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Abstract

Background

Human intestines contain a heterogeneous collection of cells that include immune, neural
and epithelial elements interacting in a highly complex physiology that is challenging to
maintain ex vivo. There is an extreme oxygen gradient across the intestinal wall due in part
to microbiota in the lumen and close to the gut wall, which complicates the design of tissue
culture systems. The current study established the use of an organotypic slice model of
human intestinal tissue derived from colonoscopy biopsies to study host-microbial interac-
tions after antibiotic treatment, and the influence of oxygen concentration on gut wall
function.

Methods

Organotypic slices from human colon biopsies collected during routine colonoscopy pro-
vided three-dimensional environments that maintained cellular morphology ex vivo. Biopsy
slices were used to study impacts of oxygen concentrations and antibiotic treatments on epi-
thelial proliferation rates, and metabolites from tissue culture supernatants.

Results

Immune function was validated via demonstration of a T lymphocyte response to Salmonella
enterica serovar Typhimurium. Following 24 h of Salmonella exposure there was a signifi-
cant increase in CD3* T-lymphocytes in biopsy slices. Metabolite profiling of tissue culture
supernatants validated the influence of antibiotic treatment under varied oxygen culture con-
ditions on both host and microbiome-mediated metabolism. Epithelial health was influenced
by oxygen and antibiotic. Increased epithelial proliferation was measured in lowered oxygen
conditions (1% = 5.9 mmHg) compared to atmospheric conditions standard at 5000 feet
above sea level in Colorado (~17% = 100 mmHg). Antibiotic treatment reduced epithelial
proliferation only in 5.9 mmHg oxygen cultured slices.
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Conclusions

A human colon organotypic slice model was established for applications ranging from gut

epithelial proliferation to enteric pathogen influence on mucosal immune functions ex vivo.
The results further support the need to account for oxygen concentration in primary tissue
cultures, and that antibiotic use impacts gut-microbe-immune interactions.

Introduction

Gastrointestinal issues send over 70 million Americans a year to a physician, often due to com-
plex inflammatory diseases such as ulcerative colitis and Crohn’s disease [1]. Physiological
mechanisms underlying these diseases are poorly understood [2]. Teasing apart the etiology of
intestinal pathologies in humans requires the use of in vitro model systems to mimic in vivo
gut physiology. Methods for culturing human colon explants go back over 40 years [3], how-
ever there were issues of tissue degradation over time. Difficulties with maintaining intestinal
tissues ex vivo are due in part to the unique physiology of the human colon, including the oxy-
gen gradient seen across the intestinal wall.

The gastrointestinal tract is a complex multicellular tube with varied cellular composition
based on not only region (e.g. ileum vs ascending colon) but also location within each gut
region. The cellular heterogeneity of the intestine contributes to immunological functions
including pathogen surveillance, antigen presentation, and secretion of pro- and/or anti-
inflammatory cytokines. Lamina propria also contains dense enteric neural cell populations
comprised of enteric glial cells and neuronal fibers [4] with the former having been implicated
in issues ranging from barrier maintenance [5] to Crohn’s disease and ulcerative colitis [6,7].

Adding to the complexity of the colonic wall, the colonic mucosa sits in close proximity to
the microbial communities of the gut. Composed of thousands of distinct species, these organ-
isms, and in particular the metabolites they produce, play key roles in regulating intestinal
physiology and homeostasis [8]. Microbial metabolism in the colon is responsible for produc-
tion of a wide array of metabolites, offering a measure of the functional output of the micro-
biome [9]. Short chain fatty acids (e.g., acetate) are among the most common, and are thought
to play key roles in inhibiting pro-inflammatory cytokine production [10]. How microbial
derived metabolites regulate tissue physiology in protective and detrimental manners is an
active area of investigation [11].

While the microbiome is normally commensal, pathogenic bacterial species such as Salmo-
nella enterica can invade the intestinal mucosa and cause infection [12]. Once inside the gut
wall, Salmonella can cause immune responses through a number of mechanisms, including
Toll-like and NOD receptor signaling. Such signaling leads to activation and expansion of
mucosal T lymphocyte populations [13,14]. In the present study, this Salmonella response was
used to validate the competence of biopsy slices to elicit an immune response in vitro.

A steep oxygen gradient is present across the intestinal wall [15]. The apical mucosa closest
to the lumen maintains in vivo oxygen concentrations of 0.1-1% oxygen (~1-6 mmHg).
Climbing rapidly across the intestinal wall, the oxygen concentration is ~6% (~42 mmHg) in
the vascularized submucosa. The colonic muscle wall is the most well oxygenated region, with
7-10% (42-71 mmHg) oxygen concentrations [16]. Alterations in this oxygen gradient can
lead to impacts on the composition of the gut microbiome both in vivo [17] and in vitro [18].
Commensal bacteria can impact mouse intestinal contractions [19] and expression of genes
associated with inflammation and antigen presentation [20]. In addition to oxygen culture
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condition, antibiotic exposure (e.g. penicillin-streptomycin) can substantially alter micro-
biome composition [21,22] and microbial derived metabolites such as phenyllactate [23].

Several methods that have been employed to maintain human colon tissue in vitro regularly
use explants or immortalized cell culture monolayers (e.g. caco-2) at ambient oxygen (~120-
145 mmHg) [24,25,26] or higher (675 mmHg) [5,27] concentrations, in the presence of antibi-
otics. One system recapitulated an oxygen gradient across a caco-2 monolayer culture in a gut-
on-a-chip system using only a subset of bacterial strains instead of native human microbiome
[28]. Influences of varied oxygen culture conditions and antibiotic exposures on microbially
derived metabolites impacting gut immunity and general tissue physiology are unknown. The
current study presents a human colon tissue model system with a heterogeneous mucosal cel-
lular population at physiologic oxygen tensions, and without antibiotics. The model maintains
epithelial structure, components of the immune system in the form of T-lymphocytes, and a
metabolically active microbiome for up to 3 days ex vivo. The results demonstrate impacts of
oxygen concentration and antibiotic exposure on biopsy slice epithelial structure, cell turnover
rates, and metabolome composition.

Methods
Biopsy collection

Healthy adult participants were recruited prior to a routinely scheduled colonoscopy at Har-
mony Surgery Center or Poudre Valley Hospital (Fort Collins, CO). For each participant,
colon biopsies of ~5mm diameter were collected from both the right (ascending) and left
(descending) colon using standard biopsy forceps (Fig 1A’), and subsequent slicing (Fig 1A”).

o s

Fig 1. Structural integrity of organotypic colon biopsy slices (schematic in A) was maintained for up to 3 days ex vivo. Bright-field images of one organotypic
biopsy slice at 0 (B), 24 (C), 48 (D) and 72h (E) ex vivo show intact colonic crypts and lamina propria. Crypt enterocytes were organized at the luminal surface (arrows).
A representative slice is shown at 96h ex vivo with tissue degradation that rendered crypt patterning difficult to identify (F). A representative image shows minimal cell
death (EtHD label; RFP; G) at 48h ex vivo. No differences were seen in EtHD label between 24 and 48h of culture regardless of sex (H). Data in panel H are +/- SEM,

n = 3 male and 3 female participants per time point. Black bars in panel H represent males (M), and gray bars females (F). ‘L’ represents the luminal aspect.

https://doi.org/10.1371/journal.pone.0217170.9001
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In total, biopsies were collected from 31 participants (21 female and 10 male), with between
10-30 slices being generated per biopsy. Mean age of participants was 56.1 +/- 2.8 years for
females, and 56.2 +/- 2.3 years for males. Body mass index (BMI) was similar between sexes,
with male mean BMI 28.8 +/- 1.3, and female 27.3 +/- 1.5. Biopsies were harvested from muco-
sal tissue, composed of colonic crypts and lamina propria, and did not penetrate the muscle
wall. De-identified biopsies were immediately placed into 1X Krebs buffer (in mM: NaCl, 126;
KC], 2.5; CaCl,, 2.5; NaH,POy,, 1.2; MgCl,, 1.2) and maintained on ice for transport to Colo-
rado State University. For all participants, colon tissue samples had less than 30 min transit
time between collection and processing in the research lab. This project was approved by the
University of Colorado Health Institutional Review Board under IRB #15-6051, and Colorado
State University IRB registration number 00010144.

Organotypic slice preparation

Slice preparation was similar to that previously described in [19]. Biopsies were placed in 4°C
1X Krebs buffer and dissected free of any connective structure. The entire tissue was sub-
merged in 8% agarose (Agarose LM; Gold Biotechnology, St. Louis, MO) for a total of 7 min: 5
min on a room temperature shaker, and 2 min in 4°C to polymerize. Tissues were cut on a
vibrating microtome (VT1000S; Leica Microsystems, Wetzlar, Germany) at a thickness of

250 um. Slices from both right and left colon biopsies were pooled. Slices were collected in 4°C
1X Krebs buffer, and immediately transferred into a 60 mm plastic-bottom dish (Corning,
Corning, NY) containing 5 ml of Hibernate media (Life Technologies, Grand Island, NY) and
either zero (nPS) or 1.3% penicillin-streptomycin (PS; HyClone Laboratories, Logan, UT).
Slices spent at least 15 min in Hibernate media (Gibco, Grand Island, NY) at 4°C before being
transferred to 5 ml of Adult Neurobasal Media (ANB; Life Technologies) containing 5% B-27
supplement (B-27; Life Technologies). For slices treated with antibiotic, PS was added to the
media (final concentration of 1.3%). Next, slices were transferred to a 37°C incubator for 35
min. Samples were then plated on 35 mm diameter plastic bottom dishes (Corning). Slices
were allowed to adhere to the dish for 10 min at 37°C before being overlaid with a bovine colla-
gen solution [vol/vol: 10.4% 10X MEM (Minimal Essential Medium, Sigma-Aldrich, St. Louis,
MO), +/- 1.9% PS, 4.2% sodium bicarbonate, and 83.5% collagen (PureCol; Inamed, Fremond,
CA)]. The collagen solution was allowed to polymerize in 37°C for 20 min before a final 1 ml
addition of ANB with B-27 and +/- PS that was pre-incubated in either a standard 37°C, 5%
CO,, ambient oxygen incubator (100 mmHg), or a three gas incubator set for 37°C, 5% CO,,
and 5.9 mmHg oxygen as modulated by nitrogen injection (Panasonic MCO-5M-PA; Panaso-
nic Healthcare, Tokyo, Japan). Finally, slices were left at 37°C in either ambient or 5.9 mmHg
oxygen until visualization or experiments as described below. All slices generated from a given
biopsy were used for experimentation, however when a rare slice (< 5% of slices) had large
amounts of cell debris in the luminal aspect and un-patterned crypts with an undefined tissue
edge, it was discarded. Experiments were performed on slices after at least 24 h of culture, and
no longer than 72 h of culture. This ensured that slices were able to recover fully after cutting
procedures prior to experimentation (24 h), and also that slices were not undergoing tissue
degradation prior to experiments concluding (72 h).

Live slice imaging
Slices were imaged on one of two microscopes: a Nikon TE2000-U inverted microscope (4X,

10X Plan-Fluor and 20X Plan-Apo objectives) with a UniBlitz shutter system (Vincent Associ-
ates, Rochester, NY) and an Orca-flash 4.0 LT camera (Hamamatsu, Hamamatsu City,
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Shizuoka Prefecture, Japan), or a Zeiss LSM 800 confocal microscope with an Axiocam 503
mono camera (Carl Zeiss, Inc., Thornton, NY).

Salmonella inoculation

Organotypic colon biopsy slices were challenged with Green Fluorescent Protein (GFP) tagged
Salmonella enterica serovar Typhimurium (S. ser. Typhimurium-GFP; strain 14028s) which
was generously donated by Dr. Andres Vazquez-Torres (University of Colorado) and prepared
as previously described [29]. Briefly, S. ser. Typhimurium-GFP was brought up in Luria Ber-
tani Broth (Mo Bio Laboratory, Carlsbad, CA) to 1x10® colony forming units (CFU’s) per 1
ml 1 pl of S. ser. Typhimurium-GFP or vehicle (sterile Luria Bertani broth) was added adja-
cent to the luminal aspect of nPS biopsy slices under 100 mmHg oxygen conditions, due to the
strict aerobic nature of this strain. Invasion into the colonic epithelium was visualized using a
Nikon inverted microscope setup for time-lapse video microscopy with a 488 nm excitation
wavelength. Time-lapse video microscopy was performed at 0 h post inoculation and again at
4 h, for 10 min each with 30 s between exposures. After 4 h, any non-tissue adherent S. ser.
Typhimurium-GFP was washed away with 3x media (ANB + B27) washes, and allowed to
incubate for an additional 20 h prior to fixation followed by immunohistochemistry for CD3"
T-lymphocytes.

Whole-mount immunohistochemistry (IHC)

Following live culture, slices were immersion fixed in 4% formaldehyde (Polysciences, Inc.
Warrington, PA) for 15 minutes and washed three times in 0.05 M PBS, pH 7.5. Immunohisto-
chemical studies were performed similar to those previously described [19]. Post-fixing and
PBS washes, slices were incubated at 4°C for 2 h in 1% sodium borohydride in PBS. Slices were
then washed two times in PBS for 5 minutes and subsequently incubated in a blocking solution
composed of PBS, 5% normal goat serum (NGS; Lampire Biological, Pipersville, PA), 3%
hydrogen peroxide and 0.3% Triton-X (Tx) for 1 h before a change into fresh solution for sub-
sequent 1 h. Slices were then placed into affinity purified polyclonal anti-CD3 (cell surface
marker for T lymphocytes; Dako Denmark, Glostrup, Denmark), affinity purified polyclonal
anti-ZO-1 (tight junction protein; Invitrogen, Eugene, OR), polyclonal anti-peripherin
(peripheral neuronal marker; EMD Millipore, Billerica, MA), or monoclonal anti-S100p (glial
cell marker; Abcam, Cambridge, MA), composed of PBS with 5% NGS and 0.3% Tx for 4 days.
Anti-CD3 was used at a concentration of 2 pig/ml, anti-ZO-1 at 2 ug/ml, anti-peripherin
diluted 1:300, and anti-S100P at 2.4 ug/ml. Samples without primary antibody were used as
control. After 4 days of incubation with primary antibody, slices were washed at 4°C with PBS
containing 1% NGS and 0.02% Tx for 2 h with 4 changes. Next, biotinylated secondary anti-
serum (anti-rabbit, 1:2500 for ZO-1, peripherin, S1008, and anti-mouse, 1:1000 for CD3; Jack-
son ImmunoResearch, West Grove, PA), specific to the species of the primary antibody, was
made up in PBS with 1% NGS and 0.32% Tx and added overnight. Lastly, tissue was washed 4
times at room temperature in PBS with 0.02% Tx before being placed into solution containing
the conjugated fluorophore (Cy-3 Streptavidin) for 3 h before being washed in PBS for 2 h and
subsequently mounted on slides and cover slipped with an aqueous mounting medium (Aqua-
Poly/Mount, Polysciences, Warrington, Pa). Following the IHC protocol, tissue was imaged
on either a Nikon TE2000 inverted microscope, or a Zeiss LSM 800 confocal microscope (Carl
Zeiss, Inc., Thornton, NY). A researcher blinded to treatment group counted cells using the
Image] analysis software ‘analyze particles’ toolset.
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Metabolite profile analysis of supernatants

Data processing and metabolite identification. Metabolomics was performed by Meta-
bolon Inc (Durham, NC, USA). Tissue culture supernatants from ex vivo tissue slices (4 females,
4 males) were collected in triplicate and stored at -80° C until processing. Supernatants were
garnered from slices that were not treated with S. ser. Typhimurium-GFP. Processing of super-
natants was performed with an 80% methanol extraction and metabolite detection via ultra-
high-performance liquid chromatography-tandem mass spectrometry. Raw data was processed
by Metabolon Inc as described previously [30], where it was extracted from the mass spectrome-
ter, quality-controlled, and raw peaks and retention times were aligned across individual sam-
ples. With the aligned data, compound identifies were confirmed within an internal Metabolon
library containing over 3,300 purified standards by comparing retention times and mass/charge
ratios to those of purified standards. Retention time indices had to match within a narrow win-
dow, their mass to charge ratios had to include a mass within +/- 10 parts per million of a library
entry, and their mass spectral profiles had to contain forward and reverse match scores that fell
between the experimental data and spectral profiles from the Metabolon database. For each
metabolite, total ion current area under the curve quantitation was used to generate metabolite
raw abundances. These raw abundances were log2-transformed and median-scaled by dividing
the metabolite’s raw abundance by the median raw abundance of that metabolite across the
entire data set. For any sample missing a metabolite, the minimum median scaled abundance
was input. For each metabolite, fold differences were determined between pairs of treatments
by dividing the average median scaled abundance of a metabolite across one treatment group
by another. Pairs of treatments used to calculate fold differences included: 100 mmHg O2, anti-
biotic; 100 mmHg O2, no antibiotic; 5.9 mmHg O2, antibiotic; 5.9 mmHg O2, no antibiotic.

Pathway enrichment score calculations. Following annotation, metabolites were
grouped into pathways based on their biological/biochemical functions. Pathway enrichment
scores (PES) were calculated to assess the overall contribution of a pathway to explaining treat-
ment differences between 100 mmHg and 5.9 mmHg oxygen in both the presence and absence
of antibiotics. PES were calculated using the following equation:

()
9

Where “k” represents the number of statistically-significant metabolites in the pathway,
“m” is the total number of metabolites in the pathway, “n” is the number of statistically-signifi-
cant metabolites across all pathways, and “N” is the total number of detected metabolites. PES
greater than one are considered major contributors to treatment differences. GraphPad Prism

Version 7.0 (San Diego, CA, USA) was used to visualize all PES.

Cell proliferation analysis

Incorporation of the thymidine analog 5-ethynyl-2’-deoxyuridine (EdU; Invitrogen) was used
to label cells undergoing DNA synthesis. After slices were plated, they were incubated at ambi-
ent oxygen, 5% CO, or in an incubator with 5.9 mmHg oxygen, 5% CO, for 24 h before the
addition of EAU at a final molarity of 4 uM. Half of slices were subjected to PS treatment for
the entirety of their time ex vivo and experimental process while the other half did not receive
antibiotic. All slices were fixed at 48 h ex vivo in 4% formaldehyde prior to processing for visu-
alization. Slices were washed 3 times in phosphate-buffered saline (0.05M PBS), followed by 30
min in glycine (Fisher Scientific, Pittsburgh, PA) at 4°C, and again washed with PBS for

10 min with 1 change. Slices were then blocked in 3% bovine serum albumin buffer (BSA;
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Lampire Biological, Pipersville, PA) and 0.5% Tx for 2 h. Post blocking, tissue was washed twice
with 3% BSA before addition of Click-IT cocktail (1X click-It Reaction Buffer, CuSO,, Alexa-
Fluor azide, 1X reaction buffer additive; Invitrogen) for 2 h at room temperature. Finally, slices
were washed 3 times in 3% BSA with 0.02% Tx for 30 min each, and left in a final wash of 3%
BSA prior to imaging. Analysis of EQU incorporation was performed using ImageJ Image Pro-
cessing and Analysis software (NIH; Version 1.49) to determine the percentage of area labeled,
with the whole biopsy slice as the region of interest. EQU incorporation was determined to be
cellularly localized based on the cell size and anatomical localization in the colonic crypts. Using
Image], regions of interest (ROIs) were chosen based on crypt anatomy, with ‘Crypt’ ROIs
encompassing one crypt region in that plane, and ‘nCrypt’ ROIs being similarly sized regions
not containing any portion of a crypt. Optical density was used to set image thresholds, and
small objects were eroded to remove spurious signals, and measured using the ‘analyze particles’
tool. A researcher blinded to treatment condition counted cells contained within ROIs.

Cell death analysis

The incidence of cell death was measured using Ethidium Homodimer (EtHD; Biotium, Hay-
ward, CA), a membrane impermeable, red fluorescent (RFP), DNA marker. EtHD was added
to slice dishes containing three slices each, ex vivo, for 45 minutes, at a volume of 1 pl of 2.5
mM stock EtHD per 1 ml of media (ANB + B-27 + PS). This resulted in a final concentration
of 2.5 uM of EtHD, before the unbound material was washed out. EtHD labeling was analyzed
using Image] (NIH; Version 1.49). One image per slice, totaling three images per biopsy were
taken prior to thresholding according to optical density. Subsequently, objects smaller than

10 um? were deemed too small to be cells and were eroded to remove spurious signals. Finally,
images were measured using the ‘analyze particles’ tool to garner cells counts. All data were
collected by a researcher blinded to treatment condition.

Statistics

All slices were generated from two biopsies from the same colon as biological replicates, and
slices were used in triplicate to generate technical replicates, prior to statistical analyses being
performed with the number of patients = n for analysis. T- lymphocyte data were analyzed by
repeated measures ANOVA that accounted for pathogen exposure and sex of the tissue donor.
For all metabolite analyses, statistics were performed by Metabolon Inc using Array Studio
(Omicsoft, Cary, NC, USA). Briefly, a 2-way ANOV A was applied across all metabolite abun-
dances over the treatment groups described above with a Welch’s post-hoc test. To account for
multiple comparisons, a false discovery rate (q-value) was calculated for each metabolite across
each contrast. Given the small number of samples and the large number of metabolites, there
was insufficient power to generate statistically reliable sex differences. The metabolite data pre-
sented is combined for males and females. Cell proliferation data were analyzed by repeated
measures ANOVA that accounted for oxygen condition, sex of tissue donor and antibiotic
treatment, with antibiotic treatment as a repeated measure. Finally, cell death data were ana-
lyzed by 2-way ANOV A that accounted for sex of tissue donor and time point as a repeated
measure. A p-value < 0.05 was considered as statistically significant in all analyses.

Results
Tissue integrity was maintained for 72 h (3 days)

There was strong evidence of morphological preservation from freshly collected biopsy tissue
in the form of patterned rows of crypts with minimal cell debris and a defined tissue edge. Cell
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Fig 2. Barrier integrity was intact at 24 hours ex vivo, as assessed by the presence of tight junction protein ZO-1 at the apical mucosal surface (A). Neural
components of lamina propria were present at 24h ex vivo. Representative images show S100B-immunoreactivity at 24h ex vivo indicating enteric glial cells (B)

and peripherin immunoreactivity indicating neuronal fibers ex vivo (C). Scale bars in panels A-C are 25 um. ‘L’ represents the luminal aspect and ‘c’ represents
a colonic crypt. Arrowheads in panels B and C represent fibers with stereotypic immunoreactivity.

https://doi.org/10.1371/journal.pone.0217170.9002

turnover was also observed in organotypic slices for up to 3 days ex vivo. In 250 pm slices at 24,
48, and 72 h, colonic crypts were intact and patterned in rows and columns, and showed orga-
nized tissue at the crypt surface (Fig 1B-1E). At 96 h ex vivo, there was degradation of observable
patterned rows of crypts in many slices (Fig 1F) indicating a decline in tissue viability. The apical
epithelia were organized with tight junction protein ZO-1 present between epithelial cells at 24h
(Fig 2A). Immunohistochemistry for enteric glial marker S100B and the neuronal intermediate
filament protein peripherin show presence of neural components of the colonic mucosa at 24h
ex vivo (Fig 2B and 2C). Intestinal function was further confirmed by measures of epithelial cell
turnover using indicators of death (EtHD) and proliferation (EdU incorporation). Cells in slices
died at a mean rate of 60 +/- 11.9 cells/mm? across 24 h and 48 h ex vivo (less than 5% of tissue
area; Fig 1H) consistent with the rate of cell turnover seen in the human colon in vivo [31].

T-Lymphocytes increase in response to S. Typhimurium infection

T-lymphocyte counts increased in biopsy slices after a 24 h challenge with S. ser. Typhimur-
ium-GFP. After 4 h, fluorescence was visible in the apical most regions of colonic mucosa (Fig
3A), primarily as scattered individual fluorescent particles. At 24 h post inoculation, there
were notably more Salmonella seen throughout the colonic mucosa, particularly in clusters
(Fig 3B, arrow heads), but with some bacteria still independently bound to the mucosa
(arrows). After slice fixation and subsequent IHC for CD3, biopsy slices showed CD3" cells
localized closely with tissue adherent S. ser. Typhimurium-GFP (Fig 3C). Fig 4A presents a
visualization of the ROIs used for generating CD3-IR data. After biopsy slices were challenged
with S. ser. Typhimurium-GFP, immunoreactive (IR) T-lymphocytes were increased in slices
from both males (Fig 4B, control; 4C, treatment) and females (Fig 4D, control; 4E treatment)
24h later (48h ex vivo; Fig 4F). There was a significant increase in T-lymphocytes following
pathogen challenge, independent of sex [F(1,5) = 7.480; p < 0.05)].

Metabolites and metabolic pathways were impacted by oxygen
concentration and antibiotic presence

There were 258 metabolites identified in the tissue culture supernatants maintained for 48 h ex
vivo from 31 colon slices obtained from 8 participants. Table 1 provides an overview of the
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ol
100 pm

Fig 3. S. ser. Typhimurium-GFP infiltrated colon mucosa within 24 h of culture. At 4 h ex vivo (A) S. ser.
Typhimurium-GFP were seen approaching the luminal aspect of the colonic mucosa (arrows) with minimal mucosal
binding observed (open arrow heads in A). S. ser. Typhimurium-GFP appeared in colonic mucosa at 24 h post
inoculation (B), and were often clustered together (arrowheads in B). Scale bar in both panels is 100 um.

https://doi.org/10.1371/journal.pone.0217170.9003

number of metabolites in each of the chemical classes detected, including: amino acid (119),
peptide (3), carbohydrate (13), energy/tri-carboxylic acid cycle (9), lipid (46), nucleotide (24),
cofactors and vitamins (20), and xenobiotics (24). Statistically significant [p < 0.05] changes
were identified based on the concentration of oxygen in the tissue culture incubator (5.9
mmHg oxygen versus 100 mmHg oxygen) as well as due to the presence or absence of antibi-
otic in the tissue culture media. Across oxygen concentrations, independent of antibiotic sta-
tus, there were 41 metabolites that were significantly different (Table 1). When comparing
antibiotic treatments, independent of oxygen concentration, 198 metabolites differed

(Table 1). In addition, there was an interaction between antibiotic and oxygen status for 28
metabolites (Table 1). A complete list of identified metabolites, including those that were sta-
tistically different when accounting for oxygen concentration, antibiotic presence, and for oxy-
gen*antibiotic are provided in the supporting information (S1 Table).

The analysis of tissue culture supernatants indicates the presence of microbially derived
metabolites, including lipids, amino acids, and carbohydrates. These metabolites included tri-
methylamine N-oxide (TMAO), indole-containing metabolites (e.g. indolacetate), and phenyl-
lactate, amongst others. Additionally, these three metabolites were decreased in response to
antibiotic treatment (S1 Table). Pathway enrichment scores were calculated to identify path-
ways that had highest contributions to the treatment differences. In each pathway, a score
greater than or equal to 1 was defined as a major contributing pathway [32]. Pathway enrich-
ment scores are displayed for 100 mmHg versus 5.9 mmHg oxygen in the presence and
absence of antibiotic (Fig 5). In the presence of antibiotic, 8 pathways distinguished 100
mmHg oxygen from 5.9 mmHg oxygen treatments, while in the absence of antibiotic, 25 path-
ways distinguished 100 mmHg oxygen from 5.9 mmHg oxygen treatments (Fig 5).

Antibiotic and oxygen impact epithelial proliferation

Following the finding that antibiotics and oxygen impacted microbial metabolites, mucosal
epithelial proliferation was assessed by EdU incorporation in response to antibiotic treatment
and oxygen concentration. After 48h ex vivo, slices maintained at 5.9 mmHg oxygen showed
significantly more EdU labeling compared to ambient oxygen slices [Fig 6G and 6H; F[(1,14)
=41.1, p < 0.01], regardless of sex [p > 0.5]. Interestingly, antibiotic treatment impacted EAU
incorporation in slices maintained at 5.9 mmHg oxygen (Fig 6C and 6D), but not 100 mmHg
(Fig 6E and 6F). There was a statistically significant interaction between antibiotic and oxygen
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Fig 4. Challenge with S. ser. Typhimurium-GFP lead to an up-regulation of CD3" T-lymphocytes after 24 h, regardless of sex. Images of CD3-IR (RFP in

A-E) were captured from a region of lamina propria close to a colonic crypt. An example region of interest where higher magnification images were acquired is

represented with a white square in (A) that applies conceptually to B-E. Representative images of CD3-IR in slices show less immunoreactivity in control (B,

male; D, female) versus S. ser. Typhimurium-GFP treated slices (C, male; E female). There was a significant impact of treatment on CD3-IR, regardless of sex

(F). Black bars represent males (M) and grey bars females (F). L = lumen, m = mucosa, C = colonic crypt. Arrows point to individual bacterium. Open arrows
point towards cells with stereotypic CD3-IR. * Signifies p < 0.05. Data in panel I are +/- SEM, n = 4 male and 3 female participants.

https://doi.org/10.1371/journal.pone.0217170.9004

conditions [F(1,14) = 10.4, p < 0.01] that was due to the enhanced impact of antibiotic on
EdU incorporation at 5.9 mmHg oxygen (Fig 6G and 6H). Mean cell counts within regions of

Table 1. Number of identified metabolites from tissue culture supernatants across oxygen and antibiotic treatments, organized by chemical class.

Chemical Class 100 mmHG Oxygen, 100 mmHG Oxygen, No 5.9 mmHg Oxygen, 5.9 mmHg Oxygen, No
Antibiotic Antibiotic Antibiotic Antibiotic
Amino acids 116 118 110 118
Peptides 3 3 3 2
Carbohydrates 12 13 12 12
Energy/Tricarboxylic Acid Cycle 8 9 9 8
Lipids 46 46 39 45
Nucleotides 22 24 21 24
Cofactors/Vitamins 20 20 19 20
Xenobiotics 22 20 18 22
Total number of identified 249 253 231 251
metabolites

https://doi.org/10.1371/journal.pone.0217170.t001
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treatments (p<0.05) within that pathway.

https://doi.org/10.1371/journal.pone.0217170.9005

interest (ROIs; circle in Fig 6A) inside colonic crypts were compared to ROIs outside colonic
crypts. Significantly more cells incorporated EAU in Crypt regions compared to nCrypt
regions, independent of sex [Fig 6B; F(1,12) = 102.9, p < 0.01] and consistent with DNA syn-
thesis being localized primarily to epithelial cells in the crypt proliferative regions.
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Discussion

The current study validates an organotypic slice model for the study of human intestinal physi-
ology ex vivo. Three-dimensional tissue integrity was maintained by embedding the tissue in a
solid agarose support that allowed the culture of the diverse cells of the intestine in a physiolog-
ically appropriate arrangement. Tissues were maintained for up to 3 days ex vivo, preserving
crypt structure, normal cell proliferation and death rates, enteric glia and neuronal fibers, and
an immune response to pathogen. Tissue culture supernatants contained known microbial
metabolites [9] indicating the maintenance of functional microbiota. These metabolites were
sensitive to treatment with antibiotic (PS), demonstrating the influence of antibiotic on micro-
bial populations and/or their metabolite secretory competence. The model further demon-
strated a difference in human colonic epithelial health in response to oxygen condition and
antibiotic exposure, both known to alter gut microbial diversity [21]. Of paramount impor-
tance was that the influence of antibiotic on epithelial proliferation was dependent on oxygen
culture condition, further implicating microbes as key influencers of mucosal epithelial biol-
ogy. These findings highlight the need for better definition of the microbial composition (or
the functional metabolite profile output) in ex vivo systems moving forward.

The efficacy of the organotypic model in the present study to elicit a functional immune
response ex vivo was validated via a demonstrated T-lymphocyte response to challenge with S.
ser. Typhimurium-GFP. T-lymphocytes in colon biopsy slices showed a more than 2-fold
increase in response to pathogen when compared to vehicle (no pathogen, Fig 4F). The
increased T lymphocyte count was similar to that seen in mice [33,34], and chickens [13]
where T-lymphocytes were up-regulated after dosing with S. Typhimurium. This immune
response to pathogen ex vivo supports the utility of this model for future studies investigating
host pathogen defense and gut mucosal protection in human intestines.

Analysis of colon tissue culture supernatants revealed the presence of a number of micro-
bial metabolites [23] including phenyl containing organic acids (e.g., phenyllactate), the cho-
line/carnitine bacterial breakdown product TMAO, and indole containing metabolites
involved in the bacterial metabolism of tryptophan. The substantial impact of both oxygen
concentration and antibiotics on the production of metabolites was notable for lipids and
amino acids spanning diverse metabolic pathways (Table 1). Interestingly, differences in the
influence of oxygen on metabolites were only visible in antibiotic free tissue supernatants.
Treatment with penicillin has been shown to decrease bacterial sequence counts and microbial
diversity in the cecum of chickens [35], potentially due to antibiotic treatment (PS) resulting
in a decrease in select PS-sensitive microbiota, allowing PS-resistant bacteria to flourish. Peni-
cillin treatment has also been shown to directly decrease the microbially derived metabolite
phenyllactate, a change also observed in the present study (S1 Table). Similarly, as intermittent
hypoxia has been shown to alter gut microbial diversity of mice [36] it is likely that lower oxy-
gen concentrations facilitate the growth of some facultative and anaerobic bacteria, but per-
haps decrease the growth rates of aerobic bacteria. A determination of bacterial species that
contribute to these metabolic changes will require future metagenomics analyses.

Maintenance of tissue in ambient oxygen conditions has been standard in mammalian cell
and tissue culture for decades [37]. While gut cell cultures can survive under these conditions,
they do not represent physiologically relevant oxygen concentrations. Oxygen concentrations
in the colonic mucosa range from roughly 1% (~6 mmHg) near the lumen, to between 5-10%
(~25-70 mmHg) near the vascularized submucosa or deeper muscle layers [38]. The gut oxy-
gen gradient is important for regulating the transcription factor hypoxia inducible factor-1
alpha (HIF-1a:) that helps control numerous metabolic and physiologic pathways, including
creatine metabolism [39] and intestinal angiogenesis [40]. Recapitulating this oxygen gradient
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Fig 6. Incorporation of Ethynyl deoxyuridine (EdU) as indicative of DNA synthesis was observed in all oxygen
and +/- PS treatments and across all time points (0 - 72h ex vivo). EAU was localized to cells in the colonic crypts
(A). This localization was quantified (B), with significantly more EQU™ cells per ROI observed in the crypts compared
to non-Crypt (nCrypt) regions, regardless of sex (p < 0.05). Representative images of cells in slices from a male
participants biopsy show increased EQU™ cells in 1% nPS (C) compared to 1% PS (D), both of which are have higher
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cell counts than 17% nPS (E) and 17% PS (F). Antibiotic had a significant impact on EdU incorporation in slices
incubated at 1% oxygen independent of sex (G), with more cells / mm” of tissue seen in nPS$ slices compared to PS
slices. Additionally, oxygen concentration significantly impacted EQU incorporation, with more cells / mm? in 1%
slices compared to 17% oxygen cultured slices (G and H). There was no significant impact of PS treatment on slices
cultured in 17% oxygen, regardless of sex (H). In B, G and H, black bars are males (M), and grey bars are females (F).

Arrows in A point toward stereotypic EQU™ cells. “c” represents a colonic crypt, and the circle is encapsulating one

crypt. ** Signifies p < 0.01, * signifies p < 0.05, and n.s. = not significant. Data in B, G and H are +/- SEM,n=5
female, 4 male participants for all EQU experiments except Crypt vs nCrypt analysis, in which n = 3 female, 3 male
participants.

https://doi.org/10.1371/journal.pone.0217170.9006

ex vivo is a difficult task, and one that was not attempted in the current study. The present
study mimicked the in vivo oxygen concentration seen in the apical colonic mucosa (approxi-
mately 1%, ~6 mmHg), ex vivo. Under 5.9 mmHg oxygen conditions, significantly more crypt
cells underwent DNA synthesis, marked by EdU incorporation, when compared to slices cul-
tured in ambient (100 mmHg) oxygen. In addition, the exclusion of penicillin-streptomycin
treatment, and subsequent culture in 5.9 mmHg oxygen lead to a further significant increase
in EdU incorporation compared to tissue cultured without PS. The amount of EdU incorpo-
ration observed at 5.9 mmHg oxygen without PS is consistent with the rates of another thymi-
dine analog, 5-bromo-2’-deoxyuridine, incorporation seen in numerous in vivo human
colonic mucosal proliferation studies [31,41]. The statistical interaction between oxygen and
PS conditions pointed towards the importance of oxygen tension for antibiotics to have an
effect on DNA synthesis in colonic mucosal crypts ex vivo. Altered oxygen availability can lead
to varied bacterial metabolism [42] and secretion of products such as virulence factors [43].
The lowered oxygen concentration in the current study could thus influence microbial metab-
olism, potentially rendering bacteria more susceptible to antibiotic treatment. Further investi-
gation into the interaction between oxygen concentration in culture and antibiotics influence
on microbial metabolites is warranted.

Conclusions

This report provides an organotypic slice model for human intestinal tissues ex vivo that opti-
mizes cellular diversity and 3-dimensional integrity. This model can be used to tease apart
complex multi-system-gut interactions with translational potential, including enteric patho-
gen interactions and intestinal immune responses to host—microbiome interactions. Impor-
tantly, cell proliferation in this model was impacted by two factors that influence microbial
diversity and function: oxygen tension and antibiotic exposure. The physiological relevance of
these factors may be missed under standard culture conditions with higher oxygen tension
and exogenous antibiotic added, especially in the context of how commensal microbial inter-
actions impact tissue function. The current findings set the stage for use of the present organo-
typic slice model for studies of the complex roles of commensal microbiota and microbially-
derived metabolite secretions in regulating human gut health. There is significant cell diversity
in the colon along with unique physiologic oxygen tensions that are coupled with the presence
of differentially active tissue and microbial metabolism. The system described in the current
study offers important similarities to the intestinal wall ex vivo. It provides for live microscopic
imaging of fluorescently tagged bacteria interacting with the native human gut environment,
setting the stage for unravelling specific microbial-host cell interactions. For example, the
complexity of local immune cell responses to pathogen will be more accessible in vitro as in
the T-cell proliferation observed in the current study. Particular microbial metabolites may be
manipulated to discern potential cellular mechanisms that may be disturbed in different dis-
ease states or tested for potential therapeutic value.
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Supporting information

S1 Table. Supernatant metabolite abundance fold differences when comparing across oxy-
gen concentrations and in the presence or absence of antibiotic.
(PDF)
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