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ABSTRACT ARTICLE HISTORY
Endoplasmic reticulum (ER) stress compromises the secretion of MUC2 from goblet cells and has Received 7 August 2020
been linked with inflammatory bowel disease (IBD). Although Bifidobacterium can beneficially ~ Revised 16 February 2021
modulate mucin production, little work has been done investigating the effects of  Accepted 4 March 2021
Bifidobacterium on goblet cell ER stress. We hypothesized that secreted factors from KEYWORDS
Bifidobacterium dentium downregulate ER stress genes and modulates the unfolded protein MUC2; goblet cells;
response (UPR) to promote MUC2 secretion. We identified by mass spectrometry that B. dentium bifidobacteria; ER-stress;
secretes the antioxidant y-glutamylcysteine, which we speculate dampens ER stress-mediated ROS organoids; IL-10; colitis; IBD
and minimizes ER stress phenotypes. B. dentium cell-free supernatant and y-glutamylcysteine were

taken up by human colonic T84 cells, increased glutathione levels, and reduced ROS generated by

the ER-stressors thapsigargin and tunicamycin. Moreover, B. dentium supernatant and y-glutamyl-

cysteine were able to suppress NF-kB activation and IL-8 secretion. We found that B. dentium

supernatant, y-glutamylcysteine, and the positive control IL-10 attenuated the induction of UPR

genes GRP78, CHOP, and sXBP1.To examine ER stress in vivo, we first examined mono-association of

B. dentium in germ-free mice which increased MUC2 and IL-10 levels compared to germ-free

controls. However, no changes were observed in ER stress-related genes, indicating that B. dentium

can promote mucus secretion without inducing ER stress. In a TNBS-mediated ER stress model, we

observed increased levels of UPR genes and pro-inflammatory cytokines in TNBS treated mice,

which were reduced with addition of live B. dentium or y-glutamylcysteine. We also observed

increased colonic and serum levels of IL-10 in B. dentium- and y-glutamylcysteine-treated mice

compared to vehicle control. Immunostaining revealed retention of goblet cells and mucus secre-

tion in both B. dentium- and y-glutamylcysteine-treated animals. Collectively, these data demon-

strate positive modulation of the UPR and MUC2 production by B. dentium-secreted compounds.
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Introduction

The gastrointestinal epithelium functions as a bar-
rier to prevent undesirable luminal antigens or
irritants from entering the body.! The intestinal
barrier is maintained by both the maintenance of
intact epithelial cells and by the protective mucus
layer that overlays the epithelium. Intestinal mucus
is synthesized and secreted from goblet cells.>’
Mucus synthesis starts with dimerization of mucin
MUCQ2 proteins in the endoplasmic reticulum (ER),
followed by O-glycosylation in the Golgi. After
further oligomerization, mature mucins are stored
as granules until they are released from intestinal
goblet cells.* Since mucin synthesis requires precise
continuous folding in the ER, goblet cells are parti-
cularly sensitive to ER stress.*> ER stress occurs
when misfolded proteins accumulate, and this
stress induces signaling pathways that initiate the
unfolded protein response (UPR).®” UPR is
initiated by the heat shock protein family chaper-
one GRP78, which then activates distinct signal
transducers.” ER stress can also generate reactive
oxygen species (ROS) and activate NF-kB.*° The
balance of ROS levels in the ER is critical for home-
ostasis as excessive accumulation of ROS leads to
further accumulation of misfolded proteins,
thereby creating a cycle of ER stress.'”'" Excessive
or chronic ER stress and oxidative stress in goblet
cells reduces MUC2 production, depletes the
mucus barrier, and induces cell injury and
inflammation.

ER and oxidative stress have been implicated as
important contributors to chronic inflammatory
diseases, including inflammatory bowel disease
(IBD).”'*72° Multiple experimental mouse models
have reproduced the ER stress, oxidative stress,
and decreased mucin production observed in
patients, which demonstrate a causative role for
ER stress in intestinal inflammation.**'"**
Compounds commonly used in animal models of
colitis, including 2,4,6-Trinitrobenzenesulfonic
acid (TNBS) and dextran-sodium-sulfate (DSS),
activate ER stress.””° Furthermore, ER-stress
inhibitors ameliorate colitis in mice, which sup-
ports a role for ER stress modulation in intestinal
inflammation.** Additionally, inhibitors of ROS,
which contribute to the pathogenesis of ER stress,
also ameliorate both ER stress and colitis.>>” "%’

The antioxidant glutathione plays a pivotal role
in regulating the ER protein folding process.**™*
Cells generate glutathione through a two-step pro-
cess. First, cells combine glutamate and cysteine to
create y-glutamylcysteine. Then glycine is added to
y-glutamylcysteine to  generate  glutathione.
Reduced levels of y-glutamylcysteine and glu-
tathione have been observed in IBD patients,**>°
which could contribute to the observed levels of
ROS and ER stress. Since the antioxidant capacity
of IBD patients is compromised, many researchers
have speculated that antioxidant therapies may
benefit IBD patients.”" Although administration of
glutathione is safe, research suggests that glu-
tathione is poorly absorbed by the oral route.”*>>
In contrast, oral y-glutamylcysteine is readily
absorbed by the PEPT1 and PEPT2 transporters,
increases glutathione levels, and is safe for use in
patients.”®®> Unfortunately, the commercial pro-
duction of pure y-glutamylcysteine is relatively
cost-prohibitive. Alternatively, intestinal microbes
also produce y-glutamylcysteine; therefore, micro-
bial y-glutamylcysteine could be a source for upre-
gulating host glutathione levels. Bifidobacteria is of
particular interest as select strains have been shown
to alleviate ER stress.® B. dentium ATCC 27678
harbors the GshA gene required for making y-glu-
tamylcysteine. Thus, we hypothesized that B. den-
tium secreted products, particularly the antioxidant
y-glutamylcysteine, could suppress TNBS- or thap-
sigargin-driven ER and oxidative stress, bolster the
mucus layer, and reduce intestinal inflammation.

Methods
Bacterial Culture

Bifidobacterium dentium ATCC 27678 (ATCC,
American Type Culture Collection), a human
fecal isolate, was grown in an anaerobic worksta-
tion (Anaerobe Systems AS-580) with a mixture of
5% CO,, 5% H,, and 90% N, B. dentium was grown
in de Man, Rogosa, and Sharpe (MRS) medium
(Difco) from single colonies at 37°C overnight
anaerobically. B. dentium was subcultured into a
fully defined media, termed LDM4, at an optical
density (ODggonm) = 0.1 as previously described.®’
LDM4 cultures were grown anaerobically for 24 hr



at 37°C. After incubation, cultures were centrifuged
at 5,000 x g for 5 min. The supernatant was adjusted
to a pH of 7 and sterile filtered through a 0.2 um-
pore PVDF-membrane (Polyvinylidene Fluoride,
Millipore). This supernatant is termed “condi-
tioned media.” For animal experiments, B. dentium
was grown overnight anaerobically in MRS and
centrifuged at 5,000 x g for 5 min. Bacteria were
then washed 2x with sterile anaerobic PBS and
adjusted to 10° CFU mL™". These bacteria were
used for oral gavage. Bacterial viability was con-
firmed for each gavage session by serial plating B.
dentium on MRS agar to calculate CFUs.

Mass Spectrometric Analysis of y-glutamylcysteine

The liquid chromatography-tandem mass spectro-
metry (LC-MS/MS) system was comprised of a
Shimadzu Nexera X2 MP Ultrahigh-Performance
Liquid Chromatography (UHPLC) system (Kyoto,
Japan) coupled to a Sciex 6500 QTrap hybrid triple-
quadrupole/linear jon trap MS system from
Danaher (Washington, DC, USA). Operational
control of the LC-MS/MS was performed with
Analyst® (Ver. 1.6.2), and quantitative analysis was
performed using MultiQuant™ (Ver. 3.0.1). The
targeted LC-MS/MS-based metabolomics methods
used for the quantitative analysis of the y-Glu-Cys
content of the LDM4 medium are described in their
entirety in the Supplemental Materials Section.

Tissue Culture

Culturing conditions

Human colon T84 cells (ATCC CCL-248) were
obtained from ATCC and grown in Gibco
Dulbecco’s Modified Eagle Medium
(ThermoFisher) supplemented with 10% fetal
bovine serum (FBS) in a humidified atmosphere
at 37°C, 5% CO, (see supplemental methods for
additional details). T84 cells were grown to conflu-
ence on 24-well tissue culture treated plates and
1 ug/mL ER stressor thapsigargin (Tocris #1138),
10 ug/mL ER stressor tunicamycin (Sigma #T7765-
1 MG), or 0.1 pg/mL IL-1p in the presence or
absence of various concentrations of B. dentium
LDM4 conditioned media, 2 mM y-glutamylcys-
teine (Bachem # 4028244.025), or 50 ng/mL IL-10
(Peprotech #200-10) in DMEM without glucose
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and without FBS for 6 hr. Following incubation,
cells were incubated with TRIZOL for RNA extrac-
tion. For western blot analysis, cells were seeded at
5 x 10 cells/cm” in 12-well tissue culture treated
plates (Corning) until the cells reached confluence.
Once cells reached confluency, T84 cells were
serum starved by incubation overnight in DMEM
without glucose and without FBS at 37°C, 5% CO,.
Cells were then treated with 1 pg/mL thapsigargin
with or without 50% B. dentium LDM4 conditioned
media or y-glutamylcysteine in DMEM without
glucose and without FBS for 8 hr. After incubation,
cells were lysed in lysis buffer and stored at —80°C
until processing. Cell viability was examined by
propidium iodide staining (see supplemental
methods).

ROS and Glutathione Analysis

To examine ROS, T84 cells were pretreated with
5 uM 2",7"-Dichlorofluorescin diacetate
(H,DCFDA; Sigma Aldrich Cat# D6883) for 1 hr
at 37°C, 5% CO,. Cells were then washed gently 2x
with PBS and treated with 10 pg/mL ER stressor
tunicamycin, or 2 mM H,0, in the presence or
absence of various concentrations of B. dentium
LDM4 conditioned media, 2 mM y-glutamylcys-
teine, or IL-10 in DMEM. Cells were incubated
with treatment conditions for 3 hr, washed 3x
with PBS, and then H,DCFDA fluorescence was
examined in cells in PBS on a Synergy HI1 plate
reader at excitation 485 nm/emission 520 nm.
ThiolTracker Violet (ThermoFisher #T10095), an
intracellular thiol probe used to detect glutathione
levels. T84 cells were incubated with B. dentium
LDM4 conditioned media, 2 mM y-glutamylcys-
teine, or IL-10 in DMEM for 3 hr at 37°C, 5%
CO,_ Cells were then washed and incubated with
20 uM ThiolTracker Violet in PBS for 30 min at 37°
C, 5% CO, After incubation, cells were washed and
fluorescence was examined on a Synergy H1 plate
reader at excitation 404 nm/emission 526 nm. y-
glutamylcysteine uptake was examined using fluor-
escein (see supplemental methods).

NF-kB Activation and IL-8 Analysis

To examine NF-kB activation, T84 cells at 80% con-
fluence were transiently transduced with an NF-kB
secreted luciferase reporter (Clontech) in Opti-
MEM (ThermoFisher) using the XtremeGene HP
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DNA transfection reagent (Roche).®® The final con-
centration of 0.6 uL XtremeGene HP:0.3 ug DNA
per well. Cells were then incubated for 48 hours at
37°C, 5% CO2. Following transfection, cells were
treated with 1 ug/mL thapsigargin with or without
50% LDM4 un-inoculated media, 50% B. dentium
LDM4 conditioned media or y-glutamylcysteine in
DMEM without glucose and without FBS overnight.
Supernatant was examined for luciferase activity
using a Lonza Lucetta tube luminometer with a
2 second delay and a 10 second measurement time.
To examine IL-8 production, T84 cells were seeded
into 96-well plates (10,000 cells/well) overnight and
the following day, cells were serum starved for 3 hr
in DMEM without glucose and FBS. Then cells were
treated with 1 pug/mL thapsigargin or 0.1 pg/mL IL-
1B in the presence or absence of various concentra-
tions of B. dentium LDM4 conditioned media or y-
glutamylcysteine. Cells were incubated overnight
(16 hr) and supernatants were examined for IL-8
production by IL-8/CXCL8 DuoSet ELISA (R&D,
#DY208-05).

Mouse Bone Marrow-Derived Dendritic Cell Culture

Mouse bone marrow dendritic cells were isolated as
previously described.®” Briefly, bone marrow was
flushed from the femur and tibia of 8 week old male
Swiss Webster mice, treated with red blood lysis
buffer and 10> mL™" bone marrow cells were seeded
into 10 cm Petri dishes in 10 mL RPMI-1640 with
10% (v/v) heat-inactivated FBS and 100 ng/mL
murine GM-CSF (peprotech #315-03) and IL-4
(peprotech #214-14). Cells were incubated for
7 days at 37°C, 5% CO2 and media were changed
on day 3. On day 6, cells were trypsinized, seeded in
new dishes at 2 x 10> cells/mL and incubated over-
night. On day 7, dendritic cells were treated with
100 ng/mL LPS, un-inoculated LDM4 or B. den-
tium LDM4 conditioned medium and incubated
overnight. The following day, the supernatant was
removed and examined by IL-10 ELISA
(ThermoFisher #88-7105-22).

Mouse Colonic Organoid Culture

Mouse colonic organoids were generated as pre-
viously described.”” Briefly, the colon was excised
from 8-week -old male Swiss Webster mice and

washed thoroughly in ice-cold Ca**/Mg**-free
DPBS. Tissue was incubated in 3 mM EDTA,
DTT, and sucrose for 30 min at 4°C. Crypts were
collected in chelation buffer, centrifuged at 300 x g
for 10 min, and embedded in Matrigel (BD
Biosciences). After Matrigel polymerization,
Matrigel domes were covered with complete
media with growth factors (CMGF+) containing
10 uM Y-27632 rock inhibitor.”* Colonic organoids
were used in experiments after two passages to
ensure cellular debris was removed. For differentia-
tion, colonic organoids were grown for 48 hr in
CMGFH+, then the medium was changed to differ-
entiation media. Delivery of bacterial conditioned
media to the luminal membrane of colonic orga-
noids was achieved by microinjection of 17.6 nL of
solution (media control, uninoculated LDM4, LPS
or B. dentium LDM4 conditioned media) using a
Nanoject microinjector (Drummond Scientific
Company) as previously described.”* Colonic orga-
noids were incubated overnight and supernatant
was  analyzed using an IL-10 ELISA
(ThermoFisher #88-7105-22).

Animal Models

All animal experimental procedures were approved
by the Institutional Animal Care and Use
Committee (IACUC) at Baylor College of
Medicine, Houston, TX. For gnotobiotic experi-
ments, animals were housed in filter-top cages in
sterile isolators at the Baylor College of Medicine
germ-free facility. Swiss Webster germ-free mice
were gavaged with sterile MRS media (Germ-Free
controls) or were gavaged with 3.2 x 10* CFU mL™"
B. dentium ATCC 27678 grown in MRS (B. den-
tium mono-associated). Both groups contained
equal numbers of male and female mice to exclude
gender bias (n = 5 males/5 females per treatment
group). To ensure colonization, mice received oral
gavage treatments once every other day for one
week and a final gavage a week later as previously
described.”” Colonization was confirmed by plating
fecal samples on MRS and Blood Agar (Hardy
Diagnostics). To confirm the absence of other bac-
teria, agar plates were incubated anaerobically and
aerobically at 37°C for 48 hr.

For TNBS experiments, BALB/c mice (8-
12 weeks old) were purchased from Taconic and



housed in the Baylor College of Medicine animal
facility (Feigin Tower). Mice were pretreated by
oral gavage with B. dentium 10° CFU mL™' or
1 mg/kg y-glutamylcysteine (Bachem). After
1 week of pretreatment, mice were anesthetized by
isoflurane inhalation and 5% (wt/vol) 2,4,6-
Trinitrobenzenesulfonic acid (TNBS) in ethanol
was rectally administered. To ensure TNBS reten-
tion, mice were maintained in a vertical position for
2 min. Following TNBS administration, mice
received daily oral gavage of either microbial or y-
glutamylcysteine treatment until euthanasia (3-
5 days). Histological scores of colitis were assessed
by a Texas Children’s Hospital pathologist. Staining
was performed on paraffin embedded colon sec-
tions (see supplemental methods). Colon tissue
was also collected in TRIZOL and used to isolate
RNA (see supplemental methods). Serum cytokines
were analyzed using a Cytokine Magnetic bead
panel (Millipore, cat. #MCYTOMAG) with a
MagPix instrument (see supplemental methods).

Statistics

Data are presented as mean * standard deviation.
Comparisons between groups were made with
Student’s t-test, One-way or Two-way Analysis of
Variance (ANOVA), using the Holm-Sidak post-
hoc test to determine significance between pairwise
comparisons. Graphs and statistics were generated
using GraphPad (GraphPad Software, Inc. La Jolla,
CA). A *p < .05 value was considered significant
while 7 is the number of experiments performed.

Results

B. dentium secretes y-glutamylcysteine which pro-
motes epithelial ~ glutathione production and
diminishes ROS and NF-kB activation
y-glutamylcysteine, the precursor to glutathione,
is a modulator of both oxidative and ER stress. To
determine the ability of B. dentium to produce y-
glutamylcysteine, we grew the bacteria in a fully
defined medium termed LDM4 for 16 hr and
assessed the concentration of y-glutamylcysteine
in the supernatant by mass spectrometry (MS/
MS). B. dentium secreted high levels of y-glutamyl-
cysteine (2.2 £ 0.7 pg/mL) in LDM4. No levels of
microbial glutathione were detected. In the
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intestine, y-glutamylcysteine can be taken up by
PEPT1 and PEPT2 transporters where it can feed
into the host glutathione pathway. To model the
colon, we selected the mucin-producing colonic cell
line T84, which expresses the y-glutamylcysteine
transporter PEPT1, secretes mucus, and has been
previously used to examine ER stress.”>””® To assess
whether B. dentium secreted y-glutamylcysteine
could be incorporated by the host, we fluorescently
labeled all cysteine-containing compounds, includ-
ing y-glutamylcysteine, in B. dentium conditioned
LDM4 with fluorescein-5-maleimide and examined
intracellular localization in T84 cells by flow cyto-
metry and microscopy (Figure la,b). As a control,
we also labeled purified y-glutamylcysteine with
fluorescein-5-maleimide. Consistent with the high
levels of y-glutamylcysteine observed in B. den-
tium-conditioned LDM4, we found high expression
of cysteine-labeled compounds in T84 cells. In con-
trast to unstained T84 cells (3.6 + 0.03%) and 50%
inoculated fluorescently labeled-LDM4 controls
(92 + 1.9%), B. dentium fluorescently labeled
LDM4-conditioned media was present in
89.1 £ 1.91% of cells by flow cytometry (Figure
la). Moreover, purified y-glutamylcysteine was
found in 76.3 £ 1.63% of cells. Fluorescence micro-
scopy confirmed the presence of fluorescently
labeled B. dentium supernatant in T84 cells
(Figure 1b). These data indicate that microbial y-
glutamylcysteine can  enter the intestinal
epithelium.

To confirm that microbial y-glutamylcysteine
could regulate host glutathione, we added purified
y-glutamylcysteine and B. dentium conditioned
LDM4 containing y-glutamylcysteine to T84 cells
and measured glutathione production using a
fluorescent thiol-tracker (Figure 1c). We observed
elevated levels of glutathione in response to B.
dentium and y-glutamylcysteine treatment, indicat-
ing that microbial-derived y-glutamylcysteine is
capable of elevating host glutathione levels. As a
control, we also included IL-10, which has been
shown to suppress goblet cell ER stress and
ROS.**7778 Interestingly, we did not observe any
change in glutathione levels in IL-10 treated cells
compared to their respective media controls.
Glutathione is known to minimize ROS, a bypro-
duct of ER stress and thereby suppress NF-kB
activation.>*** To address the role of microbial y-
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Figure 1. B. dentium y-glutamylcysteine enter host cells, upregulate glutathione and reduce ROS, NF-kB, and cytokine
synthesis. a. Fluorescein-5-Maleimide was used to fluorescently tag cysteine residues in y-glutamylcysteine, B. dentium conditioned
LDM4 media, or uninoculated LDM4 media. Representative histograms from flow cytometry analysis of T84 cells after exposure to
cysteine-tagged y-glutamylcysteine, B. dentium-conditioned LDM4 media, or uninoculated LDM4 media (control) (n = 3/experiment).
b. Representative images of T84 cells following incubation with Fluorescein-5-Maleimide-tagged B. dentium conditioned LDM4 (which
fluorescently labels cysteine residues), counterstained with nuclear dye Hoechst (scale bar = 50 um). c. Measurement of glutathione
levels in T84 cells after 3 hr using a Thiol-tracker, as measured on a fluorescence plate reader (ex/em: 405/528) (n = 3/experiment). d.
Measurement of ROS levels in T84 cells after 3 hr in cells stained with H,DCFDA, as measured on a fluorescent plate reader (ex/em: 485/
528) (n = 3/experiment). e. Secreted NF-kB luciferase quantified from T84 monolayers treated for 16 hr (n = 4/experiment). f. IL-8 levels
of T84 cells after 16 hr incubation with treatment as measured by ELISA(n = 3/experiment). All data is expressed as mean + st dev and
all experiments were repeated 3-4 independent times. *p < .05, Multi-Way ANOVA.

glutamylcysteine in suppressing ROS, we fluores-  B. dentium conditioned LDM4 and y-glutamylcys-

cently labeled T84 cells with H,DCFDA and exam-
ined ROS fluorescence after treatment (Figure 1d).
As expected, y-glutamylcysteine and IL-10 sup-
pressed ROS generated by ER stress (thapsigargin
and tunicamycin) as well as oxidative stress (H,0,).

teine suppressed all forms of ROS, indicating that
microbial compounds can promote host glu-
tathione and suppress ROS. Finally, we examined
NF-kB activation using T84 cells transiently trans-
fected with an NF-kB secreted luciferase reporter



(Figure 1le). In this assay, we also observed
decreased levels of NF-kB in response to ER stress
(thapsigargin) and pro-inflammatory cytokines
(IL-1pB) in our y-glutamylcysteine, B. dentium cell-
free supernatant and IL-10 treated cells. Our NF-kB
activation by IL-1p was consistent with levels of IL-
8, a downstream target (Figure 1f). We found that
B. dentium conditioned LDM4, y-glutamylcysteine,
and IL-10 diminished IL-1B-induced IL-8 produc-
tion. These data provide strong evidence that B.
dentium secreted products, such as y-glutamylcys-
teine, could suppress the ER stress phenotype.
B dentium and y-glutamylcysteine suppress thapsi-
gargin and tunicamycin-induced ER stress in mucin-
producing cell lines

Next, we sought to determine if B. dentium
conditioned LDM4 could dampen ER stress
signaling components. GRP-78 is the major
regulator of ER stress and its activation contri-
butes to the initiation and regulation of inflam-
matory processes and alpoptosis.79’80 We first
examined ER stress signals GRP-78, CHOP,
and xsBP1 by qPCR in T84 cells (Figure 2a,b).
We observed elevated levels of GRP-78, CHOP,
and xsBP1 in response to ER stressors thapsi-
gargin and to a lesser degree tunicamycin.
However, treatment with 50% B. dentium
LDM4 conditioned medium, y-glutamylcys-
teine, and IL-10 significantly suppressed the
expression of all ER stress proteins in the pre-
sence of both thapsigargin and tunicamycin.
Chronic ER stress promotes apoptosis, so we
also examined cell death wusing propidium
iodide after 48 hr of incubation (Figure 2c).
Significant propidium iodide staining, and thus
cell death, was observed in thapsigargin, tuni-
camycin, and H,0, treated cells. Similar propi-
dium iodide staining was observed in
uninoculated LDM4 bacterial media controls.
In contrast, significantly less cell death occurred
in B. dentium-conditioned LDM4, y-glutamyl-
cysteine, and IL-10 treated wells. These data
indicate that B. dentium secreted products,
including y-glutamylcysteine, can suppress ER
stress and apoptosis in mucin-producing cells.

Mono-association of mice with B. dentium stimu-
lates IL-10 and MUC2 production
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Given the dramatic suppression of ER stress by
IL-10 and B. dentium-conditioned LDM4, we next
sought to determine if B. dentium colonization
promoted mucus-production and IL-10 secretion
in vivo. We mono-associated germ-free mice by
oral gavage with live B. dentium and examined the
colonic architecture and mucus layer by H&E and
PAS-AB staining (Figure 3a). We observed normal
crypt architecture by H&E in B. dentium mono-
associated mice, with increased numbers of goblet
cells compared to germ-free controls. Periodic Acid
Schiff-Alcian Blue (PAS-AB) mucus staining con-
firmed that B. dentium colonization increased
mucin-positive goblet cells. This observation was
consistent with increased MUC2 mRNA levels in B.
dentium mono-associated mice compared to germ-
free counterparts (Figure 3b). We also examined
whole colon IL-10 production by qPCR (Figure
3c). We observed elevated IL-10 mRNA and
serum levels in B. dentium mono-associated mice
compared to germ-free controls (Figure 3c,d).
Importantly, we did not observe any changes in
the expression of ER stress genes (GRP-78,
CHOP, or xsBP1) in B. dentium-colonized mice,
suggesting that B. dentium colonization promotes
mucus production without stimulating goblet cell
ER stress.

IL-10 is commonly produced by dendritic cells
and can be produced in response to bacterial
stimulation.*"** To determine if B. dentium
secreted factors could stimulate IL-10 from
immune cells, we generated bone marrow-derived
mouse dendritic cells. Addition of uninoculated
LDM4 had no effect on IL-10 levels as measured
by ELISA (Figure 4a). However, addition of B.
dentium LDM4 conditioned media and y-gluta-
mylcysteine both stimulated IL-10 production. To
confirm that the epithelium was not responsible
for IL-10 synthesis, colonic organoids were gen-
erated from germ-free mice and treated with
uninoculated LDM4, B. dentium-conditioned
LDM4, or y-glutamylcysteine (Figure 4b). The
epithelial cells in the organoids were unable to
produce IL-10, indicating that B. dentium-
secreted products can promote IL-10 from
immune cells such as dendritic cells.

B. dentium and y-glutamylcysteine elevate IL-10
and protect against TNBS colitis
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Figure 2. ER stress can be suppressed by B. dentium, y-glutamylcysteine, and IL-10. a. gPCR analysis of T84 monolayers after 6 hr
incubation with or without the ER-stressor thapsigargin. Cells were treated with either media, 50% un-inoculated LDM4 (LDM4), 50% B.
dentium LDM4 (Bd), 2 mM y-glutamylcysteine (yGC), or 100 ng/mL IL-10 (IL-10) (n = 6/experiment). b. gPCR analysis of T84 monolayers

after 6 hr incubation with or without the ER-stressor tunicamycin (n

= 6/experiment). ¢. Propidium iodide staining of T84 cells after

48 hr incubation with ER stressors (thapsigargin or tunicamycin) or oxidative stressor hydrogen peroxide (H,0,) (n = 6/experiment).

*p < .05, Multi-Way ANOVA.

Colitis-inducing compounds, including TNBS,
are known to activate ER stress.””> > We therefore
investigated whether B. dentium and y-glutamyl-
cysteine could downregulate the molecular features
of ER stress and minimize experimental colitis. We

induced colitis in mice by rectal administration of
TNBS in ethanol, which causes severe colitis as
assessed by histological scoring. As anticipated, we
observed extensive microscopic damage to colonic
architecture in PBS-vehicle control mice with



TNBS compared with untreated mice (Figure 5a).
We observed immune infiltration, transmural
inflammation with thickening of the muscularis,
and loss of crypts and goblet cells in the colons of
PBS-treated TNBS mice; all hallmarks of disease
activity. In contrast, B. dentium- and y-glutamyl-
cysteine-treated TNBS mice exhibited significant
improvement in colonic histopathology compared
with PBS-treated TNBS mice, which is reflected in
the histological scores (Figure 5b). Serum analysis
by Magpix revealed elevated anti-inflammatory IL-
10 in B. dentium- and y-glutamylcysteine-treated
mice with TNBS compared with PBS-vehicle trea-
ted TNBS and untreated mice (Figure 5c).
Additionally, pro-inflammatory cytokines (IFNy,
IL-1a, IL-1B, IL-12, IL6, KC and TNF) were
increased in PBS-treated TNBS mice and were
reduced in TNBS mice treated with B. dentium
and y-glutamylcysteine. We also observed
decreases in ER stress-related genes GRP-78,
CHOP and xsBP1 in B. dentium-treated TNBS
mice compared with PBS-treated TNBS mice
(Figure 5d-F). Furthermore, we noted decreased
levels of GRP-78 and CHOP in y-glutamylcys-
teine-treated TNBS mice compared with PBS-trea-
ted TNBS mice.

Since we observed dramatically enhanced goblet
cell numbers in B. dentium- and y-glutamylcys-
teine-treated TNBS mice, we also assessed goblet
cells by PAS-AB and immunostaining (Figure 6a,
b). While the mucus layer was disrupted in PBS-
treated TNBS mice, B. dentium and y-glutamylcys-
teine administration promoted retention of the
mucus layer and preservation of MUC2-positive
goblet cells. Analysis of colonic tissue by qPCR
confirmed that B. dentium and y-glutamylcysteine
elevated MUC2 and IL-10 levels compared to PBS-
treated TNBS mice (Figure 6¢,d). Collectively these
data support the role of B. dentium secreted com-
pounds, such as y-glutamylcysteine, in promoting
IL-10 and suppressing oxidative and ER stress in
vitro and in vivo. These findings point to the poten-
tial for B. dentium to be used as a targeted thera-
peutic for goblet cell-related diseases.

Discussion

Our data indicate a beneficial role for B. dentium in
reducing activation of ER stress proteins GRP-78,
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CHOP, and xsBP1; proteins that are key mediators
of ER stress in goblet cells. Our work also suggests
that B. dentium-secreted products can suppress ER
stress-driven ROS, elevate glutathione levels, sup-
press NF-kB, and diminish pro-inflammatory cyto-
kines. We have identified that B. dentium secretes
y-glutamylcysteine, which mirrors the activity of B.
dentium-conditioned LDM4 in our studies. Using
bone marrow-derived dendritic cells, we found that
B. dentium-conditioned LDM4 can stimulate IL-10
production, an effect we also observed in vivo in
gnotobiotic and conventionalized mice. We believe
that these two systems, y-glutamylcysteine synth-
esis and IL-10 elevation, work in synergy to
decrease ER stress and ROS, promote goblet cell
homeostasis, and maintain the intestinal mucus
layer. This study is among the first to link a com-
mensal microbe and its secreted products to mod-
ulation of ER stress.

Bifidobacteria is known to beneficially modulate
the host.®>®~! Although multiple mechanisms are
likely involved, modulation of intestinal mucin
production and reduction of inflammation are
likely key pathways Bifidobacteria employ to pro-
mote intestinal homeostasis. Bifidobacteria can
upregulate MUC2 production®” and alleviate ER
stress.® Goblet cells are particularly sensitive to
ER stress'®** and thus modulation of goblet cell
ER stress by Bifidobacteria may represent a signifi-
cant pathway for promoting intestinal health.
Although no microbial metabolites have been pre-
viously identified which suppress ER stress, we
reasoned that y-glutamylcysteine may ameliorate
goblet cell ER stress. y-glutamylcysteine is known
to feed into the glutathione pathway and reduce
oxidative stress.’>*>*"*4*% In this study, we
found that B. dentium secretes y-glutamylcysteine,
which can be converted into the powerful antiox-
idant glutathione and suppress oxidative stress.
Our work indicates that bacterial secreted products
harboring y-glutamylcysteine, as well as purified y-
glutamylcysteine, enter cells and upregulate glu-
tathione levels. Since ER stress activates ROS, we
speculate that bacterial y-glutamylcysteine can sup-
press the negative consequences of ER stress by
acting on ROS. Recent work has suggested that y-
glutamylcysteine alone may likewise serve as an
antioxidant.”* Thus, it is possible that y-glutamyl-
cysteine could also act directly by suppressing ROS.



€1902717-10 M. A. ENGEVIK ET AL.

b 2s- . C 15- d so- *
o ) e
> 20 : > . E 40- *
E 2 10 . g
O 15 o S 30-
= =} <
£ 10- e S s TE' 20-
R . S 5
S 5 2 . & 10-
(]
0- 0- 0-
IR
f(@ y o‘.o\} ,Q& 0(\(\\) &ﬁ& eo@)
00&‘ 06 004“ 06 & 06
e 3+ f s- g s5-
> * [ g, N
] 2 44 R c 44
S 2 . s 2
k=) . O 34 O 34
° H T =
[ ° ° L4 I.E
o T w2 . 2-
I s e Q ° hY
g | 2] o g, .=
[G) ° o 0% n .;.
0 T 0 I 0 I
& & &
G Q G Q ’ (\
& ¥ & ¥ & ¥
© Q& © (2 o <

Figure 3. B. dentium promotes colon MUC2 and IL-10 secretion in gnotobiotic mice. a. Representative images of H&E and Periodic
Acid Schiff-Alcian Blue (PAS-AB) stains of germ-free and B. dentium mono-associated colon (scale bar = 50 um). b. Colonic mRNA
expression of Muc2. c. Colonic mRNA expression of IL-10. d. Serum levels of IL-10 by ELISA. e-g. Colonic mRNA expression of ER-stress
related genes (e) GRP-78, (f) CHOP and (g) sXBP1. All analyses were performed in germ free (n = 10) and B. dentium mono-associated
mice (n = 10). *p < .05, students t-test.

By suppressing ROS, we speculate that y-glutamyl-  tion of the ER stress regulator, GRP-78. This is
cysteine inhibits activation of NF-kB and its initia-  consistent with literature, which suggests that acti-



vation of GRP-78 requires ROS.” In this way, we
reason that our B. dentium-secreted y-glutamylcys-
teine may be modulating ER stress.

Commensal Lactobacilli also harbors the GSHA
genes to produce y-glutamylcysteine. Using the
Integrated Microbial Genomes (IMG) database
(http://img.jgi.doe.gov), we found that L. plan-
tarum, L. salivarius, L. antri, and L. reuteri genomes
contained the gshA gene (glutamate-cysteine
ligase). Interestingly, we found an equal number
of Bifidobacteria genomes, B. adolescentis, B. bifi-
dum, B. pseudocatenulatum, and B. dentium,
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harboring the gshA gene. Using LC-MS/MS, we
confirmed that Lactobacilli could generate y-gluta-
mylcysteine (data not shown). However, B. dentium
produced ~4x higher concentrations of y-glutamyl-
cysteine than our representative lactobacilli.
Moreover, B. dentium can bind to MUC2, * poten-
tially increasing the access of B. dentium secreted
metabolites such as y-glutamylcysteine to the host
epithelium. Not all lactobacilli species can adhere to
intestinal mucus, °*°> which may limit the exposure
of the epithelium to this beneficial compound. We
have previously demonstrated that B. dentium lacks
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Figure 4. Dendritic cells secrete IL-10 in response to B. dentium-conditioned media.a Representative phase-contrast image of
mouse bone-marrow derived dendritic cells and IL-10 measurements of dendritic cell supernatants by ELISA. Dendritic cells (100x, scale
bar = 100 pm) were incubated with either media, 25% un-inoculated LDM4 media, 25% B. dentium conditioned LDM4 media or 2 mM
y-glutamylcysteine for 16 hr. b. Representative phase-contrast image of colonic organoid generated from germ-free mice and IL-10
measurements of organoid supernatant by ELISA. Colonic organoids (400x, scale bar = 50 um) were incubated with either media, 25%
uninoculated LDM4 media, 25% B. dentium-conditioned LDM4 media or 2 mM y-glutamylcysteine for 16 hr. n = 3/experiments,

repeated 2 independent times. *p < .05, One-Way ANOVA.
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the glycosyl hydrolases necessary to degrade
mucin®” and secretes compounds, including acet-
ate, that increase MUC2 expression.®” This makes
B. dentium ideal for treatment in mucin-depleted
states such as that observed in IBD patients.
Another potential benefit of using Bifidobacteria is
that these microbes can be increased in density by
common prebiotics such as inulin, plant-based [-
glucans, or oligofructose.”® As a result, we propose
that bifidobacteria generated y-glutamylcysteine
may provide a suitable strategy for elevating

epithelial glutathione and suppressing goblet cell
ROS and inflammation.

In addition to production of y-glutamylcysteine,
we observed that B. dentium conditioned LDM4
stimulated IL-10 production in immune cells. We
speculate that B. dentium-conditioned media har-
bors other compounds that promote IL-10.
Bifidobacteria is decorated in exopolysaccharides
(EPS), a cell wall component that can be released
into the milieu. Purified EPS from B. longum W11
stimulates IL-10 from human peripheral blood
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Figure 5. B. dentium and y-glutamylcysteine suppress TNBS colitis. a. Representative images of H&E stains of untreated control
animals and TNBS treated animals receiving PBS vehicle, live B. dentium or y-glutamylcysteine (scale bar = 100 um). b. Histological
scores of mice ¢. Serum cytokines heatmap as measured by Illumina Magpix. d-f. Colonic mRNA expression of ER-stress related genes
(d) GRP-78, (D) CHOP and (f) sXBP1. All analyses were performed in untreated (n = 8), TNBS-PBS (n = 10), TNBS-B. dentium-treated
(n = 10) or TNBS- y-glutamylcysteine-treated mice (n = 8). *p < .05, One-Way ANOVA.



mononuclear cells (PBMCs).”” EPS from B. longum
BCRC 14634 also stimulated IL-10 production
from J77A.1 macrophages.”® Therefore, it is possi-
ble that EPS from B. dentium could be contributing
to IL-10 production by dendritic cells and other
immune cells. In addition to secreted compounds
such as EPS, B. dentium metabolites may also con-
tribute to IL-10 production and ER stress reduc-
tion. At present these compounds remain
unidentified, but we believe future studies should
focus on identifying these molecules.

Previous work has shown that IL-10 alleviates ER

stress by regulating recruitment of GRP-78 and
45,9

promotes secretion of mucins from goblet cells.
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In vivo, IL-10 administration in Winnie mice
reduced MUC2 misfolding and inflammation.
Additionally, IL-10 was able to reduce tunicamycin
induced ER stress in LS174T mucin-producing
cells.* Consistent with these findings, we observed
that recombinant IL-10 alleviated tunicamycin-
and thapsigargin-driven ER-stress in mucin-produ-
cing T84 cells. We believe that B. dentium stimula-
tion of dendritic cells to produce IL-10 may also
alleviate goblet cell ER stress in vivo to promote
colonic mucus secretion. Although it is difficult to
delineate which route is more important for sup-
pressing ER stress (IL-10 vs y-glutamylcysteine) in
our model, we speculate that both work together

ControlPBS Bd yGC

TNBS

Figure 6. B. dentium and y-glutamylcysteine promote the retention of colonic goblet cells and mucus. a. Representative images of
PAS-AB stains of untreated control animals and TNBS treated animals receiving PBS vehicle, live B. dentium or y-glutamylcysteine, and
B. dentium mono-associated colon (20x, scale bar = 50 um). b. Representative images of MUC2 and y-actin of untreated control animals
and TNBS-treated animals receiving PBS vehicle, live B. dentium or y-glutamylcysteine, and B. dentium mono-associated colon (scale
bar = 50 um). c. Colonic mRNA expression of Muc2 in untreated control animals or TNBS-treated animals receiving PBS-vehicle, B.
dentium (Bd) or y-glutamylcysteine (yGC). d. Colonic mRNA expression of IL-10 in untreated control animals or TNBS-treated animals
receiving PBS-vehicle, B. dentium (Bd) or y-glutamylcysteine (yGC). n = 5 mice/group. *p < .05, One-Way ANOVA.
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during TNBS colitis to suppress inflammation and
preserve goblet cell numbers and epithelial barrier
integrity.

We selected the T84 human colonic adenocarci-
noma cell line in our experiments as it is well
characterized by anion”'°* and mucin secretion.-
73104 In T84 cells, approximately 10% of the cell
population is mucin-secreting cells.”>'** This mir-
rors the approximately 16% goblet cell population
in the human distal colon.'® Similar to native
goblet cells, T84 cells can be stimulated to secrete
mucin by a number of secretagogues, including
ATP, calcium ionophore A23187, diacylglycerol
(DAG), phorbol ester PMA, forskolin, Vasoactive
intestinal peptide (VIP), y-aminobutryic acid
(GABA), and prostaglandin E1.6773:104,106,107
Moreover, inhibition of calcium-activated potas-
sium channels with barium chloride (BaCl2),
Trimethylamine (TEA), and quinine, as well as
inhibition of calcium mobilization by BAPTA and
autophagy by 3-methyladenine (3-MA) reduces
mucin output significantly.”'**!°® In addition to
shared pathways, electron microscopy analysis of
T84 goblet-like cells reveals structural similarities
to colonic goblet cells”'"” and T84 cells can
respond to bacterial stimuli to synthesize and
secrete MUC2.®” T84 cells have also been pre-
viously used to examine ER stress, ">~/° making
this model ideal for our analysis. We speculate
that our findings with T84 cells likely have many
parallels with native tissue. However, additional
studies using human colonic tissue or human colo-
noids (or organoids) would be beneficial in the
future.

The intestinal mucus layer is essential to main-
tain the proper distance between the luminal con-
tents and the host immune system. The importance
of this barrier is highlighted by the fact that disrup-
tion of the intestinal mucus layer increases inflam-
mation. This has been elegantly demonstrated in
several mouse models (Winnie, MUC2™", AGR2™",
glycan-deficiency, etc.).*'*®*"''> Moreover, these
animal model phenotypes appear to mirror find-
ings in IBD patients.>"'"*""'® Ulcerative colitis
patients in particular have abnormal goblet cell
number, altered mucin glycosylation, decreased
mucus layer thickness, and reduced mucus
integrity.”>'"*"'" Loss of both the thickness and
integrity of the mucus layer is thought to promote

bacterial-epithelial  interactions and  drive
inflammation."**'*! Chronic inflammation leads
to ER stress and activation of NF-kB."® The cycle
of inflammation and ER stress responses is specu-
lated to worsen IBD.”*?

Although antioxidants protect cells from
damage induced by ROS, long-term use of
antioxidants can increase the risk of some
forms of cancer. For example, N-acetylcysteine
(NAC), another compound which feeds into
the glutathione pathway, increases the risk
and accelerates lung cancer progression in
mice.'?>'*> These findings suggest that long-
term administration of ROS suppressing com-
pounds, such as y-glutamylcysteine, should be
approached with caution. B. dentium has a
relative abundance of 3.8% according to the
Human Microbiome Project consortium and
other studies.®””'**"'*® Since B. dentium does
not make up a large portion of the microbiome
under normal conditions, we predict that oral
administration of B. dentium in patients would
likely only elevate B. dentium concentrations
short term and that B. dentium levels would
return to baseline after administration had
ceased. Further studies are necessary to identify
the ability of B. dentium to colonize the colon
long term in adults.

Given the link between ER stress, mucus produc-
tion, and inflammation, many researchers and clin-
icians have begun looking into reducing ER stress
as a potential therapeutic target for IBD. Our work
points to the novel role of B. dentium in alleviating
ER stress, promoting mucus production, and mini-
mizing inflammation. B. dentium is already a mem-
ber of the healthy human gut microbiome and
could be employed to promote a healthy gut.
Based on these findings, we believe that B. dentium
could serve as a next-generation probiotic for
intestinal diseases associated with ER stress and
disrupted mucus, such as IBD.
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