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Abstract

Background: The gut microbiome is altered in patients with inflammatory bowel disease, yet how these alterations
contribute to intestinal inflammation is poorly understood. Murine models have demonstrated the importance of
the microbiome in colitis since colitis fails to develop in many genetically susceptible animal models when re-
derived into germ-free environments. We have previously shown that Wiskott-Aldrich syndrome protein (WASP)-
deficient mice (Was™") develop spontaneous colitis, similar to human patients with loss-of-function mutations in
WAS. Furthermore, we showed that the development of colitis in Was™" mice is Helicobacter dependent. Here, we
utilized a reductionist model coupled with multi-omics approaches to study the role of host-microbe interactions in
intestinal inflammation.

Results: Was™~ mice colonized with both altered Schaedler flora (ASF) and Helicobacter developed colitis, while
those colonized with either ASF or Helicobacter alone did not. In Was™" mice, Helicobacter relative abundance was
positively correlated with fecal lipocalin-2 (LCN2), a marker of intestinal inflammation. In contrast, WT mice
colonized with ASF and Helicobacter were free of inflammation and strikingly, Helicobacter relative abundance was
negatively correlated with LCN2. In Was™~ colons, bacteria breach the mucus layer, and the mucosal relative
abundance of ASF457 Mucispirillum schaedleri was positively correlated with fecal LCN2. Meta-transcriptomic
analyses revealed that ASF457 had higher expression of genes predicted to enhance fitness and immunogenicity in
Was™" compared to WT mice. In contrast, ASF519 Parabacteroides goldsteinii's relative abundance was negatively
correlated with LCN2 in Was™" mice, and transcriptional analyses showed lower expression of genes predicted to
facilitate stress adaptation by ASF519 in Was™ compared to WT mice.
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microbiota-based therapeutics.

consortium, Pathobiont

Conclusions: These studies indicate that the effect of a microbe on the immune system can be context
dependent, with the same bacteria eliciting a tolerogenic response under homeostatic conditions but promoting
inflammation in immune-dysregulated hosts. Furthermore, in inflamed environments, some bacteria up-regulate
genes that enhance their fitness and immunogenicity, while other bacteria are less able to adapt and decrease in
abundance. These findings highlight the importance of studying host-microbe interactions in different contexts and
considering how the transcriptional profile and fitness of bacteria may change in different hosts when developing
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Introduction

Inflammatory bowel diseases (IBD) are a group of het-
erogeneous chronic inflammatory disorders that affect
the gastrointestinal tract. The etiology of IBD is complex
and multifactorial, with genetic, immunological, environ-
mental, and microbial factors all contributing. Genome-
wide association studies have identified more than 240
loci associated with a risk of IBD, and many of these loci
implicate pathways involved in immunological responses
to bacteria [1-3]. The intestines, particularly the colon,
are inhabited by a high density of bacteria, and many
lines of evidence suggest that these microbes, known as
the intestinal microbiota, play an important role in IBD.
For example, the composition of the intestinal micro-
biota is altered, or dysbiotic, in patients with IBD com-
pared to healthy controls, although the specific
differences are highly variable among studies [4]. Fur-
thermore, antibiotics, fecal stream diversion, and fecal
microbiota transplants have all been shown to be some-
what efficacious in the treatment of IBD, although our
ability to draw definitive conclusions about their efficacy
has been hindered by heterogeneous study designs [5—
10]. In order to improve upon microbial-based therapeu-
tics for IBD, we need to develop a better understanding
of how gut microbes initiate and modulate intestinal in-
flammation and how inflammation shapes the gut
microbiota.

Human microbiome studies can be difficult to inter-
pret due to variation in genetics, diet, and other environ-
mental factors that shape microbial composition aside
from the examined disease state. It is also challenging to
obtain samples from patients prior to the onset of dis-
ease or longitudinally thereafter, limiting the conclusions
that can be drawn from these studies. In contrast, mur-
ine models of disease lack much of this confounding
complexity, and their microbiota can be user defined
and longitudinally sampled. Murine studies have been
instrumental in establishing the importance of the gut
microbiota in initiating colitis, since colitis fails to de-
velop in nearly all murine models of IBD when mice are
re-derived in germ-free environments [11, 12]. In
addition, the colitis phenotype of certain murine models

is communicable by transfer of the gut microbiota [13,
14]. Murine models have also facilitated the identifica-
tion of immunomodulatory molecules produced by gut
bacteria such as short-chain fatty acids [15-17] and cap-
sular polysaccharide A [18]. However, the design of
rigorous, well-controlled microbiome studies in mice is
often limited by the large number of bacterial species in-
volved and inter-individual variation in gut microbial
communities. To address this, we have developed a re-
ductionist model using a simplified and defined micro-
bial consortium in a genetically susceptible host.

Similar to humans, mice lacking the Wiskott-Aldrich
syndrome protein (WASP) (Was™~ mice) exhibit im-
mune cell defects leading to gut inflammation [19]. Fur-
thermore, colitis in Was™”~ mice is microbiota-
dependent. WASP is a hematopoietic-specific protein,
encoded on the X chromosome that regulates Arp2/3-
dependent actin polymerization, and mice and humans
deficient in WASP exhibit defects in both their adaptive
and innate immune systems [20, 21]. WASP-deficient
patients develop a primary immunodeficiency character-
ized by recurrent infections, eczema, and
thrombocytopenia, and approximately 10% develop an
IBD-like colitis [22]. Was™~ mice on the 129SvEv back-
ground housed under specific pathogen-free (SPF) con-
ditions containing Helicobacter species reliably develop a
spontaneous lymphocyte-dependent colitis [23, 24]. SPF
mice contain a complex microbial community that is
free of particular disease-causing microbes. When
Was™~ mice are re-derived in SPF conditions free of
Helicobacter, they no longer develop spontaneous intes-
tinal inflammation. Following colonization of re-derived
SPF Was™~ mice with Helicobacter bilis, they develop
typhlitis and colitis, with a subset exhibiting dysplasia
and even colon carcinoma [24]. In this study, we show
that mono-colonization of Was™~ mice with H. bilis is
not sufficient to induce intestinal inflammation, indicat-
ing that H. bilis requires the presence of other bacteria
to elicit colitis in Was™~ mice. Furthermore, we replace
the complex and variable SPF flora with a defined com-
mensal community, the altered Schaedler flora (ASF)
[25-27], to study how interactions between a
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microbial composition, even after removal of sequences
attributable to H. bilis (Fig. 1D). Taken together, these
findings indicate that WASP deficiency is associated
with changes in fecal microbial composition, including
expansion of pathobionts such as H. bilis and Mucispiril-
lum, and the presence of H. bilis drives alterations of
other members of the microbial community.

Development of a reductionist model to study the role of
the gut microbiota in intestinal inflammation

Next, we sought to determine whether other gut bacteria
might contribute to the intestinal inflammation observed
in Was™~ mice colonized with H. bilis. The complexity
and variability of SPF microbiota make rigorous mech-
anistic studies challenging. Therefore, we sought to es-
tablish a reductionist gnotobiotic model using ASF,
which is a defined microbial community comprised of 8
members [25-27]. Historically, ASF was developed to
colonize germ-free mice with a standardized microbiota,
and it has been shown to be more functionally represen-
tative of wild microbiomes compared to random consor-
tia of similar or larger size [25, 26, 30]. Notably, ASF
does contain M. schaedleri, also known as ASF457,
which as described above, has been shown to be a patho-
biont in certain contexts [29]. Colonization of Was™~
mice with ASF alone did not induce spontaneous colitis
(Fig. 2A, B). Mono-colonization with H. bilis also did
not induce inflammation in Was™~ mice, but Was™~
mice colonized with both ASF and H. bilis developed in-
flammation (Fig. 2A, B), similar to our prior work dem-
onstrating colitis development in SPF Was™~ mice
colonized with H. bilis [24]. Colonization of WT mice
with both ASF and H. bilis was not sufficient to induce
colitis (Fig. 2A, B). These findings indicate that spontan-
eous colitis in Was™~ mice requires the presence of both
a pathobiont and other bacteria in the context of an
immune-dysregulated host.

The effect of H. bilis on colonic lamina propria immune
cells is context dependent

To study the temporal relationship between the onset of
inflammation and changes in the intestinal microbiota,
we designed an experiment in which germ-free WT,
Was*~ (HET), and Was™~ mice were colonized with
ASF, with a cohort subsequently infected with H. bilis
(Fig. S2A). To transfer the ASF community to germ-free
mice, donor ASF-colonized mice obtained from Taconic
Biosciences were co-housed with germ-free mice for 2
months (females), or stool-soiled bedding was trans-
ferred from ASF donor cages to recipient cages weekly
for 2 months (males). 16S rRNA sequencing confirmed
successful colonization of the recipient mice with ASF
(Fig. S2B). ASF360 Lactobacillus intestinalis was not
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detected in donor or recipient fecal samples, which is
consistent with prior reports [31].

As expected, Was™~ but not WT mice colonized with
ASF and H. bilis developed histologic evidence of intes-
tinal inflammation. Inflammation was observed through-
out the cecum and colon (Fig. S2C). Spleen weights
were also significantly increased in the Was™~ mice col-
onized with ASF and H. bilis (Fig. 2C). Analysis of co-
lonic lamina propria lymphocytes revealed an increased
percentage of IL-17A" CD4 T cells among total CD4 T
cells in colitic Was™~ mice that were colonized with
ASF and H. bilis as compared to WT mice colonized
with the same microbiota (Figs. 2D and S2D). Notably,
addition of H. bilis to WT mice colonized with ASF led
to a significant decrease in the percentage of IL-17A+
CD4 T cells compared to WT mice colonized with ASF
alone (Fig. 2D), These data are consistent with recent
studies showing that Helicobacter species induce regula-
tory T cells (T,.) that restrain pro-inflammatory T
helper 17 (Tyl7) cells during homeostasis while the
same bacteria promote expansion of colitogenic Tyl7
cells during inflammation [32, 33]. Furthermore, Helico-
bacter hepaticus has been shown to activate an anti-
inflammatory program in macrophages [34].

Group 3 innate lymphoid cells (ILC3s) help maintain
intestinal homeostasis and ameliorate inflammation via
production of IL-22 [35-37]. Helicobacter species have
been shown to negatively regulate the proliferation of
ILC3s in an immune-deficient background, and consist-
ent with this, we observed a lower percentage of ILC3s
among total ILCs in the colonic lamina propria of
Was™~ mice that were colonized with ASF and H. bilis
as compared to WT mice colonized with the same
microbiota [38] (Figs. 2E and S2E). However, H. bilis’s
effect on ILC3s is context dependent, and in uninflamed
WT mice, H. bilis colonization resulted in an increase in
the percentage of ILC3s (Fig. 2E). These findings high-
light that the effect of a given microorganism on the im-
mune compartment can vary greatly depending on
whether they are in a homeostatic or immune dysregu-
lated environment, and specifically in the case of H. bilis,
it induces a tolerogenic response during homeostasis but
promotes inflammation in immune dysregulated hosts.

Fecal microbial composition is correlated with degree of
inflammation

We next performed longitudinal fecal sample collection
from these mice to elucidate the temporal relationship
between the onset of inflammation and changes in mi-
crobial composition. Intestinal inflammation developed
in Was™~ mice within a week after H. bilis gavage, as
measured by fecal lipocalin-2 (LCN2) (Fig. 3A). Was™~
mice were able to control the acute inflammation by
week 4 but then proceeded to develop persistent
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Fig. 2 Development of intestinal inflammation requires both the pathobiont, H. bilis, as well as commensal bacteria in the context of host
immune dysregulation. A, B WT and Was ™~ mice were colonized with the indicated gut microbial communities. A Representative H&E-stained
formalin-fixed paraffin-embedded proximal colon sections at 20 weeks after colonization. 20x magnification, scale bars = 100 m. B Quantitative
histological colitis scores at 20 weeks after colonization (n = 54,5,5,6,3,8,8). C-E Germ-free WT/HET (n=28) and Was™~ (n = 21) mice were
colonized with the ASF community and a subset (WT/HET (n = 17) and Was™~ (n = 13)) were gavaged with H. bilis. C Spleen weights were
measured 20 weeks after gavage with H. bilis. Colonic lamina propria lymphocytes were isolated 20 weeks after infection with H. bilis, and
percentages of IL17-A" CD4 T cells (D) and IL-22" ILC3s (E) were determined by flow cytometry. Statistics performed using Student's t-test. *p <
0.05, **p < 0.001

inflammation by week 6 (Fig. 3A). As expected, WT
mice colonized with ASF and H. bilis (Fig. 3A) and WT
or Was™~ mice colonized with only ASF (Fig. S3A) did
not show evidence of significant inflammation at any
time during the experiment. H. bilis was not detected by
16S rRNA sequencing in stool from mice that were only
colonized with ASF (Fig. S3B). We measured overall

differences in microbial composition between WT and
Was™~ mice colonized with ASF and H. bilis and ob-
served significant differences during weeks 4 and 6,
which was just prior to and at the beginning of establish-
ment of persistent inflammation in Was™™ mice (Fig. 3A,
B). The differences were primarily due to increased H.
bilis and decreased ASF519 Parabacteroides goldsteinii














https://doi.org/10.1016/j.chom.2014.02.005
https://doi.org/10.1136/gutjnl-2013-304909
https://doi.org/10.1136/gutjnl-2013-304909
https://doi.org/10.1038/nature14232
https://doi.org/10.1038/nature14232
https://doi.org/10.1016/j.chom.2013.10.009
https://doi.org/10.1016/j.chom.2013.10.009
https://doi.org/10.1038/nature10510
https://doi.org/10.1038/nature10510
https://doi.org/10.1172/JCI200420295
https://doi.org/10.1074/jbc.274.40.28083
https://doi.org/10.1073/pnas.96.24.13732
https://doi.org/10.1038/s41598-017-17583-9
https://doi.org/10.1128/IAI.72.3.1364-1373.2004
https://doi.org/10.1128/IAI.72.3.1364-1373.2004
https://doi.org/10.1371/journal.ppat.1008466
https://doi.org/10.1128/IAI.05168-11
https://doi.org/10.1128/IAI.05168-11
https://doi.org/10.1128/jb.174.19.6256-6263.1992
https://doi.org/10.1136/gutjnl-2012-303786
https://doi.org/10.1016/j.chom.2017.01.005
https://doi.org/10.1038/nature25172
https://doi.org/10.1371/journal.ppat.1005295
https://doi.org/10.1371/journal.ppat.1005295
https://doi.org/10.1101/gad.6.12b.2646
https://doi.org/10.1128/JB.00475-15
https://doi.org/10.1038/s41591-019-0485-4
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gkt1244
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/nar/gkz114
https://doi.org/10.1186/s13059-014-0550-8
https://jgi.doe.gov/data-and-tools/bbtools/
https://jgi.doe.gov/data-and-tools/bbtools/
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1038/s41592-018-0176-y
https://cran.r-project.org/package=vegan
https://www.R-project.org
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01

	Abstract
	Background
	Results
	Conclusions

	Introduction
	Results
	WASP deficiency is associated with altered fecal microbial composition and outgrowth of pathobionts
	Development of a reductionist model to study the role of the gut microbiota in intestinal inflammation
	The effect of H. bilis on colonic lamina propria immune cells is context dependent
	Fecal microbial composition is correlated with degree of inflammation
	Mucosal-associated ASF457 M. schaedleri abundance is correlated with severity of inflammation
	WASP deficiency is associated with changes in bacterial gene expression
	Inflammation in Was−/− mice is associated with transcriptional changes in ASF457 M. schaedleri and ASF519 P. goldsteinii that can perpetuate inflammation

	Discussion
	Conclusions
	Methods and Materials
	Mice
	Isolation of cells from colonic lamina propria
	Flow cytometry
	Histology
	Gut bacteria and mucus staining
	Fecal lipocalin-2 ELISA
	Fecal DNA extraction and 16S library preparation
	Analysis of 16S sequencing
	Fecal RNA extraction and library preparation
	Analysis of metatranscriptomic sequencing
	Statistical analyses
	Abbreviations

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

