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Alterations in the gut microbiota have
been implicated to play a role in

potentiating inflammatory bowel diseases
in both humans and mice. Mice lacking
the flagellin receptor, toll-like receptor 5
(TLR5), are prone to develop spontane-
ous gut inflammation, but are signifi-
cantly protected when treated with
antibiotics or maintained in germ-free
conditions. However, given that the inci-
dence of spontaneous inflammation in
TLR5KO mice is quite variable in con-
ventional conditions (typically »10%
show clear colitis), this result is far from
definitive and does not rule out that
TLR5KO mice might be prone to
develop inflammation even in the
absence of a microbiota. Herein, we dem-
onstrate that neutralization of IL10 sig-
naling induces colitis in 100% of
TLR5KO mice which provide a more
rigorous approach to evaluate the role of
microbiota in gut inflammation. Mice
treated with antibiotics or maintained in
germ-free condition are substantially pro-
tected against IL-10R neutralization-
induced colitis, underscoring that gut
inflammation in TLR5KO mice is
dependent upon the presence of a gut
microbiota.

Introduction

Inflammatory bowel diseases (IBD),
encompassing Crohn’s disease (CD) and
Ulcerative Colitis (UC) are driven by a
seemingly aberrant immune response to
the commensal microbiota, thus causing
intestinal pathology characterized by
immune cell infiltration. IBD are tightly

linked to the host innate immunity as
defects in innate immune signaling predis-
pose gut inflammation.1 Previously, we
have demonstrated the development of
colitis in a fraction (typically 10%) of
mice lacking toll-like receptor 5 (TLR5), a
receptor for bacterial flagellin.1 Colitic
TLR5KO mice display altered microbiota
with significant enrichment in Proteobac-
teria when compared to non-colitic
TLR5KO, suggesting that microbiota dys-
biosis is strongly associated with disease.
Accordingly, we found that germ-free
(GF) conditions abrogate the disease in
TLR5KO mice. The interpretation that
GF conditions protect TLR5KO mice
from colitis, however, is not definitive
considering that about 90% of TLR5KO
mice normally do not develop overt coli-
tis. Moreover, some models such as the
SAMP1/YitFc mice still exhibit disease in
GF conditions, albeit to a lesser degree
compared to mice maintained on specific
pathogen-free conditions.2 Hence, addi-
tional studies are required to further con-
firm the role of microbiota in driving
colitis in TLR5KO mice.

Interleukin 10 (IL-10) is a pleiotropic
anti-inflammatory cytokine that exerts
inhibitory effect on the pro-inflammatory
functions of TH1 cells, NK cells and mac-
rophages.3 It is required to maintain
immune tolerance and suppress unregu-
lated/aberrant inflammatory response,
thus reducing tissue damage during
inflammation.3 On the flip side, deficien-
cies in IL-10 signaling predispose mice to
spontaneous colitis that is dependent on
MyD88 signaling.4 In our previous study,
we demonstrate that neutralization of IL-
10 signaling via administration of anti-IL-
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10 receptor monoclonal antibody (a-IL-
10R mAb; an IL-10R antagonist that
block IL-10 signaling) uniformly induces
colitis in all treated TLR5KO mice. In
contrast to the 100% induction of colitis
in TLR5KO mice, a-IL-10R mAb
induced only modest increase in inflam-
matory markers with no obvious pheno-
type at the gross colon or histologic level 5

in WT mice.
While the incomplete penetrance of

colitis in TLR5KO mice makes the GF
approach not definitive in ruling out the
role of microbiota, the 100% induction of
disease due to the loss of IL-10 signaling,
achieved via genetics or neutralizing anti-
body, would allow a much more rigorous
test on whether elimination of microbiota
eliminates colitis in TLR5KO mice.
Hence, the current study more rigorously
investigated the contribution of intestinal
microbiota in the development of colitis
induced by inhibition of IL-10 signaling
in microbiota-ablated and GF-TLR5KO
mice. We observed that a-IL-10R
mAb administration failed to induce
colitis in either microbiota-ablated or

GF-TLR5KO mice when compared to
conventionally raised TLR5KO mice,
underscoring the role of microbiota in
intestinal inflammation.

Results

a-IL-10R failed to induce colitis in
microbiota-ablated TLR5KO mice

Gut microbiota have been implicated
in the development of spontaneous colitis
in susceptible genetically-modified mice.
However, whether the microbiota may or
may not be indispensible in the develop-
ment of colitis is heavily dependent on the
strains of mice being used in the study.
For instance, the microbiota is necessary
for colitis development in IL-10KO mice
as GF-IL-10KO mice are free from coli-
tis.6 Yet other strains such as SAMP/YitFc
mice display colitic phenotype even when
maintained on GF conditions. Hence, the
role of microbiota needs to be carefully
studied for each model. In this study, we
asked the extent to which the microbiota
plays a role in the colitis induced upon

inhibition of IL-10 signaling in TLR5KO
mice. Groups of TLR5KO mice with or
without broad-spectrum antibiotics in
drinking water were administered a-IL-
10R mAb for 4 weeks. The antibiotics
ablated 90% of the intestinal bacteria as
measured by fecal 16S rRNA via qRT-
PCR (data not shown).

Antibiotic given TLR5KO mice exhib-
ited enlarged ceca that weighed fold4-
higher than the ceca from conventionally
raised TLR5KO mice (Fig. 1A).
TLR5KO mice administered a-IL-10R
mAb without antibiotics lost 10% of body
weight when compared to with antibiotics
(data not shown). Similar to our earlier
observation,5 TLR5KO mice receiving
a-IL-10R mAb without antibiotics exhib-
ited hallmark features of colitis including
shrunken ceca, colomegaly, and spleno-
megaly (Figs. 1A–D). Colitic TLR5KO
mice also displayed substantially elevated
colonic tissue myeloperoxidase (MPO)
and serum inflammatory marker, Lcn2
(Figs. 1E and 1F), when compared to
TLR5KO receiving isotype control anti-
body. All the above parameters in

Figure 1. Gut sterilization prevents development of colitis in TLR5KO mice receiving a-IL-10R mAb. Age matched male TLR5KO mice (n D 5 ) with or
without a-IL-10R mAb were treated with broad antibiotics (ampicillin and neomycin) in drinking water for 4 weeks and then analyzed for development
of colitis. (A) Image displays gross pictures of colon. Bar graphs represent: Weights of (B) Ceca, (C) Colon, (D) Spleen, (E) MPO in colonic tissue, and (F)
Serum Lcn2. Results are expressed, as mean§ SEM. Image is representative of 2 independent experiments. *p <0.05.
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microbiota-ablated and a-IL-10R mAb
given TLR5KO mice were comparable to
isotype control antibody treated TLR5KO
mice (Figs. 1A-F).

GF-TLR5KOmice are resistant to IL-10
receptor neutralization-induced colitis

The use of GF mice has been regarded
as the gold standard to study the interac-
tion between gut microbiota and host
mucosal immunity. To further confirm
our results from the microbiota-ablated
mice, we took advantage of GF-WT and
GF-TLR5KO mice. Groups of GF-WT
and GF-TLR5KO mice were given a-IL-
10R mAb for 4 weeks. As observed in
microbiota-ablated TLR5KO mice, GF-
TLR5KO mice did not show any symp-
toms of colitis at the gross level (Fig. 2A).
Further, a-IL-10R mAb administration
failed to induce cecal shrinkage, colome-
galy and splenomegaly (Figs. 2B–D)
either in GF-WT or GF-TLR5KO mice.
Similarly, IL-10R neutralization in GF-
TLR5KO mice failed to induce colonic
MPO or upregulate systemic inflamma-
tory marker Lcn2 (Figs. 2E and 2F). Col-
lectively, our results demonstrate that
colitis development in IL-10R neutralized
TLR5KO mice is microbiota dependent.

Discussion

The substantial differences in the sus-
ceptibility to IBD in genetically identical
twins underscore the importance of gut
microbiota as an environmental factor in
driving this disease.7 Similar to vivaria-
specific colitis susceptibility in IL-10KO
mice, significant variability in the colitis
onset and robustness in TLR5KO mice
(originally generated by Dr. Akira, Japan)
can be attributable to presence or absence
of specific microbial communities in the
gut. For instance, TLR5KO mice from
Jackson Laboratories (originally generated
by Dr. Flavell, Yale University) do not
show any signs of colonic inflammation,
presumably due to differences in micro-
biota composition. Similarly, colitis sus-
ceptible TLR5KO mice do not show signs
of inflammation in other facilities.8 Such
incomplete disease penetrance in
TLR5KO mice, as well as in other model
of spontaneous colitis, presents logistical
challenges in experimental design due to
the inability to control the onset and uni-
formity of disease incidence. Hence, alter-
nate strategies are required to better define
the role of microbiota in the pathogenesis
of colitis-susceptible TLR5KO mice.

Accordingly, we found that IL-10 neutral-
ization via a-IL-10R mAb can induce
chronic colitis with 100% penetrance in
TLR5KO mice generated by 2 indepen-
dent facilities.5 The colitis development in
TLR5KO mice is MyD88 dependent and
TLR4 independent.5 However, the extent
to which microbiota is driving colonic
inflammation in this model was not
known.

In this study, we demonstrate that
indeed, microbiota is required for colitis
development in IL-10R neutralized
TLR5KO mice. Administration of a-IL-
10R mAb consistently induces gut inflam-
mation in conventionally raised TLR5KO
mice, but not in microbiota-ablated and
GF-TLR5KO mice. These results recapit-
ulate our previous observation that gut
inflammation in TLR5KO mice is micro-
biota-dependent and further suggests that
all aspects of colitic phenotype in
TLR5KO mice are due to their innate
inability to manage the microbiota. Fur-
ther, our results parallel the study that
demonstrated the indispensability of the
microbiota for colitis development in IL-
10KO mice as GF-IL-10KO mice are free
from colitis.6 While not surprising, this
was not a foregone conclusion as some

Figure 2. IL-10R neutralization failed to induce colitis in GF-TLR5KO mice. Age matched male GF-TLR5KO mice (nD 4¡5) received a-IL-10R mAb (1.0 mg/
mouse, i.p. weekly) up to 4 weeks and then analyzed for development of colitis. (A) Image displays gross picture of colon. Bar graphs represent: Weights
of (B) Ceca, (C) Colon, (D) Spleen, (E) MPO in colonic tissue, and (F) Serum Lcn2. Results are expressed, as mean§ SEM.
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genetically-modified mice still develop
colitis even in GF conditions, particularly
SAMP/YitFc mice.2 Intriguingly for
SAMP/YiFc mice, the initiation of ileal
inflammation is independent of micro-
biota, but is primarily mediated by 1).
inherent defects in gut permeability due
to overexpression of claudin-2 and
reduced expression of occludin in ileal epi-
thelial cells, and 2) overexpression of pro-
inflammatory mediators STAT3, IL-33,
and RELMb in the ileum.9-12 Neverthe-
less, the microbiota still plays a role in
modulating the severity of ileitis in
SAMP/YitFc mice despite being dispens-
able in initiation of ileitis.2 Therefore,
although we demonstrate that colitis in
TLR5KO mice is microbiota-dependent,
caution should be exercised when extrapo-
lating our findings to other mouse models
of colitis, as each model need to be inde-
pendently studied for the role of micro-
biota in colitis development.

The microbota-dependent colitis
development in TLR5KO mice is tightly
associated with dysregulated immune
responses, presumably due to aberrant
response to the microbiota. We have pre-
viously demonstrated that TLR5KO mice
harbor highly volatile microbiota that
undergo significant compositional shift at
the phyla level over time from weaning to
11 weeks of age.13 This difference is
observed in mice lacking only intestinal
epithelial cell TLR5, even when such mice
are co-housed with WT control mice.14

Although both non-colitic and colitic
TLR5KO mice display variability in their
microbiota composition, the family enter-
obacteria (phyla proteobacteria) was
found to be significantly enriched in the
colitic TLR5KO mice via 16S rRNA
sequencing.13 Fluorescent in situ hybrid-
ization (FISH) analysis on colons from
colitic TLR5KO mice not only confirmed
the increased abundance of enterobacteria,
but also revealed that these bacteria pene-
trated the mucosa and direct contact with
the gut epithelium.13 To further investi-
gate the role of enterobacteria in potenti-
ating colitis, TLR5KO mice were infected
adherent-invasive E. coli strain LF82 (a
member of the proteobacteria family that
is associated with Crohn’s disease).
TLR5KO mice infected with flagellated
LF82 displayed impaired clearance of

bacteria and exhibited chronic gut inflam-
mation. However, the colitic phenotype
was absent in TLR5KO mice infected
with an aflagellate isogenic LF82 mutant,
suggesting that TLR5 response to flagellin
is protective. In the absence of TLR5, bac-
terial flagellin will instead induce the acti-
vation of cytosolic flagellin receptor
NLRC4, whose activation triggers an
inflammasome-mediated cascade resulting
in the production of IL-1b, a pro-inflam-
matory cytokine that strongly correlates
with IBD.5,15-17 Accordingly, the colitis
that occurred in IL-10R-neuralized
TLR5KO mice is dependent on IL-1b as
mice deficient in both TLR5 and IL-1
receptor are protected from a-IL-10R
mAb-induced colitis,5 suggesting that
both the microbiota and immune dysregu-
lation are tightly associated with IBD
pathogenesis.

We envisage that the use of IL-10R
neutralization will be helpful to mechanis-
tically study the role of microbiota and
immune dysfunction not only in
TLR5KO mice, but in other model of
spontaneous colitis as well. There are sev-
eral advantages for using a-IL-10R mAb
induced chronic colitis: (a) slow and
steady induction of colitis, (b) requires rel-
atively short duration (c) lack mortality
during 4 weeks of antibody treatment,
unlike those observed in other chronic
colitis models (e.g. DSS or piroxicam-
aggravated colitis in IL-10KO mice)
(d) development of uniform colitis (unlike
IL-10 spontaneous colitis which is vivaria-
specific), (f) represent typical features of
human IBD reminiscent of Crohn’s dis-
ease. Further our model is suitable to test
susceptibility of mice with genetic modifi-
cation, altered microbiota or any pertur-
bations in mucosal physiology.

Altogether, our study demonstrates
that the pathogenesis of colitis in
TLR5KO mice is microbiota depen-
dent. TLR5KO mice are susceptible to
develop spontaneous colitis which is
further augmented upon treatment with
IL-10R neutralizing mAb. However,
both microbiota-ablated and germ-free
TLR5KO mice are significantly pro-
tected against colitis, underscoring the
requirement of microbiota in the devel-
opment of gut inflammation in
TLR5KO mice.

Materials and Methods

Rat anti-mouse IL-10R mAb was pur-
chased from BioXcell, (West Lebanon,
NH, USA). Hexadecyltrimethylammo-
nium bromide, O-dianisidine and human
neutrophil myeloperoxidase were pur-
chased from Sigma, (St. Louis, MO).
Mouse Lipocalin 2 duoset ELISA kit was
procured from R&D Systems (Minneapo-
lis, MN).

Mice
TLR5 knock out (TLR5KO) mice and

their WT littermates on BL6 background
were bred and maintained at The Pennsyl-
vania State University, PA. Germ-free
TLR5KO mice and their WT littermates
were generated in Taconic facility and
maintained at University of North Caro-
lina, Chapel Hill, NC. All animal experi-
mental procedures were approved by the
institutional animal care and use commit-
tee (IACUC).

Administration of a-IL-10R to Mice
IL-10 receptor neutralization-induced

colitis was induced in mice as described
in.5 Briefly, 8 weeks old male GF-
TLR5KO mice and their WT littermates
(n D 4¡5) were administered commer-
cially available anti-mouse IL-10R (IgG1)
mAb (a-IL-10R mAb, 1.0 mg/mouse,
intraperitoneally) weekly. Mice were
euthanized one week after the last (fourth)
injection, and analyzed for standard colitic
parameters. Similarly, conventionally
raised 8 weeks old male TLR5KO (n D 5)
were maintained on ampicillin (1.0 g/L)
and neomycin (0.5 g/L) in drinking water
for 4 weeks and received a-IL-10R mAb
weekly as described above. Control mice
were given isotype control (rat anti-PD-1)
antibody.5

Blood Collection and Euthanasia
Blood was collected at the time of

euthanasia in BD microtainer� (Becton,
Dickinson, Franklin Lakes, NJ), via retro-
orbital plexus. Hemolysis-free sera was
obtained after centrifugation and stored at
¡800C until further use.
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Colonic Myeloperoxidase (MPO)
assay

MPO assay was done according to the
previously described method.18 Briefly,
frozen or fresh colon tissue (»50 mg) was
homogenized in 0.5% hexadecyltrimethy-
lammonium bromide in 50 mM Potas-
sium Phosphate buffer, (pH 6.0), freeze-
thawed 3x, sonicated and centrifuged at
10000 g, 40C, and the clear supernatants
were collected. O-dianisidine dihydro-
chloride (1.0 mg/ml) and 5 £ 10¡4 %
H2O2 was used for MPO assay and the
change in optical density was measured at
450 nm over a period of 30 min. Human
neutrophil MPO was used as standard
and the amount of MPO that degraded
1.0 mmol of peroxide/min at 25�C was
considered as one Unit.

Serum lipocalin 2 estimation
Serum lipocalin 2 (Lcn2) was quanti-

tated according to the manufacturer’s
instructions using Lcn2 ELISA assay
(R&D Systems, Minneapolis, MN). Min-
imum detection limit for Lcn2 is
15.6 pg/ml.

Statistical Analysis

Statistical analysis for significance
between 2 groups was determined using
student’s t-test (unpaired, 2-tailed) with
p < 0.05 (*) considered as significant.
GraphPad Prism 6.0 software was used to
calculate statistical significance.
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