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Abstract

An in vitromodel of intestinal epithelium with an immune component was bioengineered to
mimic immunologic responses seen in inflammatory bowel disease. While intestinal immune
phenomena can be modeled in transwells and 2D culture systems, 3D tissue models improve
physiological relevance by providing a 3D substrate which enable migration of macrophages
towards the epithelium. An intestinal epithelial layer comprised of non-transformed human colon
organoid cells and a subepithelial layer laden with monocyte-derived macrophages was
bioengineered to mimic native intestinal mucosa cell organization using spongy biomaterial
scaffolds. Confluent monolayers with microvilli, a mucus layer, and infiltration of macrophages to
the basal side of the epithelium were observed. Inflammation, induced by E. co/i0111:B4
lipopolysaccharide and interferon -y resulted in morphological changes to the epithelium, resulting
in ball-like structures, decreased epithelial coverage, and increased migration of macrophages to
the epithelium. Analysis of cytokines present in the inflamed tissue model demonstrated
significantly upregulated secretion of pro-inflammatory cytokines that are often associated with
active inflammatory bowel disease, including CXCL10, IL-1pB, IL-6, MCP-2, and MIP-1p. The
macrophage layer enhanced epithelial and biochemical responses to inflammatory insult, and this
new tissue system may be useful to study and develop potential therapies for inflammatory bowel
disease.

Keywords

Tissue Engineering; Intestine tissue; Inflammatory bowel disease; Intestinal immune system;
Colonoid; Monocyte-derived macrophage

Introduction

The intestine presents a surface area of 250 m3 — 400 m3 to an external environment which
comprises of digesting food and a population of 1013 — 1014 bacteria known as the gut
microbiota [1, 2]. A single layer of the intestinal epithelium ensures that these
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microorganisms do not invade into the host with coordination from the intestinal immune
system which both directly eliminates pathogens and secretes factors contributing to
epithelial renewal and remodeling [3-5]. Dysregulation of the intestinal immune system can
result in inflammatory bowel disease (IBD) in which the intestinal immune system becomes
hyperactive and causes unnecessary inflammation in the intestinal mucosa [5]. Intestinal
macrophages are one of the largest populations of macrophages in the body and are
primarily concentrated directly underneath the single layer of epithelium, acting as the first
line of defense [6-8]. This strategic subepithelial localization allows for recognition and
phagocytosis of invading pathogens within minutes and modulation of bacterial populations
in the microbiota [7, 9]. Moreover, intestinal macrophages secrete factors promoting
epithelial cell renewal including Wnt signaling molecules and hepatocyte growth factor [10,
11].

Investigations of intestinal immune phenomena are often conducted using /n vitro cell or
tissue models or /n vivo mice models. Though /n vitro 2D models include immune cell co-
cultures with epithelial cells, many use cell-line based epithelial modeling [12-14]. A
recently published in vitro 3D model of inflammatory bowel disease used Caco-2 and HT29-
MTX intestinal epithelial cell lines, but does not include contributions of the immune system
in epithelial barrier pathologies [15]. Mice models present an alternative for intestinal
epithelial-immune studies. For example, macrophage ablation in mice reduced levels of
Leucine Rich Repeat Containing G Protein-Coupled Receptor 5 positive (LGR5+) intestinal
stem cells, disrupted development of M cells, and enhanced goblet cell density [16]. This
work demonstrates important functions of macrophages in the intestinal epithelium;
however, the study was carried out in mice and the relevance to human physiology is
unclear. In the present study, we utilized an /n vitro 3D tissue engineered system which
models colonic epithelium-immune responses using human LGR5+ colonic organoids
(colonoids) to better mimic physiologic responses of the human intestinal epithelium.
Furthermore, we utilized co-cultures with human primary monocyte-derived macrophages
layered underneath the epithelial layer, mimicking intestinal tissue organization. Non-
transformed human cells were used to improve relevance vs the more commonly used cell-
line-based cultures.

To ensure physiologic responses of the intestinal epithelium, human colonoids were
cultivated. Colonoids are untransformed LGR5+ epithelial stem cells derived from colonic
crypts, are capable of indefinite propagation, and can differentiate towards all epithelial
lineages [17]. Under inflammatory conditions, intestinal epithelial cells direct immune cell
responses against pathogens and experience impaired proliferation resulting in a loss of
intestinal epithelial coverage [18-20]. In a previous study examining the expression of
inflammation-associated genes between intestinal epithelia derived from cell-lines, human
primary cells, and intestinal organoids in a 3D system, organoids were shown to be the most
sensitive to inflammation cues [21]. Moreover, colonoids were used to model epithelial-
immune interactions as opposed to small intestine organoids, due to the colonic lamina
propria containing a relatively higher population of macrophages than in the small intestine
lamina propria [3].
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A cylindrical scaffold shape was used due to previous intestinal modeling showing that
intestinal epithelia arranged in a tubular configuration results in low oxygen tensions within
the lumen, enabling the growth of anaerobic bacteria [21, 22]. Moreover, the physiology of
the intestine is tubular and the cylindrical design of the model mimics intestine architecture.
To achieve the 3D intestinal tissue organization, we modified our previous small intestine
epithelium tissue model cultured on lyophilized silk protein sponge matrices by introducing
the modular secondary macrophage laden 3D tissue layer [21-23]. The double cylindrical
scaffold is a critical feature, enabling replacement of the macrophage-laden outer layer
without disruption of the inner scaffold layer containing the epithelium and the observation
of macrophage migration towards the epithelial layer. While intestinal macrophages are
constantly replenished by bone marrow derived monocytes from peripheral blood, 3D tissue
engineered constructs with immune cells are typically cultured to a terminal timepoint and
are not able to replenish immune cell populations [24-27]. The current tissue model is a
significant advance in both biomaterial and biology over the previously published system.

During active IBD, monocytes massively infiltrate the epithelium and elevated levels of
proinflammatory cytokines including interleukins 1p and 6 (IL-1p & IL-6), monocyte
chemoattractant proteins 1 and 2 (MCP-1 & MCP-2), and macrophage inflammatory protein
1B (MIP-1p/CCLA4) are detected [28-31]. This 3D silk scaffold system presents substrates
for cultivation and movement of macrophages towards the colonic epithelial layer allowing
for evaluation of inflammation /n vitro. The silk sponges show formation of a porous film
for the cultivation of an epithelial layer with appropriate material properties for intestinal
tissue engineering. Analysis of the epithelium of inflamed 3D colonoid-epithelial co-cultures
showed significant decreases in epithelial coverage and morphology in addition to the
infiltration of macrophages towards the basal side of the epithelium. Cytokine analysis
showed enhanced secretion of inflammatory cytokines mimicking cytokine profiles found in
vivoin response to inflammation. This paper presents a novel system using human colonoids
and human primary monocyte-derived macrophages cultured in a 3D sponge format with
epithelial-immune interactions reflective of IBD.

Human colonoid culture —Human colonoids isolated from the large intestine
epithelium were provided by Dr. Mary Estes from Baylor College of Medicine under
approved protocols. Colonoids were cultured in 24 well tissue culture plates in Matrigel
(Corning Inc, Corning, NY) droplet cultures based on previously described protocols [32].
Frozen vials of colonoids were thawed and suspended in Matrigel and plated in 10 uL
droplets with 3 droplets in each well. Each well of colonoids received 500 pL of high
Wingless/Integrated (Wnt) media and was replaced every other day. High Wnt media
consists of 75% Wnt-3A conditioned media harvested from L Wnt-3A cells (American Type
Culture Collection, Manassas, VA), 10% R-spondin conditioned media harvested from R-
spondin generating cells (courtesy of Dr. Calvin Kuo, Palo Alto, CA), 5% Noggin
conditioned media harvested from Noggin generating cells (courtesy of Dr. Gijs van den
Brink, Amsterdam, Netherlands), and 10% complete media without growth factors (CMGF-
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media) and growth factors. CMGF- media consists of Advanced Dulbecco’s Modified Eagle
Medium (DMEM)/Ham’s F-12 (ThermoFisher Scientific, Waltham, MA) supplemented with
1x GlutaMAX (ThermoFisher), 1x Penicillin-Streptomycin (ThermoFisher), and 10 mM
HEPES buffer (ThermoFisher). Final concentrations of growth factors in the high Wnt
media are 0.5x B-27 supplement (ThermoFisher), 0.5x N-2 supplement (ThermoFisher), 0.5
mM A-Acetyl-L-cysteine (Sigma-Aldrich, St. Louis, MO), 25 ng/mL mouse recombinant
epidermal growth factor (ThermoFisher), 250 nM A-83-01 (Tocris Bioscience, Bristol,
United Kingdom), 5 mM SB 202190 (Sigma-Aldrich), 5 mM nicotinamide (Sigma-Aldrich),
5 nM [15-Leucine]-Gastrin | (Sigma-Aldrich), and 100 ug/mL Primocin (Invivogen, San
Diego, CA).

Human monocyte-derived macrophage culture —Monocytes were isolated using
the Pan Monocyte Isolation Kit (Miltenyi Biotec Inc, Bergisch Gladbach, Germany) per
manufacturer’s instructions from unpurified buffy coats (Research Blood Components LLC,
Boston, MA). Isolated monocytes were frozen in 10% DMSO (Sigma-Aldrich) and 90% in
macrophage media consisting of RPMI 1640 medium with 10% heat inactivated FBS
(ThermoFisher), 10 mM HEPES (ThermoFisher), 1mM sodium pyruvate (ThermoFisher),
0.05 mM 2-mercaptoethanol (ThermoFisher), and 1X Penicillin-Streptomycin
(ThermoFisher). Monocytes were thawed as needed and differentiated into macrophages by
culturing in 50 ng/mL macrophage colony-stimulating factor (ThermoFisher) supplemented
macrophage media for 6 days with media changes every other day. For M1 polarization,
monocyte-derived macrophages were then cultured in macrophage media with 100 ng/mL
lipopolysaccharides (LPS) from £. co/i0111:B4 (Sigma-Aldrich) and recombinant human
interferon y (IFNvy) (PeproTech, Rocky Hill, NJ).

Silk Scaffolds

Cell seeding

Silk fibroin (hereafter referred to as silk) extracted from Bombyx mori silkworm cocoons
was processed to a 5-7% (wt/vol) silk solution following established protocols [33]. Hollow
channels were formed in silk scaffolds using a cylindrical mold cast comprised of
polydimethylsiloxane (Dow Corning, Midland, MI) following previous protocols [22]. A 2
mm diameter Teflon-coated stainless-steel wire (McMaster-Carr, EImhurst, IL) was inserted
through the cross section of the cylindrical mold to form the channel. The silk solution was
then poured into the molds and frozen overnight at —20°C. The frozen silk was then placed
in a lyophilizer for freeze-drying. Once fully dried, the silk scaffolds were autoclaved to
induce B-sheet conformation, stabilizing the scaffold structure and preventing solubilization.
The scaffolds were then soaked in distilled water overnight and cut into silk sections with 8
mm long hollow channels. A 6 mm biopsy punch (Acuderm Inc, Fort Lauderdale, FL) was
used to punch out an inner silk scaffolds with a diameter of 6 mm, a 2 mm diameter hollow
center and length of 8 mm. A 10 mm biopsy punch (Acuderm Inc) was then used to punch
out a 10 mm diameter outer scaffold with a 6 mm diameter hollow center and length of 8
mm.

Inner scaffolds —Human colonoids were seeded on the inner surface of the 2 mm
diameter hollow channels following previously described protocols for human intestinal
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organoids [21]. For each scaffold, 500 ul of collagen gel was added into the spongy silk
scaffold and gelled at 37°C for 45 minutes. The collagen gel was 80% 2.01 mg/ml rat tail
collagen type | (First Link Ltd, Wolverhampton, United Kingdom), 10% 10X DMEM
(Sigma-Aldrich), and 10% CMGF- media. 5 M NaOH was used to neutralize the collagen
gel. Two wells of confluent colonoids were dissociated and seeded following a previously
established protocol e. In short, Matrigel droplets containing confluent colonoids were
suspended in 500 pL/well of 4°C 0.5 mM ethylenediamine tetraacetic acid (ThermoFisher)
and centrifuged at 200 g at 4°C for 5 minutes. The resultant cell pellet was then digested
with 0.05% Trypsin-EDTA (ThermoFisher) for 4 minutes at 37°C. The trypsin was inhibited
with CMGF- media containing 10% fetal bovine serum (ThermoFisher) and the colonoid
pellet was further dissociated via pipetting. The resulting cell suspension was passed through
a 40 um cell strainer (Corning) and centrifuged again at 1,500 rpm for 5 minutes to obtain a
cell pellet. The pellet was resuspended in 30 uL of high Wnt media supplemented with 10
UM Y-27632 (Sigma-Aldrich) and pipetted onto one side of the hollow channel of the
scaffold. The scaffolds were transferred to 37°C fo r 45 minutes. The scaffold was then
flipped 180°and another 30 pL of colonoid suspension made from another 2 wells of
confluent colonoids was pipetted into the hollow channel to completely coat the inner
surface of the channel. The inner scaffolds were then cultured in high Wnt media with 10
MM Y-27632 for 1 day before being cultured in high Wnt media for a total of 7 days. Media
changes occurred every other day. Seeded colonoids were differentiated by culturing in
differentiation medium comprised of 90% CMGF- supplemented with 10% R-spondin
conditioned media, 1x B-27 supplement, 1x N-2 supplement, 1 mM A~Acetyl-L-cysteine, 50
ng/mL mouse recombinant epidermal growth factor, 500 nM A-83-01, 10 nM [15-Leucine]-
Gastrin I, and 100 ug/mL Primocin.

Outer scaffolds —Monocytes suspended in collagen gel (80% 2.01 mg/ml rat tail
collagen type I (First Link Ltd), 10% 10X DMEM (Sigma-Aldrich), and 10% macrophage
media) were seeded throughout the bulk of the outer scaffold at 3x106 cells/scaffold. Seeded
monocytes were differentiated to uncommitted macrophages (MO) by 6 days of culture in
macrophage media supplemented with 50 ng/mL MCSF. The outer scaffold was then either
cultured for 1 day in macrophage media with 100 ng/mL LPS and 20 ng/mL IFNy for M1
polarization or in plain macrophage media. The outer scaffold was combined with the inner
scaffold on day 8 as shown in Figure 2D. Once combined M1 differentiation was maintained
by 100 ng/mL LPS and 20 ng/mL IFNy in the co-culture media.

Scanning Electron Microscopy

Samples were fixed in 1% glutaraldehyde (Sigma-Aldrich) for 1 hour and then rinsed in PBS
and then deionized water. After the rinses, the sample was dehydrated in a graded series of
ethanol (30%, 50%, 70%, 90%, 100%) before being dehydrated overnight in 100% ethanol.
The samples were dried via critical point drying using a liquid CO» dryer (AutoSamdri-815,
Tousimis Research Corp.). Samples were then coated with a 10 nm thick layer of Pt/Pd
using a sputter coater (208HR, Cressington Scientific Instruments Inc.). Samples were
imaged on a scanning electron microscope (Zeiss UltraPlus SEM or Zeiss Supra 55 VP
SEM, Carl Zeiss SMT Inc.) at 2-3 kV.
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Mechanical Characterization of Scaffolds

The mechanical properties of silk sponges were characterized using an Instron 3366 (Instron
Inc.). The outer sponges have an outer dimeter of 10 mm, an inner diameter of 6 mm, and a
length of 8 mm. The inner sponges have an outer diameter of 6 mm, an inner diameter of 2
mm, and a length of 8 mm. The compression tests were done on individual inner and outer
sponges along the longitudinal direction. In each test, the hydrated samples were loaded onto
the testing frame at room temperature and then were compressed with a rate of 2.0 mm/min.
Compressive modulus were calculated at 5% strains for comparison. At least n = 3 samples
were used to calculate average modulus with standard deviation.

Immunofluorescence and Epithelium Measurements

Seeded 3D silk scaffolds and transwell membranes were fixed in 4% paraformaldehyde
(Santa Cruz Biotechnology Inc, Dallas, TX). For luminal surface imaging, inner scaffolds
were cut along the hollow channel to expose the colonoid seeded lumen surface to blocking
solutions and antibodies. To obtain transverse sections of the model, fixed samples were
suspended in an increasing gradient of sucrose (Sigma) and optimal cutting temperature
(OCT) compound (VWR, Radnor, PA) over 4 days. Scaffolds were then embedded in OCT
and sectioned at 20 um thickness. All samples were permeabilized and blocked with 5%
bovine serum albumin (Sigma Aldrich) and 0.1% Triton X-100 (Fisher Scientific, Hampton,
NH) in phosphate-buffered saline (PBS, Thermofisher) for 30 minutes. Samples were
incubated overnight at 4°C in PBS with human e-cadherin antibody (1:250, ab1416)
(Abcam, Cambridge, United Kingdom), human mucin-2 antibody (1:50, H-300) (Santa Cruz
Biotechnology Inc), human CD-68 antibody (1:200, ab955), and human iNOS antibody
(1:150, ab15327). The samples were rinsed with PBS then incubated in goat anti-mouse
Alexa Fluor 488 (1:250, A28175) (Thermofisher) or goat anti-rabbit Alexa Fluor 546
(1:1000, A-11010) (Thermofisher). Scaffolds were counterstained with 4’,6-diamidino-2-
phenylindole, dihydrochloride (DAPI) (Thermofisher). A Leica SP8 confocal microscope
(Leica Microsystems, Wetzlar, Germany) with z-series capability was used to image
samples. Scaffolds were observed under preset filters for DAPI (EX/Em: 359/461 nm),
AF488 (ExX/Em: 499/520) and AF546 (556/573). Leica Application Suite X (Leica
Microsystems) ver 3.5.2.18963 was used to assemble confocal maximum projection images.
ImageJ with the Fiji plugin was used to measure epithelial coverage and epithelial heights on
histologic sections of the models. Epithelial height was measured at every 5 Mm where
epithelium was undisrupted.

Cytokine Array

Cytokines were measured by chemiluminescence using commercial arrays (RayBiotech Inc,
Norcross, GA) following manufacturer’s instructions. Media was collected at days 3 of
differentiation media culture. Blot intensities were measured using BD ChemiDoc Imaging
System (Becton, Dickinson and Company, Franklin Lakes, NJ) and blot intensities were all
normalized to each other using ImageJ. Principle component analysis and biplots were
calculated using Matlab R2018bh.
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Mucus Thickness Measurements

Transverse sections of the inner scaffold were obtained using the sucrose-OCT gradient
equilibration and cryo-embedding procedure outlined for immunofluorescence. 20 Mm
slices were obtained and rinsed with tap water for 2 minutes. The slides were then dried for
20 minutes and rinsed with 3% acetic acid (pH 2.5) for 2 minutes and stained in Alcian blue
(Sigma) for 15 minutes. The samples were then rinsed in running tap water for 5 minutes
and dipped in deionized water once. The slides were dehydrated through an alcohol series,
cleared in xylene and coverslipped using DPX Mountant (Sigma). A light microscope was
used to evaluate stained samples. Mucus thickness measurements were taken every 5 um
where the epithelium remained intact using ImageJ with the Fiji plugin.

Statistical Analysis

Statistical significances were calculated using Analysis of Variance (ANOVA) paired with
Tukey’s post-hoc test using Minitab 18 (Minitab LLC, State College, PA). Data were
reported as mean = standard deviation. P-values < 0.05 were considered significant.

Results

Characterization of 3D silk sponges with a porous film for intestinal tissue engineering

The bilayer components were generated using silk fibroin isolated from Bombyx mori
cocoons and processed following established protocols into lyophilized silk sponges with a
hollow lumen space (diameter: 2mm) [21, 22, 33]. A cylindrical inner scaffold was shaped
using a 6 mm biopsy punch (inner diameter: 2mm, outer diameter: 6mm, length: 8mm) and a
hollow outer scaffold with a 10 mm biopsy punch (inner diameter: 6mm, outer diameter:
10mm, length: 8mm) (Figure 1A—C). The scaffold dimensions were designed to enable
simple assembly of a bilayered silk sponge format in which the colonoid epithelial
monolayer is cultured on the filmy surface of the inner layer and the macrophages are
cultured throughout the outer layer (Figure 1C and D). Compression testing of silk scaffolds
yielded Young’s moduli averaged at 18.16 kPa, within soft tissue moduli of 0.2-190 kPa
[34] (Figure 1E). Bulk properties of the lyophilized sponge have been previously
characterized for pore size and degradation properties [35]. SEM imaging of the sponge
microstructure showed a lumen surface with a film and a porous spongy bulk matrix directly
underneath (Figure 2F—H). The film consistently formed on the inner surface of silk
scaffolds though the mechanism for its formation is unclear. We postulate that the interaction
between the Teflon coated stainless-steel wire and the silk solution during the freezing
process contributed to the film formation. Quantification of pore diameters on the film
showed an average diameter of 767 nm (Figure 11).

Macrophage, colonoid, and tissue model cultivation

Human colonoids were cultured in Matrigel using established protocols prior to seeding in
the tissue models [21, 32, 36] (Figure 2A). Human monocytes were isolated from unpurified
buffy coats using magnetic activated cell sorting and cryopreserved until needed (Figure
2A). The colonoid epithelium of the tissue model was seeded by creating a single cells
suspension of the colonoids and directly pipetting the suspension into the lumen space.
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Colonoid cells attached to the inner surface, forming a monolayer throughout the lumen
surface (Figure 2B). Monocytes were seeded in the bulk throughout the sponge of the outer
layer and differentiated into a macrophage lineage prior to combining with the inner layer
(Figure 2B). The tissue model culture schedule consisted of 2 weeks of culture in High
WNT media to ensure formation of a confluent colonoid epithelial layer within the tissue
model, while preventing the colonoid monolayer from differentiating (Figure 2C). The tissue
model was then cultured in differentiation media for up to a week (Figure 2C). A week was
chosen as the terminal timepoint since colonoid monolayers seeded on transwell membranes
remain functional for up to 7 days of differentiation (Supplementary Figure S1). The outer
layer with monocytes was differentiated independently into a macrophage lineage and added
to the model 7 days prior to differentiation and again at the start of differentiation (Figure
2C). The outer layer was replaced every 7 days due to up to 50% decreased metabolic
activity of monocyte-derived macrophages in either high WNT or differentiation media by
day 7 (Supplementary Figure S2A).

Establishment of the tissue epithelial layer and macrophage outer layer

Figure 3A outlines the tissue models constructed and analyzed to investigate the effects of
macrophages and inflammatory cues on the colonoid epithelial layer. Staining for CD68, a
panmacrophage marker, and iNOS, an M1 polarized macrophage marker showed the
presence of macrophages dispersed through the outer silk scaffold (Figure 3B, C). iNOS
expression was seen in macrophages regardless of culture in high WNT or differentiation
media (Supplementary Figure S2D). Control models were analyzed at day 3 and day 7 of
differentiation to ensure lumen surface coverage by a single cell layer of polarized epithelial
cells as seen /nvivo (Figure 3D). E-cadherin, a cell adhesion molecule selective for colonoid
cells but not macrophages was used as an immunocytochemical marker for colonoids. At
day 3, seeding of colonoids in the lumen resulted in the formation of an epithelial layer
expressing E-cadherin (Figure 3E). SEM imaging of the epithelial surface at day 7
confirmed a polarized epithelial surface with microvilli on the apical surface with defined
borders between individual cells, indicating a functional and properly differentiated
intestinal epithelium (Figure 3F). Transverse sections of controls showed a fully confluent
monolayer at day 3, replicating the intestinal monolayer found /n vivo (Figure 3G, H). A
closer look at the epithelium showed individual cells arranged in a monolayer with e-
cadherin expression between cells.

Macrophage infiltration into epithelium

Transverse histological sections of macrophage laden models at day 3 of differentiation
(+M®,+Md+Inf) were examined for the presence of macrophage along the epithelium.
Macrophages were identified by CD68 positive staining which does not stain intestinal
epithelium. At 10X, CD68+ staining was not readily observed (Figure 4A), however 40X
imaging of the epithelium showed CD68+ cells along the basal side of the epithelium
(Figure 4A). Quantification of CD68+ cells on histological sections showed a statistically
significant difference between +M® and +M®+Inf Models (Figure 4B). Observation of
CD68+ cells along the epitheliuM suggests that Macrophages in the outer layer of the model
system were capable of movement through the silk-collagen matrix. The increased
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macrophage count in the +M®+Inf Models over +M® was explained by increased levels
chemotactic cues released by the inflamed epithelium (Figure 6A).

Effects of Macrophage co-culture and inflammatory cues on epithelial Morphology and

coverage

Lumen surfaces of each Model group were stained with E-cadherin and MUC2 (Figure 5A,
B). E-cadherin staining showed clear differences in epithelial coverage at day 7 between
inflamed and uninflamed groups (Figure 5A). MUC2 staining which is indicative of goblet
cells showed the presence of Mucus producing goblet cells (Figure 5B). To quantify
epithelial coverage, transverse histological sections of the monolayer on the whole lumen
were stained with E-cadherin (Figure 5C). Epithelial coverage at day 7 evaluated via
transverse sections reflect the epithelial coverage seen via lumen surface staining (Figures
5A, C). Close examination of the epithelial layer showed differences in morphology between
inflamed and uninflamed groups with a monolayer on uninflamed groups and a ball-like
epithelial structure forming for inflamed groups (Figure 5D). Alcian blue staining showed a
thin layer of mucin on the epithelial cells in all groups (Figure 5E). Epithelial height
measurements reflected the morphological differences between groups observed in Figure
5D with +M®+Inf displaying a higher epithelial height at day 7 compared to +M® at day 3
or 7 and control at Day 7 (Figure 5F). This was explained by the overall higher epithelial
heights seen in the ball-like structures in the inflamed groups. Lumen coverage was
quantified based on the transverse sections at day 3 and day 7 (Figure 5G). Epithelial
coverage was highest for day 3 control tissue models followed by day 3 +M® models,
though day 7 coverages between control and +M® were not statistically significant. Overall,
the +M® group displayed a higher average coverage. +M®+Inf and +Inf groups at both days
3 and 7 had statistically significant coverage compared to the uninflamed groups. Though
inflammation is known to play a role in goblet cell differentiation, the thickness of the
mucus layers did not change between groups (Figure 5H).

Effects of macrophages and inflammatory cues on secreted cytokines

The cytokine profiles of the tissue models were assayed using a cytokine array capable of
measuring the presence of 80 cytokines and standardized by z-score to highlight relative
differences of secreted cytokines between groups (Figure 6A). To simplify cytokine array
data, principle component analysis (PCA) was used to visualize compare overall cytokine
profiles.

The placement of PCA points in figure 6B showed that the cytokine profiles of each sample
generally correspond to its treatment: control PCA placements were largely closest to each
other as was the case with +M®, +Inf, and +M®+Inf samples (Figure 6B). Hierarchical
clusters were formed based on cytokine z-scores and used on the PCA plot to highlight
distinct groups of samples (Figure 6B). Four clusters were formed, mirroring the treatment
groups in this study (Figure 6B). To visualize how each individual cytokine contributed to
PCA placements, a biplot showing the magnitude and direction of each cytokine’s
contribution to PCA placements was shown (Figure 6C). To simplify the visualization, the
34 cytokines that were statistically significant between groups based on ANOVA were
shown (Figure 6C). Comparisons between groups for levels of cytokine secretions were
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tested for statistical significance via Tukey’s Post Hoc test and all instances of reported
higher secretion reflect statistical significance. Both macrophage groups +M® and +M®+Inf
resulted in the higher secretions of ENA-78, G-CSF, GRO a/b/g, IL-10, IL-4, IL-5, MCP-3,
MIF, and NAP-2 compared to control and +Inf. Proinflammatory cytokines IL-1p, IL-6,
MCP-2, M-CSF, and MIP-1p were the highest secreted in +Md+Inf samples while +Inf
showed similar levels of these proinflammatory cytokines as control. GCP-2 was the most
highly secreted in the +M® group. Interestingly, control and +Inf which did not contain
macrophages both had higher levels of IFN-y, IL-13, IL-2, IL-8, TIMP-1, and VEGF-A than
+M® or +M®+Inf groups. The control group had the highest secretion of GROa and
MCP-1. All cytokines that were secreted in +Inf groups were secreted similar levels as
control except for CXCL10. Both +Inf and +M®+Inf samples had similarly higher
secretions of CXCL10 compared to control and +M®.

Discussion

The secondary layer of macrophages significantly contributed towards inflammatory
responses in a 3D tissue model of the large intestine epithelium by demonstrating leukocyte
infiltration and pro-inflammatory cytokine secretion. These features have been reported in
inflamed intestinal epithelial tissue from IBD patients and in serum samples of IBD patients
with active inflammation [12, 37-39], This 3D tissue system, comprised of non-transformed
human intestinal epithelia and macrophage immune compartments in a modular scaffold
provides a useful 3D epithelial barrier model with utility in IBD and intestinal inflammation
studies.

Biomaterial characterization and cell behavior suggested that the lyophilized silk sponge
formt was suitable as scaffolding material for engineering an intestinal epithelium with a 3D
subepithelial space. Bombyx mori derived silk fibroin is a biocopatible scaffolding material
which has been successfully used in intestinal epithelium systems and immune cell co-
cultures [21-23, 40], Furthermore, silk is a well characterized bio aterial used in /n vivo
implants and tissue engineered systems due to its bio-inertness and versatility of material
formats including films, hydrogels, and sponges [33], In this study, we used lyophilized silk
sponge matrices capable of forming a porous film layer for the cultivation of epithelial
surfaces. SEM imaging of silk scaffolds used in this study showed a porous film capable of
supporting a monolayer of epithelium for up to 21 days of culture (Figure 1H, |1 5A). The
formation of monolayers supported the physiological relevance of colonoids as used in this
study since the /in vivo intestinal epithelium is also a single cell thick layer [18]. Moreover,
SEM imaging of the epithelial monolayer at day 3 of differentiation showed dense microvilli
formation on the apical side of the colonoid epithelium which is indicative of a functioning
and differentiated epithelium [41]. Directly beneath the film structure was the spongey bulk,
which presented a porous 3D matrix with interconnected pores which mimicked soft tissue
stiffness (Figure 1G,E) [34].

The presence of macrophages on the basal side of the epithelium suggested that the spongey
silk construct was capable of supporting macrophage infiltration from the outer layer
through the inner layer to the epithelium (Figure 4A,B). Infiltration of macrophages towards
an epithelium was a unique feature of this /n vitrotissue model which is reflected in
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intestine tissue samples of IBD patients with active inflammation [12]. In Lissner et al.,
counts of CD68 positive cells in the tissue layer directly underneath the intestinal epithelium
was significantly higher in samples of Crohn’s disease than in normal intestine samples.
Intestinal epithelial cells are key regulators of the intestinal immune system, releasing
cytokines in response to inflammatory stimuli as well as under normal conditions [18, 42],
The release of pro-inflammatory cytokines provides chemotactic cues which cause
macrophages to migrate towards the inflamed epithelium.

Evaluation of the epithelial barrier in our tissue model demonstrated physiological responses
to inflammation cues and macrophage co-culture. /n vitro epithelial coverage was identified
as a key metric based on increased epithelial cell death in inflamed IBD tissue compared to
uninflamed tissue [43], At both day 3 and 7, +Inf and M®+Inf tissue models presented lower
epithelial coverage compared to uninflamed models, suggesting increased cell death,
recapitulating inflamed tissue characteristics (Figure 5G). Uninflamed models showed
improved cell viability when compared to inflamed models (Figure 5G). Furthermore, no
significant differences in coverage were detected between control and +M® at day 7,
suggesting cell death was unaffected by differences in co-culture conditions. Epithelial
height was also measured since morphological changes can be observed in macrophage co-
cultures and with inflammatory stimuli can be observed in transwell models [13]. Epithelial
height was most pronounced in the +Md+Inf group, suggesting macrophages and
inflammation contributed to differences in epithelial morphology (Figure 5F). Histological
sections of epithelia at day 7 reflected morphological changes with ball-like structures
present in +M®+Inf groups instead of a monolayer as seen in the control or +M® groups
(Figure 5D). Mucus thickness was measured since cytokines such as IL-6, 10, and 33 are
known to influence the secretion of mucin or the proliferation of intestinal goblet cells [44—
46], While the presence of a mucus layer was confirmed and its thickness measured, no
significant differences were detected between the study groups, suggesting effects on mucus
thickness may require a longer time to reflect /7 vivo mucus layer thickness changes
observed /n vivo (Figure 5H).

Cytokines mediate inflammatory responses as well as immune functions under homeostasis,
as a result systemic levels of specific cytokines differ between patients with IBD and healthy
patients [38, 48]. Our tissue models also reflected differences in secreted cytokines with
each study group presenting unique cytokine profiles, however, the addition of macrophages
contributed to a more physiologically relevant cytokine profile in both the uninflamed and
inflamed cases (Figure 5B, C). Statistical significance of cytokine levels between groups was
tested via ANOVA followed by Tukey’s Post Hoc test and all instances of reported higher
secretion reflect statistical significance. Control and +Inf groups which did not have
macrophages had higher levels (compared to +M® and +M®+Inf) of pleiotropic cytokine
IL-2 [49], extracellular remodeling cytokine TIMP-1 [50], and angiogenic cytokines IL-8
and VEGF-A [51, 52]. Interestingly, the control group also expressed the highest levels of
proinflammatory protein MCP-1 in addition to angiogenic cytokine GROa, a CXC
chemokine which binds to IL8RB and mediates the same angiogenic activity as IL-8 [51,
53], The effects of inflammatory cues on the colonoid epithelium without macrophages
showed elevated secretion of only CXCL10, a pro-inflammatory cytokine that is elevated in
IBD patient sera [38], However, levels of CXCL10 were statistically significant and
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similarly high in the +M®+Inf group compared to control (Figure 6A, C). Overall, the
groups without macrophages (control and +Inf) displayed statistically significant higher
expression of cytokines mediating angiogenesis which was not reflected in the groups with
macrophages (+M® and +M®+Inf). Elevated cytokines as confirmed by statistical
significance via Tukey’s Post Hoc test in both +M® and +M®+Inf Models included pro-
inflammatory cytokine MIF [54], anti-inflammatory cytokine IL-10 and IL-4 [55, 56],
monocyte chemotactic cytokines MCP-3 and GRO a/b/g [57-59], neutrophil chemotactic
cytokine ENA-78/CXCL5 and NAP-2 [57, 60], and granulocyte and neutrophil mediating
cytokine G-CSF [61]. Pro-inflammatory cytokines with higher expression in patients biopsy
samples or sera with active IBD compared to healthy patients including IL-1p [38], IL-6
[48, 62], MCP-2 [63], and MIP-1p [63] were statistically significant and highly expressed in
the +Md+Inf samples compared to all other groups. Elevated secretion of multiple pro-
inflammatory cytokines associated with active IBD in +M®+Inf samples but not in +Inf
samples suggested that the macrophage laden outer layer enhanced the biochemical response
and as a result, the physiologic relevance of the 3D colonoid model.

Conclusions

Our /n vitromodel displays phenotypic responses to inflammation through epithelial barrier
disruption, macrophage migration, and the secretion of cytokines associated with IBD.
Culture of the colonoid monolayers on the silk scaffolds resulted in a polarized epithelium
displaying microvilli on the apical surface with infiltration of macrophages from the outer
layer to the basal surface of the epithelium. Our results confirmed a need for an immune cell
component in intestinal epithelial models and demonstrates the utility of this tissue system
consisting of colonoids and macrophages, versus an epithelium only model, in evaluating the
effects of inflammatory cues on epithelial morphological features and biochemical
composition. Further development of the /n vitro tissue model system to enable longer-term
cultures for the study of chronic effects of inflammation are suggested based on the
responses reported here. As a tissue platforM for studying epithelial-immune reactions
against inflammatory cues, this in vitro model may be used for studying the response of a
human intestinal epithelium and immune system against acute pathogenic insults and
modulation of active inflammation in IBD.
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Figure 1. Dimensions, stiffness, and porous film characterization of lyophilized silk matrices
3D scaffold systems for intestinal tissue engineering were fabricated used silk fibroin. (A)

Inner scaffolds are cylindrical constructs with an outer @ of 6 mm, inner @ of 2 mm, and
length of 8 mm. (B) Outer scaffolds are wider cylindrical constructs capable of enclosing the
inner scaffold with an outer @ of 10 mm, inner @ of 6 mm, and length of 8 mm. (C) Silk
scaffold system with inner and outer scaffold combined (D) Dimensions of inner and outer
scaffolds allow sliding of the inner scaffold into the hollow center of the outer scaffold. (E)
Representative tress-strain curves of both outer and inner scaffolds (F) SEM cutaway of the
interface between the film and sponge (scalebar: 200 um) (G) Interconnected pores in the
spongey bulk of scaffolds (scalebar: 100 pm) (H) Nanopores in the film (scalebar: 2 pm). (1)
Aggregate diameters of nanopores (n=201) averaged at 767 nm (s.d. = 233 nm).
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Figure 2. Colonoid and macrophage cultivation scheme in the 3D bilayer system

(A) Human monocytes were isolated from whole blood and human colonoids from large
intestine biopsies were cultured according to established protocols. (B) Cell suspensions of
colonoids were seeded on the film surface on the inner silk scaffold and monocyte-derived

macrophages were seeded throughout the porous outer silk scaffold. (C) The model is

cultured for 3 weeks total with 2 weeks in High WNT media and 1 week in differentiation
media. Colonoids are present in the model throughout the 3 week culture time. 2 sets of
macrophages are added with the first set added after the first week of culture and the second

set replacing the first set after the second week.
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Figure 3. Colonoid epithelial monolayer forMs a polarized and confluent monolayer
(A) Table showing different group conditions for analyzing inflammation and macrophage

contributions to model. All groups are seeded with colonoids. (B, C) The macrophage laden
outer layer of the +Md+Inf group was imaged for CD68 and iNOS to show even distribution
of macrophages throughout outer scaffold (scalebar: 100 um). (D) The surface of the
epithelial monolayer was imaged using immunofluorescence and SEM. (E) Colonoids
seeded on inner scaffold lumen surface show consistent expression of e-cadherin at day 3
(scalebar: 100 um) (F) SEM shows microvilli on the apical side of colonoids (scalebar: 10
um and 1 um respectively). (G) Transverse histological sections (thickness: 20 um) of the
3D models were immunostained with e-cadherin to analyze epithelial coverage. (H) 3 days
differentiated control models show a single cell layer of epithelium on the lumen surface.
(scalebar: 1 mm and 25 um).
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Figure 4. Monocyte-derived macrophages infiltrating the epithelial monolayer under
inflammation

(A) Transverse histological sections of models at day 3 show e-cadherin positive epithelial
cells and little to no CD68+ cells at 10X (top scalebar 1 mm). Higher magnification images
of the epithelium show CD68+ macrophages on the basal side of the epithelium of inflamed
conditions (bottom scalebar 10 um). (B) Quantification of CD68+ macrophage cells on
transverse sections between +MO and +MO+Inflammation show statistical significance
(n=4) (p<0.05).
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Figure 5. Inflammatory cues and macrophages influence in vitro colonic epithelial coverage and
morphology but not mucus thickness

(A) Lumen surface immunostaining for e-cadherin show differences in epithelial coverages
between inflamed versus uninflamed groups at day 7 of differentiation (scalebar: 100 um).
(B) Luminal MUC2 staining shows positive staining on all groups indicating presence of
goblet cells (scalebar: 100 um). (C) Transverse histological sections of models at day 7 show
variable epithelial coverages as seen by the e-cadherin immunostaining (scalebar 1 mm). (D)
A closer look at the epithelia shows monolayers for uninflamed groups and ball like
structures in inflamed groups (scalebar: 100 um). (E) Alcian blue staining of transverse
sections stains mucus layers (scalebar: 100 um). (F) Quantification of epithelial heights
between Day 3 and Day 7 for all groups show that the combination of macrophages and
inflammatory cues results in morphologic differences (n=4-8) (p<0.05). (G) Epithelial
coverage was quantified showing a decreased coverage in inflamed groups and over time
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(n=4-8) (p<0.05). (H) Mucus layer thickness at day 7 showed no significant changes
between groups (n=4-8) (p<0.05).
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Figure 6. Addition of macrophages and inflammatory cues each contribute to unique cytokine

profiles

(A) 80 cytokines were assayed in the model media at day 3 of differentiation. Cytokine blot
intensities were standardized by z-score and reported in a heat Map. Heat scores for each
individual sample were represented with red denoting higher relative concentration. (n=5).
(B) Principal component analysis was used to interpret the cytokine profiles of each sample.
Hierarchical clustering of the cytokine data was used to group each cytokine profile. (C)
Biplot of statistically significant cytokine z-scores based on ANOVA shows contributions of
cytokines to principal component analysis placements (p<0.05).
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