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SUMMARY

We demonstrated that inulin-type fructan enriched exclu-
sive enteral nutrition formula reduced colitis development

in mice likely because of butyrate-dependent pathways that
helped preserve the mucus layer and promote an anti-
inflammatory intestinal environment via expansion of reg-
ulatory T cells.

BACKGROUND & AIMS: Exclusive enteral nutrition (EEN) is
used to treat pediatric Crohn’s disease (CD), but therapeutic
benefits are variable, and EEN can lead to microbial dysbiosis.
Because of reported lower efficacy EEN is not routinely used to
treat pediatric ulcerative colitis (UC). Inulin-type fructans (IN)
beneficially modulate the gut microbiome and promote
expansion of anti-inflammatory immune cells. We hypothesized
that enriching EEN with IN (EEN IN) would enhance treatment
efficacy. To test this, we examined the effects of EEN IN on
colitis development, the gut microbiome, and CD4" T cells us-
ing an adoptive T-cell transfer model of colitis.

METHODS: TCR-8 deficient (/") mice were randomized to 1 of
4 groups: (1) Control, (2) Chow, (3) EEN, and (4) EEN IN, and
naive CD4" T cells were adoptively transferred into groups

2-4, after which mice were monitored for 5 weeks before
experimental endpoint.

RESULTS: Mice fed EEN IN showed greater colitis protection,
with colonic shortening, goblet cell, and crypt density loss
reduced compared with EEN fed mice and reduced disease
activity and immune cell infiltration compared with chow fed
mice, and less crypt hyperplasia and higher survival compared
with both groups. EEN IN mice had less deterioration in the
colonic mucus layer and had increased levels of Foxp3TIL-107
and Roryt'IL-22% and reduced levels of Tbet'IFNy™ and
Tbet"TNF™ CD4" T cells. EEN IN also led to higher butyrate
concentrations, Bifidobacterium spp. and Anaerostipes caccae
relative abundance, and lower [Clostridium] innocuum group
spp. and Escherichia-Shigella spp. relative abundance.

CONCLUSIONS: The EEN IN group showed reduced colitis
development as compared with the chow and EEN groups. This
highlights the potential benefits of EEN IN as a novel induction
therapy for pediatric CD and UC patients. (Cell Mol Gastro-
enterol Hepatol 2021;12:1251-1266; https://doi.org/10.1016/
j.jcmgh.2021.06.011)

Keywords: Prebiotic; Regulatory T Cells; Microbiome; Inflam-
matory Bowel Disease.
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nflammatory bowel disease (IBD) is characterized by
I chronic, relapsing inflammation of the gastrointestinal
(GI) tract. The etiology of IBD is unclear, but it is thought to
involve a complex interaction between genetics, the gut
microbiome, and other environmental triggers that lead to an
aberrant immune response. The most common forms of IBD
are Crohn’s disease (CD), which can affect any part of the GI
tract but is primarily found in the terminal ileum and cecum;
and ulcerative colitis (UC), which affects only the colon. This
idiopathic, relapsing and remitting disease has no cure or
universally efficacious treatment; therefore, novel thera-
peutic strategies to reduce the burden of disease are in high
demand.

Exclusive enteral nutrition (EEN), a nutritionally com-
plete liquid diet with no food intake, is considered the gold
standard treatment for inducing disease remission in newly
diagnosed pediatric CD patients.”* It provides comparable
benefits over standard medications (ie, corticosteroids and
5-aminosalicylates agents) but also promotes mucosal
healing and improved nutritional status, as well as bone
health and linear growth." The mechanism(s) by which
EEN achieves these benefits are unknown, but changes in
the gut microbiota,” inflammatory mediators,”’ and intes-
tinal barrier function® are likely implicated. EEN is not
routinely used in active UC patients because it is less
efficacious in this patient group.” A reason for the lower
efficacy may be related to the lack of indigestible sub-
strates (ie, fiber or prebiotics) found in the EEN formula
predominately used; therefore, by the time the EEN rea-
ches the inflamed colon of UC patients, most of the bene-
ficial nutrients have already been absorbed in the small
bowel. Even among CD patients, the benefits of EEN are
variable, with up to 30% of patients not responding clini-
cally and up to 50% of patients not responding endo-
scopically to EEN.'” EEN treatment is also often associated
with a dysbiotic gut microbiota profile (ie, lower alpha
diversity and Bifidobacterium spp- relative
abundance)."’ ' We suspect the absence of prebiotics and
fiber in EEN formula may be responsible for its suboptimal
efficacy and outcomes in children with IBD. Hence, the
addition of fiber or prebiotics to EEN formula might in-
crease its efficacy, especially in more distal disease, and
may prevent EEN associated dysbiosis.

Previous studies have demonstrated that prebiotics and
fiber beneficially modulate the gut microbiome and reduce
inflammation in IBD."*"*¢ Inulin-type fructans (IN) appear to
be particularly promising in enhancing clinical outcomes in
adult IBD patients, suppressing inflammation as well as
modulating the composition and function of the gut micro-
biome.'>'” However, to date, no studies have investigated the
therapeutic efficacy of an IN enriched EEN (EEN IN) using
animal models of colitis or in IBD patients. We hypothesize
that the addition of IN to EEN will lead to beneficial modula-
tion of the gut microbiome and promote the expansion of anti-
inflammatory CD4" T cells, which will lead to suppression of
colitis as compared with chow and EEN fed groups. Thus, we
investigated the potential anti-inflammatory and gut micro-
biome modulating properties of a novel EEN IN formula, as
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compared with fiber-free EEN and chow, using a well-
established adoptive T-cell transfer model of murine colitis.

Results

Mice Fed EEN IN Were Protected From Developing
Colitis. We first compared the effect of enriching EEN
with IN by determining the protective effects of this diet
compared with EEN alone or normal chow diet in an
adoptive T-cell transfer model of colitis in TCR-g deficient
(/) C57BL/6 mice. As measured by disease activity score
(DAS), there was significantly more colitis development in
the chow group as compared with the control and EEN IN
groups because more chow fed mice experienced weight
loss and diarrhea. Colitis development was also lower in
the EEN IN group compared with the EEN group; however,
this difference did not reach significance (Figure 14). The
EEN fed mice had a higher body weight change at the end
of the experiment when compared with all other groups
(Figure 1B). This is likely explained by the higher calorie
consumption observed in the EEN group (Table 1).
Although the caloric intake in the EEN IN group was higher
than in the chow and control groups, it was still lower than
the EEN group likely because of the addition of fiber
having a satiating effect,'® which led to lower average
amounts of formula consumed (Table 1) and subsequently
less weight gain (Figure 1B). Moreover, all control and
EEN IN mice survived until the end of the experiment;
however, survival rates were only 92% and 77% in the
EEN and chow groups, respectively. Several mice in these
groups had to be euthanized early as they reached humane
endpoint because of the development of severe colitis
(Figure 1C). Although EEN and chow fed mice had
increased spleen weights (indicating more severe colitis)
compared with the control group, strikingly, spleen
weights in the EEN IN group were comparable with those
of the control group. The EEN IN group also had signifi-
cantly lower spleen weights as compared with the chow
group. Lower spleen weights in the EEN IN fed mice sug-
gest reduced systemic inflammation particularly in com-
parison with the chow fed mice (Figure 1D). EEN IN fed
mice also experienced significantly less colonic shortening
compared with EEN fed mice, with colon lengths similar to
control mice (Figure 1E).

Abbreviations used in this paper: BCFA, branch-chain fatty acids; CD,
Crohn’s di DAS, di activity score; EEN, exclusive enteral
nutrition; EEN IN, inulin-type fructan enriched exclusive enteral nutri-
tion; Gl, gastrointestinal; GPR, G-protein coupled receptor; HDAC,
histone deacetylase; IBD, inflammatory bowel disease; IL, interleukin;
IN, inulin-type fructan; IP, intraperitoneal; MLN, mesenteric lymph
nodes; PAS, periodic acid-Schiff; PBS, phosphate-buffered saline;
PPARY, proliferator-activated receptor gamma; SCFA, short-chain
fatty acid; Tregs, regulatory T cells; UC, ulcerative colitis.
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Figure 1. TCR-8 deficient () C57BL/6 mice were fed normal chow (chow), EEN, or EEN IN diet, and colitis was induced
via adoptive T-cell transfer; control mice received PBS injection and were on a chow diet. (A) DAS, (B) body weight
change, (C) survival rates, (D) spleen weight, and (E) colon length between the 4 intervention groups (n = 13 mice/group; each
data point represents 1 mouse). Data shown are mean + standard error of the mean. Statistical analysis used one-way analysis

of variance. *P < .05, *P < .01, **P < .001, ***P < .0001.

Minimal Histopathologic Changes and Loss of
Mucus Layer Thickness Observed in EEN IN Fed
Mice. H&E stained distal colonic sections were scored by 2
independent observers to determine whether differences in
individual criteria scores were evident. The chow and EEN
groups were characterized by increased inflammatory cell
infiltration, goblet cell and crypt density loss, crypt hyper-
plasia, and submucosal inflammation compared with the
control group. In contrast, only inflammatory cell infiltration
was significantly elevated in the EEN IN group as compared
with the control group; no other histopathologic evidence of
colitis was observed (Figure 24 and B).

Mid colonic sections were stained with Alcian blue/pe-
riodic acid-Schiff (PAS) to investigate the effect each inter-
vention had on goblet cell numbers and the mucus layer.
Goblet cell numbers were significantly lower in the chow
group as compared with the EEN IN group (Figure 3A4).
Although colitis in both the chow and EEN groups led to
significantly thinner mucus layers, as compared with the
control group, there was no significant reduction in mucus
layer thickness in the EEN IN group (Figure 3B). Therefore,
an IN enriched EEN formula helped preserve goblet cell
numbers and minimized the deterioration in the mucus
layer compared with chow and EEN fed mice. In addition, it
appears that acidic mucins were more prevalent in the EEN
and EEN IN groups (goblet cells stained blue), whereas the
control and chow groups appear to have both acidic and
neutral mucins (goblet cells stained a mix of magenta and
purple) (Figure 3C).

EEN IN Results in Reduced Pro-inflammatory and
Expanded Anti-inflammatory CD4" T-Cell Subsets. Next,

we investigated whether there were any differences in
the presence of pro-inflammatory and anti-inflammatory
CD4* T-cell subsets in the spleen and mesenteric/
colonic lymph nodes (MLN) between the chow, EEN, and
EEN IN groups. Because the control mice were «f T-cell
deficient because of the absence of function of TCR-8 loci
and were not adoptively transferred with naive CD4"
T cells, CD4" T-cell numbers were very low compared
with the other groups (0.25% versus 5.58%); therefore,
these mice were not included in the CD4" T-cell subset
analysis.

Chow fed mice were shown to have higher frequencies of
the pro-inflammatory (Tbet'IFNy" and Tbet"TNF") CD4*
T-cell subsets in the spleen and MLN as compared with the
EEN and EEN IN groups (Figure 4B-E). Although there were
no significant differences in pro-inflammatory Roryt'IL-
17A" CD4™" T cells in the spleen and MLN between groups
(Figure 4F and G), there was a significant increase in fre-
quency of anti-inflammatory Foxp3'IL-10" (regulatory T
cells) and Roryt*IL-22" CD4™" T cells in the spleen and MLN
of mice fed EEN IN compared with mice fed a chow diet
(Figure 4H-K). In addition, the frequency of splenic
Roryt"IL-22" CD4" T cells was also significantly increased
in the EEN IN fed mice compared with EEN fed mice
(Figure 4H). Taken together, these data suggest that con-
sumption of EEN IN increased the frequency of anti-colitic
CD4+ T-cell subsets conferring protection against overt
immune activation and colitis development.

Beneficial Modulation of the Gut Microbiome in EEN
IN Fed Mice. We undertook 16s rRNA sequencing of stool
samples collected before and after treatment to determine
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Table 1.Nutritional Composition of Experimental Diets as well as Average Intake of Each Diet per Group

Control/Chow EEN EEN IN
Diet type Teklad TD.97184 (AIN-93G) Ensure Plus Ensure Plus and Orafti Synergy 1
Energy (kcal/g or kcal/mL) 3.8 1.51 1.57
Protein (%) 18.8 15.1 14.6
Fat (%) 17.2 28 27.7
Carbohydrate (%) 63.9 56.9 57.9
Fiber (%) 5 0 3
Fiber sources Cellulose, poorly fermented None 50:50 inulin and FOS
Average amount consumed (g or mL) 2.78 - Control; 8.58 7.8

2.49 — Chow

Average calories consumed (kcal/day) 10.56 — Control; 12.96 12.24

9.46 — Chow

EEN, standard exclusive enteral nutrition; EEN IN, inulin-type fructan enriched exclusive enteral nutrition; FOS, fructo-

oligosaccharide.

what impact each dietary intervention had on the gut
microbiota because dysbiosis (imbalance in the gut micro-
biota) is often associated with EEN (fiber-free) treatment.
We observed a reduction in observed alpha diversity (count
of unique operational taxonomy units per sample) in the
chow and EEN groups from before (pre) to after (post)
treatment (Figure 54). We also examined whether there
were changes in beta diversity (extent of change in the
community composition) from before to after treatment in
each group. Two distinct clusters are evident (Figure 5B);
however, it appears that the separation in these clusters is
not driven by treatment or timepoint but instead by
microbiota specific cage and experiment effects (Figure 5C).
Regardless of the cage and experiment effects, it does
appear that there is a similar shift in the gut microbiota
community from before to after treatment as indicated by
the arrows within each treatment group pointing in a
similar direction (Figure 5D).

Notably, several taxa specific changes in the gut micro-
biota were also evident within each treatment group
(Figure 6A). Specifically, the inulin-utilizing taxa Bifido-
bacterium spp. significantly increased in the EEN IN group,
whereas it significantly decreased in the EEN group after
treatment (Figure 6B and C). In addition, the known
butyrate-producing taxa, Anaerostipes caccae, increased
around 100-fold in the EEN IN group but was undetectable
after treatment in all other treatment groups (Figure 6D
and E). Conversely, potentially pathogenic taxa such as the
[Clostridium] innocuum group spp. (Figure 6F and G) and
Escherichia-Shigella spp. (chow only) (Figure 6H and I)
increased in the chow and EEN groups after treatment,
whereas these bacterial taxa did not significantly change in
the control and EEN IN groups.

Concentrations of certain microbial metabolites such as
short-chain fatty acids (SCFAs), particularly butyrate, have
also been shown to be reduced in IBD patients. Therefore,
we investigated whether EEN IN could enhance butyrate
production, especially because EEN IN led to a bloom in the
butyrate-producer Anaerostipes caccae. Indeed, cecal

butyrate (Figure 7A4) production was significantly higher in
the EEN IN group as compared with the chow and EEN
groups. In contrast, neither cecal acetate (Figure 7B) nor
propionate (Figure 7C) concentrations differed between any
of the intervention groups. However, the branch-chain fatty
acids (BCFAs), isobutyrate (Figure 7D) and isovalerate
(Figure 7E), were found in significantly higher concentra-
tions in the EEN group but in significantly lower concen-
trations after treatment in the EEN IN group, respectively.
These data suggest that the addition of IN to EEN can lead to
beneficial shifts in key microbial taxa, as well as a reduction
in the concentrations of BCFAs and enhanced production of
beneficial metabolites such as butyrate.

Discussion

In this study, we demonstrated that an EEN IN diet
suppressed colitis development in an adoptive T-cell
transfer model, with concomitant expansion of anti-
inflammatory CD4" T cells and beneficial modulation of
the gut microbiome. Specifically, consumption of an EEN
IN diet led to 100% survival rate, as well as lower spleen
weights, no colonic shortening, and minimal histopatho-
logic changes in adoptive T-cell transferred mice
compared with the EEN and chow groups. The EEN IN
group also experienced less deterioration in the mucus
layer along with higher colonic goblet cell counts. More-
over, we observed lower proportions of pro-inflammatory
CD4" T cells and higher proportions of anti-inflammatory
CD4" T cells in the spleen and MLN of EEN IN fed mice.
Last, the gut microbiome of the EEN IN fed mice was
characterized by a significant increase in relative abun-
dance of Bifidobacterium spp. and Anaerostipes caccae and
lower counts of [Clostridium] innoccum group spp. and
Escherichia-Shigella spp. as well as higher butyrate
production.

Studies have shown that consumption of IN enhances
health outcomes associated with several diseases.'”*’ One
key property of IN is its ability to lead to a bloom in
bacterial taxa such as Bifidobacterium and Lactobacillus,**
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Figure 2. (A) Stacked bar graph showing the mean (+ standard error of the mean) total histology scores as well as
individual histology criteria score differences between the 4 intervention groups (n = 13 mice/group). Significant dif-
ferences in individual histology criteria scores, using two-way analysis of variance, are depicted as follows: *control differs
from chow, EEN, or EEN IN (P < .05), ~chow differs from EEN IN (P < .05), @ EEN differs from EEN IN (P < .05). (B)
Representative images of H&E stained distal colonic tissue from the control, chow, EEN, and EEN IN groups (original
magnification x20; scale bar is 50 um). Interpretation of these data by 2 independent observers was control, normal histo-
pathology; chow and EEN, inflammatory infiltration, hyperplasia, submucosal inflammation, crypt density, and goblet cell loss;

EEN IN, mild inflammatory infiltration.

which, because of their ability to cross feed with
butyrate-producing microbes such as Anaerostipes spp.,*
means IN also stimulates increased production of buty-
rate.”” In fact, several of the health benefits associated
with IN are thought to be related to its butyrogenic
properties. Butyrate is a microbial metabolite that pro-
tects against several diseases such as colorectal cancer,**
diabetes,”” obesity,”> and IBD?° via enhanced secretion
of satiety hormones,”” maintenance of intestinal barrier
function,”® improved insulin sensitivity,”> and regulation
of immune responses.29

One immune cell subset known to expand in the pres-
ence of high concentrations of butyrate are regulatory T
cells (Tregs).”’ Tregs are a subpopulation of CD4" T cells
essential for the maintenance of immune tolerance toward
self-antigens and non-self-antigens.’’ There are several
Treg subsets, although the major subset is defined by
expression of the master transcription factor Foxp3.*!
Although most studies on Tregs focus on their induction
of xenograft tolerance, emerging evidence suggests that

Tregs also induce tolerance toward resident microbiota as
well as food antigens.**** Despite these advancements, it is
unclear whether Tregs can be induced by the microbiota
and/or their metabolites through the administration of
fermentable fibers such as IN. In this study we demon-
strated that consumption of IN enriched EEN led to an
expansion of Tregs, specifically Foxp3¥IL-10" CD4™ T cells,
which suggests that fermentable fibers can induce Treg
differentiation likely via a pathway dependent on IN
stimulated butyrate production by resident gut microbes.
In addition, a key anti-inflammatory cytokine Tregs pro-
duce, interleukin (IL) 10, plays an important role in GI
homeostasis, with higher production of IL10 leading to
suppression of inflammation.** Several mechanisms have
been proposed that link butyrate to the expansion of Tregs.
First, butyrate acts as a ligand up-regulating peroxisome
proliferator-activated receptor gamma (PPARy) within in-
testinal epithelial cells, which subsequently promotes Treg
differentiation and survival by regulating Foxp3.* The up-
regulation of PPARy can also inhibit nuclear factor kappa
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B, a critical pro-inflammatory transcription factor, leading
to a reduction in pro-inflammatory effector T cells.**>°
Butyrate also binds with high affinity to G-protein
coupled receptors (GPR) GPR41, GPR43, and GRP109a.
Butyrate bound GPRs promote antigen presenting cells (ie,
dendritic cells) to differentiate toward a more tolerogenic
phenotype, which subsequently induces Treg expansion
and increases IL10 production.®” Last, Foxp3 is also up-
regulated via butyrate-dependent histone deacetylase
(HDAC) inhibition, which potentiates the differentiation of
naive T cells to Tregs.”””?

Increased proportions of Roryt'IL-22% CD4" T cells
were also observed in mice fed EEN IN. Similar to Tregs,
the expansion of IL22 producing CD4* T cells is thought to
be regulated by microbiota-derived butyrate via GPR41
binding and inhibition of HDAC. CD4" T-cell derived IL22
has also been shown to suppress hyperactive immune
responses in the intestine’”*’ and enhance intestinal
epithelial barrier function.*' Microbiota-derived butyrate
also has the capacity to regulate mucus production via an
IL22-dependent mechanism.*” This is important because
an intact mucus layer provides a barrier between the un-
derlying intestinal epithelium and the microbes and food
antigens within the lumen. Deterioration or weakening of
the mucus layer can lead to encroachment of luminal mi-
crobes, leading to a pro-inflammatory response by intes-
tinal epithelial cells and underlying immune cells. In

Control Chow

measurement). ©)
Representative images of
Alcian blue/PAS stained
mid colonic sections from
each intervention group
(original magnification
x40; scale bar is 40 um).
White arrow depicts the
mucus layer thickness for
each group. Acidic mucins
stained blue, neutral mu-
cins stained magenta, and
mix of acidic and neutral
mucins stained blue/purple
within goblet cells. Statis-
tical analysis used one-
way analysis of variance.
*P < .05, P < .01, ™ P <
.001.

T T
EEN EENIN

addition, butyrate, independent of IL22, is able to enhance
mucosal barrier integrity directly by stimulating mucin
production by goblet cells.* Therefore, we propose that
EEN IN fed mice were protected from developing colitis
via an IN-driven, butyrate-dependent expansion of anti-
inflammatory and potentially mucin stimulating T-cell
subsets (Foxp3IL-10" and Roryt'IL-22" CD4" T cells).
In contrast to EEN IN fed mice, EEN and chow fed mice
experienced colitis ranging from mild/moderate to severe.
The EEN and chow groups both lacked fermentable fiber
substrates, which may at least partially explain the sub-
optimal outcomes observed in these groups as compared
with the EEN IN group. Previous research has shown that
chronic or intermittent reductions in dietary fiber cause
the gut microbiota to use endogenous fermentable sub-
strates, such as mucin glycoproteins within the intestinal
mucus layer, as an energy source. A fiber-devoid diet
subsequently leads to a shift in the gut microbiota from
fiber-utilizing to mucus-eroding taxa. This leads to mucus
layer deterioration and intestinal barrier dysfunction,
which promotes intestinal inflammation.**** Dietary fiber
deprivation also leads to a reduction in butyrate produc-
tion,*® impairing the beneficial immunomodulatory prop-
erties associated with this microbial metabolite (as
outlined above). Therefore, the lack of available ferment-
able fiber in the EEN and chow diets likely promoted co-
litis development via deterioration of the mucus layer,
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alterations in gut microbiota composition, reduced buty- EEN and chow feeding led to a dysbiotic gut microbiota

rate production, and an imbalance in pro- vs anti- profile characterized by reduced alpha diversity, a bloom
inflammatory CD4" T-cell subsets. in the potentially pathogenic microbes [Clostridium]
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innocuum group spp. and Escherichia-Shigella spp. (chow
only), and less beneficial microbes such as Bifidobacterium
spp- and Anaerostipes caccae. Maintaining a more diverse
gut microbiota composition is generally considered bene-
ficial to health, with lower alpha diversity being associated
with several disease states such as irritable bowel syn-
drome,”” obesity,"® and IBD.*’ Previous studies have
demonstrated that EEN interventions in CD patients lead
to rapid reductions in microbial diversity,”® which aligns
with what we observed in mice fed EEN. EEN and chow fed
mice also experienced a bloom in bacterial taxa known to
cause bacteremia®’ and recurrent diarrhea,”” be in higher
abundances in IBD patients,' and/or are associated with
non-sustained remission once EEN is discontinued."® The
increase in potentially pathogenic bacteria paralleled a

0.25 Wilcoxon rank-sum test.

AP < .06, *P < .05.

significant reduction in bacteria with known anti-
inflammatory properties such as Bifidobacterium spp.,”*
as well as butyrate-producing bacteria (ie, Anaerostipes
caccae)*” in the EEN and chow groups. In addition, both
the chow and EEN groups had similar levels of the SCFAs
analyzed, and the chow and EEN groups had lower buty-
rate concentrations compared with the EEN IN group.
Moreover, the chow group had higher levels of the BCFA
isovalerate, and the EEN group had higher levels of both
isovalerate and isobutyrate. BCFAs, such as isovalerate and
isobutyrate, are indicative of proteolytic fermentation.”*
Because of the lack of fiber in these diets it is possible
that the shifts in the gut microbiome led to higher rates of
fermentation of amino acids, promoting BCFA production.
Little is known about the physiological role BCFAs play,
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but some studies suggest that increased protein fermen-
tation and subsequent BCFA production may have detri-
mental effects on health.”**> Taken together, it appears
that a lack of fiber in the chow and EEN diets led to

thinning of the protective mucus layer and a shift toward a
more dysbiotic gut microbiome profile, which resulted in
the proliferation of pro-inflammatory effectors CD4+ T
cells and subsequent development of colitis.
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EEN is considered one of the gold standard therapies
used to treat newly diagnosed pediatric CD patients;
therefore, we expected less severe colitis to develop in mice
within the EEN group. However, the adoptive T-cell transfer
model is more reflective of human UC (colonic involvement

only) rather than CD; therefore, these results may align
more closely with the lower EEN efficacy observed in UC
patients.

Conclusion

We can conclude that within an adoptive T-cell transfer
model of colitis, IN enriched EEN led to several favorable
outcomes. EEN IN was superior to EEN and chow because it
suppressed colitis development, resulted in less deteriora-
tion of the mucus layer, increased butyrate production,
promoted increased relative abundance of beneficial mi-
crobes (Bifidobacterium spp. and Anaerostipes caccae),

reduced relative abundance of potentially pathogenic mi-
crobes ([Clostridium] innoccum group spp. and Escherichia-
Shigella spp.), and led to an expansion of anti-inflammatory
T-cell subsets, including IL10 producing Foxp3™ Tregs. We
postulate that the enhanced disease outcomes observed in
EEN IN mice occurred via butyrate-dependent pathways
that helped preserve the mucus layer and promoted an anti-
inflammatory intestinal environment.

This study investigates whether the addition of IN to
EEN leads to enhanced outcomes compared with fiber-free
EEN, the predominant formula used as an induction ther-
apy in pediatric CD. Novel alternative or complementary
pediatric IBD therapies with minimal side effects are
currently in high demand, particularly for pediatric UC pa-
tients, where to date nutritional interventions have pro-
vided minimal benefit in helping induce remission. These
data provide preclinical evidence to support undertaking
human studies to investigate whether IN enriched EEN is a
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superior alternative option to fiber-free EEN for the treat-
ment of both UC and CD patients.

Materials and Methods

Adoptive T-Cell Transfer Model of Colitis. TCR-87
C57BL/6 mice were bred at BC Children’s Hospital Research
Institute animal facility under specific pathogen-free con-
ditions and were used at 8-14 weeks of age. A mix of both
male and female mice were used, with a ratio of male to
female of approximately 3:1 per group. We used 52 mice
housed in at least 4 separate cages per group to help control
for microbiome specific cage effects,”® with 13 mice
randomly assigned to each of the 4 intervention groups: (1)
control group received a phosphate-buffered saline (PBS)
intraperitoneal (IP) injection and standard chow diet
(negative control), (2) chow group received a naive T-cell IP
injection and standard chow diet (positive control), (3) EEN
group received a naive T-cell IP injection and enteral for-
mula without fiber, and (4) EEN IN group received a naive
T-cell IP injection and enteral formula with fiber. Animal
care, maintenance, and experimental procedures were
approved by the University of British Columbia Animal Care
Committee (permit number: A19-0254) and performed in
accordance with the Canadian Council on Animal Care
(CccAQ).

Naive T-Cell Sorting and Adoptive T-Cell Transfer.
Spleens and lymph nodes from female 8- to 12-week-old
Thy1.17/" Foxp3-eGFP mice®* were processed into single
cell suspensions by mashing the organs using a 40 um nylon
cell strainer. CD4" T cells were isolated from the cell sus-
pension by magnetic bead selection (STEMCELL Technolo-
gies, Vancouver, Canada), then stained for viability
(eFluor780; Thermo Fisher, Pittsburgh, PA), followed by
surface staining using fluorescence conjugated anti-mouse
CD4 (GK1.5, Thermo Fisher) and CD44 (IM7, Thermo
Fisher). Naive CD4" T cells, defined as CD4", CD25",
CD44"%, and Foxp3"eg/1°"", were sorted by fluorescence
activated cell sorting to a purity of 95%. The resulting naive
CD4" T cells were washed twice with PBS, enumerated
using a hemocytometer, and resuspended in PBS to a con-
centration of 2.5 million cells/mL.

A 200 uL aliquot of naive CD4™ T cells (0.5 million cells)
or PBS (control group only) were intraperitoneally injected
into the recipient TCR-87" mice. This adoptive T-cell trans-
fer leads to a gut microbiota dependent expansion of naive
CD4" T cells into effector CD4™ T cells, which leads to sig-
nificant colitis by 4-8 weeks after injection.”’ Certain
environmental factors (ie, diet) and/or changes in the gut
microbiome have the potential to limit colitis development
by promoting the expansion of anti-inflammatory CD4* T-
cell subsets and suppressing pro-inflammatory CD4" T-cell
subsets.

Diets. Mice were commenced on their respective diets
immediately after naive CD4" T-cell adoptive transfer. The
control and chow groups were provided with ad libitum
access to water (H,0) and to Teklad TD.97184 diet
(Envigo, Madison, WI), a standard irradiated chow with
5% cellulose (poorly fermented fiber source). The EEN
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mice were fed ad libitum fiber-free enteral formula
(Ensure Plus; Abbott Laboratories, Chicago, IL) in their
H,0 bottles. The EEN IN mice were fed ad libitum enteral
formula (Ensure Plus) enriched with 3% IN prebiotic
(Orafti Synergy 1; Beneo, Mannheim, Germany) in their
H,0 bottles (Table 1). The mice continued on their
respective diets until the end of the experiment at 5 weeks
after adoptive T-cell transfer.

Body Weight and Food Intake. Body weight and food
intake were monitored daily. Change in body weight was
reported as a percentage drop or gain in body weight from
the original weight as measured on the day of adoptive
T-cell transfer.

Disease Activity Scores. Disease activity was monitored
in mice twice weekly until at least one mouse lost >10%
body weight, and then disease activity was monitored
daily. The DAS were determined using a previously re-
ported scoring system,”® which is based on percentage
loss of body weight, stool consistency, and signs of in-
testinal bleeding.

Survival. If mice reached their humane endpoint before
the end of the experiment, which was 5 weeks after adop-
tive T-cell transfer, they were euthanized. Humane endpoint
was reached if mice lost >20% of their original body weight,
had severe rectal excoriation due to diarrhea, and/or had a
pronounced decline in activity with a hunched appearance.
Spleen Weight and Colon Length. At the end of the
experiment, mice were anesthetized with isoflurane and
then euthanized via carbon dioxide asphyxiation and cer-
vical dislocation. Spleens were removed, weighed, and then
stored on ice in PBS with 2% fetal bovine serum and 2
mmol/L EDTA before flow cytometry analysis. Colons were
also removed, and their lengths were recorded. Each colon
was then cut, and a longitudinal section of the distal colon
was taken for H&E staining. A cross section of the mid-colon,
which contained part of a fecal pellet to better visualize the
mucus layer, was also taken for Alcian blue/periodic acid-
Schiff (PAS) staining.

H&E and Alcian Blue/PAS Staining. The longitudinal
distal colonic sections, used for H&E staining, were fixed in
10% neutral buffered formalin (Fischer Scientific) for 24
hours and then transferred to 70% ethanol. The cross sec-
tions of the mid colon, used for Alcian blue/PAS staining,
were immediately fixed in methacarn (60% methanol, 10%
acetic acid glacial, and 30% chloroform) at 4°C overnight
and transferred to 100% methanol for 1 hour and then
100% ethanol. Fixed tissue was embedded in paraffin, and 4
um sections were cut.

H&E Staining. H&E staining was performed using stan-
dard procedures. In brief, the slides were first washed in
H,0 for 1 minute and then stained with hematoxylin for 5
minutes. The slides were washed again in H,0 for 1 minute
and then dipped 1-2 times in 1% acid alcohol. After
washing for 30 seconds the slides were added to saturated
lithium carbonate for 30 seconds. The slides were washed
again and then checked microscopically to ensure the nu-
clear staining was adequate. If necessary, the slides were re-
stained by repeating the previous steps. The slides were
next immersed in 70% isopropyl alcohol for 30 seconds and
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then stained with 1% eosin (in 80% alcohol) for 15-30
seconds. The slides were added to 80% and then 90% iso-
propyl alcohol for 10 seconds each and then washed in
100% isopropyl alcohol twice for 1 minute each. They were
allowed to air dry, and then a coverslip was added using
mounting medium.

Histopathologic Scoring. H&E stained sections were
blinded and imaged at x20 magnification. Two blinded
scorers used a modified version of a previously described
histopathologic scoring system”’ to assess disease severity
using 6 histopathologic criteria: (1) inflammatory cell infil-
trate, (2) goblet cell loss, (3) crypt density loss, (4) crypt
hyperplasia, (5) external muscle layer thickening, and (6)
submucosal infiltration. The average of the scores of the 2
blinded scorers is reported.

Alcian Blue/PAS Staining. Slides were deparaffinized
and rehydrated in distilled H,0. The tissue sections were
stained in Alcian blue 8GX (pH 2.5) for 30 minutes, and the
slides were then washed in tap H,O for 5 minutes. The
slides were placed in periodic acid solution for 10 minutes
and washed in tap water for an additional 5 minutes. The
slides were then placed in Coleman’s Schiff reagent solution
for 10 minutes and washed in lukewarm distilled H,O for 10
minutes. Last, the tissue sections were dehydrated using
95% ethanol, 100% ethanol, and xylene, each twice for 2
minutes, and the slides were mounted using resinous
medium.

Mucus Layer Thickness and Goblet Cell Coun-
ting. Alcian blue/PAS stained sections were blinded and
imaged at x40 magnification. Between 7 and 10 images of
each section of mid colonic tissue were taken. The mucus
layer thickness and goblet cell numbers were evaluated
using Image] (version 1.52q). For each image the average of
3 mucus layer thickness measurements and the average
counts of goblet cells from 5 full-length, well-oriented crypts
were obtained.

T-Cell Subset Analysis. Spleens and MLN were har-
vested from euthanized mice, processed into single cell
suspensions, and stimulated with 50 ng/mL of phorbol
12-myristate 13-acetate (Sigma-Aldrich, St Louis, MO) and
1 ug of ionomycin (Sigma-Aldrich) for 4 hours in the
presence of 1 uL/mL of Golgi-Plug (BD Biosciences,
Franklin Lakes, NJ). After stimulation, cells were Fc-
blocked with anti-CD16/32 antibody (93; BioLegend, San
Diego, CA), viability stained (eFluor780; Thermo Fisher),
and surface stained for anti-Thyl.1 (HIS51; Thermo
Fisher), CD4 (GK1.5; Thermo Fisher), and CD25 (PC61;
Thermo Fisher). After surface staining, cells were fixed
with Fixation/Permeabilization buffer (Thermo Fisher)
and intracellularly stained for the presence of T-bet
(4B10; Thermo Fisher), Roryt (AFK]S-9; Thermo Fisher),
IL10 (JES5-16E3; Thermo Fisher), IL17A (eBiol7B7;
Thermo Fisher), IL22 (IL-22JOP; Thermo Fisher), inter-
feron v (XMG1.2; Thermo Fisher), and tumor necrosis
factor (MP6-XT22; Thermo Fisher). Samples were
analyzed on a 4-laser LSR II flow cytometer (BD Bio-
sciences) and Flow]o software, version 10.7.1 (Tree Star,
Ashland, OR).
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Gut Microbiome Analysis. Stool samples were collected
from mice the day of adoptive T-cell transfer (pre-inter-
vention) as well as the day before the end of experiment
(post-intervention). Cecal contents were collected at the end
of the experiment for SCFA analysis. The stool and cecal
samples were stored at -80°C until analysis.

DNA Extraction and Quantification. Bacterial genomic
DNA was extracted from stool following the Omega E.N.Z.A
Soil DNA kit instructions with a few minor modifications. In
brief, 65 mg + 5% of stool was weighed out into bead
beating tubes. The stool was homogenized at 30 m/s for 3
minutes with bead beating solution. The DNA was eluted in
50 uL of elution buffer, and DNA concentrations were
quantified using both a NanoDrop One (Thermo Fisher)
spectrophotometer and Qubit 4 fluorometer (Thermo
Fisher).

16S rRNA Library Preparation and Sequencing.
Libraries were prepared and sequenced at the Sequencing
and Bioinformatics Consortium at the University of British
Columbia, Vancouver, BC, Canada. Briefly, the V3 and V4 re-
gions of the 16S rRNA gene were polymerase chain reaction
amplified wusing primers F: 5-TCGTCGGCAGCGTCA-
GATGTGTATAAGAGACAGCCTACGGGN- GGCWGCAG
and R: 5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGA-
CAGGACTACHVGGGTATCTAATCC using 12.5 ng input DNA
per sample. These were then converted to sequencing li-
braries using an 8-cycle indexing polymerase chain reaction
with Nextera XT primers (Illumina, San Diego, CA). Libraries
were then pooled and sequenced on a MiSeq (Illumina) to
generate paired-end 250 base pair reads. Raw data were
processed using bcl2fast v2.20.0.422 to generate demulti-
plexed fastq files.

Bioinformatic Analysis. Raw sequence data from the 16S
rRNA hypervariable region V3-V4 was processed using a
custom pipeline. Cutadapt (version 1.16)°° was used to
remove standard Illumina V3-V4 primers, and quality
filtering was performed using the filterAndTrim function
from the R package dada2 (version 1.18.0),°" discarding
forward and reverse reads with higher expected errors
(EE = sum(10”(-Q/10)) than 3 and 5, respectively). A table
of sequence variants was generated using the standard
dada2 workflow, and taxonomic classifications were
assigned to sequence variants using the Silva database,
release 138.

An average of 49,239 reads was generated per sam-
ple. Preliminary analyses were carried out using the R
package phyloseq (version 1.34.0).62 Alpha diversity was
estimated using species richness, and significance was
determined using a Wilcoxon rank-sum test on the log10
difference between alpha diversity before intervention
and after intervention. Beta diversity was estimated us-
ing a principal coordinates analysis on a matrix of Bray-
Curtis distances. Before ordination, sequence variant
counts were normalized using a variance-stabilizing
transformation, and low abundance sequence variants
were removed (those present in less than 5% of all
samples). Statistical significance was determined using
permutational  multivariate analysis of variance.
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Differential abundance analysis was carried out using
DESeq2 (version 1.30.0)°® to identify sequence variants
that were differentially abundant within treatment
groups between before intervention and after interven-
tion.  Variance-stabilizing  transformation-normalized
counts were modeled using the negative binomial dis-
tribution, and significance was determined by a Wald
test on log2 fold change values and an alpha = 0.01.
Significant differences in relative abundance between
groups were determined using Kruskall-Wallis tests. P
values were adjusted for multiple inference using the
Benjamini-Hochberg method. Sequencing data are avail-
able from NCBI Sequence Read archive: http://www.ncbi.
nlm.nih.gov/bioproject/731528.

SCFA Analysis Using Gas Chromatography. The SCFA
extraction method used is identical to the procedure
published by Zhao et al°* In brief, cecal samples were
resuspended in MilliQ-grade H,0 and homogenized using
MP Bio FastPrep for 1 minute at 4.0 m/s. Then 5 mol/L
HCI was added to cecal suspensions to a final pH of 2.0.
Acidified cecal suspensions were incubated and centri-
fuged at 10,000 rpm to separate the supernatant. Cecal
supernatants were spiked with 2-ethylbutyric acid for a
final concentration of 1 mmol/L. Extracted SCFA super-
natants were stored in 2 mL GC vials with glass inserts.
SCFAs were detected using gas chromatography (Thermo
Trace 1310), coupled to a flame ionization detector
(Thermo Fisher). The SCFA column used was the Thermo
Fisher TG-WAXMS A GC column (30 m, 0.32 mm, 0.25
um). The following settings were used for detection: flame
ionization detector: temperature 240°C, hydrogen 35 mL/
min, air 350 mL/min, makeup gas (nitrogen) 40 mL/min;
inlet: carrier pressure 225 kPa, column flow 6 mL/min,
purge flow 5 mL/min, split flow 12 mL/min, splitless time
0.75 minutes; oven: temperature gradient 100°-180°C,
gradient time 10 minutes.

Statistical Analysis. One-way analysis of variance was
used to determine whether there were any significant dif-
ferences in T-cell subsets (only the chow, EEN, and EEN IN
groups), spleen weight, colon length, body weight, DAS,
SCFAs, goblet cell numbers, and mucus thickness between
the 4 intervention groups. Two-way analysis of variance
was used to determine whether there were any significant
differences in histopathology scores between the 4 inter-
vention groups. GraphPad Prism (San Diego, CA) software,
version 8 for macOS, was used to perform all statistical
analyses. All results presented are expressed as the mean
values =+ the standard errors of the mean. A P value of .05 or
less was considered significant, with asterisks indicating
significant differences in the figures. All authors had access
to the study data and have reviewed and approved the final
manuscript.
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