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Abstract

The host-microbe interaction is critical for intestinal homeostasis. By-products
from microbial metabolism of unabsorbed dietary components have been studied
increasingly as potential contributors to health and disease. In vitro fermentation
systems provide a way to simulate microbial activity and by-product production
of the colon using human fecal samples. Objectives of the study were to deter-
mine how clarified supernatants from two different fermentation conditions af-
fect markers of cell proliferation, differentiation, barrier function, and immune
function in a human-induced pluripotent (iPSC) colon organoid model. SCFA
and BCFA's of the supernatants were analyzed and were similar to known in vivo
concentrations. Molecular results showed 25% of the clarified supernatant from
batch fermentation led to a more physiological intestinal phenotype including
increased markers of differentiation, including alkaline phosphatase, chromogra-
nin A, SCFA transport monocarboxylate transporter-1, (6.2-fold, 2.1-fold, and 1.8-
fold, respectively; p <0.05). Mucin production (mucin-2, mucin-4) was increased
in cells treated with 25% supernatant, as observed by confocal microscopy. In
addition, increased tight junction expression (claudin-3) was noted by immuno-
fluorescence in 25% supernatant- treated cells. A dose-response increase in bar-
rier function was observed over the 72-h time course, with a twofold increase
in transepithelial electrical resistance (TER) in the 25% group compared to the
control group (p <0.05). To further investigate host effects, clarified supernatants
from a continuous multistage fermentation representing the ascending (AC),
transverse (TC), and descending (DC) colonic domains were utilized and some
regional differences were observed including increased markers of inflammation
(IL-1B, 6.15pg/ml; IL-6, 27.58 pg/ml; TNFa, 4.49 pg/ml; p<0.05) in DC-treated
samples only. Overall, clarified supernatants represent a valuable model to exam-
ine effects of microbial by-products on host intestinal development and function

Abbreviations: AC, ascending colonBCFAbranch-chain fatty acidsBFbatch fermentationCFcontinuousDCdescending colonFSfecal
supernatantHEPES(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acidiPSCinduced pluripotent stem celljA>COBjoint army colon on a
benchTCtransverse colonTERtransepithelial electrical resistanceSCFAshort-chain fatty acid.
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1 | INTRODUCTION

The intestinal-microbiome interface is a complex and intri-
cate network that facilitates the breakdown of dietary nutri-
ents by microbes, resulting in metabolites that can interact
with, or cross the epithelial barrier.! These interactions
stimulate the intestinal, immune, and nervous systems
resulting in systemic signaling to the host and potential
crosstalk between the host and microbes. However, study of
this interaction can be quite difficult. The use of in vitro fer-
mentation models allows for study of microbial metabolism
and derived metabolites as a function of nutritional inputs
or media supplementation to simulate specific sections of
the digestive tract. In vitro fermentation models range in
complexity from single-stage batch fermentation systems to
continuous culture systems with multiple connecting stages
representing different colonic domains.>™

The host-Microbe interaction is especially critical
when discussing the epithelial barrier and specifically
the mucin layer of the colon, which provides a first level
defense against microbes. The colonic mucosa consists of
two mucin layers and a glycocalyx which is adhered to the
epithelium. Secondarily, the epithelial barrier between
cells provides another defense mechanism, and cells
which reside there produce antimicrobial and immune
response agents.” Host-microbe or host-metabolite inter-
action studies in real time have been difficult, although
newer research tools including organ-on-a-chip technol-
ogy consisting of primary cell culture models have made
large strides in creating more physiologically relevant
models.® Our group has been utilizing more physiologi-
cally relevant intestinal organoid models, which recapitu-
late in vivo intestinal cell types and function, to examine
effects of short-chain fatty acids (SCFA's)’ and other nutri-
ents/metabolites on the intestinal epithelium.>*’ We and
others have optimized the usage of intestinal organoid
monolayers that create a polarized epithelium to study in-
testinal barrier properties and nutrient interactions more
effectively.'®! In addition, induced pluripotent stem cell
(iPSC) models of the intestine have become increasingly
popular for a multitude of research areas.'*"*

This study utilizes a custom designed in vitro fermenta-
tion model of the large intestine, the “joint Army Automated
Colon on a Bench” (JA*’COB)."> The simulated large intestine
model is seeded with human fecal samples for both batch
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and future efforts will be designed to further understand microbial communities
and metabolites, along with additional host response measures.

differentiation, fermentation, metabolites, organoids

fermentation in single colonic domain mode and continuous
multistage fermentations simulating transit through mul-
tiple domains under domain-specific parameters. Clarified
fecal supernatants (FS) derived from this model, combined
with human intestinal organoids were used to examine bac-
terial metabolite-driven epithelial differentiation, with pri-
mary focus on host response using a commercially available
undifferentiated iPSC colon organoid model. Our overall
objective for this study was to elucidate how in vitro-derived
clarified FS from two different fermentation conditions alter
intestinal cell function in a human iPSC colon cell line with
emphasis on model development and characterization.
Specific objectives were to elucidate effects on intestinal bar-
rier function, differentiation, mucin formation, and immune
response. This synergistic model allows for assessment of
intestinal cell physiology as a function of microbial-derived
fermentation by-products and can be used for future evalu-
ation of nutritional interventions and stressors as we build
toward a fully integrated model incorporating complex intes-
tinal epithelia with an immune system, as well as live micro-
biota. Integrating in vitro fermentation with human organoid
models provides a useful and effective tool to study clarified
supernatant responses on the host.

2 | MATERIALS AND METHODS

2.1 | Organoids

Commercially available integration-free human-induced
pluripotent stem cells (3dGRO Human iPSC Derived
Colon Organoids) from the colon were utilized. (Cat
#SCC300, Sigma Aldrich) adhering to company guidelines
for research usage. For characterization comparison pur-
poses only, healthy biopsy-derived colon organoids from
the distal colon were utilized (source, Harvard Digestive
Disease Center) from a de-identified tissue source.

2.2 | 3D cultures

As previously described by our group,’ frozen organoids
were thawed and immediately transferred to a 15-ml
conical tube with 5 ml of Advanced DMEM/F12, 0.2 mM
Glutamax, and 10mM HEPES. Cells were then gently
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spun down at 300x g for 10 min and supernatant re-
moved. Organoid pellets were resuspended in growth-
factor reduced Matrigel (#356231, Corning). Aliquots
(40pul) containing ~100 organoids were plated in in-
dividual wells of a 24-well tissue culture treated plate
and incubated at 37°C for 10 min before adding 0.5 ml
of media (3DGRO Human Colon Organoid Expansion
Medium; Sigma Aldrich). Media was replaced every
2days, and organoids were passaged every 7-9days by
incubation in Gentle Cell Dissociation Reagent (Stem
Cell Technologies) at 4°C with shaking for 40 min. Well
contents were scraped and triturated with a P200 pi-
pette tip 30-50 times to break apart organoids, collected
in a 15-ml conical tube with 1:1 addition of DMEM/F12
media and centrifuged at 300 X g for 10 min. Cell pellets
were resuspended in Matrigel to achieve a similar den-
sity each time. Three dimensional cultures were used to
populate 2D monolayers.

2.3 | 2D monolayer cultures

Monolayer protocols were adapted from previous publi-
cations with minor modifications.® Differentiation media
was not utilized in the study as we were interested in ef-
fects of FS on differentiation. Organoids were initially
cultured in Matrigel for 2-3 passages prior to plating
on monolayers. To form monolayers, Transwell inserts
(24-well inserts, 0.33 cm? surface area, 0.4 pm pore poly-
ester membrane; Corning) were coated with Human
Collagen IV (Millipore Sigma) solution (final concen-
tration of 10 pg/cm?) and incubated overnight at 4°C.
Prior to plating, any remaining collagen was removed
from wells and washed 2X with Advanced DMEM/F12.
Fragments for monolayer plating were obtained using
the passaging protocol above, making sure to obtain
small fragments. Approximately 50 organoid fragments
were obtained per 100 pl Intesticult™ media (Stem Cell
Technologies), then added to the membrane and allowed
to settle at 37°C; 600 pl of media was also added to the
basolateral side. Intesticult™ media was changed every
2days and monolayer development was tracked using
transepithelial electrical resistance (TER) measured by
the EVOM2 epithelial voltohmmeter (World Precision
Instruments). Monolayers were utilized for experiments
when cells reached a minimum 400 Q. Average baseline
TER for all treatments was 575 Q.

2.4 | Invitrofermentation

FS were generated from in vitro fecal fermentations as
described in Pantoja et al.'* with some modifications. An

initial batch fermentation (BF) was held at pH 6.8 and
sampled after 24 h; subsequently, a series of continuous
multistage in vitro fermentations under conditions for the
ascending (AC), transverse (TC), and descending (DC)
colon were held at pH 5.5, 6,2, and 6.8, respectively, and
were sampled after several days at steady state. Sample ali-
quots were centrifuged at 8000 g for 10min and passed
through a 0.2-pm surfactant-free cellulose acetate syringe
filter to remove microbial organisms, and stored at 4°C.
Thus, all FS utilized were clarified and bacteria-free.

2.5 | Organoid treatment with FS

FS were diluted in Intesticult™ media prior to use to
achieve desired concentration. For the first set of experi-
ments, 2D organoids were apically treated for 72h with
either 1, 10, or 25% of batch fermentation supernatant
(BF; representing the descending colon) diluted in cell
media. For the second set of experiments, 2D organoids
were apically treated for 72 h with 10% of continuous mul-
tistage FS diluted in cell media from the ascending (AC),
transverse (TC), or descending (DC) colon. For both sets
of experiments, controls (CON), were non-treated cells. At
the end of the experiment, media was collected from the
basolateral compartment for 2D and frozen at —80°C for
later use. After media removal, cells were collected for ei-
ther RNA extraction or total protein. For RNA collection,
TRIzol (Life Technologies) was added to each well to sus-
pend cells and aliquoted to a new 1.5 ml tube and frozen
at —80°C for later extraction. Cells intended for total pro-
tein collection were resuspended in Gentle Dissociation
Reagent (Stem Cell Technologies) and frozen at —80°C.
Transepithelial electrical resistance (TER) was measured
every 24 h by the EVOM2 epithelial voltohmmeter (World
Precision Instruments).

2.6 | Short and branch-chain fatty acid
extraction and analysis

SCFA and BCFA concentrations in in vitro FS samples
were measured as previously described'*'® with minor
modifications. FS aliquots were thawed immediately
prior to extraction, acidified using 50% sulfuric acid
(H,S0,4;2:1 v/v), and then fatty acids were extracted using
diethyl ether (2:5 v/v). After incubating on ice for 2 min,
samples were centrifuged (12,000 x g for 10 min at 4°C),
the organic layer removed, and ethyl butyric acid was
added as an internal standard. Samples were then stored
at -80°C until analysis. Acetic acid, propionic acid, butyric
acid, iso-butyric acid, and iso-valeric acid were quantified
using an Agilent 7890A GC system with Flame Ionization



PEARCE ET AL.

Detection (30mXx250pm, X0.25um; DB-FFAP, Agilent
J&W). Samples (1 pl) were injected by autosampler in
duplicate using a split ratio of 10:1. The temperature pro-
gram started at 110°C for 1 min, increased 15°C/min up
to 180°C, and was then maintained at 180°C for 1 min.
The carrier gas was nitrogen with a constant flow of 1 ml/
min. Calibration standards (Sigma Aldrich) were included
for each fatty acid and used for peak identification and
quantification.

2.7 | RNA extraction & mRNA analysis
Total RNA was extracted from the TRIzol™ reagent-
intestinal organoid solution combined with a commer-
cially available spin-column kit (RNeasy Micro, Qiagen,
Hilden Germany). Chloroform was added to samples in
TRIzol™ and then samples were spun down at 15,000 X g
for 15min. The resulting supernatant was then trans-
ferred to a new tube and equal volumes of 70% ethanol
were added. Samples were then transferred to spin col-
umns and kit protocol was followed. Next, cDNA was syn-
thesized using the Maxima First Strand cDNA Synthesis
Kit (ThermoFisher Scientific). Real-time polymerase
chain reaction using a BioRad CFX Connect was used
to analyze mRNA expression using Maxima SYBR green
(ThermoFisher Scientific). Data were analyzed using the
Delta-Delta Ct (27*4“") method and presented as relative
fold gene expression. Treatments were all made relative
to controls, which were set to equal one. All samples were
standardized to 18S expression as a housekeeping gene,
and 18S values were determined to be statistically similar
between treatment groups (p >0.05). p-actin, RPL32, and
18S were tested prior to choosing an adequate housekeep-
ing gene and 18S was chosen due to stability. Primer se-
quences are listed in Table S1.

2.8 | Immunofluorescence staining

Monolayers (2D) were grown on Transwell inserts prior to
staining. Organoids in both conditions were fixed in 10%
ice-cold acetone for 15 mins with no permeabilization step
required. Organoids were then stained with tight junction
proteins claudin-3 (CLDN3; Abcam), claudin-7 (CLDN7;
ThermoFisher Scientific), zonula occludens-1 (ZO1;
Abcam, Cambridge, MA), occludin (OCLN; Thermofisher
Scientific), mucin-2 (MUC2; Abcam, Waltham MA), mu-
cin-4(MUC4; Abcam), and caspase-1 (CASP1; Proteintech)
overnight at 4°C with secondary antibody incubation 1h
at 25°C. For characterization, iPSC and human biopsy-
derived organoids were stained with vimentin (VIM;
Abcam) and forkhead box F1 (FOXF1; Abcam). Nuclei
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were stained with 4’,6-diamidino-2-phenylindole (DAPI;
Sigma Aldrich). Samples were mounted with coverslips
containing ProLong Gold Antifade Mounting medium
(ThermoFisher Scientific). Confocal images were ob-
tained on a Zeiss LSM 710 upright confocal microscope.
Images were acquired with Zen Software Version 3.3
(Zeiss; Oberkochen, Germany, https://www.zeiss.com/
microscopy/int/products/microscope-software.html)
as Z-stack and then rendered in 3D for final images. To
image mucus accumulation and thickness, mucus height
and area were analyzed in the z-plane of monolayers using
Imagel software. Images of cells exposed to different treat-
ments were taken with the same settings and on the same
day. Fluorescence values correlated to protein expression
were analyzed using the corrected total cell fluorescence
(CTCF) method where CTCF = Integrated Density—
(Area of selected marker x mean fluorescence of the back-
ground) and then made relative to controls (CON) so that
CON = 1.0. Calculations were based on MUC2 and MUC4
monolayers separately (ImageJ version 1.8, NIH, https://
imagej.nih.gov/ij/).

2.9 |
(SEM)

Scanning electron microscopy

Transwell membranes were aspirated and washed 2X
with PBS for 5 min each. Cells were fixed in 2.5% glu-
taraldehyde in PBS for 7 min, then dehydrated in a
graded ethanol series (25%, 50%, 70%, and 90%) for 7 min
each prior to a final step in 100% (x3) for 5 min each.
Membrane inserts were removed from the plate and
transferred to a Tousimis 931 critical point dryer and
dried under automatic system conditions. Dried mem-
branes were adhered to standard aluminum SEM stubs
with carbon tape and cut away from membrane holder.
Membranes were then sputter coated for 180s with a
total deposit of 51 nm gold palladium. Finally, cells were
imaged on a ThermoFisher Scientific Quattro Field
Emission Environmental Scanning Electron Microscope
(FE-ESEM) under high vacuum mode using an ETD sec-
ondary electron detector. Beam conditions were set to a
voltage of 20kV and spot size 2.0. Stage working distance
was set to 10mm. Images were acquired at 5 k and 20k
magnification across all sample conditions.

2.10 | Secreted protein analyses

Basolateral media from organoids cultured in 2D were an-
alyzed for secreted proteins using a custom ProcartaPlex
Immunoassay Kit with antibody-based magnetic beads
(ThermoFisher Scientific) for the following targets:


https://www.zeiss.com/microscopy/int/products/microscope-software.html
https://www.zeiss.com/microscopy/int/products/microscope-software.html
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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interleukin 1p (IL-1p), interleukin-6 (IL-6), interleukin-
10 (IL-10), interleukin-17A (IL-17A), interleukin-18 (IL-
18), interleukin-21 (IL-21), interleukin 23 (IL-23), tumor
necrosis factor-a (TNFa), interferon gamma (IFN-y),
cluster of differentiation 14 (CD14), regenerating islet-
derived protein 3-a (REG3A), caspase-3 (CASP3), and
monocyte chemoattractant protein-1 (MCP-1). Samples
were read and fluorescent intensities were analyzed on
a MAGPIX multiplexing system (Luminex, Northbrook,
IL). Interleukin-8 (IL-8/CXCL8) was also analyzed using
a commercially available sandwich ELISA kit (R&D
Systems).

2.11 | Statistical analysis

Experiments were analyzed in JMP SAS (Version 9.2,
SAS institute, https://www.jmp.com/en_us/home.html).
Individual wells were used as technical replicates. Data
were analyzed with a one-way ANOVA with the Tukey-
Kramer adjustment for pairwise comparisons. Data are
presented as least square means =+ standard error of the
mean. Means not sharing any letter are significantly dif-
ferent by the Tukey—Kramer test at p <0.05.

3 | RESULTS

The human gut microbiome produces a wide array of fer-
mentation by-products and other molecules, beneficial
and otherwise, that impact and facilitate cross talk with
host cells. By employing in vitro fermentation, a microbi-
ome derived from human fecal samples was cultivated in
the absence of host cells, but filtered fermentation culture
supernatants still demonstrated an effect on host cell re-
sponse in a colon organoid model.

3.1 | SCFA and BCFA analysis

As expected, the control media had little to no detect-
able SCFA, nor BCFA. The batch fecal supernatant (BF)
had a total amount of SCFA's of 262.7mM at approxi-
mately a 60:20:20 ratio of acetate:propionate:butyrate
(Table 1). In the continuous multistage fermentation,
acetate levels increased from 45.6 mM to 69.3 mM from
ascending (AC) to descending (DC) colon. Propionate
and valerate were also increased from 14.9 to 34.3mM
and 0.9 to 8.6mM, respectively, while butyrate re-
mained largely unaltered. Iso-butyrate and iso-valerate
BCFA's increased from 0 to 4.9, and 0 to 6.9 mM, respec-
tively (Table 1).

3.2 | Batch fermentation

3.2.1 | mRNA expression

To gauge the ability of bacterial metabolites to force
undifferentiated stem cell organoid monolayers to
differentiate, we analyzed mRNA expression of 18
genes total. Gene families included cell biomarkers
and transporters, mucin dynamics, Toll-like recep-
tors, and barrier function-related genes. Compared to
controls (CON), stem cell biomarker LGRS was signifi-
cantly reduced, regardless of percentage of FS (p < 0.05;
Figure 1). Antimicrobial peptide lysozyme (LYZ) was
significantly reduced at 25% FS (p<0.05) as com-
pared 1 and 10%. Conversely, enterocyte biomarker
alkaline phosphatase (ALPI), enteroendocrine marker
Chromogranin A (CHGA), and monocarboxylate trans-
porter 1 (MCT1) were significantly elevated at 25% FS
(6.2-fold, 2.1-fold, and 1.8-fold, respectively; p < 0.05) as
compared to all other treatments. In the mucin gene

TABLE 1 Shortand branch-chain fatty acid concentrations in human FS

Concentration (mM)

Acetic Propionic Iso-Butyric
CON? 2.6 £0.1 0 0
Batch (BF)” 158.1 £5.7 53.3+£2.0 1.3+0.1
Ascending 45.6 £2.9 149 £1.0 0
(ACY*
Transverse 61.1 £5.0 31.8 +1.7 4.3 +0.2
(TC)*
Descending 69.3 £3.8 343 +1.9 4.9 +0.3
(DCY*

*CON—control media, not containing fecal matter or bacteria.

Butyric Iso-Valeric  Valeric Total

0.3 +£0.02 0 0 3.1+0.1
46.3 +£1.8 2.6 £0.1 1.1+0.1 262.7 +£1.6
771 +£5.3 0 0.9 £0.1 138.4 +£2.3
78.9 £4.5 6.1 +0.3 2.4 +0.1 184.9 2.0
78.4 +4.6 6.9 £0.4 8.6 £0.5 202.5+1.9

®Pooled fecal samples underwent a batch fermentation method resembling descending colon.

“Pooled fecal samples underwent a continuous multistage fermentation method resembling specific colonic regions.
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iPSC colon organoid monolayers were treated with 1%, 10%, or 25% batch fermentation supernatant (BF) for 72h. mRNA

expression of several markers including leucine-rich (LGR5), lysozyme (LYZ), alkaline phosphatase (ALPI), chromogranin A (CHGA),
monocarboxylate transporter 1 (MCT1), mucin-2 (MUC2), mucin-3A (MUC3A), mucin-4 (MUC4), mucin-5 AC (MUC5AC), trefoil factor 3
(TFF3), Toll-like receptor 2 (TLR2), Toll-like receptor 3 (TLR3), Toll-like receptor 4 (TLR4), Toll-like receptor 5 (TLR5), claudin-3 (CLDN3),
occludin (OCLN), tight junction protein 1 (TJP1), and cadherin 1 (CDHI) were analyzed and compared to controls which are set to 1.0.

Different letters represent differences among treatments within each gene, n = 6

family, Mucin 2 (MUC?2) expression was significantly
downregulated at 10 and 25% compared to CON, con-
versely MUC3A and MUC4 were significantly upregu-
lated at 10 and 25% (1.7-fold and 16-fold, respectively
at 25%; p <0.05) relative to CON. MUC5AC was only
significantly increased at 1% FS compared to all other
treatment groups (p < 0.05). Trefoil factor 3 (TFF3) was
significantly decreased by all FS treatments with the
largest effects observed at 25% FS (p<0.05). All toll-
like receptors (TLR) analyzed were significantly altered
with FS treatment. Interestingly, TLR2 and TLR5 were
upregulated at 25% FS compared to all other treatments
while TLR3 and TLR4 were decreased at all FS per-
centages as compared to CON (p <0.05). In the barrier
function gene family, claudin 3 (CLDN3) expression
was significantly elevated at 10 and 25% compared to
CON (1.7 and 2.4-fold, respectively; p < 0.05) while cad-
herin 1 (CDH1) expression was significantly decreased
at 10 and 25% as compared to CON (p < 0.05). However,
gene expression of occludin (OCLN) and tight junction

protein 1 (TJPI) were not altered due to treatment
(p>0.05).

3.2.2 | Immunofluorescence

Supernatant from batch fermentation elicited increased
relative fluoresence of zonula occludens-1 (ZO1), occludin
(OCLN), and claudin 3 (CLDN3) as determined by cor-
rected immunofluorescent intensity at 10% and 25% FS
treatment (p <0.05; Figure 2). An additional TJ protein,
Claudin-7 (CLDN?7) also appeared to follow a similar trend
to CLDN3 (Figure S3A). Secreted mucin MUC2 and ad-
herent mucin, MUC4 protein expression as measured by
immunofluorescence indicated presence of both mucin
types (Figure 3). Cells treated with higher concentrations
of FS formed a> 20 uM thick layer of apical mucus. Mucin
thickness as measured in both MUC2 and MUC4 mon-
olayers was increased at 10 and 25% compared to CON and
1% BF treatment (1.6-fold; p <0.05; Table 2) but there were
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iPSC colon organoid monolayers were treated with 1%, 10%, or 25% batch fermentation supernatant (BF) for 72h. Tight

junction proteins zonula occluden 1 (ZO-1; magenta), occludin (OCLN; green), and claudin 3 (CLDN3; red) were analyzed and relative

fluorescent intensity calculated. Nuclei are stained with DAPI (blue). Images are representative fields of view at 40X magnification. Different

letters represent differences among treatments, n = 6. Images were obtained with Zen Software Version 3.3 (Zeiss; Oberkochen, Germany,
https://www.zeiss.com/microscopy/int/products/microscope-software.html)

FIGURE 3

iPSC colon organoid monolayers were treated with 1%, 10%, or 25% batch fermentation supernatant (BF). Mucin 2

(MUC2; green) and Mucin 4 (MUC4; red) were analyzed and is shown in the z-plane view. Nuclei are stained with DAPI (blue). Images
are representative fields of view at 40X magnification. Images were obtained with Zen Software Version 3.3 (Zeiss; Oberkochen, Germany,
https://www.zeiss.com/microscopy/int/products/microscope-software.html)

no differences between 10 and 25%. Overall cell height was
also increased at 10 and 25% in MUC2 monolayers com-
pared to CON (1.2-fold; p <0.05; Table 2), however MUC4
was not different. Pyroptosis marker caspase-1 (CASP1)
was lightly present as seen by immunofluorescence in all
samples, including CON. However, increased signal was
observed at 10, and especially 25% (Figure S1). Compared
to CON, 1, 10, and 25% BF increased CASP1+ cells (0, 0.16,
0.33, 0.46%, respectively; p <0.05).

3.2.3 | Scanning electron microscopy

SEM is capable of high-resolution images which show
ultrastructure of the apical brush border of the intes-
tine as well as extracellular surfaces in general. Images
taken at 5000X show more of the general extracellu-
lar surface structure while images at 20,000X show
more specific features of the brush border such as in-
dividual microvilli and microvillar bundles (Figure 4).
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TABLE 2 Cell and mucus heights CON o . e
MUC2
Mucus height 8.52% +0.38 9.04* +£0.56 15.61° +1.33 14.08° +0.72
Cell height 17.72* £1.95 17.91° +0.74  22.90° +1.49 20.62° +1.16
MUC4
Mucus height 9.17* +1.23 9.03* £0.92 14.17° +0.19 14.09° +0.71
Cell height 18.68 +0.97 18.13 £0.67  20.77 +1.18 20.94 +2.27
Note: pa‘b‘c <0.05,n =6.
CON 1% 25%

FIGURE 4

iPSC colon organoid monolayers were treated with 1%, 10%, or 25% batch fermentation supernatant (BF) for 72h. Scanning

electron microscopy imaging was conducted and images were taken at 5000 and 20,000X. Images are representative fields of view. Arrows

point to suspected mucin clusters

Colon organoid monolayers were observed to have a
robust layer of mucin and densely packed microvilli-
like structures, with higher percentage FS-treated cells
having pockets of mucin formed compared to untreated
(Figure 4). This observation is in line with the thicken-
ing of the mucosal layer as noted in Figure 3. Colon
organoid differentiation with increasing percentage of
FS was characterized by noticeably enhanced brush
border organization including more dense microvilli at
high magnification, but also an increase in the char-
acteristic honeycombing pattern which accompanies

same markers were also increased significantly at 25%
compared to 10%. IL-8, TNF-a, and MCP-1 were signifi-
cantly increased at 10% FS treatment compared to CON,
1%, and 25%. IL-21, IL-23, CD14, REG3A, and CASP3
were not statistically different between treatments
(p>0.05; Table 3). IL-6 was significantly decreased at
25% compared to CON and 10%, but not 1%. Interestingly,
IFN-y was significantly decreased more than 10-fold at 1,
10, and 25% compared to CON (p <0.05; Table 3).

differentiation. SEM further showed that the apical ~ 3.2.5 | Barrier function
surface is covered with a thick layer of mucus which
appeared to “flatten” microvilli and make the honey- Supernatant from batch fermentation elicited a

comb pattern difficult to observe.

3.2.4 | Secreted proteins

IL-1p, IL-10, IL-17A, and IL-18 were increased at 10 and
25% compared to CON and 1% (p <0.05; Table 3). The

concentration-dependent increase in transepithelial elec-
trical resistance (TER) over the 72h experimental period
with significant separation at the 72h time point (p < 0.05;
Figure 5A). In the 25% group, TER increased more than
two-fold compared to CON. Monolayers treated with 25%
all reached greater than 1000 €2, with some wells reaching
over 1700 Q2.
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Inflammatory marker concentrations in iPSC colon organoid media, pg/mL

TABLE 3

IL-17A IL-18 IL-21 IL-23 TNFx IFNy CD14 REG3A CASP3 MCP-1

IL-10

IL-8

L-6

I

IL-1p

22.2%

7990
6594
8047
8393
173.3

2.96
3.22
3.53
2.92
0.11

19.33

19.63
21.97
19.66

4.47*

4.75%

24.94
23.52
3491

13.18
12.96
14.72
13.27

0.64*

0.32%

0.06
0.07

5.16% 165.4*
0.

3.70*
5.50%

0.18%

CON

1%

88.7%

0.77°

4.70*

0.75%

0.35%

166.6°

0.33%

319.5°
4.87%
34.5

0.25°

5.39°

3.38"

1.79°
4.56°
0.16

11

208.5°

1.68°

10%

0.26°
0.1

4.94%°

0.06

19.94

9.06°
0.26

0.26
0.01

2.65° 3.57° 172.2%
0.50 6.48

0.08

25%
SE

0.85

3.44

0.94

Note: Organoids were treated with 1%, 10%, or 25% batch fermentation supernatant (BF) for 72 h.
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Abbreviation: SE, standard error.

abey < 0.05,n

=6.

3.3 | Continuous multistage
fermentation

3.3.1 | mRNA expression

Within clarified supernatants (10%) derived from con-
tinuous culture, LGR5 gene expression was decreased in
all treatments, with the largest decrease observed in TC-
treated organoids (p <0.05; Figure 6). ALPI expression was
increased 2.7 and 2.2-fold in TC and DC-treated samples
compared to CON while CHGA expression was increased
by all treatments equally (p <0.05), while MCT1 was only
significantly increased by AC and DC treatments. There
was no statistical difference in LYZ expression (p>0.05).
Expression of MUC2 was only affected by treatment with
TC supernatants which caused a nearly 50% reduction in
expression (p<0.05). MUC4 was increased by all treat-
ments compared to CON, however, TC and DC-treated
samples had the largest effect (7.3-and 8.6-fold increase,
respectively). TFF3 was decreased similarly across treat-
ments compared to CON (p<0.05). MUC5A expression
was significantly decreased in organoids treated with
10% TC supernatants (p <0.05), while expression in those
treated with DC was unaltered (p>0.05) compared to
CON. There was no effect of treatments on MUC3A expres-
sion (p> 0.05; Figure 5). TLR2 gene expression was only al-
tered in AC-treated organoids compared to CON (1.5-fold
increase; p <0.05). Interestingly, TLR3 was increased due
to AC and DC treatments as compared to CON (1.6-fold;
p<0.05), but significantly decreased due to TC treatment
(p<0.05) as compared to all other treatments. TLR4 expres-
sion was only increased in AC-treated organoids (1.6-fold;
p<0.05) compared to CON, TC, and DC treatments. TLR5
expression pattern was significantly increased in all treat-
ments compared to CON; however, AC and DC-treated
samples were also increased compared to TC (4.1-fold vs.
2.6-fold; p<0.05). CLDN3 was significantly increased in
all treatments compared to CON (p <0.05), however DC-
treated organoids had the greatest increase in gene expres-
sion (2.9-fold; p<0.05). TJP1 and CDHI gene expression
were only significantly affected by DC treatment (1.7-fold
increase relative to CON; p < 0.05). There was no difference
across treatments in OCLN expression (p > 0.05).

3.3.2 | Immunofluorescence

Protein expression via immunofluorescent intensity of
Z01 was statistically increased in all treatments compared
to CON (p<0.05; Figure 7). CLDN3 expression was in-
creased due to all continuous batch treatments (p <0.05);
however, AC was statistically higher than TC and DC-
treated samples (p <0.05; Figure 7). Compared to CON,
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FIGURE 5
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iPSC colon organoid monolayers were treated with (A) 1%, 10%, or 25% batch fermentation supernatant (BF) or (B) 10%
multistage FS from the ascending (AC), transverse (TC), or descending (DC) colon for 72h. Transepithelial electrical resistance was

measured every 24 h for the duration of the experiment. Different letters represent differences among treatments at 72h, n = 8. Average
starting TER was 575Q
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iPSC colon organoid monolayers were treated with 10% multistage fermentation supernatant from the ascending (AC),

transverse (TC), or descending colon (DC) for 72h. mRNA expression of several markers including leucine-rich (LGR5), lysozyme (LYZ),
alkaline phosphatase (ALPI), chromogranin A (CHGA), monocarboxylate transporter 1 (MCT1), mucin-2 (MUC2), mucin-3A (MUC3A),
mucin-4 (MUC4), mucin-5 AC (MUCS5AC), trefoil factor 3 (TFF3), Toll-like receptor 2 (TLR2), Toll-like receptor 3 (TLR3), Toll-like receptor
4 (TLR4), Toll-like receptor 5 (TLRS5), claudin-3 (CLDN3), occludin (OCLN), tight junction protein 1 (TJPI), and cadherin 1 (CDH1I) were
analyzed and compared to controls which are set to 1.0. Different letters represent differences among treatments within each gene, n = 6

OCLN expression was statistically increased in AC-treated
samples but not DC- or TC-treated samples. An additional
TJ protein, Claudin-7 (CLDN7) also appeared to follow
a similar trend to CLDN3 (Figure S3). Similarly to batch

fermentation, both MUC2 and MUC4 were present in
treated monolayers (Figure 8). MUC2 and MUC4 were in-
creased in all treatments (1.6-fold; p < 0.05). However, AC-
treated cells were significantly higher than both TC, and
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DC-treated cells (p <0.05; Table 4). Monolayer height in
MUC2 and MUC?2 stained monolayers was not increased
due to treatment (p>0.05; Table 4). Pyroptosis marker
caspase-1 (CASP1) was lightly present as seen by immu-
nofluorescence in all samples, including CON. However,
increased signal was observed in DC-treated samples
(Figure S2). Compared to CON, AC, TC, and DC-treated
cells exhibited a significant increase in CASP1+ cells (0,
0.38, 0.33, and 0.70%, respectively; p<0.05). However,
DC-treated samples exhibited a nearly twofold increase in
CASP1+ cells compared to AC- and TC-treated cells (0.35
vs. 0.70%; p < 0.05).

3.3.3 | Scanning electron microscopy

All treatments showed a robust layer of mucus compared
to CON, with no discernable differences between FS treat-
ments (Figure 9). Results were similar to that observed
from batch-derived supernatants.
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3.3.4 | Secreted proteins

IL-1p, IL-8, IL-10, IL-17A, IL-18, IL-21, IL-23, TNFa,
IFNy, CD14, and REG3A were all significantly elevated
in DC-treated samples only compared to CON and other
FS treatments (p <0.05; Table 5). IL-6 was increased in all
treatments compared to CON (p < 0.05; Table 5), however
was increased highest in DC-treated samples. CASP3 and
MCP-1 were not statistically different between treatments
(p>0.05; Table 5).

3.3.5 | Barrier function

All organoids were treated with 10% FS from differ-
ent colonic regions. By 72h, TER in all treatments
was significantly increased twofold compared to CON
(P<0.05; Figure 5B). In addition, TER in TC-treated
samples was significantly increased compared to DC at
72h. (p <0.05).
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iPSC colon organoid monolayers were treated with 10% multistage fermentation supernatant from the ascending (AC),

transverse (TC), descending (DC) colon for 72h. Tight junction proteins zonula occluden 1 (ZO-1; red), and claudin 3 (CLDN3; red) were
analyzed and relative fluorescent intensity calculated. Nuclei are stained with DAPI (blue). Images are representative fields of view at 40X
magnification. Different letters represent differences among treatments, n = 6. Images were obtained with Zen Software Version 3.3 (Zeiss;
Oberkochen, Germany, https://www.zeiss.com/microscopy/int/products/microscope-software.html)


https://www.zeiss.com/microscopy/int/products/microscope-software.html
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FIGURE 8 iPSC colon organoid monolayers were treated with 10% multistage fermentation supernatant from the ascending (AC),

transverse (TC), or descending colon (DC) for 72h. Mucin 2 (MUC2; green) and mucin 4 (MUC4; red) were analyzed and is shown in the

z-plane. Nuclei are stained with DAPI (blue). Images are representative fields of view at 40X magnification. Images were obtained with Zen

Software Version 3.3 (Zeiss; Oberkochen, Germany, https://www.zeiss.com/microscopy/int/products/microscope-software.html)

TABLE 4 Cell and mucus heights

MUC2
Mucus height
Cell height
MUC4
Mucus height
Cell height

Note: p**©<0.05, n = 6.

CON AC TC DC

8.52% +0.39 16.33° £0.88 14.67° +1.09 15.33° +0.88

17.64 £1.54 22.25 +2.17 20.29 +1.11 20.82 +1.60
9.17* +1.23 18.04° +0.80 14.56° +1.11 13.62° +1.35
17.93 +0.78 19.98 +2.34 20.04 + 1.27 19.67 +2.16

TC _DC

FIGURE 9 iPSC colon organoid monolayers were treated with 10% of multistage fermentation supernatant from the ascending (AC),

transverse (TC), or descending (DC) colon for 72h. Scanning electron microscopy imaging was conducted and images were taken at 5000

and 20,000X. Images are representative fields of view. Arrows point to suspected mucin clusters

3.4 | iPSC characterization

Undifferentiated iPSC colon organoids grown in commer-
cial media displayed a substantial amount of mesenchyme

marker Vimentin (VIM; Figure S4) compared to undiffer-
entiated biopsy-derived colon organoids, however VIM was
present in both. Both cell lines contained nuclei-specific
transcription factor Forkhead Box F1 (FOXF1; Figure S4).


https://www.zeiss.com/microscopy/int/products/microscope-software.html
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Inflammatory marker concentrations in iPSC colon organoid media, pg/mL

TABLE 5

IL-8 IL-10 IL-17A IL-18 IL-21 IL-23 TNFx IFNy CD14 REG3A CASP3 MCP-1

IL-6

IL-1p

99.8

504.2%

9.13%

18.22%
17.20%
12.88
27.72°
3.85

12.37*
18.66°

8.17%
42.35°

1.43%

18.20%
48.85%
34.03*

11.70%
12.31%
12.51%
34.39°
2.64

13.78%
12.92°
14.29%
24.09°
2.06

16.20%
17.50%
16.68°
23.38°
0.96

0.89*

140.1*

7.75%

2.28%

CON
AC

977.0% 50.5

12.03%
11.65%
20.09°
1.35

1.68*

15.28° 157.1° 1.07%
13.08%

27.58¢
1.59

2.56%

20.8

466.6"

1.16
4.49°
0.86

0.81%

154.2%

2.00%

TC
DC

32.9

1696.2°.

114.43°
9.33

2.09°
0.

228.7°
15.52

6.15°
0.37

16.34

248.14

3.01

30

SE

Note: Organoids were treated with 10% multi-stage fermentation supernatant from ascending (AC), transverse (TC), or descending (DC) colon for 72 h.

Abbreviation: SE, standard error.

abey < 0.05,n

=6.
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Several region-specific genes were also analyzed between
cell lines. Homeobox Protein CDX-2 (CDX2) was similar
between lines and is thought to be evenly expressed across
the proximal-distal axis of the colon (Table S2). Prostate,
Rectum, and Colon Expressed Gene Protein (PRAC1) and
Homeobox Protein Hox-B13 (HOXB13), which are both
restricted to distal colon were not present in iPSC colon
organoids and were highly expressed in biopsy-derived
distal colon organoids (Table S2). Additionally, Carbonic
Anhydrase 1 (CA-1) was much more highly expressed in
biopsy-derived versus iPSC organoids. Conversely, the
sulfate transporter SLC26A2 and apical Na/H exchanger-
3 (NHE3; Table S2) were much more highly expressed in
iPSC compared to biopsy derived. Taken together, these
data suggest that the iPSC represent a more proximal
colon region with a present mesenchyme, even after mul-
tiple passages.

4 | DISCUSSION

The host-microbe interface is a bi-directional relation-
ship. For example, certain commensal bacteria utilize
host-produced mucin as an energy source.!” On the
other hand, the host relies on microbes to break down
certain dietary inputs. Metabolism is a key component
of biological function, and outcomes of metabolism in-
clude metabolites. Microbial metabolites interact directly
at the cellular level and affect physiological processes.
Metabolites produced by commensal bacteria via the
breakdown of dietary inputs include compounds such as
SCFA's, BCFA's, protein metabolites, neurotransmitters,
bile acid metabolites, hydrogen sulfide, and polyphenol
metabolites, among others.'® SCFA's have been shown to
improve mucin secretion and intestinal barrier integrity
in a variety of models,” while polyphenol and protein me-
tabolites are thought to have potent antioxidant and anti-
inflammatory activity.'” These metabolites have a variety
of biological functions ranging from cellular differentia-
tion to barrier protection, and immune system activation.

iPSC models have been rapidly expanding and repre-
sent an additional tool to study both development as well
as nutrition and host interactions.!® However, these mod-
els have not been fully characterized thus we were inter-
ested in utilizing a commercially available iPSC colonoid
model and seeing how this line behaved under a mono-
layer format and with a milieu of microbial metabolites
obtained through in vitro fermentation. In our hands the
iPSC colon organoid monolayers have some presence of
a mesenchyme, indicating a mixed cell population. Both
VIM and FOXF1, known mesenchymal markers*>*" were
observed in some capacity. FOXF1is also important for
embryonic development® and as a mesoderm marker.> In
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addition, we believe these iPSC cells to be more proximal
than distal colon based on several known markers based
on previous colonic regional characterization papers.?*2¢
iPSC lines have largely been helpful tools for studying de-
velopment but now are being utilized for disease work as
well.'>

In the current study, we have determined that in-
creasing concentrations of FS cause cellular differenti-
ation of human iPSC colon organoid monolayers, such
that a more differentiated phenotype is achieved. Mucin
is very important for host defense protection of the in-
testinal epithelium.”” MUC2 (a secreted mucin) gene ex-
pression was decreased, however, MUC2 mucus height
was higher in organoids treated with batch (BF) and in
multistage (AC, TC, and DC)-treated samples as com-
pared to control. Gene transcription may be downregu-
lated as a negative feedback loop as mucus production is
very high. It is also possible the increased cytokine pro-
duction observed in several of the FS-treated samples
may be in response to stimulation by bacterial metab-
olites, which could have a negative effect on gene ex-
pression (i.e., MUC2, TFF3). Future experiments could
test this hypothesis by culturing colon organoids in an
organ-on-a-chip system, simulating flow and washing
away cytokines that may be increased and remain in a
static system. The mucin layer in FS-treated samples,
especially at higher concentrations represents a more
robust epithelial defense and is similar in appearance
to other published work in colon organoid models.?
Interestingly, gene expression of MUC4, a membrane-
bound component of the glycocalyx was highly upreg-
ulated due to increased FS exposure. MUC4 is present
on both goblet cells and enterocytes but this could be
related to differentiation.”® In the continuous multi-
stage samples, MUC2 was also increased in all colonic
domains with few discernible differences between as-
cending, transverse, and descending colon superna-
tants. Mucin staining pattern looks similar to that found
in human colonoids.*

Apical morphology of monolayers has also been shown
under a largely proliferative or largely differentiated
human colon organoid monolayers where differentiation
caused high density of long microvilli with visible secre-
tory granules.* To our knowledge, this is the first paper to
visualize human iPSC colon organoid monolayers under
SEM.

As another important part of the epithelial barrier,
tight junctions (TJ), and adherens junctions are part of
a larger network of junctional complexes which regulate
paracellular permeability between adjacent epithelial
cells.”* These proteins, along with the actin cytoskele-
ton, control permeability.*> As TJ proteins are often reg-
ulated posttranslationally, we examined these through

ASEBsioAdvances — WILEYJLS;1

immunofluorescence. Claudin-3 (CLDN3) is highly ex-
pressed in the colon, and helps to tighten epithelial TJ**
while ZO-1 interacts directly with claudin proteins.*
Increased barrier integrity is associated with changes in
TJ protein expression and distribution, which correlates
with functional measures such as transepithelial electrical
resistance (TER). Bacterial metabolites have been shown
to induce intestinal barrier function maturation by pro-
moting claudin-3 expression and TER.***” In the current
study we see a typical sharp honeycomb-like organization
of cells at all concentrations of FS, however we observed
much higher intensity and more structured organiza-
tion at 10% and 25% FS. CLDN3 and ZO-1 were located
at the usual cell-cell junctions, suggesting enhanced bar-
rier integrity at 10% and 25% FS. As with previous work
published in enteroid models,” claudin-3 seemed to be
the most responsive gene and protein expression wise,
whereas occludin and zonula occluden 1 were only re-
sponsive at a protein level.

Intestinal barrier function was dramatically increased
by increasing FS treatment and TER values reached on av-
erage 14002 at 25% FS. This is significantly higher TER
than another previously reported undifferentiated iPSC
models®** but is comparable to differentiated uninfected
biopsy-derived colonoid monolayers.*

One of the better understood mechanisms of host-
microbe interaction is through the immune system. For
example, pattern-recognition receptors (PRR's) help rec-
ognize both pathogens and non-pathogens. Toll-like re-
ceptors (TLRs) are one of the four sub-families of PRRs*
and have been found to be expressed on the apical and
basolateral sides of several epithelial cell sub-types as
well as immune cells.** Encouragingly, the distinct TLR
expression pattern in epithelial cells is maintained in in-
testinal organoids, which shows that this expression is
not dependent on immune cells nor a present microbi-
ota. In addition, prior studies have shown expression of
TLR2, TLR4, and TLR5 in colon organoids.42 Lysozyme,
which in the small intestine and ascending colon is a
Paneth cell marker** and antimicrobial peptide was
largely unaltered due to treatment but was expressed
in the iPSC colon organoids, suggesting a regionality to
the iPSC model. In fact, other induced organoid mod-
els have been shown to express more proximal colonic
markers including CDX2, and LYZz." Interestingly, se-
creted interleukins were largely altered at 10 and 25%
FS, and in the DC continuous multistage experiment.
These data were also corroborated by caspase-1 ex-
pression which is known as an inflammatory caspase
involved in the inflammasome. It is responsible for ac-
tivation of highly pro-inflammatory cytokines IL-1B
and IL-18 and initiates pyroptosis, which is associated
with the antimicrobial response as well as regulation
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of cellular differentiation. IL-18 specifically is involved
in maintenance of intestinal barrier function through
mucus production.*’

The main products of colonic fermentation are
SCFA's,***7 and when sources are unavailable, protein
fermentation can contribute to the SCFA pool, but largely
gives rise to BCFAs.” In the current study, FS samples
contained high total SCFA concentrations with a 60:20:20
ratio, with acetate being highest. In the continuous multi-
stage experiment, total SCFA's increased from AC to DC,
with increased acetate, and propionate, but relatively no
change in butyrate, although butyrate was found in high-
est concentration in all three. In vitro fermentation con-
ditions and SCFA concentrations were relatively similar
to those found in previous batch*® as well as continuous™
in vitro fermentation studies. Those studies also showed
markers of protein metabolism p-Cresol and ammonia
and determined that the main proteolytic regions of the
colon are TC and DC. Our group has previously shown
that single SCFA's at higher concentrations (10mM) in-
hibit proliferation while enhancing barrier function in an
organoid model.”

In conclusion, the microbial metabolite milieu pro-
duced via in vitro fermentation when diluted with cell
media has a significant effect on intestinal barrier function
and other epithelial cell markers. This includes positive
changes in markers of epithelial differentiation, mucin
host defense, pattern-recognition receptor expression,
and epithelial barrier integrity. Validation of the host-in
vitro integration model will be expanded upon in the fu-
ture using real time exposures so that cells are exposed
as bacteria are actively fermenting, as well as full char-
acterization of the associated metabolome. In addition,
this model can be used to study nutritional interventions
under military-relevant, or other types of stress or disease.
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