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Abstract

Enterotoxigenic Bacteroides fragilis (ETBF) is a commensal bacterium of great importance to
human health due to its ability to induce colitis and cause colon tumor formation in mice through
the production of B. fragilis toxin (BFT). The formation of tumors is dependent on a pro-
inflammatory signaling cascade, which begins with the disruption of epithelial barrier integrity
through cleavage of E-cadherin. Here, we show that BFT increases levels of glucosylceramide, a
vital intestinal sphingolipid, both in mice and in colon organoids (colonoids) generated from the
distal colons of mice. When colonoids are treated with BFT in the presence of an inhibitor of
glucosylceramide synthase (GCS), the enzyme responsible for generating glucosylceramide,
colonoids become highly permeable, lose structural integrity, and eventually burst, releasing their
contents into the extracellular matrix. By increasing glucosylceramide levels in colonoids via an
inhibitor of glucocerebrosidase (GBA, the enzyme that degrades glucosylceramide), colonoid
permeability was reduced, and bursting was significantly decreased. In the presence of BFT,
pharmacological inhibition of GCS caused levels of tight junction protein 1 (TJP1) to decrease.
However, when GBA was inhibited, TIJP1 levels remained stable, suggesting that BFT-induced
production of glucosylceramide helps to stabilize tight junctions. Taken together, our data
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demonstrate a glucosylceramide-dependent mechanism by which the colon epithelium responds to

BFT.
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1| INTRODUCTION

Bacteroides fragilis is a human commensal bacterium with two main molecular subtypes,
each with opposing effects on human health. The first, non-toxigenic B. fragilis (NTBF), is a
beneficial symbiote that promotes the expansion of anti-inflammatory regulatory T-cells
(Treg), while also suppressing pro-inflammatory T-helper 17 (Th17) cells known to aid in
colon tumorigenesis.12 The second subtype, enterotoxigenic B. fragilis (ETBF), promotes
colitis and colon tumorigenesis through a Th17-dependent mechanism.2 The main difference
between the NTBF and ETBF subtypes is the production of B. fragilistoxin (BFT) by ETBF
strains.* BFT is a 20 kDa zinc-dependent metalloprotease that binds to an unknown receptor
on colon epithelial cells and triggers a cascade of pro-inflammatory signaling events.> One
of the first events is the cleavage of E-cadherin, which leads to an increase in paracellular
epithelial permeability.5.” This increased permeability causes loss of barrier function in the
colon and stimulates an immune response that is required for ETBF-induced tumorigenesis.8

Beyond E-cadherin, tight junctions also play a critical role in maintaining epithelial cell
barrier function and additionally serve to control the passage of molecules through the
paracellular space.® Tight junctions are comprised of several proteins,®0 but we focused on
three tight junction-associated proteins that are highly expressed in the distal colon:
claudin-3, occludin, and tight junction protein 1 (TJP1, also known as zonula occludens-1,
or Z0-1.11 Claudin-3 belongs to the claudin family of transmembrane proteins that regulate
paracellular permeability and, similar to occludin, has the ability to bind to TIP1.9:10
Occludin is another transmembrane protein that binds to TIP1 and regulates tight junctions.
12 TJP1 serves as a scaffolding protein, holding together transmembrane tight junction
proteins (such as occludin and claudins), while also anchoring them to the colon epithelial
cell (CEC) cytoskeleton.13 Importantly, in response to epithelial cell damage, TIP1 and E-
cadherin colocalize and reestablish cell-to-cell junctions.14

Herein, we focused on sphingolipids, a class of lipids containing a sphingoid backbone that
has a wide range of roles in healthy cells such as controlling growth and differentiation,
regulating apoptosis, and maintaining structural integrity.1>16 Of particular interest in the
intestines is glucosylceramide, a sphingolipid involved in inflammation, cell adhesion, and
enterocyte function.1®17 Glucosylceramide is generated by glucosylceramide synthase
(GCS) and broken down by glucocerebrosidase (GBA). These enzymes attach (GCS) or
remove (GBA) a glucose molecule to or from the sphingolipid, ceramide.18 Although global
GCS knockout in mice is embryonic lethal, targeted GCS knockout in mouse enterocytes
leads to intestinal distress, dysfunction, and soon after, death.17:1 In colon cancer, GCS is
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frequently overexpressed and can lead to multidrug resistance, evasion of apoptosis, and
increased cellular proliferation.15:16.20-24

Considering the epithelial-specific signaling events caused by BFT, and the importance of
glucosylceramide in maintaining the structural integrity of the intestinal epithelium, we
hypothesized that BFT may alter glucosylceramide synthase levels. To test this hypothesis
we utilized colon organoids (or “colonoids”), an ex vivo model for a healthy colon.2> The
utilization of colonoids afforded us the ability to interrogate the importance of sphingolipids
in healthy CECs exposed to BFT. Using pharmacological inhibitors of GCS and GBA, we
have defined a novel and functionally significant role for glucosylceramide in cells
undergoing BFT challenge.

2| MATERIALS AND METHODS

2.1|] Animal experiments

Animal experiments were approved by the Johns Hopkins University Institutional Animal
Care and Use Committee and performed at Johns Hopkins University School of Medicine.
Five-week-old C57BL/6J mice (Jackson Laboratory) were given a 1-week course of
antibiotics, 0.1 mg/mL of clindamycin, and 2 mg/mL of streptomycin delivered orally
through the drinking water, to enhance bacterial colonization. After a 1-week course of
antibiotics, mice were colonized with 1x108 CFU/100 pL ETBF (86-5443-2-2),26
ETBFAb1t8 or 100 pL of phosphate-buffered saline (PBS, Gibco 10010023) via oral gavage.
After 1 week, mice were euthanized, and colons were extracted for lipid analysis.

2.2| Lipidomic analysis

Lipids were extracted as previously described,2” and analyzed by ultra-performance liquid
chromatography-electrospray tandem mass spectrometry (Waters ACQUITY Xevo TQ-S)
based on the method described by Merrill et a/28 Briefly, tissue was homogenized using a
BeadBug bead homogenizer (Thomas Scientific D1030-E), sonicated, and resuspended in
0.1X PBS. Colonoids were isolated from 3D-growth matrix, pelleted, and resuspended in
0.1X PBS. Resuspended colonoids were then lysed by sonication. Total protein was
determined and quantified using the Bio-Rad DC Protein Assay (Bio-Rad 5000116). For
each experiment, all samples submitted for mass spectrometry analysis contained the same
amount of protein (typically a minimum of 40 pg/sample). Resuspended tissue/cells were
added to 2 mL of lipid extraction mixture (isopropanol:water:ethyl acetate at 30:10:60
v/vIv), vortexed, sonicated, and then incubated for 1 hour with shaking. Samples were
centrifuged and the upper organic layer was collected. The remaining sample was re-
extracted using the above methods and the resulting organic layers from the two extractions
were combined. The combined organic layers were dried using nitrogen gas and then
resuspended in the mobile phase buffer. Mobile phase A consisted of 70:30 w/w
water:acetonitrile with 0.2% formic acid, 10 mmol/L ammonium formate, and 1 mmol/L
methylphosphonic acid. Mobile phase B was comprised of 90:10 w/w isopropanol:methanol
with 0.2% formic acid, 10 mmol/L ammonium formate, and 1 mmol/L methylphosphonic
acid. Samples were filtered using a 96 well 0.45 pm hydrophilic MultiScreen Solvinert Filter
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Plate (Millipore Sigma MSRLNO0410) and stored at —20°C until they were analyzed. Data
from tissue or cell lysates are represented as picomoles of lipid per milligram of protein.

2.3| Colonoid isolation and culture

Colonoids were isolated from the distal colons of C57BL/6J mice (Jackson Laboratory). The
isolation protocol and media components have both been described previously.29-30 Brigfly,
the distal colon was extracted and cut into 1-mm pieces, washed 5-6 times in cold chelating
solution (CCS),39 and incubated in CCS with 10 mmol/L EDTA to release colon tissue
crypts. Fetal bovine serum (FBS) was added to aid in the collection of the crypts. Crypts
were pelleted and resuspended in Matrigel (Corning 356 231). Resuspended crypts were
plated within 3D domes using 25 pL Matrigel/well on a pre-warmed 24-well plate (Genesee
Scientific 25-107) and placed at 37°C for 15 minutes to allow the Matrigel to solidify. Once
solidified, 500 uL complete medium with growth factors (CMGF+) was added to each well
and refreshed every other day. By Day 3, crypts began forming colonoids. After 1 week,
colonoids were passaged and expanded for experimental use.

Complete medium without growth factors (CMGF-) and CMGF + growth media were
prepared fresh weekly. CMGF- basal media consisted of Advanced DMEM/F12 (Gibco 12
634 010), GlutaMAX (2 mmol/L; Gibco 35050061), HEPES (10 mmol/L; Gibco 15630080),
Penicillin/streptomycin (100 U/mL; Gibco 15140122). CMGF + growth media consisted of
CMGF- (17.5% v/v), L-WNT3A-conditioned media (50% v/v; provided by the Zachos
Laboratory), R-Spondin-conditioned media (20% v/v; provided by the Zachos Laboratory),
Noggin-conditioned media (10% v/v; provided by the Zachos Laboratory), B27 (1X;
Invitrogen 17504-044), N-acetylcysteine (1 mmol/L; Sigma A9165), epidermal growth
factor (EGF; 50 ng/mL; R&D 236-EG-01M), [Leu15] Gastrin (10 nmol/L; Sigma G9145),
A83-01 (500 nmol/L; Tocris 2939), SB202190 (10 umol/L; Sigma S7067), and Primocin
(100 pg/mL; InvivoGen ant-pm-2).

2.4 | Bacterial culture and preparation of concentrated bacterial culture supernatants

Enterotoxigenic B. fragilis (ETBF, 86-5443-2-2),26 enterotoxigenic B. fragilis Abft
(ETBFAb1,8 recombinant ETBFAbft expressing BFT2 (rETBFAbft bft-2, unpublished),
non-toxigenic B. fragilis (NTBF, NCTC 9343),31 recombinant NTBF expressing BFT2
(NTBF b1t-2),31 and recombinant NTBF expressing a mutated and inactive form of BFT
(rNTBF bft-2H352Y)32 were all obtained from the Sears Lab and grown in brain heart
infusion broth (BHI; BD Bacto 237200) with hemin (Sigma H9039), vitamin K1 (Sigma
V3501), and clindamycin hydrochloride (Sigma C5269) under anaerobic conditions. To
generate concentrated bacterial culture supernatants from B fragilis strains, bacteria were
grown in 500 mL of BHI media for 24 hours. The bacterial suspension was centrifuged at
4000¢g for 20 minutes to pellet the cells. The supernatant was collected and the bacterial
pellet was discarded. The resulting supernatant was then filtered using a 0.45 pm syringe
filter (GE Healthcare 6780-2504) to remove residual cells or debris. After this, the filtered
supernatant was added to a 10 kDa centrifuge filter tube (Amicon UFC901024) and
centrifuged at 4000¢ for 30 minutes according to the manufacturer’s protocol. The
flowthrough was discarded and the remaining media is referred to as concentrated bacterial
culture supernatant. In this study, concentrated bacterial culture supernatant from ETBF is
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referred to as BFT, while concentrated bacterial culture supernatant from ETBFAbf is
referred to as control. The protein content of concentrated bacterial culture supernatants was
determined and quantified using the Bio-Rad DC Protein Assay (Bio-Rad 5000116).

2.5| \Validation of toxin presence and activity in concentrated bacterial culture
supernatants

To confirm that concentrated bacterial culture supernatant from ETBF contained BFT, a
western blot was performed using an anti-BFT antibody to detect the 20 kDa protein. BFT
was detected only in our ETBF preparation, as expected (Figure S2A). Next, we sought to
determine whether the concentrated supernatant contained the active toxin. Based on
previous studies showing that BFT triggers cleavage of E-cadherin in HT29/C1 colonic
carcinoma cells,® we treated HT29/C1 cells with our concentrated bacterial culture
supernatants and measured cleaved E-cadherin by western blot. We found that our
concentrated ETBF culture supernatant effectively cleaves E-cadherin, while the
concentrated ETBFAbf# culture supernatant shows only minimal cleavage (Figure S2B). We
evaluated BFT activity by measuring E-cadherin cleavage with numerous dilutions of
concentrated bacterial culture supernatants and found that 100 pg/mL (total protein/mL of
concentrated bacterial culture supernatant) delivered a sufficient amount of biologically
active BFT to cells, and all subsequent experiments used this concentration. To further
confirm that observed responses were due to the presence of toxin, and not due to other
bacterial proteins or factors in the media, we visualized colonoids using confocal
microscopy and tracked colonoid morphology changes to assess toxin activity. To enhance
the activity of BFT on colonoids, CMGF + medium was replaced with CMGF- basal cell
medium containing concentrated bacterial culture supernatants for the first 6 hours. After 6
hours, media was removed and fresh growth media without concentrated bacterial culture
supernatant was added to colonoids. Colonoids treated with BFT display dramatic
morphology changes, highlighted by the rounding of cells and an overall lack of epithelial
cell membrane structure as soon as 1 hour, and persisting for up to 48 hours. Figure S2C
shows an example of the morphology changes that occur after the addition of concentrated
bacterial culture supernatant from ETBF for 6 hours. In comparison, the addition of
concentrated ETBFAbft bacterial culture supernatant does not alter the appearance of the
colonoids (Figure S2D). Using concentrated bacterial supernatant from a recombinant
ETBFAbft strain expressing bft (rETBFALTt bft-2), morphology changes similar to those in
the BFT treatment were observed (Figure S2E). Since ETBF and ETBFAbf% strains are
identical except for the expression of b7, we next investigated a non-toxigenic strain that
cannot produce toxin (NTBF; NCTC 9343). Concentrated bacterial culture supernatant from
the NTBF alone does not cause any morphology changes (Figure S2F). Next, we used
concentrated bacterial culture supernatant from a recombinant NTBF strain expressing b7t
(rNTBF bft-2) and saw morphology changes similar to our BFT treatment (Figure S2G).
Finally, we used concentrated bacterial supernatant from a recombinant NTBF strain with a
mutated and inactivate form of BFT (rNTBF 47-2H352Y) and found that it no longer
causes morphology changes (Figure S2H). Taken together, concentrated bacterial
supernatants derived from wild-type ETBF strain 86-5443-2-2 expressing chromosomal b5,
or B fragilis strains genetically engineered to express b/t from a plasmid, led to dramatic cell
morphology changes. In contrast, concentrated bacterial supernatants from NTBF strains
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that lack the b7t gene or express a mutant b/t or ETBF strains with an in-frame chromosomal
bftdeletion do not yield cellular changes.

2.6 | Colonoid treatment and glucosylceramide modulation

Colonoids were treated with concentrated bacterial supernatants at a concentration of 100 pg
protein/mL or 5 nmol/L purified BFT2 (Obtained from the Sears Laboratory, and purified as
previously described).33 For treatment, CMGF + medium was removed and basal CMGF-
medium containing concentrated bacterial culture supernatant or purified BFT was added for
up to 6 hours, depending on the experiment. Concentrated bacterial supernatants or purified
BFT were both added in basal media to enhance the activity of BFT, as early experiments
showed that serum, present in CMGF + medium, reduced its activity (data not shown). At 6
hours, media was removed and replaced with CMGF + media for the remainder of the
experiment.

In order to inhibit glucosylceramide synthase (GCS) in colonoids, ibiglustat (Venglustat,
Sanofi Genzyme; obtained from MedChemExpress HY-16743) was resuspended in DMSO,
diluted using CMGF- media, and used at a final concentration of 5 umol/L. For experiments
using ibiglustat, a vehicle control of DMSO was used for all conditions not receiving the
drug. Typically, ibiglustat was added 24 hours before the addition of concentrated bacterial
culture supernatant so that glucosylceramide lipid levels would be decreased by the start of
the assay. When concentrated bacterial supernatant, resuspended in CMGF- media, was
added to the colonoids, fresh ibiglustat was added again to maintain the inhibition of GCS.

In order to inhibit glucocerebrosidase (GBA), Conduritol B Epoxide (Cayman Chemical 15
216) was resuspended in water, diluted using CMGF- media, and added at a final
concentration of 20 umol/L. For experiments using CBE, a vehicle control of water, diluted
in CMGF- media, was used. A subset of colonoids was cultured with CBE indefinitely, with
fresh drug added every other day during passages or media changes.

Glucosylceramide synthase activity was measured by adding C6-ceramide nanoliposomes
(C6-CNL, a generous gift from Keystone Nano, State College, PA) to colonoids for 1 hour.
Ghost nanoliposomes were used as vehicle control for these experiments. The formulation of
the ghost nanoliposomes is identical to that of CNL, but lacks ceramide.

2.7| Cell culture of HT29/C1

HT29/C1 cells were grown at 37°C and 5% CO2 in Dulbecco’s modified Eagle medium
(DMEM, Gibco 11965092) with 10% fetal bovine serum (FBS) and 1% Pen/Strep (Gibco
15140122).

2.8 | Confocal microscopy

Colonoid images were captured using an Olympus FVV3000RS confocal microscope (Johns
Hopkins University School of Medicine), an Operetta CLS High-Content Analysis System
(University of Virginia Advanced Microscopy Facility, RRID:SCR_018736), or a Zeiss
LSM 700 (University of Virginia Advanced Microscopy Facility). Images were illuminated
and captured using brightfield at 20x (Olympus FVV3000RS) or 10x (Operetta CLS High-
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Content Analysis System) magnification. For time-lapse experiments, images were captured
every 15 (Figure 3A-D) or 20 (Figure 9A-D, Figure 2D, Figure 4C) minutes after the
addition of concentrated bacterial supernatant. At 6 hours, between image captures, media
was removed and CMGF + media was added. Imaging experiments lasted 48 hours and
resulting images were processed with ImageJ3# in order to generate videos. Frames per
second (FPS) in all videos was set to 15. In experiments using ibiglustat, cells were pre-
treated for 24 hours before observations began.

For the FITC-Dextran permeability assay, images were captured using a Zeiss LSM 700
confocal microscope (University of Virginia Advanced Microscopy Facility) at 10x
magnification. In order to prepare samples for imaging, the Matrigel was dissolved using
500 uL of Cultrex Organoid Harvesting Solution (R&D Systems 3700-100-01) for 20
minutes with shaking at 4°C. After 20 minutes, the colonoid suspension was collected and
centrifuged at 500g for 5 minutes. After centrifugation, the supernatant was aspirated and
the remaining cells were resuspended in 30 pL of FITC-Dextran solution (4 kDa FITC-
Dextran resuspended at 2 mg/mL in CMGF + growth medium; FITC-Dextran obtained from
Sigma-Aldrich 46944-100MG-F). Colonoids were immediately mounted onto a microscope
slide and imaged. Double-sided tape was used to raise the coverslip to prevent the coverslip
from crushing the colonoids. For samples treated with EDTA, 2 mmol/L EDTA was
prepared from 0.5 mol/L EDTA (Thermo Fisher AM9260G) in ice-cold Hank’s Balanced
Salt Solution (HBSS; Gibco 14175095). Quantification of fluorescent signal was performed
using ImageJ, and interior colonoid fluorescence was normalized to the exterior signal
surrounding the colonoid.

For immunofluorescence imaging, images were captured using a Zeiss LSM 700 confocal
microscope (University of Virginia Advanced Microscopy Facility) using the 63x oil-
immersion lens. Colonoids were removed from the Matrigel, as in the FITC-Dextran
permeability assay above, and centrifuged at 1000g for 5 minutes. Colonoids were
resuspended in 2% paraformaldehyde in 100 mmol/L phosphate buffer (pH 7.4) for 30
minutes at room temperature. After fixation, cells were washed in PBS with rocking for 5
minutes at room temperature and then pelleted at 1000G for 5 minutes. The wash step was
repeated two more times. After three washes, colonoids were resuspended in 1X PBS/0.3%
Triton X-100 for 15 minutes with rocking at room temperature. After this, colonoids were
pelleted and resuspended in blocking buffer (1X PBS/5% normal goat serum/0.3% Triton
X-100) for 1 hour with rocking at room temperature. After blocking, colonoids were pelleted
and resuspended in the primary antibody solution (1X PBS/1% normal goat serum/0.1%
Triton X-100) and left overnight, with rocking, at 4°C. The next day, colonoids were washed
with 1X PBS/0.1% Triton X-100 with rocking for 5 minutes, repeated two more times for a
total of three washes. Colonoids were then resuspended in the secondary antibody solution
(1X PBS/1% normal goat serum/0.1% Triton X-100) for one and a half hours, at room
temperature with rocking. Colonoids were washed three times with 1X PBS/0.1% Triton
X-100 before the addition of Alexa Fluor 633 Phalloidin (resuspended in 1X PBS/1%
normal goat serum/0.1% Triton X-100) for 1 hour at room temperature with rocking (Note:
phalloidin was only used in conjunction with DAPI, and was excluded from experiments
with E-cadherin and TJP1 antibodies due to overlapping fluorescence). Following this,
colonoids were washed twice with 1X PBS and then 300 nmol/L DAPI was added for 5
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minutes at room temperature. Cells were pelleted, resuspended in 1X PBS, and immediately
centrifuged to wash the colonoids. These quick washes were repeated two more times, for a
total of three washes. Colonoids were pelleted and resuspended in 15 pL. mounting solution
(90% glycerol/0.5% N-propyl gallate/20 mmol/L Tris) overnight at room temperature. On
the third day, 7 uL of colonoids in mounting solution was added to a slide, surrounded by
two pieces of double-sided tape (3M 665-2P12-36), stacked, to prevent the coverslip from
crushing the colonoids. The coverslip/sample was sealed using clear nail polish and then
imaged. Primary antibodies used for this project were: E-cadherin (Cell Signaling
Technology 14 472; 1:100) and TJP1/Z0O-1 (Novus Biologicals NBP1-85046; 1:100).
Secondary antibodies used were: Goat anti-mouse Alexa Fluor 488 (Thermo Fisher
Scientific A-11001; 1 pg/mL) and Goat anti-rabbit Alexa Fluor 594 (Thermo Fisher
Scientific A-11012; 2 pg/mL). Dyes/stains used were: Alexa Fluor 633 Phalloidin (Thermo
Fisher Scientific A22284) and DAPI (Thermo Fisher Scientific D1306). Phalloidin and
DAPI were resuspended according to the manufacturer’s instructions. Other reagents used
were: Normal goat serum (Abcam ab7481), N-propyl gallate (Fisher Scientific
MP210274780), and Triton X-100 (Sigma-Aldrich TX1568-1).

29| CQuantitative real-time PCR

2.10 |

2.11 |

At the indicated time points, colonoids were harvested and RNA was extracted using the
TRIzol reagent following the manufacturer’s instructions (Thermo Fisher Scientific
15596018). cDNA was created using an iScript cDNA Synthesis Kit (Bio-Rad 1708891)
according to the manufacturer’s instructions. Quantitative PCR (qPCR) was performed on a
Bio-Rad CFX384 following the instructions outlined in the iTaq Universal SYBR Green
Supermix Kit (Bio-Rad 1725121). Primers used for this project were purchased from Bio-
Rad: GCS (gMmuClID0010046) and reference gene GAPDH (gMmuCED0027497).

Western blot

Colonoids were lysed using RIPA buffer (Alfa Aesar J62524) and protein was quantified
using the Bio-Rad DC Protein Assay (Bio-Rad 5000116). Lysed protein samples were
loaded onto a NUPAGE 4%-12% Bis-Tris protein gel and run at 100V for two and a half
hours. Proteins were transferred to a PVDF membrane using the Trans-Blot Turbo PVDF
Transfer Kit (Bio-Rad 1704275) following the manufacturer’s instructions. Membranes were
probed using the primary antibodies (listed below) and visualized using Alexa Fluor 1gG
secondary antibodies (Rabbit Invitrogen A11012, Mouse Invitrogen A11005; 1:10,000) on a
Syngene G:BOX. Protein levels were quantified using ImageJ software and normalized to
levels of B-actin (Sigma-Aldrich A5441; 1:10 000). Bio-Rad Precision Plus Protein Dual
Color Standards ladder was used for all experiments (Bio-Rad 1610374; 5 pL/lane). Primary
antibodies used for this project were: E-cadherin (Cell Signaling Technology 14472;
1:1000), TIP1/Z0O-1 (Novus Biologicals NBP1-85046; 1:1000), caspase-3 (Cell Signaling
Technology 9662; 1:1000), claudin-3 (Abcam ab15102; 1:1000), occludin (Novus
Biologicals NBP1-87402; 1:1000), and BFT (Sears Lab; 1:1000).

Flow cytometry

Colonoids were treated with concentrated bacterial culture supernatant £5 umol/L ibiglustat,
as described previously. At six- or 24-hours post-treatment, colonoid media was aspirated
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and the Matrigel was dissolved using Cultrex Organoid Harvesting Solution (R&D Systems
3700-100-01) with gentle shaking for 20 minutes at 4°C. After 20 minutes, the suspension
was pipetted up and down ~ 30 times in order to break apart the colonoids. Colonoids were
moved to 1.7 mL microcentrifuge tubes (Olympus Corporation 24-282) and spun at 1000g
for 5 minutes at 4°C. The supernatant was aspirated and the pellet was resuspended in 250
UL TrypLE Express (Gibco 12605010) for 30 minutes at 37°C, with occasional vortexing.
Once a single-cell suspension was obtained, cells were pelleted and 500 L of eBioscience
Fixable Viability Dye eFluor 780 (Thermo Fisher Scientific 65-0865-14) was added for 30
minutes at 4°C according to the manufacturer’s instructions. After 30 minutes, cells were
spun down, media was aspirated, and cells were resuspended in 100 uL 1X Annexin V
Binding Buffer (BD 556454) with 5 uL FITC Annexin V (BD 556419). Samples were
incubated for 15 minutes and then 150 pL of 1X Annexin V Binding Buffer was added to
each tube. Samples were then immediately run on the Attune Nxt (Life Technologies). Gates
were established using forward and side scatters to isolate singlets and eliminate debris.

Statistics

Statistics were performed using GraphPad Prism 8.0.1 for Windows (GraphPad Software).
All experiments were performed with a minimum of three replicates unless otherwise stated.
Single comparisons were made using an unpaired t-test, while group comparisons were
performed using a one-way ANOVA and Tukey’s multiple comparisons test. Statistical
significance is indicated by asterisks: *P< .05, **P < .01, or ***P< .001. NS indicates non-
significant results. Error bars represent the standard deviation of the mean.

3| RESULTS

3.1| ETBF, through the production of BFT, increases glucosylceramide levels in mouse
distal colon and colonic epithelial cells

We colonized normal C57BL/6J mice with ETBF (strain 86-5443-2-2), a strain with a
chromosomal deletion of b7 (86-5443-2-2Abf%, herein referred to as ETBFAb61), or a PBS
sham control to determine if BFT alters sphingolipids in the colon. Since previous studies
have shown that ETBF-induced tumors occur primarily in the distal colon,38:35 we focused
on the role of sphingolipids in this location to determine how B fragilis impacts the colon
epithelium. After 1 week, ETBF, but not ETBFAbLft or PBS, nearly doubled
glucosylceramide levels in the distal colon (Figure 1A). Examination of other major
sphingolipid species in the distal colon showed that ceramide and sphingomyelin levels were
unchanged across all treatments in the distal colon (Figure S1A,B, respectively). This
finding suggests that increased glucosylceramide is a specific event in response to ETBF,
dependent on its secreted metalloprotease toxin, BFT.

We next sought to investigate sphingolipids in CECs after BFT treatment. Due to the
inherent dysregulation of sphingolipid metabolism present in cancer cell lines,16:22:36-39 \ye
utilized colonoids from distal colons of C57BL/6J mice as an ex vivo model for normal,
healthy CECs.2540 Colonoids were grown in 3D culture, embedded in Matrigel, following
the established protocol by Dr Hans Clevers’ Laboratory.4! In order to replicate our in vivo
findings from Figure 1A, we concentrated cell-free bacterial culture supernatants from
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ETBF as a method to deliver BFT to colonoids (herein referred to as BFT). Furthermore, to
focus on BFT specific changes caused by our concentrated bacterial culture supernatants,
and to prevent any non-toxic bacterial factors from impacting our results, we utilized
concentrated bacterial culture supernatants from ETBFAbft as the control for all of our
colonoid experiments (herein referred to as Control). Concentrated bacterial culture
supernatant preparation details, as well as the validation of BFT presence and activity, are
detailed in Materials and Methods (Validation of toxin presence and activity in concentrated
bacterial culture supernatants). We treated colonoids with our concentrated bacterial culture
supernatants, and, similar to our in vivo results (Figure 1A), BFT significantly increased
glucosylceramide levels by ~28% in colonoids (Figure 1B). To validate that these results
were due to BFT, and not any other bacterial factors present in our concentrated bacterial
culture supernatant preparations, colonoids were treated with 5 nmol/L purified BFT2,
which was obtained from the Sears lab after an extensive purification process to isolate BFT
from ETBF bacterial culture supernatants (see Methods for purification information).33
Importantly, purified BFT alone was sufficient to increase glucosylceramide levels by ~44%
in colonoids (Figure 1C).33 We also measured ceramide and sphingomyelin levels in
response to concentrated bacterial culture supernatants (Figure S1C,D) or purified BFT
(Figure S1E,F), and did not observe any significant changes in either condition. Next, we
assessed the mRNA expression of GCS shortly after treatment with BFT (Figure 1D).
Consistent with mass spectrometry results showing increased glucosylceramide levels, GCS
MRNA expression increased over time in the presence of BFT when compared to the control
(Figure 1D). Taken together, these data highlight a BFT-specific increase in
glucosylceramide lipids and GCS expression.

3.2| Pharmacological reduction of glucosylceramide in the presence of BFT causes
colonoids to burst

In order to determine the purpose of increased glucosylceramide in CECs after exposure to
BFT, we next utilized a GCS inhibitor to reduce the levels of glucosylceramide and then
measured cellular responses. Ibiglustat, an allosteric inhibitor of GCS, currently entering
phase I11 clinical trials for the treatment of autosomal dominant polycystic kidney disease
(ClinicalTrials.gov Identifier: NCT03523728), was used. In order to align with our BFT
treatment timeline, colonoids received 5 pmol/L ibiglustat for 24 hours in the normal growth
medium, then the medium was aspirated and replaced with the basal medium containing
ibiglustat for 6 hours, which was subsequently replaced with the growth medium containing
ibiglustat again for the remainder of the experiment (18 or 42 hours for 24 or 48 hour time
points, respectively). A schematic representation of the treatment regimen can be found in
Figure 2A. Using this treatment regimen, we verified through mass spectrometry that levels
of glucosylceramide were significantly decreased by nearly 80% at 24 and 48 hours when
compared to the vehicle control (DMSO; Figure 2B). To confirm GCS activity was inhibited
by ibiglustat, we added 5 pmol/L C6-ceramide, a non-physiological form of ceramide, using
C6-ceramide nanoliposomes (C6-CNL) or ghost liposomes (vehicle control that lacks
ceramide) to colonoids for 1 hour after a 24-hour pre-treatment with ibiglustat or vehicle
control. Conversion of C6-ceramide into C6-glucosylceramide was completely blocked in
the presence of ibiglustat, demonstrating that ibiglustat is inhibiting GCS activity (Figure
2C). As expected, ghost liposomes did not return a signal for any C6-sphingolipids (data not
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shown). Finally, we visualized colonoids treated with 5 pmol/L ibiglustat using confocal
microscopy and did not observe any overt morphological changes (Figure 2D).

Once we validated the efficacy of ibiglustat in our model, we added our concentrated
bacterial culture supernatants to the treatment regimen mentioned previously (detailed in
Materials and Methods; schematic representation is shown in Figure 2E) to determine the
effects of BFT, while glucosylceramide levels were reduced. We visualized the colonoids for
48 hours using confocal microscopy, taking images every 20 minutes. Videos were
assembled and images from 0, 6, 12, 24, 36, and 48-hour time points are shown in Figure
3A-D (corresponding videos can be found in Videos S1-S4). Figure 3A shows normal
colonoid morphology after the control treatment. Similar to Figure 3A, treatment with
control and 5 umol/L ibiglustat did not induce morphological alterations over 48 hours
(Figure 3B). However, when BFT was added for 6 hours, colonoids underwent a rapid
expansion and cells began to round. This was followed by a recovery and reorganization of
the epithelial membrane structure around 36 hours, and a return to normal morphology by 48
hours (Figure 3C). In stark contrast, when BFT is added for 6 hours in the presence of
ibiglustat, colonoids lose their structure, and luminal contents escape into the extracellular
matrix (Figure 3D). We refer to this phenomenon as “colonoid bursting” to represent the
overall loss of the colonoid structural integrity and displacement of cells and other luminal
content into the extracellular matrix. When bursting events across all treatments were
quantified, BFT and ibiglustat treatment led to a significantly higher level of bursting events
(14.77% average) when compared to all other treatments (0.45% average in control, 3.98%
average in control + ibiglustat, and 1.06% average in BFT; Figure 3E). Colonoid bursting
during BFT and ibiglustat treatment demonstrates that BFT-induced cellular production of
glucosylceramide is important for colonoid survival.

3.3|] Pharmacological inhibition of glucocerebrosidase increases glucosylceramide
levels in colonoids but does not alter colonoid morphology

To further examine the importance of glucosylceramide in our model, we utilized conduritol
B epoxide (CBE), an inhibitor of glucocerebrosidase (GBA),*2 to prevent the breakdown of
glucosylceramide and, therefore, increase cellular levels of glucosylceramide. After
culturing colonoids for 24 hours with 20 umol/L CBE, a ~ 22% increase in
glucosylceramide levels was observed (Figure 4A). We maintained a subset of colonoids in
20 pmol/L CBE, refreshed every other day. After 1 week, glucosylceramide levels were over
twofold higher than colonoids cultured without CBE (Figure 4A). We then measured
sphingolipid changes in colonoids cultured in CBE after treatment with control or BFT with
or without ibiglustat. We observed that in the presence of CBE, while both the control and
the BFT-treated colonoids had elevated levels of glucosylceramide, in contrast to colonoids
cultured without CBE (Figure 1B), BFT no longer significantly increased glucosylceramide
(Figure 4B). Moreover, ibiglustat remained effective at reducing the levels of
glucosylceramide in both treatments, albeit to a lesser degree than that seen in colonoids
without CBE (Figure 2B). We visualized colonoids cultured in CBE during treatment with
concentrated ETBFAbft culture supernatant using confocal microscopy and did not observe
morphology changes (Figure 4C). Therefore, treatment with CBE is an effective way to
increase glucosylceramide levels in colonoids that does not disrupt normal morphology.
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Inhibition of GCS enhances BFT-induced early apoptosis

To better understand the bursting events taking place in colonoids treated with ibiglustat and
BFT, we next investigated markers of apoptosis and cell viability. We treated colonoids
using the same regimen outlined above (Figure 2E), extracted protein from cells collected 6
hours after treatment and measured cleaved caspase-3, a marker of apoptosis,*3 by western
blot. Because CBE colonoids were cultured with CBE in perpetuity and maintained and
passaged separately from the normal subset, we treated them as if they were a different cell
line. As such, quantified results from normal and CBE colonoids were normalized to the
control treatment within each group. Levels of cleaved caspase-3 were significantly
increased in both the BFT and BFT + ibiglustat treatments (Figure 5A,C), indicating an
increase in apoptosis. Colonoids cultured in CBE also displayed high levels of cleaved
caspase-3 with BFT and BFT + ibiglustat treatment (Figure 5A,C). Total caspase-3 levels
were decreased by BFT in normal and CBE colonoids, but this decrease was non-significant
(Figure 5A,B).

To determine if caspase-3 cleavage resulted in a decrease in cell viability, and to confirm the
increase in apoptosis in response to BFT, cells were stained using a fixable viability dye
(FVD; cell viability) and Annexin V (AV; apoptosis) and measured with flow cytometry. At
6 hours, cell viability was significantly reduced in the BFT (~17%) and BFT + ibiglustat
(~22%) treatments when compared to control (Figure 5D). Normal and CBE colonoids
treated with BFT + ibiglustat had a greater number of cells entering early apoptosis, as
indicated by AV + staining (Figure 5F). None of the treatments affected the numbers of cells
undergoing late-stage apoptosis/necrosis, indicated by cells positive for AV and FVD, in
normal or CBE colonoids (Figure 5G). Interestingly, the control + ibiglustat treatment
significantly reduced viability (~35%; Figure 5D), although the number of cells entering
early apoptosis or late apoptosis/necrosis was similar to control (Figure 5F,G). Although
BFT + ibiglustat increased early apoptosis, this did not significantly reduce viability when
compared to BFT alone, suggesting that the induction of early apoptosis is not sufficient for
the colonoid bursting events seen in Figure 3D.

Most early cellular responses to BFT are not dependent on glucosylceramide

The morphology changes that occur in colonoids exposed to BFT are highlighted by
colonoid swelling (shown previously in human intestinal epithelial cells)*4 and cell rounding
(Figure 3C). These changes preclude the loss of cell-to-cell adhesion and eventual colonoid
bursting when BFT is added in the presence of ibiglustat (Figure 3D). These additional
morphological variations, namely colonoid bursting, that occurred when ibiglustat was
added prompted us to interrogate whether glucosylceramide in the epithelial membrane of
colonoids might contribute to the maintenance of cell adhesion. Membrane polarity of
colonoids grown in 3D culture and embedded in Matrigel, according to the established
protocol by Dr Hans Clevers’ Laboratory,*! is reversed from the orientation typically found
in an intact colon. The apical domain, which is exposed to the digestive tract in the colon,
faces the interior of the colonoid and is protected from extracellular factors. Meanwhile, the
basolateral membrane, which interacts with the extracellular matrix and is generally
protected from environmental factors in the colon, faces the exterior of the colonoid and is
exposed to the environment.2> Using confocal microscopy, we stained colonoids with Alexa
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Fluor 633 phalloidin and confirmed that the apical domain was facing the interior of the
colonoid, illustrated by the presence of actin there (Figure 3SA,B).

One of the first molecular events that occur after BFT treatment is the cleavage of E-
cadherin,b and previous studies have shown that BFT displays biological activity on the
basolateral side of CEC membranes. Thus, we questioned if glucosylceramide levels would
affect E-cadherin cleavage. We examined E-cadherin cleavage via western blot and found
that after a 6-hour treatment with our concentrated bacterial culture supernatants, cultured
with or without ibiglustat, E-cadherin was only cleaved in the presence of BFT (Figure
6A,B). BFT-induced E-cadherin cleavage was similar in the presence or absence of ibiglustat
(Figure 6B). Similarly, when colonoids were cultured with CBE, levels of E-cadherin were
decreased in both BFT treatments (Figure 6A,B). To confirm these findings, we used
confocal immunofluorescence imaging on colonoids treated for 6 hours (as above) and
removed from the Matrigel (see Materials and Methods for a detailed protocol). Consistent
with our protein data, E-cadherin was expressed in control and control + ibiglustat
treatments (Figure 6F,G middle panel). Further, in the BFT and BFT + ibiglustat treatments,
E-cadherin signal was almost completely eliminated (Figure 6H,1 middle panel).
Collectively, this data suggests that BFT-induced E-cadherin cleavage is not dependent on
glucosylceramide, as modulating its levels did not prevent or enhance E-cadherin cleavage.

Since E-cadherin cleavage was indistinguishable between BFT and BFT + ibiglustat
treatments, alteration of E-cadherin alone could not explain the significant difference seen in
colonoid bursting events in the presence of ibiglustat (Figure 3E). Thus, we next examined
tight junction proteins claudin-3, occludin, and TJP1, as they are located at the apical
membrane of cells and function as both a barrier for extracellular factors as well as a CEC
structural component to maintain cell polarity.? Colonoids were cultured with or without
CBE, treated as above (Figure 2E), and protein changes in claudin-3, occludin, and TJP1
were measured at 6 hours by western blot. In normal and CBE-treated colonoids, levels of
claudin-3 (Figure 6A,C), occludin (Figure 6A,D), and TJP1 (Figure 6A,E) were not changed
significantly by any of the treatments.

A previous study by the Sears Lab showed that 1 hour BFT treatment did not alter TIP1
levels in HT29/C1 cells, but did impact the membrane localization of TJP1.6 Therefore, we
sought to determine if the membrane localization of TJP1 was different among our
treatments using confocal immunofluorescence imaging for TIP1. We observed a strong
TJP1 signal at the apical barrier in control (Figure 6F, right panel) and control + ibiglustat
(Figure 6G, right panel) treatments. BFT treatment did not seem to modify the levels of
TJP1, but we noticed that TIP1 expression at the apical membrane was less consistent in
normal colonoids when compared to control treatments (Figure 6H, right panel). In the BFT
+ ibiglustat treatment, TJP1 expression was normal but appeared to be extremely
disorganized, with no obvious apical localization (Figure 61, right panel). Although TJP1
levels appeared consistent across all conditions, inappropriate localization of the protein
during BFT + ibiglustat treatment could increase membrane permeability, making colonoids
more susceptible to bursting.
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3.6 | Colonoid viability and tight junction proteins are influenced by glucosylceramide
levels 24 hours after BFT treatment

The bursting events seen in the BFT + ibiglustat treatment (Figure 3D) could not be
explained by increases in early apoptosis or E-cadherin cleavage, as these events occurred
similarly in normal and CBE-treated colonoids. Because of this, we hypothesized that
increasing glucosylceramide could be a protective mechanism by colonoids in response to
the rapid cellular damage caused by BFT. To test this, we monitored cell viability using flow
cytometry 24 hours after BFT treatment. Colonoids were treated using the treatment regimen
outlined in Figure 3E, and cell viability was determined using flow cytometry. At 24 hours,
the number of viable cells in normal colonoids was significantly decreased by BFT (~32%)
and BFT + ibiglustat (~47%) when compared to control (Figure 7A). In colonoids cultured
with CBE, the number of viable cells was decreased to a greater degree by BFT (~47%) and
BFT + ibiglustat (~56%) when compared to control, but the percentage of viable cells
remaining was similar to each respective treatment in normal colonoids (Figure 7A). In
general, colonoids treated with CBE had more viable cells (Figure 7A), and less dead cells
(Figure 7B), at 24 hours when compared to colonoids cultured normally. Early apoptosis,
indicated by AV + staining, was relatively low in normal and CBE colonoids across all
treatments (Figure 7C). Late-stage apoptosis/necrosis increased in response to BFT and BFT
+ ibiglustat (Figure 7D), which was likely the resulting the population of cells undergoing
early apoptosis at 6 hours (Figure 5F). Taken together, CBE treatment increases colonoid
viability, but this increase does not prevent BFT or BFT + ibiglustat induced death.

Next, we evaluated E-cadherin, claudin-3, occludin, and TJP1 levels using a western blot as
a way to monitor the adherens and tight junctions within the epithelial membrane 24 hours
after initial BFT treatment. E-cadherin levels were still returning to baseline in normal
colonoids (Figure 7E,F), and had largely recovered in CBE colonoids (Figure 7E,F) at 24
hours. Claudin-3 (Figure 7E,G) and occludin (Figure 7E,H) levels were mostly unaltered by
any of the treatments in normal and CBE colonoids, similar to our results at 6 hours (Figure
6A,C,D). Surprisingly, although TJP1 levels did not change at 6 hours (Figure 6A,E), BFT +
ibiglustat treatment in normal colonoids caused a significant drop in TIP1 (Figure 7E,I).
This drop was not seen in colonoids cultured with BFT alone, or in any treatment when CBE
was present (Figure 7E,I), indicating that glucosylceramide may stabilize TJP1, helping to
prevent BFT-induced colonoid burst.

3.7| Colonoid permeability increases in colonoids treated with BFT and ibiglustat

To determine if the alterations in TIP1 expression by BFT and ibiglustat were having a
functional effect on colonoids, we measured membrane permeability using a modified
dextran diffusion assay.*®> Because TJP1 is important for maintaining the structural integrity
of the membrane, we hypothesized that ibiglustat-induced reduction of TJP1 would increase
membrane permeability, an effect that could be prevented by CBE addition. Colonoids were
treated as above (Figure 2E) and collected at 24 hours. As colonoids with an intact
membrane should exclude fluorescent dye, membrane permeability was determined by
measuring the amount of fluorescent dye (FITC-dextran) found within the colonoid. In order
to more accurately measure cellular permeability, colonoids that had burst, and would,
therefore, be highly permissive to the dye, were excluded. We quantified the internal
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fluorescence, and, while control-treated colonoids showed very minimal diffusion of FITC-
dextran into the lumen (Figure 8A,B), all other treatments caused an increase in
permeability, although not always significantly. Ibiglustat addition did not increase
permeability in normal colonoids (Figure 8C,K), but did significantly increase permeability
in colonoids cultured with CBE (Figure 8D,K). BFT treatment increased permeability in
both normal (Figure 8E,K) and CBE (Figure 8F,K) colonoids. However, when BFT was
added in combination with ibiglustat, normal colonoids were significantly more permeable
(Figure 8G,K), whereas permeability in CBE colonoids was not significantly increased when
compared to control (Figure 8H,K). As a positive control for increased permeability, we
used EDTA to disrupt tight junctions and, as expected, EDTA treatment significantly
increased permeability in both the normal and CBE treatment groups when compared to
their respective controls (Figure 81-K). The increase in colonoid permeability seen with the
BFT + ibiglustat treatment further supports our bursting data from Figure 3D,E, and
highlights the importance of glucosylceramide in regulating the CEC tight junctional
complex.

3.8 | Increasing levels of glucosylceramide in colonoids prevent BFT-induced bursting

Our data suggest that glucosylceramide synthesis is crucial for the integrity of colonoid
structures in the presence of BFT, so we next tested whether increasing glucosylceramide
levels protected colonoids from bursting. We visualized colonoids cultured in CBE for 48
hours using confocal microscopy (Figure 9A-D; Videos can be found in Videos S5-S8). In
the presence of CBE, colonoids treated with control (Figure 9A) or control + 5 pmol/L
ibiglustat (Figure 9B) showed no morphological changes. BFT treatment caused temporary
cell rounding and membrane disorganization (Figure 9C), similar to that seen in colonoids
without CBE (Figure 3C). The addition of BFT with ibiglustat caused the typical toxin-
induced morphology changes, but colonoids did not burst (Figure 9D). This was in stark
contrast to those grown without CBE (Figure 3D). Even more striking, across all treatments
in the CBE-pre-treated colonoids, we did not observe colonoids bursting. As a more rigorous
control, while scoring colonoid bursting events, we also kept track of colonoids that
appeared to initiate, but not complete, bursting. These colonoids typically released luminal
contents into the extracellular space but would appear to either recover and reconnect their
outer epithelial membrane or maintain an ordered outer epithelium that did not fully
dissociate by the end of the experiment. For these events, we scored them as “potential
colonoid bursts,” indicating that they may or may not recover, but we could not definitively
say that they had burst. Within the CBE treatment group, there were no significant changes
in potential bursting events (Figure 9E). Further, when compared to colonoids cultured
without CBE, it is especially clear that CBE treatment protects colonoids from BFT +
ibiglustat-induced burst (Figure 9E). Taken together, cellular increase in glucosylceramide in
response to BFT appears to serve as a protective mechanism used to maintain the structural
integrity of the colon epithelium. This is highlighted by the fact that colonoids with reduced
glucosylceramide have decreased TJP1 expression, increased permeability, and burst under
stress in response to BFT, while those pharmacologically treated to maintain functional
glucosylceramide levels are able to stabilize TJP1 levels and withstand the assault.
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4| DISCUSSION

We have demonstrated that ETBF, through BFT, increases glucosylceramide levels in the
murine distal colon and in colonoids derived from the murine distal colon. These findings
suggest that BFT directly impacts glucosylceramide production in colon epithelial cells. Our
results support that the BFT-induced increase in glucosylceramide affords cells a protective
mechanism by which they can maintain the structural integrity of the epithelium in response
to stressors such as BFT. Pharmacological inhibition of GCS causes BFT-treated colonoids
to burst. In contrast to this, those treated with an inhibitor of GBA are protected from BFT-
induced burst. These findings support previous studies detailing the importance of
glucosylceramide in the intestines.15:17

The utilization of colonoids as a model for healthy colon epithelial cells proved to be
incredibly useful in this study, but we would like to comment on some of the shortcomings
of colonoid experiments. Because colonoids are grown in 3D culture, any experiments must
either be performed by first dissolving the Matrigel and collecting the colonoids, or by
performing the assays, while the colonoids remain in the Matrigel. Although colonoids
remain intact during the collection process, excess handling can impact downstream assays,
especially in experiments using living cells. In the flow cytometry procedure used in this
study, colonoids were resuspended in TrypLE to yield a single-cell suspension which could
then be stained and analyzed. In an early pilot experiment using only the fixable viability
dye, we found that overall viability was higher than in later experiments when we added
Annexin V staining (data not shown). The additional handling, pipetting, and time that this
staining added likely introduced additional stresses that may have reduced overall viability.
Similarly, in immunofluorescence imaging experiments, colonoids imaged within the
Matrigel produced low-quality images, requiring the removal of colonoids from the Matrigel
to allow for higher resolution imaging. However, colonoids had to be handled very carefully
to avoid smashing the colonoids and disrupting their morphology when mounting them on
slides and imaging them. Experiments that could be performed on colonoids within the
Matrigel (colonoid bursting events and colonoid morphology changes) or in colonoids
immediately lysed after removal from the Matrigel (lipid and protein collection) were
inherently less prone to alterations caused by handling. Growing colonoids in 2D
monolayers may alleviate some of the limitations of 3D culture systems, and protocols

detailing the methods to grow colonoids in 2D monolayers have been published recently.
46,47

In C57BL/6J mice colonized with ETBF, we showed a significant increase in
glucosylceramide levels in the distal colon. In general, sphingolipid levels in the distal colon
were higher than that of the proximal colon (data not shown). To our knowledge, this is a
novel finding in itself that might warrant further study to determine why sphingolipid levels
differ along the colon axis. It has been previously reported that the extracellular sphingolipid
sphingosine-1-phosphate (S1P) was upregulated in response to ETBF.#8 While we were
unable to replicate this finding (data not shown), results from that study were obtained in a
cancer model and may not reflect the early changes shown in our non-cancer-ous models.
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Our primary focus in this publication was glucosylceramide, but ceramide may also be
converted into galactosylceramide if a galactose molecule is added instead of glucose.*
Most of the common methods used for sphingolipid extraction and quantification, including
ours, struggle to distinguish galactosylceramide from glucosylceramide.>? Although this
means that our “glucosylceramide” changes could have been galactosylceramide or a mix of
the two, we felt comfortable reporting our results as glucosylceramide for a few reasons. The
first is that our “glucosylceramide” levels dropped after ibiglustat addition (Figure 2B).
Ibiglustat is a specific GCS inhibitor, which would not block the activity of
galactosylceramide synthase.>! Second, when we measured GCS activity by adding a non-
physiological form of ceramide (C6-ceramide) and measured its conversion to
glucosylceramide, we found C6-“glucosylceramide,” but when ibiglustat was present, no
signal was detected (Figure 2C). Finally, we prevented molecular and phenotypic changes in
our model using a GBA inhibitor, which would only impact the GSL pathway at the level of
glucosylceramide and any species beyond it (Figures 4-9). Taken together, although we
cannot definitively say that galactosylceramide is not included in our results, we feel
confident that our results are glucosylceramide dependent.

In order to study the effects of glucosylceramide in CECs exposed to BFT, we utilized
inhibitors for the enzymes responsible for creating (ibiglustat; GCS) or breaking down
(CBE; GBA) glucosylceramide. In experiments with CBE-treated colonoids, we continued
to use ibiglustat in our treatment groups even though these inhibitors should have opposing
effects on cells, effectively canceling out their actions. In fact, for the most part, colonoids
treated with both CBE and ibiglustat responded similarly to control colonoids without
glucosylceramide manipulation. The one exception was where the CBE control + ibiglustat
treatment caused a significant increase in permeability when compared to the control alone
(Figure 8K). Although this increase in permeability was surprising, it did not impact
colonoid bursting events, as shown in Figure 9E. Even though CBE + ibiglustat co-treatment
is somewhat counterintuitive, these experiments support and further strengthen the finding
that maintaining homeostatic glucosylceramide levels is critically important for colonoids to
retain membrane integrity.

Glucosylceramide may be further modified into higher order glycosphingolipids (GSLs)
through the attachment of additional carbohydrates (for further explanation of the synthesis
of GSLs, see the review by Schnaar and Kinoshita).>2 Briefly, GSLs exert many of the same
roles as traditional sphingolipids, including modulating proliferation, apoptosis, and cell
adhesion.5354 Perhaps more importantly, however, are the roles that GSLs play in cell-to-
cell signaling and pathogen recognition and interaction. GSLs are typical expressed on the
outer leaflet of the plasma membrane where they are exposed to the external environment.52
There, they have been shown to interact with other bacterial toxins, such as cholera toxin,
tetanus toxin, and botulinum toxin.>3 Since there is no known receptor for BFT,> we
hypothesized that GSLs could be serving as a binding partner for the toxin. However,
because we still observed toxin activity on cells treated with ibiglustat, which prevents the
formation of not only glucosylceramide, but also the higher order GSLs which build upon it,
our data suggest the BFT receptor is not a GSL. It is possible that GSLs may help to
stabilize the elusive BFT receptor, or simply serve as messengers for cell-to-cell signaling in
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response to the increased epithelial permeability caused by BFT via cleavage of E-cadherin,
but further research will need to be performed to confirm these hypotheses.

While this study focused only on intestinal sphingolipids, B. fragilis itself is able to produce
sphingolipids.>>-57 These sphingolipids differ from their mammalian counterparts in that
their fatty acid chains typically have an odd-chain length (17-19 carbons in length), while
mammalian sphingolipids are typically of an even-chain length (18-20 carbons).56:58 One of
the most well-studied sphingolipids produced by B fragilis is a.-galactosylceramide because
of its ability to influence host invariant natural killer T (iNKT) cells.5%:57 In addition to
modulating host immune responses, bacterial sphingolipids also provide the bacteria with a
survival advantage when dealing with the stresses encountered in the gut.>6 Since there is
already evidence that bacterial sphingolipids can be incorporated into mammalian cells,>®
the incorporation of odd-chain length sphingolipids into the membrane has the ability to
influence membrane fluidity and structure. Considering the potential disruptions in
membrane function caused by bacterial sphingolipids, combined with our findings on the
importance of membrane sphingolipids in maintaining gut homeostasis, the inclusion of
bacterial sphingolipids into host membranes warrants attention in subsequent studies.

Glucosylceramide modulation in response to BFT-induced epithelial barrier disruption has
broad implications for the development of intestinal diseases, such as colitis and colon
cancer. ETBF colonization of C57BL/6J mice with ETBF leads to colitis in as little as 1
week.>9 Others have shown that the induction of colitis by dextran sodium sulfate (DSS)
increases glucosylceramide levels in the colon.5% Our finding that glucosylceramide
upregulation protects CECs exposed to BFT is further supported by studies in colitis models
where glucosylceramide administration prevented colon epithelial damage and reduced the
inflammatory immune response associated with the disease.51:62 In addition, our results
showing the stabilization of TJP1 by glucosylceramide allows cells to maintain tight
junctions, which are critical for reducing epithelial permeability caused by colitis.53
Persistent colitis caused by ETBF promotes hyperplasia in the colonic crypts of C57BL/6J
mice,>® which is a mouse model for colon cancer (Apc™™%), leads to tumor formation
within 4 weeks.2 Additional studies beyond the scope of this project are needed to determine
the role of glucosylceramide upregulation in ETBF-induced intestinal disease. However, we
can hypothesize that, based on published data, and in conjunction with our results, early
glucosylceramide increases are likely serving as a protective mechanism by CECs to prevent
colitis. As other studies have shown that increased GCS expression in the colon is pro-
tumorigenic,15:16:20-24 persistent and long-term activation of GCS might actually
inadvertently support tumor development. Though this study was limited to early BFT-
induced molecular alterations in healthy tissue, we suggest that our findings could be applied
to a number of inflammatory diseases in the intestines.

In this study, we identify tight junction protein 1 (TJP1) as a putative mediator of
glucosylceramide-induced protection and/or stabilization of the colonoids. While we mainly
focused on TJP1, claudin-3, and occludin during this study as markers for changes in
cellular tight junctions, there are many other proteins involved in the assembly, maintenance,
and function of tight junctions. Some other examples include junctional adhesion molecules
(JAMs) and other claudin family proteins.®1213 |n future studies, we plan to revisit these
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other cell adhesion proteins to determine if they also play a role in epithelial cell response to
BFT and pharmacological inhibition of glucosylceramide metabolism.

We propose a model where healthy CECs, exposed to normal microflora, have intact tight
junctions and adherens junctions (Figure 10A). However, when ETBF colonizes the gut, B.
fragilis toxin is produced and binds to CECs, which triggers E-cadherin cleavage and thus, a
reduction of cellular adhesion. Following the loss of E-cadherin, we suggest that
glucosylceramide levels are increased and help to stabilize tight junction proteins, mainly
TJPL1. This stabilization serves as a compensatory response to maintain CEC membrane
integrity, cell-to-cell contact, and prevent epithelial breakdown after the loss of E-cadherin
(Figure 10B). In contrast, if GCS is inhibited in the presence of BFT, tight junctions are
destabilized, paracellular permeability increases and the colon epithelium experiences
catastrophic damage, allowing bacteria and bacterial factors to translocate into the lamina
propria (Figure 10C). However, if glucosylceramide levels are restored, CECs are protected
from BFT-induced damage (Figure 10D). Taken together, this study shows for the first time
the protective role of glucosylceramide as an important structural element that protects the
colon epithelium from toxic bacterial stress.
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CECs colon epithelial cells

CMGF- complete medium without growth factors

CMGF+ complete medium with growth factors

DMSO dimethyl sulfoxide

DSS dextran sodium sulfate

EDTA ethylenediaminetetraacetic acid

EGF epidermal growth factor

ETBF enterotoxigenic Bacteroides fragilis

FBS fetal bovine serum

FITC fluorescein isothiocyanate

FVD fixable viability dye

GBA glucocerebrosidase

GCS glucosylceramide synthase

GSLs glycosphingolipids

HBSS Hank’s Balanced Salt Solution

iINKT invariant natural killer T cells

JAMs junctional adhesion molecules

NTBF non-toxigenic Bacteroides fragilis

PBS phosphate-buffered saline

S1P sphingosine-1-phosphate

Thi7 T-helper 17 cell

TJIP1 Tight junction protein 1

Treg regulatory T cell
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FIGURE 1.

ETBF, through BFT, increases glucosylceramide levels in mice and in colonoids.
Colonization with C57BL/6J mice for 1 week with ETBF increases glucosylceramide levels
in the distal colon (A). Treatment of colonoids with concentrated bacterial culture
supernatant from ETBF (BFT) significantly increases glucosylceramide levels at 24 h when
compared to concentrated bacterial supernatant from ETBFAb#t (Control) (B). Addition of
purified Bacteroides fragilistoxin (Purified BFT2, isolated from ETBF strain 86-5443-2-2,
see Materials and Methods for details) to colonoids increases glucosylceramide production
(C). Treatment of colonoids with BFT increases mRNA expression of glucosylceramide
synthase (GCS) at 3 and 6 h, as measured by gPCR (D). Group comparisons were performed
using a one-way ANOVA and Tukey’s multiple comparisons test, while single comparisons
were made using an unpaired t-test. Statistical significance is indicated by asterisks: *P
<.05, **P< .01, or ***P < .001. Error bars represent the standard deviation of the mean.
Sham represents PBS control. NT indicates no treatment was added. Control represents
concentrated bacterial culture supernatant from ETBFAb/t, BFT represents concentrated
bacterial culture supernatant from ETBF, and Purified BFT2 represents purified BFT from
ETBF strain 86-5443-2-2 (see Materials and Methods)

FASEB J. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Patterson et al.

Page 26

(A) Half of Remaining
. . samples samples
Media Media collected  collected
Change + Change +
SuM ibiglustat S5uM S5puM
Pre-treatment ibiglustat ibiglustat
-24hr Ohr 6hr 24hr 48hr
(B) (c)
*k*% -
1400~ —_——i F%k% = 1507
3 ! ' B Vehicle - _
‘S = 1200 i g =
Ex O ibiglustat 33 Kk
S
o % 1000+ = © 100+
L= ° S
7 = 800 So
o2 > £
o £ 600 g
=23 S 504
o2 SE
Y E 4001 = (B
£ Q=
o 1 ©
(8]
E ] | | I | 0o- .
24hr 48hr 4}"\
&
©

)

(E)

Media
Change +
S5uM
ibiglustat +
Concentrated Media
Bacterial Change +

5uM ibiglustat Culture S5uMm

Pre-treatment Supernatant

-24hr

ibiglustat

O o

Samples Samples
Collected Collected
for for
Molecular Molecular
Assays Assays

FIGURE 2.
A selective inhibitor of glucosylceramide synthase (GCS) decreases glucosylceramide lipid

levels. The treatment regimen for the administration of 5 umol/L ibiglustat to colonoids is
depicted (A). Addition of 5 umol/L ibiglustat effectively reduced total levels of
glucosylceramide (B). Colonoids were pre-treated with 5 pumol/L ibiglustat for 24 h and then
treated with C6-ceramide nanoliposomes (CNL) for 1 hour to determine the effectiveness of
ibiglustat in blocking GCS activity. Colonoids were collected and lipids were extracted.
Presence of ibiglustat completely blocks the ability for colonoids to process C6-ceramide
into C6-glucosylceramide, demonstrating the efficacy of ibiglustat at inhibiting GCS activity
(C). Pre-treatment of colonoids with 5 umol/L ibiglustat followed by the addition of
concentrated bacterial supernatant from ETBFAb#t does not alter colonoid morphology,
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visualized by confocal microscopy (D). The treatment regimen for the administration of 5
umol/L ibiglustat and concentrated bacterial culture supernatant is depicted (E). Single
comparisons were made using an unpaired t-test. Statistical significance is indicated by
asterisks: ***P< .001. Error bars represent the standard deviation of the mean. Vehicle
represents vehicle control (see Materials and Methods). Confocal images were captured
using 10x magnification. Scale bar indicates a distance of 100 um

FASEB J. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Patterson et al.

Page 28

(A) Control
24hr

(B) Control + ibiglustat

(C) - - BFT

24hr
(D) BFT + ibiglustat

(E) > *kk
c *kk
= 50%
g *%
0 40%1
[72]
T ns
S 30%1
S —_—ls
3 20%
-
o
€ 10%/
[
L
[ 0%-
o
& 9@‘ Q’é e@‘
& W &
o ) )
© ©
N N
x x
& Q;{‘
&
FIGURE 3.

Combination of BFT and ibiglustat causes colonoids to burst. Colonoids treated with
concentrated bacterial culture supernatant from ETBF A6 (control) (A) or control + 5
pmol/L ibiglustat (B) show no obvious morphology changes when visualized by confocal
microscopy. Colonoids treated with BFT undergo dramatic swelling and bubbling by 6 h
before returning to normal morphology by 48 h (C). Colonoids treated with BFT and 5
pumol/L ibiglustat burst open, spilling contents into the extracellular matrix (D). Colonoids in
all videos were tracked and bursting events were counted (E). Colonoids were considered
bursting if by 48 h they had lost overall structure and there was no evidence that the outer
epithelial membrane was reforming. We counted all of the colonoids in the well and
calculated the percentage of colonoids that burst within 48 h (n = 12). Group comparisons
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were performed using a one-way ANOVA and Tukey’s multiple comparisons test. Statistical
significance is indicated by asterisks: **P < .01 or ***P < ,001. NS indicates non-significant
results. Control represents concentrated bacterial culture supernatant from ETBFAbft and
BFT represents concentrated bacterial culture supernatant from ETBF. Confocal images
were captured using 20x magnification. Scale bar indicates a distance of 100 um. Compiled
48-hour time-lapse videos can be found in Videos S1-S4
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FIGURE 4.
Inhibition of GBA increases glucosylceramide levels but does not alter colonoid

morphology. Colonoids treated with 20 pmol/L CBE for 24 h or 1 week have increased
levels of glucosylceramide (A). Colonoids cultured in CBE were treated according to the
treatment regimen in Figure 2E and collected at 24 h post-concentrated bacterial culture
supernatant addition for lipid analysis. Total glucosylceramide levels were similar between
control and BFT treatments, but were significantly decreased in the presence of 5 umol/L
ibiglustat (B). Colonoids treated with concentrated bacterial culture supernatant from
ETBFAbftand cultured in CBE did not display any obvious morphological changes when
visualized by confocal microscopy (C). Group comparisons were performed using a one-
way ANOVA and Tukey’s multiple comparisons test, while single comparisons were made
using an unpaired t-test. Statistical significance is indicated by asterisks: **P < .01 or ***p
<.001. NS indicates non-significant results. Error bars represent the standard deviation of
the mean. Vehicle indicates a vehicle control was used (see Materials and Methods). Control
represents concentrated bacterial culture supernatant from ETBFAbftand BFT represents
concentrated bacterial culture supernatant from ETBF. Confocal images were captured using
10x magnification. Scale bar indicates a distance of 100 um
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FIGURE 5.
BFT increases caspase-3 cleavage and reduces cell viability in colonoids. As measured by

western blots, levels of full-length caspase-3 were unaltered in all conditions in normal and
CBE colonoids (A, B). BFT and BFT + 5 pumol/L ibiglustat-treated colonoids have increased
levels of cleaved caspase-3 at 6 h in normal and CBE colonoids (A, C). Cell viability and
apoptosis were determined by flow cytometry using a fixable viability dye (FVD) and
Annexin V (AV) staining, respectively. At 6 h, BFT, control + 5 pmol/L ibiglustat, and BFT
+ 5 umol/L ibiglustat caused significant reductions in the number of viable cells in normal
colonoids, but did not significantly decrease viability in CBE-treated colonoids (D). The
percentage of dead cells was significantly increased in the control + ibiglustat treatment
group, but other treatments did not impact the population of dead cells (E). BFT + ibiglustat
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treatment increased the number of AV + cells, representing cells undergoing early apoptosis,
in normal and CBE colonoids (F). FVD+/AV + cells, representing cells in late apoptosis/
necrosis, were not significantly altered by any of the treatments in either group (G). Western
blot results were compiled among multiple experiments (n = 6 biological replicates),
normalized to their respective B-actin to control for loading, and then normalized to the
average of their respective controls, where the control value was arbitrarily set to one
(normal colonoids were normalized to the average of all control treatments, while CBE
colonoids were normalized to the average of all CBE controls). Representative blots are
shown for each target. Group comparisons were performed using a one-way ANOVA and
Tukey’s multiple comparisons test. Statistical significance of each individual treatment when
compared to the respective control is indicated by asterisks: *P< .05, **P< .01, or ***pP

< .001. Statistical significance between treatment conditions is shown by an asterisk above a
line. NS indicates non-significant results. Error bars represent the standard deviation of the
mean. Control represents concentrated bacterial culture supernatant from ETBFAb7tand
BFT represents concentrated bacterial culture supernatant from ETBF
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BFT decreases E-cadherin levels in colonoids at 6 h and disrupts TJP1 localization.
Colonoids treated with BFT show reduced levels of full-length E-cadherin at 6 h via western

blot, but claudin-3, occludin, and TJP1 levels are not significantly impacted by any treatment

in normal or CBE colonoids (A). Quantification of E-cadherin western blots shows that BFT
significantly decreased levels of full-length E-cadherin in normal and CBE-treated colonoids
when compared with their respective controls (B). Claudin-3 (C), occludin (D), and TJP1
(E) levels were all quantified and did not change significantly when compared to the control
treatments. Confocal immunofluorescence of colonoids for E-cadherin, TIJP1, and DAPI
(nuclear stain) confirms western results. Control-treated colonoids displayed normal E-
cadherin and TJP1 expression (F). The addition of ibiglustat did not impact E-cadherin or
TJP1 expression when compared to the control (G). In colonoids treated with BFT, the E-
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cadherin signal was almost entirely eliminated. TJP1 localization at the apical membrane
was less consistent than in the control treatments (H). BFT + ibiglustat treatment resulted in
almost no E-cadherin expression, while TJP1 localization was disorganized and irregular (1).
Western blot results were compiled among multiple experiments (n = 6 biological replicates
for all targets except occludin, n = 3). Values for each target were normalized to their
respective B-actin value to control for loading variability. Finally, adjusted values were then
normalized to the average of their respective control, where the control value was arbitrarily
set to one (normal colonoids were normalized to the average of all control values, while
CBE colonoids were normalized to the average of all CBE control values). Representative
blots are shown for each target. Group comparisons were performed using a one-way
ANOVA and Tukey’s multiple comparisons test. Statistical significance of each individual
treatment when compared to the respective control is indicated by asterisks: **£< .01 or
*** P < .001. Error bars represent the standard deviation of the mean. Confocal images were
captured using a 63x oil-immersion lens. Scale bar indicates a distance of 10 um. Normal
represents colonoids grown under normal conditions, while CBE represents colonoids grown
in CBE. Control represents concentrated bacterial culture supernatant from ETBFAbftand
BFT represents concentrated bacterial culture supernatant from ETBF
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FIGURE 7.
BFT-treated colonoids are less viable and have decreased TJP1 expression when GCS is

inhibited. Cell viability and apoptosis were determined by flow cytometry using a fixable
viability dye (FVD) and Annexin V (AV) staining, respectively. At 24 h, BFT and BFT +
ibiglustat significantly decreased the number of viable cells in both normal, and CBE
colonoids (A). BFT and BFT + ibiglustat significantly increased the number of dead cells in
CBE colonoids (B). Early apoptotic cells, measured by AV + staining, were not significantly
impacted by any treatment in normal or CBE colonoids (C). Colonoids treated with BFT and
BFT + ibiglustat had significantly higher percentages of cells in the late apoptosis/necrosis
stage in normal colonoids, but non-significantly increased levels in CBE colonoids, as
indicated by FVD+/AV + staining (D). Colonoids were collected 24 h after initial BFT
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treatment for protein and E-cadherin, claudin-3, occludin, and TJP1 were measured (E) and
quantified. E-cadherin levels were non-significantly reduced in normal colonoids treated
with BFT, but close to baseline in CBE colonoids (F). Claudin-3 (G) and occludin (H) levels
were not significantly altered by any treatment. TIP1 expression was significantly decreased
in normal colonoids treated with BFT + ibiglustat when compared to control or BFT alone,
but not in CBE colonoids (I). Western blot results were compiled among multiple
experiments (n = 6 biological replicates for all targets except occludin, n = 3). Values for
each target were normalized to their respective B-actin value to control for loading
variability. Finally, adjusted values were then normalized to the average of their respective
control, where the control value was arbitrarily set to one (normal colonoids were
normalized to the average of all control values, while CBE colonoids were normalized to the
average of all CBE control values). Representative blots are shown for each target. Group
comparisons were performed using a one-way ANOVA and Tukey’s multiple comparisons
test. Statistical significance of each individual treatment when compared to the respective
control is indicated by asterisks: *P < .05, **P< .01, or ***P < ,001. Statistical significance
between treatment groups is shown by an asterisk above a line. Error bars represent the
standard deviation of the mean. Normal represents colonoids grown under normal
conditions, while CBE represents colonoids grown in CBE. Control represents concentrated
bacterial culture supernatant from ETBFAbftand BFT represents concentrated bacterial
culture supernatant from ETBF
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FIGURE 8.
BFT treatment increases colonoid permeability, which is enhanced by GCS inhibition.

Epithelial barrier integrity of colonoids grown normally or in 20 pmol/L CBE was assessed
using a FITC-Dextran permeability assay. Colonoids were treated as described previously
(Figure 2E). Colonoids were removed from the extracellular matrix at 24 h, pelleted, and
resuspended in growth media containing 2 mg/mL of 4 kDa FITC-Dextran. Colonoids were
mounted onto a slide and immediately imaged using DIC and confocal microscopy (n = 15—
29 colonoids/treatment). Control colonoids in normal (A) and CBE (B) groups had very
little internal fluorescence. The addition of ibiglustat significantly increased the permeability
of CBE colonoids (D), but not normal colonoids (C). BFT treatment caused a significant
increase in permeability in normal (E) and CBE (F) colonoids. BFT treatment with ibiglustat
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caused a significant permeability increase in normal colonoids (G), but not CBE colonoids
(H). EDTA-treated colonoids served as a positive control for increased permeability, which
was seen in both treatment groups (1, J). The flourescence values from each treatment group
were quantified and values were normalized to their respective control (K). Group
comparisons were performed using a one-way ANOVA and Tukey’s multiple comparisons
test. Statistical significance of each individual treatment when compared to the respective
control is indicated by asterisks: *P < .05, **P< .01, or ***P< .001. Error bars represent
the standard deviation of the mean. Normal represents colonoids grown under normal
conditions, while CBE represents colonoids grown in CBE. Control represents concentrated
bacterial culture supernatant from ETBFAbftand BFT represents concentrated bacterial
culture supernatant from ETBF
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FIGURE 9.
Pharmacological inhibition of glucocerebrosidase protects colonoids from BFT and

ibiglustat-induced bursting. Colonoids treated with concentrated bacterial culture
supernatant from ETBFAb#t (control) (A) or control + 5 pmol/L ibiglustat (B) showed no
obvious morphology changes over 48 h as visualized by confocal microscopy. Colonoids
treated with BFT undergo dramatic swelling and bubbling and are still in the process of
recovering and returning to normal morphology by 48 h (C). Colonoids treated with BFT
and 5 pmol/L ibiglustat also display a normal BFT response and delayed recovery, but no
colonoid bursting (D). Colonoids in all videos were tracked and bursting events were
counted. Colonoids that appeared to initiate, but not complete, bursting were scored as a
potential colonoid explosion. Potential bursting events from normal colonoids and colonoids
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cultured in CBE were counted and compared across all conditions (E). CBE-treated
colonoids overall had less potential bursting events when compared to colonoids without
CBE. Further, BFT + ibiglustat-treated colonoids had significantly less potential bursting
events in the presence of CBE. Single comparisons were made using an unpaired t-test.
Statistical significance for comparison between treatment groups is indicated by asterisks:
*P< .05 or **P < .01. Error bars represent the standard deviation of the mean. Normal
represents colonoids grown under normal conditions, while CBE represents colonoids grown
in CBE. Control represents concentrated bacterial culture supernatant from ETBFAb7tand
BFT represents concentrated bacterial culture supernatant from ETBF. Confocal images
were captured using 10x magnification. Scale bar indicates a distance of 100 um. Compiled
48-hour time-lapse videos can be found in Videos S5-S8
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FIGURE 10.
A proposed mechanism for the role of glucosylceramide in response to BFT. In a healthy

colon, normal microbiota persists, cells maintain normal levels of glucosylceramide, and
adherens junctions and tight junctions ensure cell-to-cell adhesion (A). When the host is
colonized with ETBF, ETBF joins the microbiota and begins producing BFT, causing a
decrease in CEC E-cadherin levels and an increase in glucosylceramide synthase expression
(B). If glucosylceramide synthase is inhibited in a host colonized with ETBF, E-cadherin
and tight junction protein 1 levels decrease, which leads to an increase in membrane
permeability. Bacterial factors are able to pass through the membrane and interact with host
immune cells in the lamina propria, triggering a Th17-driven pro-inflammatory immune
response (C). Colonization with ETBF in the presence of CBE protects tight junctions and
reduces membrane permeability (D)

FASEB J. Author manuscript; available in PMC 2021 December 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animal experiments
	Lipidomic analysis
	Colonoid isolation and culture
	Bacterial culture and preparation of concentrated bacterial culture supernatants
	Validation of toxin presence and activity in concentrated bacterial culture supernatants
	Colonoid treatment and glucosylceramide modulation
	Cell culture of HT29/C1
	Confocal microscopy
	Quantitative real-time PCR
	Western blot
	Flow cytometry
	Statistics

	RESULTS
	ETBF, through the production of BFT, increases glucosylceramide levels in mouse distal colon and colonic epithelial cells
	Pharmacological reduction of glucosylceramide in the presence of BFT causes colonoids to burst
	Pharmacological inhibition of glucocerebrosidase increases glucosylceramide levels in colonoids but does not alter colonoid morphology
	Inhibition of GCS enhances BFT-induced early apoptosis
	Most early cellular responses to BFT are not dependent on glucosylceramide
	Colonoid viability and tight junction proteins are influenced by glucosylceramide levels 24 hours after BFT treatment
	Colonoid permeability increases in colonoids treated with BFT and ibiglustat
	Increasing levels of glucosylceramide in colonoids prevent BFT-induced bursting

	DISCUSSION
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	FIGURE 7
	FIGURE 8
	FIGURE 9
	FIGURE 10

