-ATPase, the major ion transporter
responsible for regulating the intracellular Na® gradient necessary for absorption of
nutrients®, appeared along the basolateral membranes of these cells (Fig. 4d).
Reestablishment of normal intestinal epithelial cell polarity was further confirmed by
staining for E-cadherin (Fig. 4e,f), which appeared along lateral cell borders, and for
villin (Fig. 4e) and zonula occludens-1 (ZO-1) (Fig. 4f) that localized at the cell apex.
Thus, in contrast to organoids where the epithelial apex faces an abnormally closed
lumen, the villus intestinal epithelium displayed the opposite orientation. Similiarly,
immunofluorescence staining of ZO-1 and vascular endothelium (VE)-cadherin
demonstrated the presence of well-formed tight and adherens junctions, respectively, in
the microvascular endothelium as well (Fig. 4f). Taken together, these data confirm that
we are able to growth primary human intestinal epithelial cells derived from organoids in
co-culture with human organ-specific (intestinal) capillary endothelial cells to form a

polarized and dynamic intestinal microenvironment using Organ Chip technology.
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Figure Ill-4. Morphological analysis of the primary human Intestine Chip. (a) Representative
immunofluorescence microscopic views from above of the intestinal epithelium grown on-chip for 12 days
in the presence of continuous flow and cyclic strain showing the presence of a continuous brush border
along the apical membranes of epithelial villi-like protrusions, which are juxtaposed in close proximity, as
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visualized by labeling of the brush border by staining for F-actin (magenta) and for nuclei with DAPI
(blue). (b) High magnification SEMs of the apical surface of the villus epithelium cultured on-chip showing
a goblet cell (left) and absorptive enterocytes (right) with apical microvilli. (d) Immunofluorescence
micrographs of the Intestine Chip showing polarized distribution of apical NHE3 and villin (magenta) as
well as basolateral Na+K+ATPase and lateral E-cadherin (green) in the cross-sectional views of single
villus-like structure all counterstained with DAPI (grey). (e) Confocal immunofluorescence micrographs
showing the presence of apical intact tight junctions in the intestinal epithelium and underlying
endothelium labeled with ZO-1 (magenta) as well as adherens junctions labeled for E-cadherin (yellow)
and VE-cadherin (green); blue indicates DAPI-stained nuclei.

Recapitulating intestinal differentiation on chip. We next explored whether the
primary Intestine Chip faithfully recapitulates normal intestinal differentiation in vitro, in
which adult intestinal stem cells give the rise to multiple intestinal epithelial cell types,
including absorptive enterocytes, enteroendocrine cells, goblet cell and Paneth cells.
Removal of Wnt3A and inhibition of Notch signaling, driven by switching the medium in
which the epithelial cells are cultured from EM to DM, induced the formation of multiple
differentiated intestinal cell lineages. This was demonstrated by detection of increased
expression by gqRT-PCR of mRNAs encoding alkaline phosphatase and sucrase-
isomaltase (absorptive enterocytes); mucin 2 (MUC2) and MUCS5AC (Goblet cells); and
chromogranin A and synaptophysin (SYP) (enteroendocrine cells) (Fig. 5a). Similar
results were obtained using primary intestinal epithelial cells isolated from three different
donors, and this increase in intestinal cell differentiation also was accompanied by down
regulation of expression of the adult intestinal stem cell marker, leucine-rich-repeat-
containing G-protein-coupled receptor 5 (LGR5)%*°, whereas there was no detectable
change in polycomb complex protein BMI1, which is known to be insensitive to Wnt
withdrawal®® (Fig. 5a). While expression of the Paneth cell marker, lysozyme, was
slightly reduced by Wnt3A removal, we were able to detect the presence of lysozyme-

positive cells along with chromogranin A-containing enteroendocrine cells, mucus-

producing Goblet cells and enterocytes with positive villin-stained apical brush borders
80



in the Intestine Chip by the end of the differentiation process using immunofluorescence

microscopy (Fig. 5b), and similar results were obtained in four different Intestine Chips.
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Figure llI-5. The primary human Intestine Chip exhibits multi-lineage differentiation. (a) Graph
showing the fold change in the levels of transcripts from epithelial cells cultured in the Intestine Chip and
assessed at day 12 relative to the transcript levels in the undifferentiated state assessed at the day 8 (the
medium perfused through the apical channel was switched from EM to DM on day 8). Genes analyzed
include sucrose-isomaltase (SI) and alkaline phosphatase (ALPI) that are specific for absorptive
enterocytes; mucin 2 (MUC2) and mucin 5AC (MUC5AC) for goblet cells; chromogranin A (CHGA) and
synaptophysin (SYP) for enteroendocrine cells; lysozyme (LYZ) for Paneth cells; and leucine-rich-repeat-
containing G-protein-coupled receptor 5 (LGR5) and polycomb complex protein BMI-1 (BMI1) for stem
cells. Values are presented as mean + SEM from 3 independent experiments involving Intestine Chips
generated from organoids isolated from 3 different donors (ns, not significant; *, p < 0.05; ***, p < 0.001 by
Student’s t-test). (b) A schematic cross-sectional representation of the 3D intestinal epithelial tissue
architecture developed on chip (top) and confocal immunofluorescence micrographs (bottom) showing
vertical cross-sections of the differentiated epithelium in Intestine Chip stained for lysozyme (Lyz, green),
mucin 2 (Muc2, magenta), chromogranin A (ChgA, yellow) and villin (green). Cell nuclei were
counterstained with DAPI (blue).

Recapitulating intestinal radiation-induced injury on Intestine Chip.
The small intestines of patients exposed to high levels of y-radiation exhibit
characteristic morphological changes such as decreased Vvilli height, as well as

cytoplasmic vacuolization and detachment of epithelial and endothelial cells from their
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basement membrane. Similarly, we found that exposure of the primary Intestine Chips
to radiation resulted in loss of normal villus architecture and disruption of epithelial and
endothelial integrity within 6 days (Fig. 6a). When we analyzed the expression of the
cell—cell junction proteins, VE-cadherin, in the irradiated endothelial cells, we observed
a loss of junctional continuity in the endothelium cell layers (Fig. 6a). Radiation
exposure also resulted in cell detachment and generation of cell-free gaps in the
endothelial monolayer. Computerized image analysis of cross-sectional
immunofluorescence views of epithelium (data not shown) revealed a significant

reduction in the average height of villi in irradiated versus control chips (Fig. 6b).
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Figure IlI-6. Recapitulating intestinal radiation-induced injury on Intestine Chip. (a) DIC (top) and
Confocal immunofluorescence micrographs (middle) showing horizontal views through the mid-section of
villi stained for F-actin (cyan) and Muc5AC (yellow) at the top channel, and through the middle of the
endothelium (bottom) stained for adherens junctions (VE-cadherin, red) at the bottom channel, within
non-irradiated Intestine Chip (Ctrl) versus Intestine Chips exposed to 4 Gy, 8 Gy and 12 Gy y-radiation for
6 days. Nuclei were counterstained with DAPI (blue). (b) Quantification of intestinal injury evaluated by
measuring changes in the height of the villi under control conditions (Ctrl) versus after exposure to y-
radiation. (¢) Changes in the apparent paracellular permeability (P,,,) measured by quantifying cascade
blue transport across the tissue-tissue interface within the Intestine Chip microdevices before (Ctrl) and
after radiation.

When we evaluated the effect of radiation on intestinal barrier function and mucosal
damage by measuring changes in the apparent permeability coefficient (Papp), Which is

a measure of paracellular barrier function in the human Intestine Chip, we observed
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more than tenfold increase in Papp (0. 8 X 107" vs. 1.2x 10°cms™) at 6 d after exposure
(Fig. 6¢). This was also accompanied by significant loss in expression of Muc5AC in
mucin-producing cells (Fig. 6a). While we showed that the primary Intestine Chip
faithfully mimics many facets of the human intestinal injury response to radiation in vitro,
we observed that primary intestinal epithelium is more radio-sensitive compared to
Caco-2 epithelium, as we did not detect any damage at 4 Gy in Caco-2 Intestine Chips.
However, based on the results obtained at dose response study, 8 Gy is suggested for

future radiation experiments on primary Intestine Chips.

DISCUSSION

We report here the development of a bioengineered in vitro model of the
duodenum portion of the human small intestine by combining microfluidic Organ Chip
technology with organoid-based methods for culture of primary epithelial stem cells from
duodenal biopsies. The Intestine Chip recapitulates important structural features and
functions of the native duodenum, including its three-dimensional villus architecture,
barrier function and activity of the brush border digestive enzyme, sucrase. This Organ
Chip technology differs substantially from past in vitro microfluidic models of human
intestine, including a microfluidic human Gut Chip we previously described®®?'*°  as it
incorporates the use of primary intestinal epithelium isolated from individual patient
biopsy-derived organoids as well as gut-specific microvascular endothelial cells.

The vascularized Organ Chip design we utilized enables application of
physiologically relevant mechanical cues, including luminal fluid flow within both the

epithelial and vascular channels that is critical for formation of villus-like structures, as
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well as peristalsis-like cyclic deformations, in addition to providing precise independent
control over the chemical composition of culture medium in each channel. The ability to
collect effluents of the two separate channels independently also enables dynamic
sampling and analysis of biochemical compounds that are produced or secreted by the
intestinal epithelial cells or endothelial cells, such as inflammatory cytokines or
metabolic products, which is not possible with conventional organoid cultures. We also
could potentially expose the apical surface of intestinal epithelial cells to pathogens, or
co-culture them with commensal microbes to model the natural microbiome, as
previously demonstrated with the Caco-2 Gut Chip'®. The presence of the endothelium-
lined microchannel (which is absent in organoid cultures) also can enable analysis of
absorption of nutrients or oral drug absorption and their bioavailability, as well as
characterization of physiologically relevant pharmacokinetic parameters because they
are significantly influenced by the passage of drug compounds back and forth across
the endothelial-parenchymal tissue-tissue interface. In addition, the presence of the
endothelium permits analysis of the contributions of circulating immune cells that may
be recruited under physiological flow conditions within microfluidic Organ Chips, as
demonstrated in previous studies''?'“°.  Most importantly, our head-to-head
transcriptomic comparison of the Intestine Chip organoids used to supply the cells for
the chips revealed that the Intestine Chip more closely mimics living duodenum, and
that it better recapitulates many key functions of the living small intestine, including host
defense response to infection, cell proliferation, digestion, and response to nutrients,
than do the duodenal organoids. Thus, these findings suggest that while organoids may

be an outstanding tool to study and probe intestinal stem cell differentiation and
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histogenesis, they are limited in comparison to the Organ Chip technology when it
comes to studying organ-level functions and pathophysiology, particularly in relation to
mechanobiology, immunology, infectious disease and drug development.

This primary human Intestine Chip can be adapted for a wide range of
applications, including basic research studies on the intestinal development, stem cell
maturation and intestinal epithelial cell differentiation; assessment of nutrient transport,
sensing, and absorption; intestinal barrier function and tissue-tissue (e.g., epithelial-
endothelial) interactions; evaluation of drug delivery; therapeutic efficacy or toxicity;
characterization of host-pathogen responses at the mucosal interface; and regenerative
medicine studies. In addition, the ability to create Chips from individual donors as
demonstrated in this study opens the possibility of creating Intestine Chips lined by cells
from individuals with specific genotypic and disease-related phenotypic characteristics.
These chips could be used to investigate patient-specific disease mechanisms as well
as response to therapies, and thereby help to advance personalized medicine in the
future. A recent report suggests that this approach also may be extended to be used
with human induced pluripotent stem cell-derived organoids, which could further
enhance personalized medicine approaches*’.

Although future directions include integrating the remaining important
components of the living intestine into the Chip, including intestinal fibroblasts, immune
cells (e.g., macrophages, intraepithelial lymphocytes and dendritic cells) and the enteric
nervous system, previous studies have demonstrated that the power of the Organ Chip
technology approach specifically lies in its ability to mimic organ-level complexity by

progressively integrating different cell types one-at-a-time and studying the system at
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varying levels of system complexity®®.

Moreover, this organ-level synthetic biology
approach permits one to gain insight into mechanisms of biological regulation by
manipulating potential contributing physical factors (e.g., flow, peristalsis) and cellular
components separately while simultaneously providing a window on molecular-scale
biochemical, genetic and cellular responses in real-time. The microengineered nature of
this technology also allows users to reconstitute and control molecular gradients (e.g.,
Whnt, growth factors, etc.), which play a key role in intestinal development and
regeneration. While we have tested the primary human Intestine Chip to model
radiation-induced injuries, we believe that the Intestine Chip has extraordinary
experimental potential for understanding and modeling development, homeostasis and

diseases of the human intestine, including intestinal enteropathies, inflammatory bowel

disease, celiac disease and cancer.

Methods

In vitro culture of human intestinal organoids. De-identified endoscopic tissue
biopsies were collected from grossly unaffected (macroscopically normal) areas of the
duodenum in 10-14 year old patients undergoing endoscopy for gastrointestinal
complaints. Informed consent and developmentally-appropriate assent were obtained at
Boston Children’s Hospital from the donors' guardian and the donor, respectively. All
methods were carried out in accordance with the Institutional Review Board of Boston
Children’s Hospital (Protocol number IRB-P00000529) approval. Tissue was digested in
2 mg ml”" collagenase | for 40 min at 37°C followed by mechanical dissociation, and

isolated crypts were resuspended in growth factor-reduced Matrigel (Becton Dickinson)
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and polymerized at 37°C. Organoids were grown in expansion medium (EM) consisting
of Advanced DMEM F12 supplemented with L-WRN conditioned medium (50% vol/vol,
ATCC, cat. no. CRL—3276)2, glutamax, HEPES, murine epidermal growth factor (50 ng
ml'1), N2 supplement, B27 supplement, 10 nM human [Leu15]-gastrin |, 1 mM n-acetyl
cysteine, 10 mM nicotinamide, 10 uM SB202190, 500 nM A83-01, as described*®.
Differentiation Medium (DM) is EM without L-WRN conditioned medium, nicotinamide
and SB202190, but supplemented with 1 pg ml-1 human recombinant R-spondin 1
(Peprotech), 100 ng ml-1 human recombinant Noggin (Peprotech) and 10 uM y-
secretase inhibitor DAPT, as previously described®*?’. Organoids were passaged every
7 days by incubating in Cell Recovery Solution for 40 min at 4°C, followed by
mechanical dissociation. Organoids were seeded on chips between passage number 5
and 25 and karyotyping was performed to confirm the absence of chromosomal
anomalies.

Intestine Chip culture. Intestine Chips were fabricated from PDMS and assembled as

described'®?’

, or they were obtained from Emulate Inc. (Boston, MA). Chips were
activated by oxygen plasma treatment for 1.5 min followed by incubation with APTMS
(2% voll/vol in ethyl alcohol) for 30 min at RT, washing in ethyl alcohol, and incubating
the devices at 80°C overnight. Type | collagen (200 ug ml™") and Matrigel (1% in PBS)
were then introduced into the channels, and incubated in a humidified 37:C incubator for
2h before washing with PBS. Epithelial organoids were isolated from Matrigel and the
cells dissociated with TrypLE supplemented with 10 yM Y-27632. Epithelial cells were
then resuspended in EM (210,000 cells/chip), infused into the top channel, and

incubated overnight in static at 37°C; starting the following day EM was perfused at 60
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ul h™ through top and bottom channels until day 8 when the medium was switched to
DM for additional 4 days (except for the control experiment shown in Fig. 2 where
organoid-derived epithelium was perfused with EM apically and basally throughout the
entire course of the experiment).

In studies that included an endothelium, Human Intestinal Microvascular
Endothelial Cells (HIMECs; ScienCell) were plated (250,000 cells/chip) on the lower
side of the ECM-coated porous membrane in EGM2-MV medium, which contains
human epidermal growth factor, hydrocortisone, vascular endothelial growth factor,
human fibroblastic growth factor-B, R3-Insulin-like Growth Factor-1, Ascorbic Acid and
5% fetal bovine serum (Lonza Cat. no. CC-3202). Chips were inverted and incubated
under static conditions for up to 1h at 37°C to promote HIMEC cell adhesion to the
membrane before the epithelial cells were plated. The next day, we initiated continuous
flow (60 pl h‘1) of the EM and EGM2-MV media through the top and bottom channels,
respectively. Cyclic, peristalsis-like, membrane deformations (10% strain; 0.2 Hz) were
applied after formation of confluent monolayers (3-4 days) using a vacuum pump
controlled by an electronic vacuum regulator (ITV0O09, SMC Corp.) and an Arduino
microcontroller.

Intestinal functional assessment. Lucifer Yellow (450 Da) added to the epithelial
channel of the Intestine Chip to assess intestinal barrier permeability. The concentration
of dye that diffused through the membrane into endothelial channel was measured in

the effluent, and apparent paracellular permeability (F,,,) was calculated using the

) Vyee dC . ) )
following formula: P = —r T where V is volume receiver (endothelial
arp A-dt-Cgont=0 rec

compartment), C,.. concentration receiver, A the seeded area and C,4,,, concentration
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donor (epithelial compartment). To measure sucrase activity, upper and lower chamber
of the Intestine Chip device were perfused PBS with CaZ/Mg2 for 1h to remove any
residual glucose. 30 mM sucrose reaction buffer was prepared in PBS with CaZ/Mgz; the
NaCl concentration in the PBS was reduced to 120 mM to adjust for osmolarity in the
presence of 30 mM sucrose, and the sucrose was replaced with 30 mM mannitol in
control samples, as described previously*?. Sucrose or mannitol reaction buffer was
then introduced in the upper microfluidic channel and PBS with CaZ/Mg2 into the lower
channel. Glucose levels were measured using an Amplex Red Glucose assay kit
(Thermo Fisher); total protein content in epithelial cell lysates was determined using a
Pierce BCA Protein Assay (Thermo Fisher). Glucose concentrations were determined
from a standard curve and sucrase activity expressed as units per gram of protein; 1
unit (1 U) = activity that hydrolyzes 1 pymol substrate min™ at 37°C. To assess MUC2
production, the luminal effluent was collected over night and MUC2 content was
measured using a Human Mucin 2 / MUC2 ELISA Kit (LSBio).

Morphological analysis. Intestine Chips and Organ Chips seeded only with intestinal
epithelium were formaldehyde-fixed and permeabilized in 5% (wt/vol) BSA/ 0.1%
(vol/vol) Triton-X100 before being incubated at 4°C overnight with primary antibodies
directed against integrin B4 (mouse monoclonal, Abcam) E-cadherin (mouse
monoclonal, Abcam), ZO-1 (mouse monoclonal, Life technology), VE-cadherin (rabbit
polyclonal, Abcam), mucin 2 (mouse monoclonal, Santa Cruz Biotechnology), mucin
5AC (mouse monoclonal, Thermo Fisher Scientific), lysozyme (rabbit polyclonal, Dako),
chromogranin A (goat polyclonal, Santa Cruz Biotechnology), villin (monoclonal mouse,

Abcam), NHE3 (rabbit polyclonal, Novus Biologicals), alpha 1 Sodium/Potassium
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ATPase (mouse monoclonal, Abcam) and Ki67 (rabbit polyclonal, Abcam). Appropriate
Alexa Fluor secondary antibodies were flowed into the two channels of the chip and
incubated in the dark at 4°C overnight. Images were acquired with an inverted laser-
scanning confocal microscope (Leica SP5 X MP DMI-6000).

SEM samples were fixed in 2.5% glutaraldehyde, treated with 1% osmium
tetroxide in 0.1 M sodium cacodylate buffer, dehydrated in a graded series of ethanols
and critical point dried (AutoSamdri-815, Tousimis Research Corp.). Samples were
coated with a thin (10 nm) layer of Pt/Pd using a sputter coater (Leica Baltec MED-020,
Leica, Wetzlar, Germany)*° prior to imaging using a SEM (Zeiss Supra 55 VP SEM, Carl
Zeiss SMT Inc). Villus morphology was evaluated using DIC microscopy (Zeiss Axio
Observer Z1 2, AXIO2) or laser scanning confocal immunofluorescence microscopy
(Leica SP5 X MP DMI-6000 and Zeiss TIRF/LSM 710). After sectioning the chips using
a sharp surgical blade, images of the cross sections were acquired with a confocal
immunofluorescence microscope and high-resolution images were obtained applying
deconvolution (Huygens) followed by a 2D projection processing. High-resolution top-
view images of Intestine Chips and Organoids were used to quantify villi-like structure
morphology using the Fiji image processing package of ImageJ**°.

RNA isolation, reverse transcription and gRT-PCR. Epithelial RNA recovered from
the Intestine Chip was extracted using RNeasy Mini Kit followed by cDNA synthesis with
SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific). RT-PCR was
performed using TagMan Fast Advanced Master Mix (Applied Biosystems), TagMan
gene expression assays (Thermo Fisher Scientific; Hs00357579_g1 for intestinal-type

alkaline phosphatase (ALPI), Hs00356112_m1 for sucrase isomaltase (SI),
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Hs00873651_g1 for mucin 5AC (MUCS5AC), Hs00894025_m1 for mucin 2 (MUC?2),
Hs00900375_m1 for chromogranin A (CHGA), Hs00300531_m1 for synaptophysin
(SYP), Hs00426232_m1 for lysozyme (LYZ), Hs00969422 m1 for leucine-rich-repeat-
containing G-protein-coupled receptor 5 (LGRS5), Hs00409825 g1 for Bmi1 (BMI1),
Hs02758991_g1 for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)), and run
on a QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific). Results
were normalized relative to GAPDH expression.

Chip Radiation. Intestine Chip microdevices containing villus intestinal epithelium and
vascular endothelium were removed from the syringe pump, immediately transferred to
irradiation facility and exposed to 4, 8 or 12 Gy dose of gamma-irradiation (Cs-137;
Gammacell 40 Exactor) at 0.98 Gy min™'. Temperature of Irradiation chamber was kept
at 37 C thorough the procedure and no temperature fluctuations were observed. To
treat the control chips similarly, they were brought to irradiation facility and back without
being exposed to irradiation.

Statistical analysis. Either a Student’s t-test was performed to determine statistical
significance, as indicated in the figure legends (error bars indicate standard error of the
mean (SEM); P values < 0.05 were considered to be significant). Comparison of

correlations was performed using R package cocor [PMID25835001].

92



References

1.

10.

Shanks, N., Greek, R. & Greek, J. Are animal models predictive for humans?
Philos. Ethics. Humanit. Med. 4, 2 (2009).

Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche. Nature 459, 262-5 (2009).

Sato, T. et al. Long-term expansion of epithelial organoids from human colon,
adenoma, adenocarcinoma, and Barrett's epithelium. Gastroenterology 141,
1762-72 (2011).

Vandussen, K. L. et al. Development of an enhanced human gastrointestinal
epithelial culture system to facilitate patient-based assays. (2014).
doi:10.1136/gutjnl-2013-306651

Sasai, Y., Eiraku, M. & Suga, H. In vitro organogenesis in three dimensions: self-
organising stem cells. Development 139, 4111-21 (2012).

Sato, T. & Clevers, H. Growing self-organizing mini-guts from a single intestinal
stem cell: mechanism and applications. Science 340, 1190—4 (2013).

Wells, J. M. & Spence, J. R. How to make an intestine. Development 141, 752-60
(2014).

Fatehullah, A., Tan, S. H. & Barker, N. Organoids as an in vitro model of human
development and disease. Nat. Cell Biol. 18, 246-54 (2016).

Bhatia, S. N. & Ingber, D. E. Microfluidic organs-on-chips. Nat. Biotechnol. 32,
760-72 (2014).

Ingber, D. E. Reverse Engineering Human Pathophysiology with Organs-on-

Chips. Cell 164, 1105-9 (2016).

93



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Huh, D. et al. Reconstituting organ-level lung functions on a chip. Science 328,
1662-8 (2010).

Baudoin, R., Griscom, L., Monge, M., Legallais, C. & Leclerc, E. Development of a
renal microchip for in vitro distal tubule models. Biotechnol. Prog. 23, 1245-53
Jang, K.-J. et al. Human kidney proximal tubule-on-a-chip for drug transport and
nephrotoxicity assessment. Integr. Biol. (Camb). 5, 1119-29 (2013).

Leclerc, E., Sakai, Y. & Fujii, T. Microfluidic PDMS (polydimethylsiloxane)
bioreactor for large-scale culture of hepatocytes. Biotechnol. Prog. 20, 750-5
Powers, M. J. et al. A microfabricated array bioreactor for perfused 3D liver
culture. Biotechnol. Bioeng. 78, 257—69 (2002).

Tilles, A. W., Baskaran, H., Roy, P., Yarmush, M. L. & Toner, M. Effects of
oxygenation and flow on the viability and function of rat hepatocytes cocultured in
a microchannel flat-plate bioreactor. Biotechnol. Bioeng. 73, 379-89 (2001).
Grosberg, A., Alford, P. W., McCain, M. L. & Parker, K. K. Ensembles of
engineered cardiac tissues for physiological and pharmacological study: heart on
a chip. Lab Chip 11, 4165-73 (2011).

Park, J. et al. Three-dimensional brain-on-a-chip with an interstitial level of flow
and its application as an in vitro model of Alzheimer’s disease. Lab Chip 15, 141—
50 (2015).

Kim, H. J., Huh, D., Hamilton, G. & Ingber, D. E. Human gut-on-a-chip inhabited
by microbial flora that experiences intestinal peristalsis-like motions and flow. Lab
Chip 12, 2165-74 (2012).

Kim, H. J. & Ingber, D. E. Gut-on-a-Chip microenvironment induces human

94



21.

22.

23.

24.

25.

26.

27.

28.

29.

intestinal cells to undergo villus differentiation. Integr. Biol. (Camb). 5, 1130-40
(2013).

Kim, H. J., Li, H., Collins, J. J. & Ingber, D. E. Contributions of microbiome and
mechanical deformation to intestinal bacterial overgrowth and inflammation in a
human gut-on-a-chip. Proc. Natl. Acad. Sci. U. S. A. 113, E7-15 (2016).

Imura, Y., Asano, Y., Sato, K. & Yoshimura, E. A microfluidic system to evaluate
intestinal absorption. Anal. Sci. 25, 1403—7 (2009).

Kimura, H., Yamamoto, T., Sakai, H., Sakai, Y. & Fujii, T. An integrated
microfluidic system for long-term perfusion culture and on-line monitoring of
intestinal tissue models. Lab Chip 8, 741-6 (2008).

Shah, P. et al. A microfluidics-based in vitro model of the gastrointestinal human-
microbe interface. Nat. Commun. 7, 11535 (2016).

Yissachar, N. et al. An Intestinal Organ Culture System Uncovers a Role for the
Nervous System in Microbe-Immune Crosstalk. Cell 168, 1135-1148.e12 (2017).
Tsilingiri, K., Sonzogni, A., Caprioli, F. & Rescigno, M. A novel method for the
culture and polarized stimulation of human intestinal mucosa explants. J. Vis.
Exp. e4368 (2013). doi:10.3791/4368

Sato, T. et al. Single Lgr5 stem cells build crypt — villus structures in vitro without
a mesenchymal niche. Nature 459, 262—-265 (2009).

Zietek, T., Rath, E., Haller, D. & Daniel, H. Intestinal organoids for assessing
nutrient transport, sensing and incretin secretion. Sci. Rep. 5, 16831 (2015).
Darwich, A. S., Aslam, U., Ashcroft, D. M. & Rostami-Hodjegan, A. Meta-analysis

of the turnover of intestinal epithelia in preclinical animal species and humans.

95



30.

31.

32.

33.

34.

35.

36.

37.

38.

Drug Metab. Dispos. 42, 2016—2022 (2014).

Umar, S. Intestinal Stem Cells. Curr Gastroenterol Rep 12, 340-348 (2011).
Elnasharty M. A., Abou-Ghanema |I. |., Sayed-Ahmed A., and A. A. E. Mucosal-
Submucosal Changes in Rabbit Duodenum during Development. in International
Journal of Biological, Biomolecular, Agricultural, Food and Biotechnological
Engineering 7, 500-508 (2013).

Hassan, S. A. & Moussa, E. A. Light and scanning electron microscopy of the
small intestine of goat ( Capra hircus ). J. Cell Anim. Biol. Full 9, 1-8 (2015).
Skrzypek, T. et al. Light and scanning electron microscopy evaluation of the
postnatal small intestinal mucosa development in pigs. J. Physiol. Pharmacol. 56
Suppl 3, 71-87 (2005).

Charney, A. N. & Donowitz, M. Functional significance of intestinal Na+-K+-
ATPase: in vivo ouabain inhibition. Am. J. Physiol. 234, E629-36 (1978).

Barker, N. et al. Identification of stem cells in small intestine and colon by marker
gene Lgr5. 449, (2007).

Yan, K. S. et al. The intestinal stem cell markers Bmi1 and Lgr5 identify two
functionally distinct populations. Proc. Natl. Acad. Sci. U. S. A. 109, 466-71
(2012).

Tappenden, K. A. Pathophysiology of short bowel syndrome: considerations of
resected and residual anatomy. JPEN. J. Parenter. Enteral Nutr. 38, 14S-22S
(2014).

Battle, M. A. et al. GATA4 is essential for jejunal function in mice.

Gastroenterology 135, 1676-1686.e1 (2008).

96



39.

40.

41.

42.

43.

44,

45.

Kim, H. J. Human gut-on-a-chip inhabited by microbial flora that experiences
intestinal peristalsis-like motions and flow . Lab Chip Lab on a Chip. (2015).
doi:10.1039/c2Ic40074j

Huh, D. et al. A human disease model of drug toxicity-induced pulmonary edema
in a lung-on-a-chip microdevice. Sci. Transl. Med. 4, 159ra147 (2012).

Workman, M. J. et al. Enhanced utilization of induced pluripotent stem cell-
derived human intestinal organoids using microengineered Chips. Cell. Mol.
Gastroenterol. Hepatol. (2017). doi:10.1016/j.jcmgh.2017.12.008

Ferruzza, S., Rossi, C., Scarino, M. L. & Sambuy, Y. A protocol for in situ enzyme
assays to assess the differentiation of human intestinal Caco-2 cells. Toxicol. In
Vitro 26, 1247-51 (2012).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.
Nat. Methods 9, 676—-82 (2012).

Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years
of image analysis. Nat. Methods 9, 671-5 (2012).

Rueden, C. T. et al. ImageJ2: ImagedJ for the next generation of scientific image

data. BMC Bioinformatics 18, 529 (2017).

97



ACKNOWLEDGMENTS

This work was funded by DARPA (contract N66001-11-1-4180), FDA grant
HHSF223201310079C, the Ragon Institute of MGH, MIT and Harvard, the Bill and
Melinda Gates Foundation, and the Wyss Institute for Biologically Inspired Engineering
at Harvard University (to D.E.l.). The production of human organoids was supported by
NIH grants F32DK091995, T32DK007477, 5K12HD5289610, HMS Shore Fellowship,
BCH Wolpow/Rubin IBD Fellowship, NASPGHAN Nestlé Nutrition Award, and HDDC
Pilot & Feasibility Award (to C.A.R.), R01DK084056, the Timothy Murphy Fund, the
IDDRC P30HD18655 and the HDDC P30DK034854 (to D.T.B.). We thank K. Karalis
and G. Hamilton for their help initiating this project; A. Monreal, O. Levy, and R. Prantil-

Baun for their expert advice; and P. Praveschotinunt for assistance with SEM imaging.

Author Contributions Statement

M.K., AT., C. AR, D.T.B. and D.E.I. conceived the study and provided input into
experimental design. M.K., A.T., A.S-P., S.J-F., AB. and A.C. designed and conducted
the experiments and analyzed the data; A.S-P., H.R. and W.S. helped prepare human
organoid cultures and assisted with the Intestine Chip experiments. C.Z. and H.L
performed microarray analysis. M.K. and D.E.Il. co-wrote the manuscript with input from

all co-authors.

COMPETING FINANCIAL INTERESTS
The authors declare potential competing financial interests as D.E.l is a founder,

holds equity and chairs the scientific advisory board of Emulate Inc.

98



Supplementary Information

Supplementary Figure S1. Time course and extent of villus differentiation in the Intestine Chip.
Representative phase contrast images of duodenal organoid-derived epithelial cells cultured on chip
under continuous flow and peristalsis-like motions. (a) Comparison of the same field of view (center of the
channel) imaged at 1, 4, 8 and 12 days of culture demonstrates that the villi formed de novo within these
cultures. (b) Views of three different regions beginning (top), middle (center) and end (bottom) of the
culture channel confirming that villi-like structures form at high density along the entire length of the
channel.
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IV. Chapter 4

A complex human gut microbiome

cultured in an anaerobic intestine-
on-a-chip

This chapter is based on the article:

S. Jalili-Firoozinezhad, F. S. Gazzaniga, E. L. Calamari, D. M. Camacho, B. Nestor, M. J. Cronce, O.
Levy, J. M. S. Cabral, D. L. Kasper, R.Novak, and D. E. Ingber. “Complex human gut microbiome
cultured in anaerobic human intestine chips”. Nature BME, (2019)-In Press.
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Abstract

The diverse bacterial populations that comprise the commensal microbiome of the
human intestine play a central role in health and disease. A method that sustains
complex microbial communities in direct contact with living human intestinal cells and
their overlying mucus layer in vitro would thus enable investigations of host—microbiome
interactions. Here, we show the extended co-culture of living human intestinal
epithelium with stable communities of aerobic and anaerobic human gut microbiota,
enabled by a microfluidic intestine-on-a-chip that permits the control and real-time
assessment of physiologically relevant oxygen gradients. When compared to aerobic
co-culture conditions, the establishment of a transluminal hypoxia gradient in the chip
increased intestinal barrier function and sustained a physiologically relevant level of
microbial diversity, consisting of over 200 unique operational taxonomic units from 11
different genera, and of an abundance of obligate anaerobic bacteria with ratios of
Firmicutes and Bacteroidetes similar to those observed in human faeces. The intestine-
on-a-chip may serve as a discovery tool for the development of microbiome-related

therapeutics, probiotics and nutraceuticals.

Introduction

One of the major recent paradigm shifts in medicine relates to recognition of the central
role that the microbiome composed of host-specific communities of commensal
microbes plays in human health and disease’. While human microbiota colonize

mucosal surfaces of various tissues, the gastrointestinal tract supports the greatest
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mass and diversity of microorganisms® Aerobic and anaerobic commensal gut
microbes are essential for maintenance of normal nutrient absorption, drug metabolism,
and immune responses, as well as for protection against infectious pathogens®.
Conversely, changes or imbalances in the microbial community within the intestine can
contribute to development of a broad range of pathological disorders within and beyond
the gastrointestinal system, including inflammatory bowel disease, colorectal cancer,
radiation enteropathy, diabetes, hepatic steatosis, obesity, and rheumatoid arthritis**°.
Thus, the establishment and preservation of balanced host-intestinal microbiome
interactions are key requirements for maintaining gut homeostasis and human health.

Analysis of gut-microbiome crosstalk has almost exclusively relied on genomic or
metagenomic analysis of samples collected in vivo because no method exists to
establish stable complex communities of gut commensal microbes in direct contact with
intestinal epithelium and their overlying mucus layer in vitro®’. While animal models
have been used to analyse host-microbiome interactions and their contributions to
pathophysiologyg‘m, there are no in vitro systems available to verify these interactions
in human cells cultured with complex human microbiome. Thus, there is a great need
for experimental models that can sustain complex populations of human aerobic and
anaerobic microbiota in contact with living human tissues to analyse dynamic and
physiologically relevant human host-microbiome interactions.

Existing in vitro models, such as Transwell inserts, have been used to study
human host-microbe interactions; however, these studies can only be carried out over a
period of hours before bacterial overgrowth leads to cell injury and death''™". Organoid

cultures, have shown great promise for studying host-microbiome interactions, but they
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also cannot be co-cultured with living microbes for more than ~1 day; they also do not
provide a vascular interface nor can they sustain luminal oxygen levels below 0.5%,
which is required for co-culture of certain obligate anaerobes''®. Specialized bioreactor
models, such as the mucosal-simulator of the human intestinal microbial ecosystem (M-
SHIME), have been developed to sustain growth of luminal and mucosal gut microbes
in vitro, but they do not include living human intestinal epithelium'®. A human-microbiota
interaction (HMI) module was developed that permits analysis of aerobic and anaerobic
microbes, including complex living microbiome derived from a SHIME reactor, when co-
cultured with human Caco2 intestinal epithelial cells under an oxygen gradient;
however, the microbes need to be separated from the human cells by a nanoporous
membrane with an artificial mucus layer, and even under these conditions, the co-
cultures were only maintained for 48 hours'’. We previously described a two-channel
microfluidic Organ Chip device lined by human CacoZ2 intestinal epithelial cells cultured
under dynamic fluid flow and peristalsis-like mechanical deformations, which enabled
establishment of stable co-cultures of a mucus-producing human villus intestinal
epithelium with up to 8 different strains of human commensal gut microbes for weeks in
vitro under aerobic conditions'”~". But the human gut microbiome contains hundreds of
different types of bacteria, many of which are obligate anaerobes that will not grow in
this environment. Thus, no existing in vitro model enables analysis of direct interactions
among complex communities of anaerobic and aerobic gut bacteria, human intestinal
epithelium, and its overlying mucus layer when cultured for multiple days in vitro, which

is crucial for analysing gut health and disease®* %,
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In this study, we therefore set out to develop an experimental intestine-on-a-chip
(Intestine Chip) system that can support dynamic interactions between living, mucus-
producing, human intestinal epithelium and a directly apposed complex community of
living human aerobic and anaerobic commensal gut microbes with a population diversity
similar to that observed in living human intestine. To meet this challenge, we first
modified the human Caco2 Intestine Chip by integrating microscale oxygen sensors into
the devices for in situ oxygen measurements, and placing the chips within an
engineered anaerobic chamber to establish a physiologically relevant oxygen gradient
across a human intestinal epithelium as well as a microvascular endothelium that are
cultured in parallel channels separated by a porous matrix-coated membrane within the
device. To ensure a stable source of complex human intestinal gut-microbiota, we used
complex microbiota originally derived from healthy human stool specimens, which have
been maintained stably in gnotobiotic mice for multiple years, and closely resemble the
relative abundance of major bacterial phyla patterns in their respective inocula®®%*. We
also applied the same method to co-culture fresh gut microbiome isolated from human
infant stool samples in a primary human Intestine Chip lined by cells isolated from
normal human ileum. Here we describe how establishing a hypoxia gradient across the
engineered tissue-tissue (endothelium-epithelium) interface of the Intestine Chip allows
for stable co-culture of highly complex communities of anaerobic and aerobic human
commensal gut bacteria in the same channel as mucus-producing human villus
intestinal epithelium while simultaneously monitoring oxygen levels and intestinal barrier

function for at least 5 days in vitro.

Results
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Establishing an oxygen gradient across the lumen of the Intestine Chip. To
recapitulate a physiologically relevant intestinal oxygen gradient profile inside Intestine
Chips (Fig. 1a), we fabricated an oxygen-sensing, dual channel, human Organ Chip
composed of optically clear and flexible poly(dimethyl siloxane) (PDMS) polymer (Fig.
1b; Supplementary Fig. S1a), as well as an anaerobic chamber (Supplementary Fig.
S2). For real-time, non-invasive, monitoring of oxygen tension, six sensor spots
containing oxygen-quenched fluorescent particles were embedded in the top and
bottom portions of the chip beneath the central microchannels (Fig. 1b;
Supplementary Fig. S1b). Changes in the fluorescent intensities of these sensors in
response to oxygen tension were captured by a VisiSens camera (Supplementary Fig.
S1b) and translated into oxygen concentrations by comparison with a standard Oxy-4
probe system (Supplementary Fig. S1c¢). As both the chips and sensors are composed
of highly gas-permeable PDMS, the sensors respond rapidly (< 30 sec) to changes in
oxygen concentrations (Fig. 1c).

To simultaneously provide adequate oxygen for maintaining human cells and an
anaerobic microenvironment suitable for culturing complex human microbiota while
establishing a functional host-microbiome interface, we flushed the custom anaerobic
chamber (Supplementary Fig. S2a,b) continually with humidified 5% CO; in nitrogen
gas. This setup enables us to maintain low oxygen levels within the lumen of the upper
chamber (Fig. 1d), while the epithelium is sustained via diffusion of oxygen through the
permeable PDMS membrane from the well-oxygenated medium flowing through the
lower endothelium-lined vascular channel from external oxygenated medium reservoirs

(Supplementary Fig. S2a,b). Using this method, physiologically relevant anaerobic
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conditions (<0.5%) can be generated within less than 30 min at 243 ml min™" of nitrogen
flow into the anaerobic chamber (Fig. 1d). The chamber also can sustain low oxygen
levels (<5.0%) for about 15 min after it is disconnected from the nitrogen source (Fig.
1d). This allows the chamber to be temporarily moved from the incubator for imaging or
into a bacterial glove box (e.g. to replenish culture medium or add microbiota) without
significantly disturbing the low oxygen environment.

When human Caco-2 intestinal epithelial cells are cultured for 5 to 7 days under
aerobic conditions and dynamic flow, they undergo villus differentiation and express
multiple features of the ileum portion of the human small intestine, including secretion of
a mucus layer overlying the apical surface of the epithelium and establishment of barrier
function?®?%% Endothelial cells also can be co-cultured on the bottom of the central
porous membrane in the lower channel of the same device, where they form a hollow
vascular lumen lined by cells joined by VE cadherin-containing cell-cell junctions under
aerobic conditions?. The co-culture of endothelium has been shown to enhance barrier
function and mucus production (e.g., expression of MUC2 and MUCS5AC), as well as
influence villi development and cytokine production by intestinal CacoZ2 epithelium under

these conditions?®?’.
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Figure IV-1. Oxygen sensitive human Intestine Chip microfluidic culture device. a, Schematic
showing the position of the human intestinal epithelium overlaid with its own mucus layer and complex gut
microbiota on top, with vascular endothelium on bottom side of the same ECM-coated porous membrane,
within a 2-channel microfluidic Organ Chip device in presence of oxygen gradients. Orange and blue
colors indicated high and low levels of oxygen concentration, respectively. b, Schematic representation of
the Intestine Chip with 6 oxygen quenched fluorescent particles embed in inlet, middle and outlet of top
and bottom channels. (T, top channel; B, bottom channel). ¢, Sensitivity analysis of oxygen spots located
in the Intestine Chip in response to defined, standard oxygen concentrations. d, Anaerobic chamber
validation at various N, inflow pressures; N, was introduced into the chamber at 81 mL min™, 162 mL min’

109



' or 243 mL min" for 1 h before gas flow was stopped and the chamber was allowed to recover (n=3,
shaded regions indicate standard deviation; data are presented as mean ts.d.). e, Microscopic views
showing the villus morphology of the human Caco-2 intestinal epithelium (top left; scale bar, 100 um) and
vascular endothelium (top right; scale bar, 100 um) cultured for 6 days in the Intestine Chip under
anaerobic conditions, when viewed from above by DIC and phase contrast imaging, respectively, or by
immunofluorescence staining for the tight junction protein, ZO-1 (red, bottom left; scale bar, 100 um) and
endothelial cell junction-associated protein, VE-cadherin (red, bottom right; scale bar, 20 um). Gray
indicates DAPI-stained nuclei; white dashed lines indicate the border of the oxygen sensor spot). f,
Oxygen concentration profiles within aerobically- and anaerobically-cultured Intestine Chips.
Representative pseudocolor insets indicate average oxygen concentration in aerobic chip (1), and inlet
(2), middle (3) and outlet (4) of the anaerobically-cultured epithelium channel, at day 7 of culture. Scale
bar, 200 um. (n=3 individual chips; data are presented as mean % s.d.; significance was calculated by
one-way analysis of variance; *P = 0.046).

When we cultured Intestine Chips lined by CacoZ2 intestinal epithelial cells and
human intestinal microvascular endothelial cells (HIMECs) under a hypoxia gradient
using our chamber, differential interference contrast (DIC) and immunofluorescence
microscopic analysis confirmed that the cells again formed a villus intestinal epithelium
containing polarized cells joined by ZO-1-containing tight junctions (Fig. 1e, top;
Supplementary Fig. S3a-d) that was underlaid by a confluent HIMEC monolayer with
cells linked by VE-cadherin-containing tight junctions, even in the presence of this
hypoxia gradient (Fig. 1e, bottom). Both cell types also remained viable under these
conditions, as measured by quantifying release of the intracellular enzyme lactate
dehydrogenase (LDH), which remained relatively unchanged compared to the aerobic
control during one week of anaerobic culture (Supplementary Fig. S4a). Quantification
of the apparent permeability (Papp) Of the intestinal epithelial barrier similarly revealed no
changes in the paracellular barrier function, and these human Intestine Chips displayed
Papp values of about 1 x 107 cm s™ after 7 days (Supplementary Fig. S4b), which are
similar to those previously reported?®. Importantly, we also confirmed that both the

human intestinal epithelium and endothelium experienced oxygen gradients by
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analysing the expression of hypoxia-inducible factor 1o (HIF-1a). HIF-1a is a key
mediator of oxygen hemostasis and intestinal epithelial cell adaptation to oxygen
deprivation,?® which is stabilized in a graded fashion in response to decreasing oxygen
concentrations?. Expression of nuclear HIF-1a levels were significantly higher (~3-fold;
p < 0.01) in the lumen of the anaerobically-cultured epithelium than in the adjacent
oxygenated endothelium-lined channel (Supplementary Fig. S5a,b), which is where
our sensors indicated maintenance of a hypoxic environment for up to 7 days in culture
(Fig. 1f and Supplementary Fig. S4c). Similar nuclear HIF1a expression has been
previously shown in both mouse and human cells cultured under hypoxic (1% Oy)

condition®.

Co-culture of human intestinal epithelium with an obligate anaerobe on-chip. We
next explored whether the hypoxic environment can support co-culture of the intestinal
epithelium with the obligate anaerobe, Bacteroides fragilis (B. fragilis; strain NCTC
9343), which is a human commensal symbiotic bacterium that cannot grow under
aerobic (> 0.5% oxygen) conditions®*2. During the co-culture procedure which began
after the epithelium had been cultured and differentiated on-chip for 7 days under
anaerobic condition (Supplementary Fig. S6a), B. fragilis bacteria (2.5 x 10° CFU;
fluorescently labelled with HCC-amino-D-alanine (HADA)33; Supplementary Fig. S6b)
were introduced into the lumen of upper channel where they distributed across the
surface of the intestinal epithelium (Supplementary Fig. S6c). They were subsequently

cultured under either aerobic or anaerobic conditions, while being flushed daily to
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remove both luminal and tissue-associated microbes, and CFU counts were carried out
by plating.

Continuous monitoring of oxygen concentrations from inoculation to day 3 of co-
culture revealed that our anaerobic chip setup maintained a low oxygen environment
that decreased from ~ 1% oxygen levels to 0.3% in the presence of B. fragilis (Fig. 2a).
Yet, the intestinal epithelium maintained its ZO-1-containing tight junctions and apical
brush border polarity when co-cultured in direct contact with B. fragilis under these
highly anaerobic conditions (Fig. 2b). Interestingly, the presence of this obligate
anaerobe enhanced, rather than decreased, barrier function (reduced Pap, by 1.8-fold
compared to aerobic conditions; *p = 0.033) after 3 days in anaerobic culture (Fig. 2c)
and this barrier was maintained for up to at least 8 days in culture (Supplementary Fig.
S6d). As expected, the B. fragilis bacteria continued to grow in the anaerobic chips over
3 days (p < 0.001), whereas they started to die off by day 2 and appeared at
significantly lower levels at 3 days under aerobic culture conditions (Fig. 2d). These
data confirm that our chips that experience a hypoxia gradient support the growth of an
obligate anaerobic bacterial species in the same channel as living human intestinal
epithelial cells, whereas these bacteria would have otherwise died in a conventional
aerobic culture system.

A mucus layer separates the commensal microbes from the epithelium. One of the
characteristic features of host-microbiome interactions in the living intestine is that they
are mediated through an intervening mucus layer that is secreted by the epithelium
along its apical surface. Live staining using Wheat Germ Agglutinin (WGA), which has

been previously used for mucus visualization in vitro®* and in vivo®, confirmed that B.
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fragilis resides on top of the mucus layer (Fig. 2e), which is secreted by the intestinal
Caco2 epithelium, as previously demonstrated®**. This was independently confirmed
by scanning electron microscopic (SEM), which clearly revealed a continuous and
dense mucus blanket that completely covered the surface of the differentiated villus
epithelium separating it from overlying bacteria after 12 days of culture (Fig. 2f), much
as is and observed in vivo®"*. This was in contrast to SEM analysis of Caco2 Intestine
Chips that were only cultured for 4 days before full differentiation occurred and mucus
had accumulated where the microvilli-lined surface of the apical epithelium remained
clearly detectable (Fig. 2f). Based on these images, the thickness of mucus layer was
estimated at ~10 um, which is similar to that reported with 30-day old mouse ileum*’.

Sustaining a complex human intestinal microbiome in vitro. To optimize growth of
a complex microbiome in our culture system, we searched for a source of complex
human gut microbes that remains stable over time. Therefore, we inoculated the
anaerobic Intestine Chips with a sample of complex gut microbiota originally isolated
from human faeces, which has been stably maintained in gnotobiotic mice in isolators

for over 30 generations®*%*

and that maintains a composition closely resembling the
original human stool inoculum at the genera and species levels?®. To identify a medium
composition that would promote the growth of a complex set of commensal bacteria, we
first inoculated the healthy human microbiome (Hmb) stock into 13 different types of
culture medium in standard culture tubes, placed the cultures in an anaerobic chamber
at 37°C, and then carried out 16S rRNA sequencing after 3 days of culture

(Supplementary Fig. S7a). Samples of these 13 types of medium were also added to

cultured human Caco?2 intestinal epithelial cells to test for toxicity (Supplementary Fig.
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S7b). The medium that promoted the most diverse set of viable microbes without
injuring the epithelium contained DMEM, 20% FBS, 1% glutamine, 1 mg.ml'1 pectin, 1
mg.ml"" mucin, 5 ug.mI" Hemin and 0.5 ug.ml”" Vitamin K1. The microbiota stock was
introduced into this medium (0.1 mg.ml") and perfused through the upper Caco2
epithelium-lined channel of the Intestine Chip while oxygenated endothelial culture
medium was flowed through the lower channel. The epithelial channel of the chips was
flushed daily with a short (2 min) fluid pulse at higher flow rate (50 ul.min™") to remove
adherent and luminal bacteria, and 16S rRNA sequencing was carried out using
samples from the effluent to assess bacterial diversity in each condition over 3 days of

culture (n = 4 for each condition).
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Figure IV-2. Co-culture of human intestinal epithelium and obligate anaerobe, Bacteroides fragilis,
on-chip. a, Oxygen concentration profiles in aerobic and anaerobic Intestine Chips co-cultured with
Bacteroides fragilis (n=4 individual chips; data are presented as mean =s.d.). b, Representative vertical
cross-sectional, confocal micrographic views through the intestinal epithelium-microbiome interface within
the Intestine Chip cultured under anaerobic conditions, when immunostained for villin (cyan), ZO-1
(magenta) and nuclei with DAPI (blue). (scale bar, 50 um; B. fragilis was HADA (yellow) labelled;
representative images from 4 intestine chips are shown). ¢, Changes in apparent paracellular
permeability (Pa,p) measured by quantitating cascade blue transport across the tissue-tissue interface
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within the Intestine Chip microdevices co-cultured with Bacteroides fragilis under aerobic and anaerobic
conditions (n=4 individual chips; data are presented as mean ts.d.; significance was calculated by one-
way analysis of variance; P = 0.042 and 0.033 for anaerobic day 2 vs. day 0 and aerobic vs. anaerobic
day 3, respectively). d, CFU counts/mL of Bacteroides fragilis co-cultured in the Intestine Chip under
aerobic and anaerobic conditions (n=3 individual chips; data are presented as mean +s.d.; significance
was calculated by one-way analysis of variance; P = 0.031 for day 2 and ~ P<0.001 for day 3). e, Cross-
sectional fluorescence microscopic view of the Caco2 epithelium (nuclei stained in blue with DAPI),
overlying mucus layer stained with Alexa Fluor 488-conjugated WGA (yellow), and B. fragilis bacteria
(GalCCP labelled, white) when co-cultured in the Intestine Chip. Scale bar, 10 um. f, SEM views of the
apical surface of the Caco2 epithelium in the Intestine Chip comparing the morphology on day 4 of culture
before it accumulates a mucus layer and when the surface microvilli are visible (top) versus when
Bacteroides fragilis have been added on day 12 after the mucus layer has accumulated, which can be
seen as a dense mat that separates the bacteria from the epithelial cell surface (bottom). Scale bar, 2 ym.

After data processing, we identified a total of 938 operational taxonomic units
(OTUs) among all samples, which corresponded to approximately 200 unique OTUs
shared between samples of each chip after filtering and removing singletons, which is
similar in scale to the number of OTUs previously observed in human intestinal
aspirates (280 OTUs)*, although, as expected, with a different phylum distribution.
Analysis of the alpha diversity between the two conditions showed that the species
diversity in anaerobic chips were statistically different (PERMANOVA, ***p < 0.001) from
aerobic chips (Fig. 3a). Although the observed diversity and Shannon Index are lower
than what is observed in human stool samples (Supplementary Fig. S8a,b), we
observed an increase in richness compared to our starting inoculum over the course of
the 3 days of experiment (Supplementary Fig. S9a,b). We identified 11 well
characterized genera including Eubacterium, Oscillospira, Blautia, Sutterella, Biophila,
Akkermansia, Ruminococcus, Bacteroides, Parabacteroides, Enterococcus and
Citrobacter (Fig. 3b), with an additional 8 OTUs of unknown genera from Firmicutes (5
OTUs) and Proteobacteria (3 OTUs) phyla, that were present in our chips (phylum level
analysis is shown in Supplementary Fig. S10). Interestingly, in comparison to aerobic

conditions, co-culturing diverse microbiota under anaerobic conditions for 3 days in
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direct contact with the human intestinal epithelium did not compromise intestinal barrier
integrity, and, instead, it led to an increase in barrier function by almost 2-fold (i.e.,
decrease in Pap, from 3.1 x 107 to 1.6 x 107 cm s™ in aerobic versus anaerobic chips,
respectively; *p = 0.048) (Fig. 3c). In contrast, epithelial barrier function decreased (***p
< 0.001) after day 3 of co-culture under aerobic conditions when co-cultured with the
same complex gut microbiome (Fig. 3c). Furthermore, to explore the durability of these
cultures, we then carried out an additional experiment in which we extended aerobic
and anaerobic chips for 5 days with and without the same Hmb stock. Sterile chips
maintained barrier function over the five days of culture under both anaerobic and
aerobic conditions (Supplementary Fig. S11a,b). Again, we observed that while barrier
function decreased in aerobic chips with Hmb at day 3 (Supplementary Fig. S11a), no
compromise of barrier function was seen in anaerobic chips with Hmb even over the 5
days of culture (Supplementary Fig. S11b) and these cultures could be extended
longer if experimental needs require. Moreover, in the presence of complex microbiota,
the intestinal epithelium remained viable, as measured by quantifying release of the
intracellular enzyme LDH, which remained unchanged compared to the sterile control

chips cultures (Supplementary Fig. S11c).
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Figure IV-3. Analysis of the diversity and relative abundance of microbiota co-cultured in Intestine
Chips under aerobic and aerobic conditions. a, Observed alpha diversity (richness) in our complex gut
microbiome samples when cultured for 1 to 3 days in direct contact with human Caco2 intestinal
epithelium (each data point represents one Intestine Chip). b, Relative abundance of genera measured
across all samples highlighting changes in the abundance of the different genera observed over time.
Data points represent each of the 3 replicates cultured under aerobic or anaerobic conditions at 0, 1, 2 or
3 days of culture (left to right, respectively); Hmb indicates genera abundance in the complex microbiome
stock at time 0. ¢, Changes in apparent paracellular permeability (P,p,) measured by quantifying cascade
blue transport across the tissue-tissue interface within the Intestine Chip after co-culture with complex gut
microbiome under aerobic and anaerobic conditions (n=4 individual chips; data_are presented as
mean * s.d.; significance was calculated by one-way analysis of variance; P = 0.048, P<0.001, ns = not
significant). d, Differences in microbial abundance between Intestine Chip samples (dark blue: aerobic;
light blue: anaerobic) and human microbiome stool sample from the Human Microbiome Project (red).
Data are shown as log10 of the total number of reads; each data point corresponds to a single sample
(error bars represent the s.d.; data are presented as box plots with individual data points overlaid, where
lower or upper edges of the box represent 25" or 75" percentiles and the middle bar is the median).
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To further assess the physiological mimicry obtained using the anaerobic
Intestine Chip lined by Caco2 epithelium, we compared the genera identified in this
study with publicly available data from studies of human stool generated by the Human
Microbiome Project*® (Fig. 3d). We did not expect the composition of the microbiome
grown on chip to precisely recapitulate that of stool because the microbiome of the

human intestine is known to show regional differences*'*?

. For example previous
reports have shown different ratios of the Firmicutes, Bacteroidetes and Actinobacteria
phyla in stool samples as compared to small intestine aspirates*'**. Nevertheless, our
results show that the anaerobic culture system provides an environment for culture of
complex gut microbiota in direct contact with living human intestinal epithelium that
sustains a diverse bacterial community, which falls into the range of abundances
reported in the Human Microbiome Project. Furthermore, the relative abundances of
the phyla that dominate the human gut, Bacteroidetes (Bacteroidetes and
Parabacteroides genera) and Firmicutes (Blautia, Enterococcus, Ruminococcus, and
Oscillospira genera), were higher in the anaerobic chips than in the aerobic chips with
some genera (Blautia and Oscillospira) missing in the aerobic chips altogether (Fig. 3d).
Oxygen sensor readouts in aerobic and anaerobic chips cultured with a viable
microbiome or under sterile (microbe-free) conditions confirmed that the oxygen
concentration was maintained below 1% throughout 5-day co-culture period in the
anaerobic co-cultures (Supplementary Fig. S11d). Moreover, these results showed a
decrease in oxygen concentration in aerobic chips cultured with microbiome over time

(Supplementary Fig. S11d), which is similar to what we observed in co-cultures with B.

fragilis. This was likely due to the increased vertical growth of villi we observed in these
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chips relative to anaerobic chips, as well as to concomitant oxygen utilization by the
bacteria, which increase in numbers by day 1 in both aerobic and anaerobic chips.
Although the oxygen concentration in the aerobic chip never reached the low levels
obtained in anaerobic chips, this decrease in oxygen could explain the presence of
some obligate anaerobes, such as Akkermansia, that we observed in the aerobic chips;
however, clearly the constant anaerobic conditions are more optimal for maintenance of
co-cultures of anaerobic bacteria with viable human cells. Interestingly, the genus
Akkermansia, which has been recently implicated as an enhancer of gut barrier

function**48

, showed a considerably higher number of total counts in the anaerobic
culture system compared to human stool (Supplementary Fig. S12, S13). Additionally,
the genus Enterococcus was found to be present at higher levels in both chip culture
systems compared to the stool samples, suggesting that some gut microbial species
may grow better under conditions that more closely mimic regions of the living intestine
than in stool. Taken together, these data confirm that this anaerobic human Intestine
Chip system enables living human intestinal epithelium to be co-cultured in the same
channel as a complex human gut microbiome containing a range of bacterial genera
that come much closer to what is observed in healthy human donors than has ever
been possible before.

To determine the stability of the microbial communities in the anaerobic Intestine
Chip system, we analysed their change in abundance over 3 days of co-culture with
human Caco2 intestinal epithelium and underlying endothelium. Our results show that

genera composed of obligate anaerobes, such as Akkermansia, Blautia, Bilophila, and

Suterella, increased in abundance over time, presumably due to maintenance of low
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oxygen concentrations (Fig. 4a, top). Bacteroides, the highest abundance genus in the
anaerobic Intestine Chips, remained relatively stable over time. Additionally, in a
subsequent experiment, we cultured anaerobic Intestine Chips with the same Hmb
microbiome stock for 5 days and plated serial dilutions of the flush on anaerobic
Brucella culture plates in the presence or absence of vancomycin. Our results show that
the bacterial load increased at day 1 compared to the seeding inoculum, and then
remained constant throughout the experiment (Supplementary Fig. S11e).
Vancomycin kills Gram positive bacteria, and thus the difference in counts between
Brucella plates in the presence versus absence of vancomycin suggests both Gram
positive bacteria and Gram negative bacteria (i.e., that survived in the vancomycin
plates) remained viable over 5 days of co-culture with the intestinal epithelium on-chip.
Thus, although serial dilutions of a mixed population of bacteria do not provide accurate
total counts, these data show that both Gram positive and Gram negative bacteria
remained viable and proliferated (increased in number) over time in the human Intestine

Chips.
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Figure IV-4. Anaerobic conditions in the Intestine Chip enhance the growth of multiple genera
compared to the aerobic chip and conventional liquid culture. a, Differential abundance bacterial
genera in the Caco2 Intestine Chip measured under anaerobic conditions over 3 days of culture (top), or
at day 3 in the anaerobic chip compared to the aerobic chip or anaerobic liquid culture (bottom). Data are
presented as log10 of the total read counts for each genus; each data point represents one chip.The total
read counts for all genera at the bottom are normalized to their counts in liquid culture (data are
presented as box plots with individual data points overlaid, where lower or upper edges of the box
represent 25" or 75" percentiles and the middle bar is the median). b, Differential abundance in bacterial
genera measured over 1 to 3 days of co-culture in the anaerobic versus aerobic Intestine Chip (data are
represented as log2 fold change; each data point corresponds to the differential abundance for a given
genus at a given day, comparing anaerobic to aerobic cultures; n=4 chips for each group on each day;
error bars represent the s.d.).

Importantly, when we compared the growth of microbiota cultured for 3 days in
the anaerobic Intestine Chip with that produced by culturing the same microbiome
samples in conventional liquid medium culture in an anaerobic chamber, we observed
significantly different growth responses for multiple genera (Fig. 4a, bottom). Notably,
the genus Akkermansia shows preferential growth in the anaerobic Intestine Chip,
presumably due to the presence of high levels of mucus that is produced by the Caco2
intestinal epithelium on-chip*® (Fig. 2e,f), which complements the mucins already
present in the medium. Bacteria in the Blautia, Bilophila, Oscillospira, and Suterella
genera also showed enhanced growth in the anaerobic chips containing living human
intestinal epithelium compared to anaerobic liquid culture, whereas the Gram-negative
obligate aerobe, Citrobacter, was less abundant on-chip. Thus, the presence of human
intestinal epithelium that secretes a natural mucus layer above its apical surface® (Fig.
2e,f) is crucial for culturing and sustaining the complex features of human microbiome in
vitro.

To complement these analyses, we calculated the differential abundance of the
different genera over time in the anaerobic versus aerobic Intestine Chips. Our results

show that the obligate anaerobes, Eubacterium, Oscillospira, Blautia, and Suterella
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were significantly more abundant in the anaerobic chips compared to aerobic chips over
our time course (FDR g < 0.05), whereas the obligate aerobe, Citrobacter, consistently
showed a lower abundance in the anaerobic chip (Fig. 4b). Whether taking into account
the abundance of the various genera in anaerobic liquid culture (Supplementary Fig.
S12) or in the Hmb microbiome stock (Supplementary Fig. S13), quantification of the
total read counts confirmed that the total numbers of obligate anaerobes, including
Sutterella, Blautia, Oscillospira, Bilophila, and Akkermansia, were significantly higher in
the anaerobic chips. Taken together, these results confirm that the hypoxia gradient
system combined with the presence of a living human intestinal epithelium provides a
unique and preferential environment for sustained culture of anaerobic as well as
aerobic gut bacteria from diverse genera.

Culture of fresh gut microbiome with primary intestinal epithelium on-chip.
Finally, we explored whether this experimental approach can be used to co-culture
complex gut microbiome obtained from fresh human stool specimens in direct contact
with primary human intestinal epithelium (i.e., rather than using the established Caco2
intestinal cell line). To do this, we engineered human Intestine Chips lined with
intestinal epithelial cells isolated from organoids derived from normal regions of surgical
biopsies of human ileum, which exhibit multi-lineage differentiation, villi formation, and
mucus production when grown on-chip?’. We then inoculated the epithelial channels of
4 different chips with complex microbiome isolated from fresh human stool samples
collected from four different infants (one with a corrected gestational age of 30 week
and three with an age of 36 week). DIC (Fig. 5a) and confocal fluorescence

microscopic (Fig. 5b and Supplementary Fig. S14a) imaging of the primary human
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lleum Chips confirmed the presence of a villus intestinal epithelium lined by a
continuous polarized epithelium with F-actin- and villin-containing brush borders along
its apical membrane, MUC2-producing cells, and basal nuclei. Importantly, when we
measured production of secreted mucus using alcian blue staining (Supplementary
Fig. S14b), we observed blue stained mucus over the apical surface of the epithelium,
and we detected up to 600 ug.ml” of mucin in the chip outflow (Supplementary Fig.
S14c). As expected, the bacterial richness was reduced in the infant stool stock (586
OTUs) compared to adult human-derived stool (938 OTUs) at the same dilution per
gram of materials, and these differences in richness were accurately recapitulated on-
chip. We again found that the primary human intestinal epithelium could be co-cultured
in direct contact with this complex gut microbiome without compromising epithelial
barrier function, and this co-culture was stably maintained for up to at least 5 days on-
chip (Fig. 5¢), much as we had observed with the Caco2 epithelium. Importantly, the
microbiome cultured in these primary Intestine Chips also maintained a high bacterial
richness, ranging from 118 to 135 OTUs (Fig. 5d) corresponding to 6 phyla
(Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, Proteobacteria and
Tenericutes) and 32 unique genera. Thus, the hypoxic Intestine Chip method can be
used to sustain a complex community of human microbes in direct contact with normal,
patient-derived, human intestinal epithelial cells for many days in culture, which could

be valuable for personalized medicine in the future.
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Figure IV-5. Anaerobic co-culture of gut microbiome obtained from fresh human patient-derived
stool with primary human ileal epithelium in the Intestine Chip. a, Microscopic views showing the
villus morphology of the primary ileal epithelium cultured for 5 days in the Intestine Chip under anaerobic
conditions when viewed from above by DIC (scale bar, 50um) or b, shown in cross-section by confocal
immunofluorescence imaging for MUC2 (red), F-actin (yellow) and DAPI (blue) (scale bar, 50um; inset
shows area highlighted in white dashed line at higher magnification; representative images from 4
intestine chips are shown). ¢, Changes in apparent paracellular permeability (P,,,) measured by
quantifying cascade blue transport across the tissue interface within the primary Intestine Chip during co-
culture with or without complex human gut microbiome under anaerobic conditions (bacteria contained
with patient-derived stool samples were added on day 0; n=3 individual chips; data are presented as

mean +s.d.). For richness and Shannon diversity of bacteria in effluent samples of primary Intestine
Chips refer to Supplementary Table S2.
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Discussion

Given the importance of commensal gut microbiome for human health and the lack of
any in vitro model that can faithfully mimic the complex epithelial-microbe interactions
that occur across the host-microbiome interface, we leveraged human Organ Chip
technology to develop a device that enables human intestinal epithelium to be co-
cultured with the highly diverse community of commensal microbes that comprises the
human gut microbiome under aerobic and anaerobic conditions. Our results show that
the anaerobic human Intestine Chip offers a robust modular platform for recapitulating
the human intestinal-microbiome interface in vitro. Using this device, for the first time, it
is possible to stably co-culture a complex living microbiome in direct contact with living
mammalian cells and their naturally produced overlying mucus layer for 5 days or more
in vitro. This is significantly longer than past studies using the HMI model that only
sustained co-cultures of intestinal epithelium with complex microbiome for 48 hours, and
in which the bacteria had to be physically restricted from contacting the epithelium by a

semi-permeable membrane to ensure epithelial viability'"*’

. Importantly, providing a
physiologically-relevant low oxygen microenvironment on-chip also sustained a higher
level of microbial diversity (~200 unique OTUs) and increased abundance of obligate
anaerobic microbiota compared to aerobically-cultured chips, in addition to maintaining
a diverse community of commensal microbes that closely resembled that of the human
gut microbiome in vivo. For example, when the complex gut microbiome was cultured in
the anaerobic Intestine Chip, it maintained abundant amounts of obligate anaerobic

bacteria, with ratios of Firmicutes and Bacteroidetes similar to those observed in human

faeces*. Additionally, we found that co-culturing intestinal epithelium with either single
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commensal gut microbes (e.g., B. fragilis) or over 200 different bacterial OTUs under
physiologically relevant anaerobic conditions actually enhanced epithelial barrier
function compared to aerobic chips, which again is consistent with in vivo findings™.
This is in direct contrast to past studies in which co-culture of pathogenic bacteria (e.g.,
enteroinvasive E. Coli) was shown to rapidly compromise barrier function in the same
Caco?2 cells-lined Intestine Chips?'. This ability to discriminate between healthy versus
injury responses of human intestinal epithelium in the presence of commensal versus
pathogenic bacteria, and study these direct intercellular interactions under controlled
conditions in vitro, is a significant advantage of this model versus approaches that
separate the microbes from the epithelium by nanoporous membranes.

Oxygen tension is one of the main regulators of intestinal function and
pathogenesis of Gl diseases**°. By integrating non-toxic oxygen sensors into our
devices, we were able to control and measure oxygen levels throughout the microfluidic
Intestine Chips without interference with microscopic imaging, device fabrication or cell
culture. Use of these sensors, rather than incorporating multiple external oxygen-
detecting probes, enables this approach to be more easily scaled so that many
miniaturized Organ Chip platforms can be created. The anaerobic chamber we
engineered also generates radial oxygen gradients across the endothelium-epithelium-
microbiome interface that allows oxygenation of the human tissues while providing an
anaerobic environment for growth of the obligate anaerobes. Anaerobic incubators or
glove boxes can be used to maintain hypoxic conditions for bacterial cultures, but they
commonly provide a single uniform low oxygen concentration, rather than

physiologically-relevant oxygen gradients directed across tissue-tissue interfaces. In
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contrast, our anaerobic chamber is portable, highly customizable, compatible with
imaging, and most importantly, capable of engineering oxygen gradients across the
endothelial-epithelial interface of any Organ Chip on demand.

Oxygen concentrations in the lumen of the human intestine are known to affect
the spatial distribution and metabolism of gut flora®", and most intestinal bacteria are
obligate anaerobes, many of which fail to grow at oxygen concentrations greater than
~0.5%"2. Any culture system that is designed to recapitulate the host gut-microbiome
interface must therefore be able to achieve and sustain oxygen concentrations at these
low levels. A microfluidic-based anaerobic culture system has been described
previously that maintains oxygen levels as low as 0.8% in the presence of a facultative
anaerobe*’, but this level is still too high to support obligate anaerobes. Moreover, this
past model used both a synthetic mucus layer and a nanoporous membrane to
physically separate bacteria from the intestinal epithelium®’. Using our custom
anaerobic chamber, we were able to attain an oxygen concentration of less than 0.3%
in the epithelial channel where we cultured the commensal microbes, which is much
closer to that found in the gut lumen in vivo®. Additionally, we validated the relevance
of these hypoxic culture conditions by showing that they support the growth of an
obligate anaerobe B. fragilis that cannot grow in the presence of greater than ~0.5%
dissolved oxygen®?°*. Furthermore, the finding that co-culture of the human intestinal
epithelium with B. fragilis under anaerobic conditions also increased (rather than
decreased) intestinal barrier function on-chip is consistent with the finding that oral

delivery of B. fragilis corrects intestinal permeability defects in a mouse autism model®°.
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More importantly, we found that the hypoxic human Intestine Chip supports co-
culture of complex human microbiota composed of over 200 unique OTUs and at least
11 different genera of bacteria for multiple days in co-culture. Bacterial members of the
Bacteroidetes and Firmicutes phyla, and to a lesser degree Verrucomicrobia and
Proteobacteria, which comprise the human intestinal microbiome in vivo®, also
colonized our Caco?2 Intestine Chips at similar ratios. Anaerobic chips had increased
levels of anaerobic Clostridia, Bacteroides, and Akkermansia, whereas Proteobacteria,
which accumulate mainly at more oxygenated regions of the proximal gastrointestinal
tract,>>*" dominated the aerobic chips. One limitation of our approach is the need to
dilute the complex microbiome inoculum to avoid rapid unrestrained bacterial
overgrowth. This may result in exclusion of some rare bacteria; however, this could be
ameliorated by using larger Intestine Chips, optimizing the lumen perfusion rate,
applying cyclic (peristalsis-like) mechanical deformations that can suppress growth of
some commensals?', or altering medium conditions to limit bacterial overgrowth in the
future. Nevertheless, these data show that the Intestine Chip with the hypoxia gradient
and anaerobic conditions in the lumen of the epithelial channel promoted more bacterial
diversity than the aerobic system. Moreover, the anaerobic human Intestine Chip
supported a wide range of bacterial genera similar to those found in human stool, which
is much more complex than any microbiome community that has been previously
cultured in direct contact with mammalian cells, and we could sustain these co-cultures
for at least 5 days in vitro.

Others have previously maintained complex microbiota in test tube cultures®,

however, our results indicate that the presence of a more in vivo-like intestinal tissue
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microenvironment significantly influences the composition of the microbial community.
For example, the mucus degrading, obligate anaerobe genus Akkermansia was found in
higher abundance in the anaerobic Intestine Chips which contain human intestinal
epithelial cells that secrete mucus than in liquid cultures maintained under similar
anaerobic conditions that were artificially supplemented with mucin. In contrast to liquid
cultures, the anaerobic Intestine Chip also allows inferences to be made regarding the
effects of commensal microbes on the host epithelium and vice versa. It is interesting
that the enhanced growth of Akkermansia in the anaerobic Intestine Chip was
accompanied by increased intestinal barrier function since the high abundance of this
organism has been previously suggested to enhance gut barrier function in vivo**°.
HIF-1a is believed to control barrier integrity by regulating multiple barrier-
protective genes, and its dysregulation may be involved in Gl disorders®®*®.
Interestingly, although we observed elevated levels of nuclear HIF-1a in anaerobic
Intestine Chips, we did not detect any changes in barrier function unless we also co-
cultured complex microbiota. Thus, this experimental system allows us to parse out
which physiological effects are due to changes in oxygen levels alone and which are
due to the presence of commensal microbes under low oxygen conditions. Defining the
causative relationship between the abundance of each individual genus of bacteria and
distinct functions of the co-cultured human intestinal epithelium is beyond the scope of
this study. However, this system could be harnessed to address these types of
questions, as well as how different commensal microbes contribute to the

pathophysiology of various gastrointestinal diseases®’ in the future. This model also

could be used to analyse fluctuations in microbiome abundance, function, and location
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within the chip (e.g., under conditions of antibiotic exposure, hormonal stimulation, etc.)
and their effects on intestinal epithelial physiology. Moreover, the clinical relevance of
these studies could be further enhanced by developing patient-specific Intestine Chips
with both host cells and gut microbiome isolated from the same patients, as well as by
obtaining microbiome isolates from different regions of the intestine (e.g., duodenum,
jejunum, ileum, colon) and culturing them on chips lined by cells from each of these
regions.

The purpose of this study was to develop a method for co-culturing a complex
living human gut microbiome, including obligate anaerobes which require strict
anaerobic conditions (i.e., < 0.5-1% O3) to survive, in direct contact with human
intestinal epithelial cells and their overlying mucus layer for extended times in vitro.
While we did not intend to model any specific region of gastrointestinal system using our
chips, it should be noted it is possible to create Organ Chips lined by cells from different
regions of the intestine (e.g., duodenum, jejunum, ileum, colon) and to use oxygen
tensions appropriate for each region (e.g., from 5% to 0.5% moving from duodenum to
colon), and potentially introduce the microbiome aspirates from each of these regions.
We have previously shown that primary Intestine Chip better recapitulates the
morphology, multicellular composition, and gene expression patterns of the intestinal
segment from which it was derived than other in vitro intestinal culture systems, such as
the Caco2 chip and 3D intestinal organoids?’. Furthermore, by integrating primary
epithelial cells from intestinal biopsies as we did here, or patient-derived induced
pluripotent stem (iPS) cells®?, in combination with microbiomes obtained from the same

patients, it should be possible to develop patient-, disease-, and location-specific, host-
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microbiome co-culture models, and thus, pursue a personalized-medicine approach in
the future. That said, the Caco2 Intestine Chips also recapitulate many features of
human intestinal physiology and pathophysiology, and these cells can be obtained
commercially (rather than requiring a patient biopsy), which would enable their
widespread use by academic and industrial laboratories, as well as regulatory agencies
(e.g., FDA). In addition, the modular nature of the Organ Chip technology allows for the
incorporation of additional cell types. In this study, we incorporated intestinal
endothelium in our Intestine Chips because it enhances intestinal barrier function, villi
development and mucus production?®%"®® but other cell types, such as immune cells

6485could be

and pathogens that play crucial roles in host gut-microbiome interactions
incorporated as well. Our oxygen sensing chips also have the potential to be combined
with on-chip TEER technology® for real-time monitoring of intestinal barrier function in
the presence of different cell types and individual strains of bacteria. Thus, this
methodology could be used in the future to unravel complex functional links between
intestinal epithelial cells, immune cells, and gut microbes to understand mechanisms of
human disease, discover new therapeutics, and advance personalized medicine. It may

be possible to modify this Organ Chip platform to model and study host-microbiome

interactions in other organs (e.g., vagina, skin, lung, etc.) as well.

Methods

Fabrication of the oxygen-sensing Organ Chip. Oxygen sensor spots were prepared
by mixing oxygen sensitive and optical isolating particles (PreSens GmbH, Germany) at
weight ratio of 1:1 in methanol (sigma, 50 mg ml™") for 2 h under constant stirring. PDMS

prepolymer (Sylgard 184, Dow Corning) was then added to the mixture at 1 g ml”" and
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solvent was subsequently removed by applying -70 kPa vacuum at 55 °C for 2 h. PDMS
prepolymer was then mixed with curing agent (Sylgard 184, Dow Corning) at weight
ratio of 10:1 for 4 min under vacuum, spin-coated (150 um thick) onto a 5 cm silanized
silicon wafer at 800 rpm for 2 min and cured at 60 °C for at least 30 min. The wafer was
removed and the 150 ym thick film was punched into 1 mm diameter sensor discs using
a biopsy punch. The sensor discs were dip coated in an uncured PDMS (PDMS
prepolymer:curing agent 10:1) and embedded into the PDMS channels of a 2-channel
Organ Chip by placing them in moulds at the inlet, middle and outlet of both upper
(epithelium) and lower (endothelium) channels, and cured in place at 60 °C for 30 min.
Organ Chip fabrication was then followed as described previously®’. Using this two-step
moulding process, these sensors were placed directly on the surface of both the
vascular and epithelial channels of the Organ Chips at their inlet, middle and outlet
regions. The chip fabrication and sensor integration steps involving plasma treatment
did not interfere with sensor function or the functionality of the microfluidic chips, and
the thickness of the sensors did not affect the oxygen readouts when maintained
between 150 to 300 um in height.

Anaerobic chamber fabrication and validation. To fabricate the anaerobic chamber,
acrylic parts were cut using a laser cutter (Epilog) and assembled together with an
acrylic solvent (SciGrip Acrylic Cement). Gaskets were lasercut from adhesive-backed
silicone rubber sheets (20 Shore A hardness, McMaster-Carr) and magnetic clasps
were attached using adhesive backed magnets. The anaerobic chamber was tested
using a calibrated Oxy-4 optical probe system (PreSens GmbH, Germany) to verify the

hypoxic conditions. To do so, the chamber was purged with 5% CO, in N2 bubbled
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through deionized water at 81 ml min™, 162 ml min™, or 243 ml min™ for 1 h at which
point N2 flow was stopped and the chamber allowed (3 h) to recover to atmospheric
oxygen.

Oxygen sensing in the Intestine Chip. To visualize and quantify the concentration of
oxygen throughout the chip, oxygen measurements were performed through non-
invasive fluorescence read-out using VisiSens-system (PreSens GmbH, Germany).
Using a CCD-camera and the VisiSens software (V1.1.2.10), oxygen amount was
detected at sensor spots, and displayed using a computer code in pseudo colours. The
software has been designed to calculate oxygen levels on the sensor spots via
calibration of fluorescence reading with defined oxygen levels at 0 and 100% air
saturation (i.e. 20.9% O, of all dissolved gas by volume). In all experiments, oxygen
levels were quantified after comparing the readings with the calibration values. Air-
saturated water and oxygen-free solution (Oakton, WD-00653-00) were used to
calibrate the sensor spots. Since the field-of-view of the VisiSens camera is inherently
small, we designed a linear positioning system that can position the camera directly
beneath the Intestine Chips in the hypoxia chamber. This allows indexed motions of the
camera to any sensor spot along the chip or between the chips and thus, facilitates
reproducibly imaging multiple chips in one run. The sensors do not obscure regular
imaging of the chips as they only cover a small portion of the culture area (~3 mm?),
allowing for regular monitoring of cultures throughout the experiment. We also designed
a black opaque box that covers entire chip culture chamber and VisiSens camera to
block extraneous light. To analyse the accuracy of sensor spots inside the chips

Oxygen concentrations were measured in gas phase using calibrated gas tanks with

135



known oxygen concentration, i.e. 0, 1, and 12.5% O,. The VisiSens imaging system
was validated using an Oxy-4 optical probe system (PreSens) with optical fibers (POF-
L2.5, PreSens, Germany).

Oxygen sensor analysis. Images of oxygen sensors were processed in MATLAB
(Mathworks) and binarized using Otsu’s method °®. Morphological erosion and dilation
were preformed to eliminate any spurious artefacts created during binarization.
Simulated annealing was applied to find the correct assignment of sensors in each
image regardless of the chip alignment. The sum of the distance of each of the sensor’s
centroids in the current image between the nearest sensor’s centroid in the original
image was minimized. After aligning the images, the sensors in the current image were
registered consistently with the sensors in the former image, and colorimetric analyses
were computed. The average intensities were calculated for each of the red, blue, and
green channels, in each sensor. The uncalibrated signal from each sensor was taken to
be the average green intensity divided by the average red intensity. The uncalibrated
signal was then fit to a calibration curve. We used a modified Michaelis-Menten two-
point calibration as the most generalizable model, Coxy= Kmint (Kmax-Kmin) X [Xgr /
(KratetXg:r)]; kmax=@ X Kam, Where xg, denotes the ratio of average green intensity to
average red intensity, Coy, is the fraction of atmospheric oxygen, kmin is the sensor
signal at anaerobic conditions, kmax is the sensor signal when saturated with oxygen,
and the concentration of oxygen is given as Coyy. Knte €xplains the effect that the
observed signal, x4, has on the concentration of oxygen. The atmospheric oxygen
concentration does not fully saturate the sensor with oxygen. To overcome this, actual

maximum possible signal from a sensor, kmax, is estimated by multiplying the
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uncalibrated signal at atmospheric concentration, ka.wm, by a scale factor a. The
Michaelis-Menton curve was approximately linear between Xy, =kam and Xg=Kmax,
scaling by a linear coefficient did not hamper the equation’s ability to generalize
between sensors. The curve was fit using images acquired at known oxygen
concentrations. The known concentrations were measured by Oxy-4 optical probe
system (PreSens GmbH, Germany). The oxygen concentrations were also validated by
flowing oxygen at known concentrations over the probe and sensor. Both ke and a
were fit using the data. The model produced a suitable fit for the data (R?*=0.990
training, R?=0.997 and 0.998 for testing). The fitted model generalized well for trials
repeated in different chips and on different days.

Cell culture procedures. Prior to cell seeding, microfluidic sensor chips were activated
using oxygen plasma (Diener ATTO) and functionalized with (3-Aminopropyl)
trimethoxysilane (Sigma, 281778), as reported previously?®. Chips were then washed
with ethanol, oven-dried at 80°C and coated with 30 ug ml™* Collagen (Gibco, A10483-
01) and 100 ug ml"' Matrigel (BD Biosciences, 356237) in the serum-free Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, 10564011) for 1 h at 37 °C. To fabricate the
Caco2 Intestine Chip, human intestinal microvascular endothelial cells (HIMECs;
ScienCell) were first seeded (1.5x10° cells cm™) in the bottom channel of the chips, on
opposite side of the porous membrane. Chips were then placed in 37°C incubator for
1.5 h. For HIMECs culture, endothelial growth medium (EGM2-MV) containing human
epidermal growth factor, hydrocortisone, vascular endothelial growth factor, human
fibroblastic growth factor-B, R3-Insulin-like Growth Factor-1, Ascorbic Acid and 5% fetal

bovine serum (Lonza Cat. no. CC-3202) was used. Human intestinal epithelial cells
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(Caco2 BBE human colorectal carcinoma cell, Harvard Digestive Disease Center) were
then seeded into the top microchannel of the chip (1.5x10° cells cm™) and incubated for
1.5 h. Epithelial cells were fed with DMEM (Gibco, 10564011) containing Pen/Strep and
20% Fetal Bovine Serum (FBS; Gibco, 10082-147). After washing with 200 ul of
medium, chips were cultured statically overnight to allow cells to form monolayers on
both sides of the membrane. A day after seeding, top and bottom channels were
perfused (60 ul h'1) with epithelial medium and reduced-FBS endothelial medium,
respectively. Chips were kept in this condition until villus-like intestinal epithelium
spontaneously appeared. For anaerobic culture, the same procedure was followed
except that after 1 day of perfusion in aerobic conditions, chips were placed in an
anaerobic chamber and continuously perfused with 5% CO; in N2 flowed at 243 mL min’
1

To create primary Intestine Chips, we used cells isolated from human intestinal
organoids that were derived from resected tissue of a 15 year-old patient diagnosed
with ulcerative colitis and collected from grossly unaffected (macroscopically normal)
areas of the terminal ileum during endoscopy procedure, as described previously?’.
Informed consent and developmentally-appropriate assent were obtained at Boston
Children’s Hospital from the donors’ guardian and the donor, respectively. All methods
were carried out in accordance with the Institutional Review Board of Boston Children’s
Hospital (Protocol number IRB-P00000529) approval.

Organ Chips with the same 2-channel design, but obtained from Emulate Inc. (Boston,
MA), were used to create the primary human Intestine Chip. The chips were chemically

activated using ER1 and ER2 solutions (Emulate Inc.) before introducing type | collagen
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(200 ug.ml™") and Matrigel (1% in PBS) into the channels, and incubating in a humidified
37 °C incubator for 2 h to coat the porous membrane with ECM before washing with
PBS. Primary human intestinal epithelial cells that were isolated from the ileal organoids
using collagenase and mechanical dissociation as described previously?’ were then
resuspended in expansion medium (EM) consisting of Advanced DMEM/F12
supplemented with L-WRN conditioned medium (50% v/v, ATCC), glutamax, HEPES,
murine epidermal growth factor (50 ng.ml'1), N2 supplement, B27 supplement, human
[Leu15]-gastrin | (10 nM), n-acetyl cysteine (1 mM), nicotinamide (10 mM), SB202190
(10 uM) and A83-01 (500 nM). A small volume (30ul) of the EM solution containing the
primary intestinal cells (6 x 10° cells.ml”) was used to infuse and fill the apical chamber
of each chip resulting in [1180,000 cells.chip™; these chips were then incubated
overnight under static conditions at 37°C to promote cell adhesion. The following day
EM without cells was perfused (60 pl.h™") through the top and bottom channels and
cyclic suction was applied to hollow side chambers using a vacuum pump controlled by
an electronic vacuum regulator (ITV0O09, SMC Corp.) and an Arduino microcontroller to
exert peristalsis-like stretching motions (10% cell strain, 0.15Hz frequency) on the
porous membrane and attached epithelium. Chips were maintained under these
conditions until villus like structures were detected visually under phase contrast
imaging (~14 days). Before adding microbiota, peristalsis-like cyclic stretching was
stopped and the apical medium was then replaced with antibiotic-free DM containing

microbial supplements (1 mg.ml™" pectin, 1 mg.mI" mucin, 5 ug.ml”" Hemin and 0.5

ug.ml™ Vitamin K1) and the basal medium was replaced with antibiotic free EM.
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Bacterial and Microbiota culture. B. fragilis (9343 strain) was grown overnight at 37
°C under anaerobic conditions (80% Nz, 10% Haz, 10% CO,) in rich media containing
yeast extract (5 g L"), proteose peptone (20 g L"), NaCl (5 g L"), hemin (5 mg L™),
vitamin K1 (0.5 mg L"), KoHPO4 (5 g L™") and HADA (HCC-amino-D-alanine, Aem ~ 450
nm; 0.8 mM) or GalCCP (N- cyclopropenyl galactosaminyl carbamate; 250 um). Hemin,
vitamin K1, K;HPO4, and HADA®* were added through a 0.22 um filter after autoclaving
the other ingredients. For HADA labelling, B. fragilis was pelleted at 5000 g, washed
once in DMEM, and re-suspended in Caco2 media (DMEM 20% FBS, 1% glutamine, 1
mg ml”" pectin, 1 mg mlI" mucin, 5 ug mI" Hemin, 0.5 ug mI”" Vitamin K1) at 1 x 10’
CFU ml™". For GalCCP labelling, B. fragilis was pelleted at 5000 g washed twice with
PBS, once with 1% BSA in PBS, then incubated with 5 uM Tetrazine-Cy3 for one hour
at 37 °C. Bacteria were pelleted and washed twice with 1% BSA in PBS, one with
PBS*®, and re-suspended in Caco2 media. For microbiota co-culture, colon and cecum
content from five mice colonized with healthy human microbiota (Hmb) 2 were collected
and re-suspended in sterile PBS inside an anaerobic chamber (100 mg of content ml™).
The slurry was then filtered (40 um) and aliquoted and stored at -80 °C as the human
microbiome stock, which was diluted 1:100 in epithelial medium when added to Intestine
Chips. For microbiota co-culture with patient-derived specimens, fecal samples were
collected from infants born at Brigham and Women’s Hospital in Boston, MA and cared
for in a single-centre Newborn Intensive Care Unit (NICU). Parental consent was
obtained and all study procedures followed a protocol that was approved by the
Partner's Human Research Committee for Brigham and Women’'s Hospital and

Massachusetts General Hospital (Protocol number 2012-P-002453). Fecal samples
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were collected from preterm infants born prior to 32 weeks of gestation from birth until
discharge. Briefly, diapers with fecal samples were collected daily by the bedside nurse,
placed in a specimen bag, and stored at 4 °C for no more than 24 hours. Fecal material
was extracted from diapers using sterile procedures and immediately frozen at -80 °C.
Selected samples were suspended in Brain Heart Infusion media (100 mg.ml”) to
create a stock solution.

Co-culture with gut microbes and complex microbiome in the Intestine Chips.
One day before adding bacteria, media reservoirs were washed with PBS and antibiotic-
free media was then added to Intestine Chips in a tissue culture hood (aerobic
conditions) or in an anaerobic chamber (anaerobic conditions). The next day, 25 ul of B.
fragilis (1 x 10" CFU mlI™") or diluted microbiota stock was added to the apical side of
differentiated Intestine Chips in a tissue culture hood (aerobic conditions) or in an
anaerobic chamber (anaerobic conditions). Chips were left static for 30 min and then
perfused at 1 ul min™. Every 24 h, a 2 min flush at 50 ul min” was performed and the
flush outflow was collected and serial dilutions were plated on Brucella plates incubated
at 37°C in an anaerobic chamber (B. fragilis cultures), Brucella plates +/- 6 ug ml”
vancomycin (Hmb cultures) or sent for 16S rRNA sequencing (Diversigen).
Morphological analyses. For each experiment, regions of 3 different Intestine Chips
were analyzed morphologically at each interval. The villus structures formed by the
intestinal epithelium were evaluated using DIC microscopy (Zeiss Axio Observer Z1 2,
AX102) or immunoflorescence microscopy with a laser scanning confocal microscope
(Leica SP5 X MP DMI-6000 and Zeiss TIRF/LSM 710). High-resolution horizontal or

vertical cross-sectional images were obtained using deconvolution (Huygens) followed
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by a 2D projection process. IMARIS (MARIS 7.6 F1 workstation; Bitplane Scientific
Software) and ImagedJ were used for analysing the obtained images.

For SEM analysis, Intestine Chips were designed in a way that top channel was not
irreversibly bonded to the membrane, which permitted the device to be dismantled
manually without disturbing the cultured cells. Chips were first treated with Carnoy’s
solution for mucus fixation, and then fixed with paraformaldehyde (PFA, 4%; Electron
Microscopy Sciences, 157—4) and glutaraldehyde (2.5%; Sigma, G7776) and incubated
in osmium tetroxide (0.5%; Electron Microscopy Sciences, 19152) before serial
dehydration in ethanol. Samples were then dried using a critical point dryer and imaged
with a field emission SEM (Hitachi S-4700).

Immunofluorescence microscopy. Epithelial and endothelial cells were washed with
PBS, fixed with 4% paraformaldehyde (PFA; Electron Microscopy Sciences, 157-4) and
subsequently washed with additional PBS. Permeabilization of cells was accomplished
with 0.25% Triton X-100 (Sigma, T8787), followed by incubation in blocking buffer
containing 1% BSA (Sigma, A4503) and 10% donkey serum (Sigma, D9663) at room
temperature. Primary antibodies against ZO1 (Life Technologies, 33-9100, dilution
1:200), VE-cadherin/CD144 (BD Biosciences, 555661, dilution 1:200), Villin (Life
Technologies, PA5-29078, dilution 1:100), Muc2 (Santa Cruz Biotechnology, sc-15334,
dilution 1:100) or HIF-1a (Abcam, ab16066, dilution 1:100) were added and incubated
overnight at 4°C, followed by multiple PBS washes. Cells were then incubated with
secondary fluorescent antibodies (Life Technologies) at room temperature and washed

with PBS; nuclei were co-stained with DAPI (Invitrogen, D1306). Microscopy was
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performed with a laser scanning confocal microscope (Leica SP5 X MP DMI-6000 or
Zeiss TIRF/LSM 710).

Mucus Detection. For the mucus visualization, Wheat Germ Agglutinin (WGA) Alexa
Fluor 488 conjugate (Thermo Fisher Scientific) was used for the live cell imaging as
described previously®*. Briefly, WGA solution (25 ug.ml™ in culture medium) was flowed
through the epithelium channel for 30 min. Top channel was washed subsequently with
PBS in the dark and counter-stained with DAPI to visualize nuclei. To stain acidic
mucopolysaccharides within the intestinal mucus, Intestine Chips were stained with
0.1% (w/v) alcian blue solution (pH 2.5; 8GX, Sigma) in 3% acetic acid (Sigma) by
flowing the solution into the microchannels at 50 uL.h™" for 12 h, and then washing with
PBS.

Paracellular permeability measurements. 50 ug ml”" of cascade blue (5.9 kDa;
ThermoFisher, C687) were introduced to the epithelium channel (60 mL hr'1) and
fluorescence intensity (390 nm/420 nm) of top and bottom channel effluents were
measured using a multi-mode plate reader (BioTek NEO). Apical-to-basolateral flux of
the paracellular marker was calculated based on the following equation:
Papp=(dQ/dt)/A.dC. Pgpp (cm s) denotes the apparent permeability coefficient, dQ/dt (g
s) is molecular flux, A (cm?) is the total area of diffusion and dC (mg mL™) is the
average gradient. In some studies, Lucifer Yellow was used instead of Cascade Blue
using a previously published method?’.

Cellular toxicity. CytoTox 96 Non-Radioactive Cytotoxicity Assay (LDH; Promega,
G1780) was used according to the manufacturer’s instructions to measure epithelium

and endothelium viability over time under aerobic and anaerobic culture conditions. In

143



brief, effluents were collected from top and bottom channels, mixed with LDH substrate
reagent and incubated for 30 min. The enzymatic reaction was terminated using stop
solution (containing acetic acid) and the absorbance at 492 nm was recorded using a
multi-mode plate reader (BioTek NEO). The LDH activity was assessed using
quadruplicate of each group, calculated after subtracting the background absorbance
values and reported as a fold change of the total LDH values of control group.

16S rRNA sequencing analysis. Following sequencing, read counts were obtained by
processing the FASTQ files using QIIME 1.0 under standard protocols and resulting
joined reads were aligned to the Greengenes database. A total of 938 OTUs were
identified. As one of the steps in our analyses of the 16S sequencing data, we removed
OTUs that did not meet certain criteria in terms of representation across all the samples.
The data were loaded into R and the phyloseq package69 was used for further
processing. Data from a sequencing control (medium only) were used to correct the
count data in all of our samples. For any given OTU identified, the read counts for that
OTU found in the control sample (i.e., a medium sample without microbes that was run
through the sequencer, allowing for the control of sequencing errors) was effectively
subtracted. In the cases where the number of reads for a given OTU in a sample of
interest was negative (i.e., the number of reads in the control was higher than that of the
sample), we listed the number of reads of that OTU as 0. After performing diversity
analyses, all singletons were removed from the data set and the OTUs were
summarized to the genus level, resulting in a total 42 unique OTUs, corresponding to 9
well characterized genera (34 OTUs) and 8 OTUs of unknown genus (Proteobacteria

and Firmicutes phyla). Differential abundance of these genera between the two culture
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conditions (i.e. aerobic and anaerobic) was done using the DESeq2 package’®. OTUs
showing a differential abundance with an FDR corrected p-value q < 0.05 were
considered significant. The PERMANOVA test was run using in R using the adonis
function in the vegan package between aerobic and anaerobic conditions, as well as
between the two oxygen conditions across the different days. Comparisons to human
stool microbiome was done against the Human Microbiome Project HMP1 data set

(data set contains 44,740 OTUs across 4,743 samples from 18 different body sites.)

Statistical analysis. All experiments were carried out at n=3-6 (see figure captions),
and results and error bars indicate mean +* standard deviation (SD). Data analysis was
performed with a one-way analysis of variance (ANOVA) with Tukey HSD post hoc tests
using Prism (GraphPad). Statistical analysis between two conditions was performed by

an unpaired student’s t-test. P values less than 0.05 were considered significant.

Reporting summary. Further information on research design is available in the Nature

Research Reporting Summary linked to this article.

Data availability
The main data supporting the findings of this study are available within the Article and
its Supplementary Information. The raw data generated in this study are available from

the corresponding author upon reasonable request.
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Supplementary Tables

Supplementary Table 1 | Media tested for microbial diversity

Sample number

(Hmb or Mmb) Media tested

1 Stock

2 Brain Heart Infusion

3 Brucella

4 GMM™®

5 Hemin 5 ug/ml

6 Hemin 5 ug/ml, Vitamin K1 0.5 ug/ml

7 Vitamin K10.5 ug/ml

8 Porcine mucin 1 mg/ml

9 Porcine mucin 1 mg/ml, Apple pectin 1 mg/mi

Porcine mucin 1 mg/ml, Hemin 5 ug/ml, Vitamin

10
K1 0.5 ug/ml
11 Porcine mucin 1 mg/ml, Hemin 5 ug/ml, apple
pectin 1 mg/ml Vitamin K1 0.5 ug/ml
12 Thioglycolate
13 Wilkins-Chalgren
YPG Yeast 20 mg/ml, NaCl 5mg/ml, K,HPO,4 5
14 mg/ml, Proteose 5 mg/ml, Glucose 5 mg/ml, L-

cysteine 1 mg/ml, Hemin 5 pug/ml, Vitamin K1 0.5
ug/ml

"Dissolved in DMEM 20% FBS 1% glutamax

153



Supplementary Table 2 | Analysis of the diversity of stool microbiome co-cultured

in primary Intestine Chips.

lleum sample (day 5) Observed richness Shannon diversity
36 wk infant 122 0.32
36 wk infant 118 0.34
36 wk infant 121 0.31
30 wk infant 135 1.10

Supplementary Figures
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Supplementary Figure 1. (a) Representative optical image of an oxygen sensing Intestine Chip and (b)
pseudocolor image of the Intestine Chip oxygen distribution under aerobic (top, yellow) and anaerobic
(bottom, blue) culture conditions. (¢) Accuracy analysis of oxygen detection by the sensor spots located in
the Intestine Chip in response to defined, standard oxygen concentrations. Oxygen levels measured by
the Intestine Chip sensor spots were validated by measuring levels before and after plasma treatment (d),
which altered thickness (150 um vs. 300 um) of the spots (e). (f) Representative pseudocolor images of

the spots when varying oxygen concentrations from 20% to 0% oxygen, or aerobic (yellow) to anaerobic
(blue) conditions.
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Supplementary Figure 2. (a) Exploded views of the anaerobic chamber (left); linear positioning system
for indexed motions of the camera to any sensor spot along the chip or between the chips (middle); and
rendering of hypoxic farm on imaging stand for monitoring of sensors without removing chips from
anaerobic chamber (right). (b) Photograph of an anaerobic chamber while in use. Chips (i) are placed in
the hypoxic region of the chamber and medium is flowed through epithelial channels (ii, blue) and
exposed low to oxygen levels. The medium reservoirs for the vascular channels are placed outside the
anaerobic chamber (iii, red) are exposed to room air and thereby, maintained under normoxia conditions.

The chamber is purged with N, flow (iv) through a bubbler (v).
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Supplementary Figure 3. (a) Phase contrast images of Caco2 epithelium at Day 1 (left) and 7 (right) of
culture in the Intestine Chip. (b) Representative vertical cross-sectional, confocal micrographic views
through the intestinal epithelium-membrane interface of the Intestine Chip at day 7 of culture, when
immunostained for villin (green) and nuclei with DAPI (blue) (white dashed lines indicated upper surface
of the porous matrix-coated membrane; bar, 100 um). (¢) Microscopic views showing the villus
morphology of the human Caco-2 intestinal epithelium cultured for 7 days in the Intestine Chip when
viewed from above by immunofluorescence staining for the tight junction protein, ZO-1, at different
heights or by (d) DIC imaging at z=100 um. (bar, 100 um).
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Supplementary Figure 4. (a) Graph showing effects of anaerobic culture on viability of intestinal
epithelium and vascular endothelium, as assessed by quantifying LDH released from cells (data are
presented as fold change in LDH levels relative to the aerobic control chips; n=4). (b) Changes in
apparent permeability (P,,,) measured by quantitating cascade blue transport across the tissue-tissue
interface within the Intestine Chips cultured aerobically or anaerobically (n=4). (¢) Radial and longitudinal
oxygen profiles within anaerobically-cultured Intestine Chips during 7 days of culture. Schematic colors
indicate average oxygen concentration in more aerobic (orange) versus anaerobic (blue) regions of both
the epithelial and endothelial channels.
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Supplementary Figure 5. (a) Representative images (from the middle of the chip) of
immunofluorescence staining for nuclei with DAPI (white) and HIF1-o (magenta) in human intestinal
epithelial cells and endothelial cells cultured aerobically and anaerobically (bar, 100 um). (b) Graph
showing the quantification of the percentage of epithelial and endothelial cells that expressed HIF1-a
(HIF1-0" cells) after exposure to the conditions shown in a (n=3; *, P<0.05; **, P<0.01).
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Supplementary Figure 6. (a) Diagram of the experimental timeline used for Intestine Chip co-culture
studies. (b) Fluorescenc microscopic images of B. fragilis bacteria labeled with HADA (blue; left) and
corresponding brightfield image (right) before they were added to the chips. (c) Representative
immunofluorescence micrograph with simultaneous phase contrast imaging of a co-culture of HADA-
labeled Bacteroides fragilis (blue) in the Intestine Chip showing the bacteria distributed over the top
surface of the intestinal villi (viewed from above; bar, 50 um). (d) Barrier permeability of Caco2 Intestine
Chips cultured with B. fragilis under anaerobic conditions measured over time, represented by the percent
of Lucifer yellow translocated from the apical channel. This panel represents data from 3 independent
chip experiments normalized relative to control bacteria-free chip cultures.
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Supplementary Figure 7. (a) Relative abundance of identified OTUs of Hmb stock cultured in 13
different medium conditions, summarized to Phylum level. (b) Caco-2 viability in 13 different types of
medium used for defining optimized growth of the human gut microbiome (see Supplementary Table 1
for the composition of the various culture media tested).
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Supplementary Figure 8. (a) Observed alpha diversity (richness) and (b) Shannon diversity between the
Intestine-Chip samples on either condition and the human microbiome stool sample (from HMP).

162



Q
)
A
S

N
[=3
o

—_
(%)
o

Average richness
g 8

b Sample Mean SD
Starting culture 175 NA

Aerobic, day 1 187 19.7

Aerobic, day 2 216 171

Aerobic, day 3 198 37.7

Anaerobic, day 1 200 45.9
Anaerobic, day 2 238 38

Anaerobic, day 3 238 46.7

Supplementary Figure 9. (a) Observed alpha diversity (richness) for the aerobic or anaerobic chips, as
well as the original (starter) microbiome culture. (b) Table shows the mean and standard deviation of this
population richness metric across all groups.
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Suplementary Figure 10. Relative abundance of identified OTUs under aerobic or anaerobic conditions,
summarized to Phylum level. The 4 bars presented for each of the 3 replicates cultured under aerobic or
anaerobic conditions represent results at days 0, 1, 2 and 3 days of culture (left to right, respectively);
Hmb stock indicates phyla abundance in the complex microbiome stock at time 0.
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Supplementary Figure 11. Changes in apparent paracellular permeability (Papp) measured by
quantifying cascade blue transport across the tissue-tissue interface within aerobic or anaerobic Intestine
Chips co-cultured for 1 to 5 days with complex Hmb gut microbiome (a) or over a similar timecourse in
anaerobic Intestine Chips cultured with or without (sterile) microbiome (b) (n=4; *P<0.05, **<0.01,
***P<0.001). (c¢) Graph showing effects of complex microbiome co-culture on viability of intestinal
epithelium, as assessed by quantifying LDH released from cells (data are presented as fold change in
LDH levels relative to the sterile control chips; n=3). (d) Oxygen concentration profiles measured in sterile
aerobic and anaerobic Intestine Chips and similar Intestine Chips co-cultured with complex microbiome
for 5 days. (e) CFU/ ml measured within effluent samples flushed from the epithelial microchannel
anaerobic chips, as determined by plating serial dilutions on Brucella culture plates in the presence or
absence of vancomycin and grown in the anaerobic chamber at 37°C.
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Supplementary Figure 12. Total counts of genera detected in Caco2 Intestine Chips over 1 to 3 days of
co-culture with Hmb microbiome. For comparison, the dashed red line represents the number of counts
identified in the anaerobic liquid culture sample.
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Supplementary Figure 13. Normalized counts of genera detected the in Intestine Chips over 1 to 3 days
of co-culture with microbiome, compared to the starting human Hmb microbiome stock. The counts
measured in both the aerobic and anaerobic chips are normalized to the total number of reads of that
genus in the human stock. The dashed red line represents the normalized counts for the human stock.
When a genus is not present in the stock, its line is set to 0 and the plot represents total counts of the

genus in the chips.
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Supplementary Figure 14. (a) Confocal fluorescence microscopic views showing the villus morphology
of the primary ileal epithelium stained for villin (cyan), F-actin (magenta) and DAPI (blue) (bar, 50um). (b)

Phase contrast views of ileum chips stained with alcian blue. (¢) Quantitation of alcian blue staining in
cultures shown in b.
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V.Chapter 5

Conclusions and Future Directions
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Exposure to ionizing y-radiation, whether therapeutic or accidental, may result in acute
radiation syndrome that is associated with potentially life-threatening gastrointestinal
disturbances. As exposing healthy people to radiation for clinical trials would be
unethical, efforts to identify mechanisms underlying radiation damage or drugs that can
mitigate the effects of radiation exposure have been limited to animal studies, which are
notoriously poor predictors of how a given drug will behave in humans. Ethical issues
related to animal high-dose radiation exposure also present a considerable hurdle,
particularly when it relates to studies on primates. As a result, the mechanisms
underlying the radiation-induced gastrointestinal syndrome remain unclear, and this
represents a major challenge with regards to discovery of new medical countermeasure
drugs (MCMs). Understanding of radiation-induced intestinal injury could be greatly
facilitated by the availability of experimental in vitro models that recapitulate human cell
and tissue responses to radiation; unfortunately, this has not been possible using
existing culture systems as they limited in mimicking the complexity of human intestine.

Using Intestine Chip microfluidic culture system, we developed a model of the gut lined
by human intestinal epithelium interfaced with vascular endothelum, which simulated
radiation-induced intestinal injury at a radiation dose of 8 Gray (Gy), which is known to
cause gastrointestinal effects in humans. We observed increases in several markers of
cell damage in both the endothelium and epithelium. These included increased
apoptosis, generation of reactive oxygen species (ROS), double-stranded DNA breaks,
degradation of membrane lipids, and loss of microvilli structure, as well as disruption of
cell-cell junctions that form the barrier that protects the intestinal wall from bacteria and

toxins. While intestinal stem cells have always been assumed to be the major mediator
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of intestinal radiation damage, recent studies suggest that apoptosis within the
microvascular endothelium may be a key mediator of radiation damage that, in turn,
leads to stem cell dysfunction. So, unlike past radiation models, we incorporated
vascular endothelium in the Intestine Chip to unravel the role of endothelial cells in
radiation response. We showed that the endothelial cells in the vascular channel
exhibited a stronger response to radiation than the epithelial cells in terms of ROS
generation, lipid degradation, DNA fragmentation and apoptosis. Interestingly, when we
repeated the on-chip experiments without endothelial cells, irradiated intestinal cells did
not express their typical response to radiation, suggesting that endothelial cells serve as
mediators of radiation-induced intestinal dysfunction. We also validated a potential
radioprotective drug, dimethyloxaloylglycine (DMOG) for the first time in vitro. We
confirmed that DMOG significantly reduced apoptosis, intestinal permeability, and
microvillus injury of intestinal epithelial cells, as well as ROS generation and lipid
degradation in both endothelium and intestinal epithelium, a result that has never been
demonstrated in previous experimental models. While Caco-2 Intestine Chip can
recapitulate many features of the human ileum, since it is a tumor cell line it might differ
in sensitivity to radiation. So we recapitulated radiation-induced intestinal injury using
human primary Intestine Chip with cells isolated from patient biopsies. This approach
provides us with the opportunity to evaluate patient-specific responses to radiation as
well.

Commensal microbiome that are present within the intestinal microenvironment are
believed to play a pivotal role in intestinal radiation toxicity in vivo, yet no method is

available to sustain these complex microbial communities in direct contact with living
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human intestinal cells for more than a few hours to a day in vitro. To recapitulate human
host-microbiome interactions on-chip, we recently developed methods to co-culture of
living human intestinal epithelium in Organ Chips in direct contact with stable
communities of aerobic and anaerobic microbiota derived from human stool specimens
under a hypoxia gradient similar to that observed in vivo. Our model accurately
recapitulates in vivo behaviors, including the maintenance of an abundance of obligate
anaerobic bacteria with ratios of Firmicutes and Bacteroidetes similar to those observed
in human feces. Although we did not study the effects of radiation on intestinal
epithelium and endothelium in presence of human complex microbiome, our model
could be harnessed to unravel functional links between intestinal epithelial cells and gut
microbes to understand mechanisms of human radiation disease, discover new MCMs,
and advance personalized medicine to save lives of cancer patients, astronauts, or
civilians who are accidentally exposed to radiation.

In summary, we believe that human Intestine Chip model, comprising human intestinal
epithelium, endothelium and complex microbiome, offers a potentially powerful tool for
studying the mechanisms that underlie radiation-induced injury in humans, and that it

offers a way to recapitulate human-level responses far better than any animal model.
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