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RESEARCH PAPER

The autoimmune susceptibility gene, PTPN2, restricts expansion of a novel mouse
adherent-invasive E. coli
Ali Shawki a, Rocio Ramireza*, Marianne R. Spalingera, Paul M. Rueggerb, Anica Sayoc-Becerraa,
Alina N. Santos a, Pritha Chatterjeea, Vinicius Canale a, Jonathan D. Mitchellb, John C. Macbethb,
Casey M. Griesa, Michel L. Tremblay c, Ansel Hsiaob, James Bornemanb, and Declan F. McCole a

aDivision of Biomedical Sciences, University of California Riverside, Riverside, California, USA; bDepartment of Microbiology and Plant
Pathology, University of California Riverside, Riverside, California, USA; cDepartment of Biochemistry, McGill University, Montreal, Quebec,
Canada

ABSTRACT
Inflammatory bowel disease (IBD) pathogenesis involves significant contributions from genetic and
environmental factors. Loss-of-function single-nucleotide polymorphisms (SNPs) in the protein
tyrosine phosphatase non-receptor type 2 (PTPN2) gene increase IBD risk and are associated with
altered microbiome population dynamics in IBD. Expansion of intestinal pathobionts, such as
adherent-invasive E. coli (AIEC), is strongly implicated in IBD pathogenesis as AIEC increases pro-
inflammatory cytokine production and alters tight junction protein regulation – suggesting
a potential mechanism of pathogen-induced barrier dysfunction and inflammation. We aimed to
determine if PTPN2 deficiency alters intestinal microbiome composition to promote expansion of
specific bacteria with pathogenic properties. In mice constitutively lacking Ptpn2, we identified
increased abundance of a novel mouse AIEC (mAIEC) that showed similar adherence and invasion of
intestinal epithelial cells, but greater survival in macrophages, to the IBD-associated AIEC, LF82.
Furthermore, mAIEC caused disease when administered to mice lacking segmented-filamentous
bacteria (SFB), and in germ-free mice but only when reconstituted with a microbiome, thus
supporting its classification as a pathobiont, not a pathogen. Moreover, mAIEC infection increased
the severity of, and prevented recovery from, induced colitis. Although mAIEC genome sequence
analysis showed >90% similarity to LF82, mAIEC contained putative virulence genes with >50%
difference in gene/protein identities from LF82 indicating potentially distinct genetic features
of mAIEC. We show for the first time that an IBD susceptibility gene, PTPN2, modulates the gut
microbiome to protect against a novel pathobiont. This study generates new insights into gene-
environment-microbiome interactions in IBD and identifies a new model to study AIEC-host
interactions.

ARTICLE HISTORY
Received 28 February 2020
Revised 30 April 2020
Accepted 18 May 2020

KEYWORDS
AIEC; Caco-2; colitis;
epithelial; inflammatory
bowel disease; LF82;
macrophage; microbiome

Introduction

Genome-wide association studies (GWAS) have
identified an association between loss-of-function
single-nucleotide polymorphisms (SNPs) in the
protein tyrosine phosphatase non-receptor type 2
(PTPN2) gene, that encodes the T-cell protein tyr-
osine phosphatase (TCPTP), and several autoim-
mune diseases including Crohn’s disease, ulcerative
colitis, celiac disease, type 1 diabetes and rheuma-
toid arthritis.1-5 Crohn’s disease (CD) and ulcera-
tive colitis (UC), collectively known as
inflammatory bowel disease (IBD), are chronic
intestinal inflammatory conditions whose etiology

is unclear. Several factors such as genetics and
alterations in the intestinal microbiome are critical
determinants of IBD pathogenesis.6 TCPTP has an
essential role in restricting inflammation as homo-
zygous Ptpn2 knockout mice exhibit substantially
increased expression of pro-inflammatory cyto-
kines and uncontrolled systemic inflammation.7,8

TCPTP regulation of inflammation is due, at least
in part, to restriction of pro-inflammatory signaling
pathways mediated by members of the Janus
kinases (JAKs) and signal transducer and activator
of transcription (STAT) families of signaling mole-
cules (JAK-STATs).
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JAK-STAT signaling can be activated by inflam-
matory cytokines such as interferon-gamma (IFN-
γ) that is involved in several autoimmune diseases
including IBD and celiac disease.8,9 TCPTP can
restrict intestinal epithelial cell (IEC) barrier defects
and tight junction remodeling induced by IFN-
γ.8-11 The intestinal epithelium forms a selectively
permeable barrier between the lumen and the sub-
mucosa through the formation of multiprotein
complexes of desmosomes, adherens junctions
and tight junctions (TJ) that regulate paracellular
permeability.12,13 The intestinal epithelial barrier is
essential to maintain appropriate compartmentali-
zation of tissue versus lumenal factors in the gut.
Specifically, the epithelium ensures that lumenal
microbes and their products are restricted from
accessing lamina propria immune cells or gaining
access to the underlying vasculature. Indeed, when
intestinal epithelial integrity is compromised,
translocation of bacteria and bacterial products
such as lipopolysaccharide can occur and trigger
inflammatory responses that in severe cases lead to
sepsis.14-16

Approximately 1012–1013 bacteria exist in the
adult human gastrointestinal tract with more than
35,000 bacterial species that play a major role in
maintaining intestinal homeostasis.17-19 Alterations
in the intestinal microbiome are a major environ-
mental factor in the pathogenesis of IBD.20-22

Expansion of pathobionts, such as adherent-
invasive Escherichia coli (AIEC), is associated with
IBD pathogenesis. This is likely due to
a combination of pathological activities of AIEC
which include induction of pro-inflammatory cyto-
kine (IFN-γ, tumor necrosis factor alpha [TNF-α],
interleukin 13 [IL-13]) production; increasing sus-
ceptibility to intestinal inflammation in genetically
susceptible hosts; and disrupting expression and
distribution of epithelial TJ proteins leading to
increased intestinal permeability.23-31

A major gap in our understanding of how com-
plex inflammatory diseases such as IBD arise,
relates to how genetic susceptibility alters the
intestinal environment to favor the expansion of
commensal microbes with pathogenic potential
(i.e., pathobionts) prior to the manifestation of
clinical disease.32 Clinical genetic studies have
provided some clues in this regard. A role for
PTPN2 as a clinically relevant modulator of the

gut microbiome was first identified in IBD
patients where PTPN2 SNPs influenced the popu-
lation dynamics of intestinal microbes, while
a separate study also identified dysbiosis and
increased disease severity in patients harboring
PTPN2 SNPs.33,34 16S ribosomal RNA (rRNA)
gene analysis showed that Ptpn2 deficiency in
mouse CD4 T-lymphocytes aggravated adoptive
T-cell transfer colitis and promoted a broad dys-
biosis featuring typical colitis-associated increases
in Bacteroidetes and Proteobacteria, and decreased
Firmicutes, in stool samples.35 In this study we
aimed to use a more rigorous approach of sequen-
cing the internal transcribed spacer (ITS) variable
region of bacteria to (i) identify if constitutive
Ptpn2 loss alters intestinal microbiome composi-
tion; and (ii) identify specific bacterial species
modulated by Ptpn2.36

Here, we report that Ptpn2-deficient mice exhibit
a highly significant increase in abundance of
a novel mouse adherent-invasive E. coli that has
significant, but also distinct, genetic overlap with
the human LF82 originally isolated from a Crohn’s
disease patient.37 This mouse AIEC (mAIEC)
caused weight loss in mice housed in specific patho-
gen-free (SPF) conditions and lacking segmented-
filamentous bacteria (SFB-free), and in germ-free
mice reconstituted with a microbiome, thus sup-
porting its classification as a pathobiont rather than
a pathogen. Furthermore, mAIEC exacerbated and
delayed recovery from dextran sulfate sodium
(DSS) colitis in SPF-SFB-free mice, thus confirming
its pathogenic properties. Our data identify a novel
mouse AIEC that may prove to be a valuable tool
for the study of pathobiont-induced disease and for
the interactions of genetic and environmental fac-
tors contributing to autoimmune diseases such
as IBD.

Methods

Animal procedures

Ethical Statement on Mouse Studies – All animal
care and procedures were performed in accordance
with institutional guidelines and approved by the
University of California, Riverside Institutional
Animal Care and Use Committee under Protocol
#A20190032E.
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Housing and husbandry of experimental animals
– Constitutive Ptpn2 knockout (KO) male and
female mice were generated by breeding of hetero-
zygous (Het) mice on a BALB/c background and
genotyped as previously described.7 Wild-type
(WT) and Ptpn2-Het littermate male and female
mice were used as controls. All mice used for
microbiome analysis were approximately 3 weeks
old (19–23 d of age) at time of sacrifice and were
housed in specific pathogen-free (SPF) conditions
at the University of California, Riverside.

Wild-type 10-week old confirmed SFB-free
C57Bl/6 female mice were purchased from JAX
labs (Stock# 000664) and housed in SPF conditions.

Germ-free ~12-week old C57Bl/6 male and
female mice were generated from within the germ-
free facility at the University of California,
Riverside.

Microbiome studies
– Lumenal contents (distal ileum, cecum, proximal
and distal colon) and mucosal-associated microbes
(small and large intestine) were isolated as previously
published.38 Intestinal epithelial cells (IEC) were iso-
lated from small and large intestines using the dithio-
threitol (DTT)-based (ThermoFisher Scientific,
Waltham, MA) intraepithelial lymphocyte release
method and the Percoll-based (GE Healthcare Bio-
Sciences, Pittsburg, PA) density gradient purification
method as previously described.39,40 DNA was iso-
lated from the samples using the DNeasy PowerSoil
Kit (Qiagen, Germantown, MD) and a 30-s bead-
beating step using a Mini-Beadbeater-16 (BioSpec
Products, Bartlesville, OK, USA). Illumina bacterial
rRNA internal transcribed spacer (ITS) region
libraries were constructed as previously
described.36,41 DNA sequencing (single-end 250
base) was performed using an Illumina MiSeq
(Illumina Inc., San Diego, CA).

Bacterial rRNA ITS data processing
– The UPARSE pipeline was used for de-
multiplexing, length trimming, quality filtering and
operational taxonomic unit (OTU) picking using
default parameters or recommended guidelines as
initially described and which have been updated at
https://www.drive5.com/usearch/manual/uparse_
pipeline.html.42 Briefly, after demultiplexing and
using the recommended 1.0 expected error

threshold, sequences were trimmed to a uniform
length of 245bp, which kept 65.1% of reads. De-
replicated sequences were subjected to error-
correction (denoised) and chimera filtering to gen-
erate zero-radius operational taxonomic units
(ZOTUs) using UNOISE3.43 An OTU table was
then generated using the otutab command. ZOTUs
having non-bacterial DNA were identified by per-
forming a local BLAST search of their seed
sequences against the nucleotide database.44

ZOTUs were removed if any of their highest scoring
BLAST hits contained taxonomic IDs within the
Rodent family, Fungal or Viridiplantae kingdoms,
or PhiX. Taxonomic assignments to bacterial
ZOTUs were made by finding the lowest common
taxonomic level of the highest BLAST hits excluding
unclassified designations. The bacterial rRNA ITS
sequences have been deposited in the National
Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) under the SRA
BioProject Accession Number PRJNA609140.

Bacterial rRNA ITS data analysis
–QIIME was used to calculate Hellinger beta diver-
sity distance matrices, which were depicted using
principle coordinates analysis (PCoA), and statisti-
cally assessed by performing Adonis tests.45,46

Statistical differences among the phylotypes were
determined using edgeR and the false discovery rate
(FDR) method.47-49 Prism (GraphPad, La Jolla, CA)
was used to create taxonomic plots.

Isolating the E. coli phylotype bacterium (mAIEC)
– The mouse AIEC (mAIEC) used in this study was
isolated using standard microbiological procedures.
Briefly,mAIEC was isolated from distal colon lumi-
nal contents – a region where a significant increase
in relative abundance of mAIEC was found (see
Figure 3(a)) – from a constitutive Ptpn2-knockout
(KO) mouse using BBA plates – Brucella Agar (BD,
Franklin Lakes, NJ) + 5% defribrinated sheep blood
(Colorado Serum Company, Denver, CO) – and
incubated aerobically at 37°C overnight. We per-
formed a three-step procedure to identify and pur-
ify the mAIEC. First, Escherichia coli colonies were
tentatively identified using the PCR-based,
Ribosomal Intergenic Spacer Analysis (RISA)
method and small portions of individual colonies
from the BBA plates as the templates, and the PCR
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primers: 1507 F, GGTGAAGTCGTAACAAGGTA
and 23SR, GGGTTBCCCCATTCRG (see Suppl.
Figure 3 for additional information on this method
and PCR amplicon results).50 Second, colonies with
an E. coli banding pattern from the RISA were
purified by performing two successive streak-
plating procedures to obtain single colonies. The
resulting colonies were grown overnight in LB
broth, and stored in aliquots in Brucella Broth +
20% glycerol at –80°C. Finally, the strain used in
this study – mAIEC strain UCR-PP2 – was con-
firmed to have the identical rRNA ITS nucleotide
sequence as the E. coli phylotype identified by the
Illumina sequence analysis by (i) PCR amplifying
the rRNA ITS region of individual colonies using
the RISA primers described above, and (ii) using
the Sanger method to obtain the nucleotide
sequence of the PCR amplicons.36

Bacterial constructs
– To generate a constitutive red fluorescent mAIEC
(mAIECred), pKB985 which encodes for mCherry was
transformed into chemically competent mAIEC.51,52

Plasmid maintenance was achieved during subculture
using chloramphenicol (20 µg/mL) (Sigma-Aldrich,
St. Louis, MO).

Bacterial infection studies
– Bacteria from stocks frozen at –80°C in 1:1 vol/
vol glycerol:LB were cultured overnight in Luria–
Bertani (LB) broth at 37°C, 250–300rpm, and
regrown the next day in fresh LB to exponential
phase growth. Culture was pelleted, washed with
phosphate buffered saline (PBS), and resuspended
in PBS. The bacteria used were the LF82 human
AIEC (kindly provided by the late Dr. Arlette
Darfeuille-Michaud),mAIEC, and K12 (a noninva-
sive E. coli, ATCC 25404). Caco-2 brush border
(Caco-2BBe) cells were seeded at 2 × 105 cells per
well in 24-well plates, cultured until confluent, and
infected at a multiplicity of infection (MOI) of 10
bacteria/cell as previously described.53,54 Media was
changed to antibiotic and serum-free media 24
h prior to infection. For adherence and invasion
studies, Caco-2BBe cells were infected with bacteria
for 3 h followed by 1 h with fresh media with
100 µg/mL Gentamicin (Sigma Aldrich, St. Louis,
MO) for invasion studies. Bacterial survival was
performed using murine J774 macrophages (Mϕ)

(seeded similarly as Caco-2BBe cells above)
(ATCC) infected with bacteria at a MOI of 20 for
2 h followed by a PBS wash, incubation with fresh
media containing 100 µg/mL Gentamicin for 1 h
followed by incubation with fresh media containing
20 µg/mL Gentamicin for 24 h. After bacterial
infection, cells were washed with PBS and lysed
with 1% Triton-X for 5 min. Lysates were plated
onto Luria Bertani agar plates and cultured over-
night at 37°C.

For imaging of mAIECred in epithelial cells by
immunofluorescence, Caco-2BBe cells were seeded
at 5 × 105 cells per round coverslip, cultured until
70% confluent, and infected with mAIECred follow-
ing the invasion studies described above. Cells were
washed with PBS (x3) followed by fixation with 4%
paraformaldehyde for 20 min at room temperature.
Cells were then permeabilized with 0.3% Triton
X-100 (ThermoFisher Scientific, Waltham, MA) for
5 min followed by blocking with 5% Bovine Serum
Albumin (BSA) for 10 min at room temperature.
Cells were incubated with Alexa Fluor 488-
Phalloidin antibody (1:1000) (abcam, Cambridge,
United Kingdom) for 90 min at room temperature
following by nuclei staining with 4,6-diamididino-
2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA).
Confocal analysis was performed using a CSU-X-1
spinning-disk confocal imager (Yokogawa, Japan)
attached to a Zeiss 130 Axio Observer inverted
microscope. Hardware was controlled by Micro-
Manager imaging software. Phalloidin was visualized
using a 488 nm excitation laser and FITC filter set.
DAPI was visualized using a 405 nm excitation laser
and DAPI filter set. mCherry was visualized using
a 561 nm excitation laser and mCherry filter set.
Images were analyzed using ImageJ software.

Mice were infected by oral gavage with 106 col-
ony forming units (CFU)/mL of mAIECred, or 109

CFU/mL of mAIEC, or K12 in 100 µL PBS/mouse.
Body weight was monitored daily. Colonization
and bacterial burden were measured by overnight
culture of homogenized samples suspended in
500 µL of PBS.

Induction and assessment of colitis severity and
histological score
– Colitis was induced by supplementation of drink-
ing water with dextran-sodium sulfate (DSS) (mole-
cular weight 36,000–50,000) (MP Biomedicals,
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Irvine, CA) at 3% for 7 d as described.55 Mice were
randomized to three groups: 1) H2O group did not
receive DSS but received daily single gavages of PBS
(H2O-PBS) or bacteria (H2O-K12, H2O-mAIEC) for
the first four consecutive days (dosing previously
determined, unpublished data (Spalinger et al.)); 2)
acute DSS group received DSS for 7 d with daily
single gavages of PBS (DSS-PBS) or bacteria (DSS-
K12, DSS-mAIEC) for the first four consecutive days
of DSS treatment followed by 4 d of recovery post
DSS treatment; and 3) recovery from colitis group
received DSS for 7 d with daily single gavages of PBS
(rec-PBS) or bacteria (rec-K12, rec-mAIEC) for four
consecutive days post DSS treatment.

To assess disease severity of colitis in animals,
disease activity index (DAI) was monitored daily
as follows: Appearance (0 = smooth, shiny fur;
1 = dull coat, 2 = dull, ruffled fur), Activity
(0 = normal, active, 1 = reduced activity, moves
when cage is opened, 2 = reluctant to move when
touched), Interest (0 = active interest, 1 = reduced
interest when cage is opened, 2 = self-isolation,
does not interact), Weight (0 = weight gain or no
change, 0.5 = weight loss up to 3%, 1 = weight
loss up to 5%, 1.5 = weight loss up to 7%,
2 = weight loss over 7%), and Stool consistency
(0 = solid, 1 = soft, 2 = very soft but in shape,
3 = liquid) for a total score range of 0–11.56,57

Myeloperoxidase, an indicator of infiltration/acti-
vation of neutrophilic granulocytes was measured
as previously described.57,58 Histological scoring
for inflammatory infiltration and epithelial cell
damage was performed on H&E-stained sections
of the most distal 1 cm of the mouse colon.35,56,57

Briefly, sections from the most distal 1 cm of the
mouse colon were deparaffinized in Citrisolv and
rehydrated using a series of alcohol washes with
decreasing concentration, before staining with
Hematoxylin for 10 min. The sections were
then rinsed with tap water for 10 mins and
stained in Eosin Y solution for 15 sec, briefly
rinsed in tap water and dehydrated in ethanol
with ascending concentrations followed by
Citrisolv, and finally mounted with Permount
(ThermoFisher Scientific, Waltham, MA).
Microscopic assessment was performed using
a Leica DM5500 microscope attached to
a DFC365 FX camera using a 63× oil immersion
objective with an additional 2× digital zoom. The

individual images were converted to tiff files with
the LAS-V4.12 lite software, and Photoshop
(Adobe) was used to create the final figures
(Suppl. Figure 2).

In-vivo barrier permeability
–Mice were gavaged with 80 mg/mL of fluorescein
isothiocyanate (FITC)-dextran (4 kDa) (FD4) and
20 mg/mL of rhodamine B-dextran (70 kDa)
(RD70). After 5 h, blood was collected by tail
bleed (germ-free mice) or retro-orbital bleed into
serum collection tubes. Blood was centrifuged at 4°
C, 1,500 g, for 15 min, and serum analyzed for
FITC-dextran and rhodamine B-dextran concen-
tration with the Veritas Microplate luminometer
(Turner Biosystems, Sunnyvale, CA), GloMax soft-
ware (Promega, Madison, WI), using excitation/
emission wavelengths of 490/510-570 nm and
525/580-640 nm, respectively.59,60 Standard curves
for calculating fluorophore concentration in the
samples were obtained by diluting the fluorophore
stock in water.

Escherichia coli genome sequencing, assembly,
annotation and analysis
– Genome sequences of our mAIEC (strain UCR-
PP2) and E. coli K12 (ATCC 25404) were obtained
using shotgun DNA sequencing (Novogene,
Sacramento, CA). Genomes were assembled
using Spades 3.11.1 and annotated using Prokka
1.13.3.61,62 The genome of mAIEC was compared
with the genome sequence of the human LF82
isolate.37 Putative virulence genes found in
E. coli’s and other AIECs including LF82 were
identified by comparing the known sequence of
each gene from K12. Putative virulence genes
common between mAIEC; another opportunistic
mouse E. coli with some AIEC features, NC101;
and the human LF82 AIEC; or genes unique to
each isolate, were compared and the percent iden-
tity of each gene and predicted protein between
the isolates was determined using EMBOSS
Water.63,64

Statistical analyses
– We set critical significance level α = 0.05 and
analyzed our data using parametric statistics. Data
are expressed as mean ± SD for n independent
observations per group unless stated otherwise.
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Between-group inferences were made by using
1-way or 2-way analysis of variance (ANOVA)
and controlled by the false discovery rate (FDR)
procedure where applicable.65

Results

Constitutive PTPN2-deficient mice have an altered
intestinal microbiome and expansion of
proteobacteria

Since PTPN2 genotyped human IBD patients show
altered intestinal microbiomes, we analyzed the
microbiomes of constitutive Ptpn2-deficient
mice.34 At the community level, analysis of the
bacterial rRNA ITS region revealed three distinct
regional groups (Figure 1(a)) (Adonis tests,
P = 0.001). One group was samples from the
lumen of the large intestine, comprised of the
cecum, proximal colon and distal colon. Another
group contained the intestinal epithelial cell (IEC)
samples from the small and large intestine, while
the third group was samples from the ileal lumen.

An examination of these three regional groups
by Ptpn2 genotype showed that constitutive Ptpn2-
knockout (KO) mice had different bacterial com-
munities in the lumen of the large intestine

compared with heterozygous (Het) and wild-type
(WT) mice (Adonis tests, P < 0.030) (Figure 1(b)).
In the group comprised of the IECs from the small
and large intestine, the communities in Ptpn2-KO
mice were different than those in the WT mice
(Adonis tests, P = 0.022) (Figure 1(c)). An analysis
of the bacterial communities in the mesenteric
lymph nodes and spleen showed that bacterial com-
position in Ptpn2-KO mice was different than in
WT mice (P = 0.005) (Suppl. Figure 1).

To further investigate the taxa in these regio-
nal groups, phyla and species plots were con-
structed (Figure 2). The most abundant gut
bacterial phyla have been reported to be
Bacteroidetes, Firmicutes and Actinobacteria.66

In our study, the most abundant phylum in the
lumen of the large intestine was the
Bacteroidetes (Figure 2(a)). However, the most
abundant phylum in the IECs of the small and
large intestine was the Proteobacteria (Figure 2
(c)). We posit that this difference is caused by
the distinct environmental conditions associated
with the IECs and the lumen of the gut.

An analysis of the taxa by Ptpn2 genotype
showed more Proteobacteria in Ptpn2-KO mice
than in the WT and Het mice in samples from
the lumen of the large intestine and small and

Figure 1. Bacterial Community Analysis by Region and Ptpn2 Genotype. Beta diversity distance values were generated from
bacterial rRNA ITS sequences and displayed using principal-coordinates analysis (PCoA). Adonis tests determined that (a) the three
regional groups in the ellipses were different (P = 0.001; n = 18–24), (b) KO was different than WT and Het (P < 0.03; n = 9–12) in the
lumen of the large intestine (cecum, proximal and distal colon), and (c) KO was different than WT (P = 0.022; n = 6–8) in the intestinal
epithelial cells (IECs) from the small and large intestine.
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large intestinal IEC samples (Figure 2(a,c)). An
examination at a finer taxonomic level showed
that the proteobacterial species that increased
most dramatically in Ptpn2-KO mice in these
regional groups was an Escherichia coli phylotype
(Figure 2(b,d)).

PTPN2-deficient mice harbor significant expansion
of a novel E. coli phylotype with high sequence
identity to AIECs

To examine the relative abundance of this E. coli
phylotype in these regional groups, edgeR analyses
were performed. In the group comprised of the
three regions of the large intestine lumen, the
E. coli phylotype was more abundant in Ptpn2-KO
mice compared with WT and Het mice (Figure 3
(a)). The relative abundance of this E. coli phylo-
type was also significantly higher in Ptpn2-KOmice
than in WT and Het mice in the group comprised
of the IEC samples from the small and large intes-
tine (Figure 3(b)).

Using NCBI BLAST, we determined that the
rRNA ITS region (250 nucleotides) of the E. coli
phylotype had 100% sequence identity with the first

described AIEC – the human clinical isolate, LF82,
identified in Crohn’s disease patients.26,44 The key
factor enabling us to identify this E. coli phylotype
as a potential AIEC was our analysis of the bacterial
rRNA ITS region.36 When this sequence was first
analyzed in 2015, there were only five exact matches
in NCBI’s nucleotide (nt) database and one of them
was LF82, suggesting that our E. coli phylotype
could be an AIEC. Subsequent BLAST analyses of
this E. coli rRNA ITS sequence in 2019 using
NCBI’s nt database (updated on 2019/10/03 and
excluding “Uncultured/environmental sample
sequences”) identified 91 exact matches.
Conversely, when we performed a similar analysis
using a portion of the 16S rRNA gene (primers
515 F and 806 R, 253 nucleotides) of our isolated
mouse E. coli, we obtained 12,352 identical
matches. These data demonstrated the value of
examining the rRNA ITS region of bacteria to
identify our bacterium as a putative E. coli, and
further provided the impetus for isolating this
bacterium.36 Since there is no genetic marker to
conclusively distinguish AIEC from other E. coli,
we next proceeded to confirm the phenotypic prop-
erties of our novel mouse E. coli.67,68

Figure 2. Bacterial Taxa by Region and Ptpn2 Genotype. Bacterial phyla and species plots of (a,b) the lumen of the large intestine
(n = 9–12), and (c,d) intestinal epithelial cells (IECs) from the small and large intestine (n = 6–8).
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Confirmation of phenotypic properties of a novel
mouse AIEC

Since AIEC have defined criteria to establish their
adherent and invasive properties, we next deter-
mined if our E. coli isolate met these criteria in
comparison to the human AIEC LF82 and the
noninvasive E. coli K12.23 Since, we did not observe
any difference in bacterial adherence between
human Caco-2BBe IECs and young-adult mouse
colonic (YAMC) IECs (data not shown), we con-
tinued our studies using the better characterized
Caco-2 cell line. Our E.coli isolate (mAIEC) showed
greater adherence to and invasion of IECs than the
control E. coli K12 (Figure 4(a–c)). Of note, the
human LF82 AIEC adhered to and invaded
human IECs at a much greater level than mAIEC.
However,mAIEC showed greater infection of mur-
ine Mϕ (J774A.1) than the human LF82 AIEC and
K12 (Figure 4(d–f)). These data confirm that our
novel mouse E. coli is phenotypically an AIEC.

mAIEC colonizes and causes mild disease in SFB-free
mice

We next tested whether our novelmAIEC colonizes
mouse intestine and causes disease in vivo in the
absence of SFB, since SFB is known to elicit a Th17
response which prevents AIEC colonization.69

Whereas H2O-PBS and H2O-K12 mice showed

stable body weights, H2O-mAIEC mice showed
significant body weight loss at 4 and 7 days post
infection compared with H2O-PBS mice (Figure 5
(a)). Interestingly, the drop in body weight coin-
cided with a mild increase in disease activity index
(DAI) with significantly higher DAI at day 4 and 5
post infection in H2O-mAIEC mice compared with
H2O-PBS and H2O-K12 mice (Figure 5(b)). H2

O-mAIEC mice showed no change in FD4 perme-
ability (Figure 5(e)) or distal colon bacterial burden
(see Figure 9(b)) on day 7 post-infection coinciding
with normal DAI scores at day 7. However, H2

O-mAIEC mice showed increased spleen weight
(Figure 5(c)), and colon shortening (Figure 5(d))
7 d post infection compared with H2O-PBS and H2

O-K12 mice. This observation could potentially be
explained by the sustained fecal bacterial burden
of mAIEC up to at least 15 d post infection (Suppl.
Figure 2(a)). These data demonstrate that mAIEC
caused mild and transient disease activity.

mAIEC requires a microbiome to invade germ-free
mice

Having shown that mAIEC only caused transient
disease in the presence of other gut bacteria, we
next tested whether mAIEC alone caused disease by
colonizing germ-free (GF) male and female mice
with mAIEC or K12. Although mAIEC-infected

Figure 3. Relative Abundances of the E. coli Phylotype by Intestinal Region and Ptpn2 Genotype. The relative abundances of the
E. coli phylotype were examined in the regions identified by the beta diversity analysis (Figure 1(a)); (a) the lumen of the large intestine
(cecum, proximal and distal colon) (n = 9–12), and (b) intestinal epithelial cells (IECs) from the small and large intestine (n = 6–8).
Differences were determined using edgeR analyses at the species level. Data are shown as mean relative abundances (thick horizontal
lines) ± standard error. Ptpn2-KO mice showed higher relative abundance ofmAIEC in the lumen of the large intestine (aP ≤ 0.003) and
in IECs from the small and large intestine (aP < 0.001) compared with WT and Het mice.
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mice showed fluctuations in body weight as early as
5 d post-infection compared with K12-colonized
mice, this did not reach significance despite
sustained mAIEC fecal bacterial burden (Figure 6,
Suppl. Figure 2(b)). Interestingly, fecal microbiota
transplant (FMT) of cecal content from a Ptpn2-
KO mouse caused sustained, statistically significant,
weight loss in mice compared with GF mice colo-
nized with K12, and intriguingly,mAIEC-dependent
weight loss was restricted to male GF mice
(Figure 6). These data demonstrate that mAIEC is
capable of causing disease only in the presence of
other gastrointestinal microbes.

mAIEC worsens DSS colitis

We next wanted to determine if mAIEC modifies
inflammation by worsening the response to an
acute inflammatory episode. Whereas DSS control

mice (DSS-PBS or DSS-K12) did not show
a significant loss in body weight, mice treated with
DSS and infected with mAIEC (DSS-mAIEC)
showed a significant and sustained drop in body
weight beginning at 4 d compared with H2

O control mice (H2O-PBS & H2O-K12) and DSS-
PBS mice, and 5–7 d compared with H2O control
mice and DSS treated (DSS-PBS, DSS-K12, DSS-
mAIEC) mice (Figure 7(a)). Consequently, DSS-
mAIEC mice showed severe disease indicated by
a significant increase in DAI at 7 d, induction of
splenomegaly, and a further shortening in colon
length compared with H2O control and DSS-
treated mice (Figure 7(b–d)). Additionally, DSS-
mAIEC mice showed a higher DAI, increased his-
tological score, and MPO activity compared with
DSS-PBS and DSS-K12 mice (Figures 7(e–f), 8).

As an additional determination of intestinal
epithelial integrity and function, we assessed

Figure 4. Confirmation of Phenotypic Properties of a Novel Mouse AIEC. Phenotypic characterization of a novel putative mAIEC
compared with the human AIEC LF82 and the noninvasive E. coli K12. Caco-2BBe IECs (a,b,c) and J774A.1 murine macrophages (d,e,f)
were seeded at 2 × 105 cells/well in a 24-well plate until confluent, or 5 × 105 cells/well on round coverslips until 70% confluent for (b),
and then exposed for 3 h to individual bacteria (MOI of 10 bacteria/cell). 1-way ANOVA revealed interactions for all variables (P ≤ 0.004;
n = 6 from three independent experiments). (a) Bacteria adhered to Caco-2BBe cells as colony forming units (CFU)/cell (aP < 0.001 cf.
LF82, bP ≤ 0.049 cf. mAIEC); (b) Immunofluorescence of uninfected and mAIECred invaded Caco-2BBe cells (n = 2–5); (c) Intracellular
bacteria as % of input in Caco-2BBe cells (aP < 0.001 cf. LF82, bP ≤ 0.03 cf. mAIEC); (d) Intracellular bacteria as CFU/cell post 1 h in
murine macrophages (aP < 0.001 cf. all groups); (e) Survival of bacteria in murine macrophages as CFU/cell post 24 h (aP < 0.001 cf. all
groups); and (f) Relationship of intracellular bacteria and survival of bacteria in murine macrophages (no difference between mAIEC
levels at 1 h vs. 24 h, P = 0.49). These data show that mAIEC attach to IECs, and can survive within macrophages, thus confirming AIEC
properties.
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in vivo permeability in the same mice used in
Figures 7 and 8 and found that DSS-PBS, DSS-
K12 and DSS-mAIEC mice showed increased per-
meability to FD4 compared with H2O-PBS, H2

O-K12 or H2O-mAIEC mice, and there was no

difference in FD4 permeability between DSS-
mAIEC mice and DSS-PBS or DSS-K12 mice
(Figure 9(a)). However, only DSS-mAIEC mice
showed higher levels of bacterial burden in distal
colon, spleen and liver compared with H2O-PBS,

Figure 5. mAIEC Colonizes and Causes Mild Disease in SFB-free Mice. Oral gavage ofmAIEC (109 bacteria/mouse in 100 µL PBS; day
0–3) caused (a) weight loss (n = 8; also see Figure 7(a)); (b) mild disease (n = 8; also see Figure 8(b)); (c) splenomegaly (n = 7–8; also see
Figure 7(c)); (d) colon shortening (n = 7–8; also see Figure 7(d)); and (e) intestinal FD4 permeability (n = 6–7; also see Figure 8(a)) in
confirmed SFB-free C57Bl/6 mice (10 weeks old; 20–22 g; JAX labs) compared with control E. coli (K12) or PBS after 7 d. 2-way repeated
measures (RM) ANOVA of body weight and DAI revealed an interaction (mean ± SEM from two independent experiments;
P ≤ 0.002). mAIEC reduced body weight at day 4 compared with all groups (aP ≤ 0.01) and day 7 compared with PBS (aP = 0.03),
and DAI at days 4 and 5 compared with all groups (aP ≤ 0.02). 1-way ANOVA of spleen weight and colon length, but not FD4
permeability revealed an interaction (mean ± SD from two independent experiments; P ≤ 0.01). mAIEC increased spleen weight
compared with all groups (aP ≤ 0.001) and reduced colon length compared with K12 (aP ≤ 0.01).

Figure 6. mAIEC Does Not Cause Disease in Germ-free Mice Without a Microbiome. Oral gavage of mAIEC (109 bacteria/mouse in
100 µL PBS) to germ-free mice (C57Bl/6; 12–13 weeks old; n = 3, two experiments). Whereas mAIEC infection had no significant effect
on body weight, fecal microbiota transplant (FMT) of cecal content from a Ptpn2-KO mouse (KO-FMT) by oral gavage after 21 d
of mAIEC colonization caused a selective decrease in body weight in male vs. female mAIEC-infected mice while KO-FMT into control
K12 E. coli infected mice was without effect (n = 3). 2-way RM ANOVA revealed an interaction (mean ± SD; P ≤ 0.02). Body weight of
male mAIEC infected mice was significantly lower at days 0, 2, 4, and 7 post-KO-FMT compared with female mAIEC infected mice (aP ≤
0.02) and at day 3 compared with female mice (bP ≤ 0.005).

1556 A. SHAWKI ET AL.



H2O-K12 and H2O-mAIEC mice and DSS-PBS and
DSS-K12 mice (Figure 9(b–d)). Interestingly, there

was no significant bacterial burden found in
mesenteric lymph nodes (mLN) (data not shown).

Figure 7. mAIEC Worsens Disease During Acute DSS Colitis. Co-administration of mAIEC and DSS (3%; 7 d) in drinking water
exacerbated (a) weight loss (n = 8); (b) disease activity (n = 8); (c) splenomegaly (n = 7–8); (d) colon shortening (n = 7–8); (e) mean
histology score (n = 5); and (f) MPO activity (n = 5) in confirmed SFB-free C57Bl/6 mice (10 weeks old; 20–22 g; JAX labs) compared with
control E. coli (K12) or PBS. 2-way RM ANOVA of body weight and 1-way RM ANOVA of DAI revealed an interaction (mean ± SEM from
two independent experiments, P < 0.001). mAIEC alone in the absence of DSS caused a mild decrease in body weight (4 d, aP ≤ 0.04 cf.
H2O groups) and increase in DAI (4 d, cP ≤ 0.04 cf. H2O-PBS and DSS-PBS; 5 d,

dP ≤ 0.04 cf. H2O groups). Although DSS-PBS mice showed
a very mild decrease in body weight (7 d, dP ≤ 0.03 cf. H2O-PBS) and increase in DAI (7 d, fP ≤ 0.02 cf. H2O groups), and DSS-K12 mice
showed an increase in DAI (6 d, eP ≤ 0.03 cf. H2O-PBS and H2O-K12; 7 d,

fP ≤ 0.04 cf. H2O groups), mAIEC potentiated the loss in body
weight (4 d, bP = 0.02 cf. H2O-PBS and K12 and DSS-PBS; 5–7 d,

aP ≤ 0.04 cf. all groups), and increased DAI (3 d, aP ≤ 0.005 cf. H2O-PBS
and K12 and DSS groups; 4–7 d, bP ≤ 0.04 cf. all groups). 1-way ANOVA of all other parameters revealed an interaction (mean ± SD from
two independent experiments except for mean histology score and MPO activity; P ≤ 0.001). mAIEC alone in the absence of DSS and
DSS-PBS and K12 equally caused splenomegaly (aP ≤ 0.02 cf. H2O-PBS and K12). Additionally, mAIEC alone in the absence of DSS
caused colon shortening (aP = 0.006 cf. H2O-K12). However, DSS-PBS and K12 showed more pronounced shortening of the colon (bP ≤
0.03 cf. H2O groups and cP ≤ 0.005 cf. H2O-PBS and K12, respectively). mAIEC further potentiated the increase in spleen weight (bP ≤
0.04 cf. all groups) and colon shortening (dP ≤ 0.001 cf. all groups). All DSS-treated mice showed an increase in mean histology score
(aP ≤ 0.02 cf. H2O groups) and this effect was worsened when DSS mice were infected with mAIEC (bP ≤ 0.001 cf. DSS groups). MPO
activity was increased in DSS-PBS but not DSS-K12 mice, and this effect was not worsened when DSS mice were infected with mAIEC
(aP ≤ 0.008 cf. all groups).

GUT MICROBES 1557



Figure 8. Histology of Distal Colons from Colitis Mice Infected with E. coli. Hematoxylin and Eosin stained sections (5 µM) of the
most distal 1 cm of the mouse colon from water treated or DSS-colitis mice gavaged with PBS, control E. coli K12, or mAIEC.

Figure 9. mAIEC Infection During DSS Worsens Barrier Permeability and Increases Bacterial Burden. Co-administration ofmAIEC
and DSS (3%; 7 d) in drinking water exacerbated (a) FD4 permeability (as % of H2O-PBS; n = 6–8); and bacterial burden ofmAIEC in the
(b) distal colon (n = 5–8); (c) spleen (n = 6–8); and (d) liver (n = 6–8) in confirmed SFB-free C57Bl/6 mice (10 weeks old; 20–22 g)
compared with control E. coli (K12) or PBS. 2-way ANOVA revealed an interaction (mean ± SD from two independent experiments;
P ≤ 0.03). DSS induced an increase in permeability independent of infection (aP = 0.01 cf. H2O mice) and there was no difference
between the DSS mice (P ≥ 0.13). DSS-mAIEC mice had greater bacterial burden in their distal colon (aP ≤ 0.04 cf. DSS-K12 mice), spleen
(aP ≤ 0.03 cf. all mice), and liver (aP ≤ 0.02 cf. all mice).

1558 A. SHAWKI ET AL.



Overall, these data confirm thatmAIEC: (i) invades
SFB-free mouse intestine, (ii) causes disease and
weight loss; (iii) increases intestinal permeability;
and (iv) exacerbates disease in the setting of
inflammation.

mAIEC prevents recovery from DSS colitis

Since mAIEC worsened acute colitis, we wanted to
determine if it also impaired recovery from colitis.

DSS-induced colitis in all of the mice in the recov-
ery group, regardless of bacterial infection, as evi-
denced by reduced body weight; however, mice
infected with mAIEC during the recovery phase
(rec-mAIEC) showed a more severe body weight
loss and slower recovery at 13 and 14 d compared
with mice treated with PBS (rec-PBS) and mice
infected with K12 (rec-K12) during the recovery
phase (Figure 10(a)). Consequently, rec-mAIEC
mice showed a higher and more sustained DAI

Figure 10. mAIEC Impairs Recovery from Colitis. Administration of mAIEC post DSS (3%; 7 d) in drinking water impaired recovery of
(a) body weight (n = 7–8); (b) disease (n = 7–8); and (d) splenomegaly (n = 7–8); with no effect on (c) colon length (n = 6–8); (e) FD4
permeability (as % of rec-PBS; n = 7–8); or (f) bacterial burden (n = 5–8) ofmAIEC to the distal colon in confirmed SFB-free C57Bl/6 mice
(10 weeks old; 20–22 g; JAX labs) compared with control E. coli (K12) or PBS. 2-way RM ANOVA of body weight and DAI revealed an
interaction (mean ± SEM from two independent experiments; P < 0.001).mAIEC prevented recovery of body weight loss (13–14 d, aP ≤
0.03 cf. rec-PBS and K12), and decrease in DAI (9–14 d, aP ≤ 0.03 cf. rec-PBS and K12). One-way ANOVA of spleen weight and distal
colon bacterial burden revealed an interaction (mean ± SEM from two independent experiments; P < 0.001) with no effect on colon
length or FD4 permeability (aP ≥ 0.59). mAIEC increased spleen weight during the recovery phase (aP ≤ 0.002 cf. rec-PBS and K12) and
was detected in distal colon tissue (aP ≤ 0.001 cf. rec-PBS and K12).
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from day 9 through 14 compared with rec-PBS and
rec-K12 mice (Figure 10(b)). This coincided with
splenomegaly and bacterial burden in distal colon
but no change in colon length or FD4 permeability
in rec-mAIEC mice compared with rec-PBS and
rec-K12 mice (Figure 10(c–f)). Overall, these data
show thatmAIEC prevents recovery of acute colitis.

Genome sequence analysis of mAIEC

Since the rRNA ITS region of mAIEC and the
human AIEC LF82 had 100% sequence identity,
we next wanted to identify how similar these bac-
teria are across their genomes. We sequenced the
genome of our novel mouse AIEC and compared it
with the published genome sequence of LF82
(GenBank CU651637.1). mAIEC showed approxi-
mately 90.3% sequence identity to the genome of
the human AIEC LF82. We further probed for the
presence in our mAIEC of putative virulence genes
found in E. coli’s and other AIECs including LF82.
Putative virulence gene sequences and their pre-
dicted protein products were compared using
EMBOSS Water (Table 1).63,64 There were 14 total

putative virulence genes that were used in this
analysis. In particular, mAIEC showed two distinct
differences: mAIEC yfcU and tnpB had very low %
gene and protein identities when compared to the
same gene and protein sequences from LF82 and
NC101 (Table 1). Since analyses using BLAST
determined that the closest matches to these genes
and proteins were yfcU or tnpB for all three bac-
teria, this suggests that these proteins all have simi-
lar functions but that the sequences from
our mAIEC are very different from those from
LF82 and NC101.

Discussion

One of the contributing factors to IBD development
and progression is alteration of intestinal micro-
biome composition that favors expansion of com-
mensal bacteria with potential to cause disease. In
mice with loss of expression of the IBD risk gene,
Ptpn2, we found significant alterations in intestinal
bacteria compared with wild-type littermates.
Moreover, Ptpn2-deficient mice showed a selective
increase in abundance of Proteobacteria, specifically

Table 1. Summary of Putative Virulence Genes Between the Novel mAIEC, LF82 AIEC and NC101 E. coli.

Gene Reference Function

% gene
identity

with NC101

%
query
covered

% putative pro-
tein identity
with NC101

%
query
covered

% gene identity with
LF82 (Accession
CU651637.1)

%
query
covered

% putative
protein identity

with LF82

%
query
covered

fimH 70 Terminal subunit of Type
1 pilus

*99.1 100 99 100 99.4 100 99.5 100

yfcU 71 Outer membrane usher
protein

55.5 98 44.6 97 54.7 87 44.7 97

yadC 72 Fimbrial-like protein *92.8 100 91.2 100 *93.2 100 91.2 100
csgE 73 Curli production

assembly/transport
component

99.7 100 100 100 99.7 100 100 100

yehA 74 Putative fimbrial-like
protein

99.3 100 99.4 100 99.4 100 99.4 100

hcpA 73 Major exported protein 98.6 100 100 100 100 100 100 100
fimA 73 Type-1 fimbrial protein

A chain
90.2 100 90.7 100 *91.4 100 91.3 100

ygiL 75 Fimbrial family protein 100 100 100 100 100 100 100 100
ftsh 76 ATP-dependent zinc

metalloprotease
99.3 100 100 100 99.3 100 100 100

vat 77 Vacuolating
autotransporter toxin

100 100 100 100 100 100 100 100

malX 73 PTS system maltose- and
glucose- specific EIICB
component

99.7 99 100 100 99.7 100 100 100

tnpB 78 IS200/IS605 family
element transposase
accessory protein

43.5 99 34.1 93 47.6 99 34.1 94

dsbA 73 Thiol:disulfide
interchange protein

99.4 100 100 100 99.7 100 100 100

fliA 79 RNA polymerase sigma
factor

98.9 100 100 100 99.8 100 100 100

*For the indicated gene comparisons, when the % gene identity was greater than % protein identity, there was a higher percentage of nucleotide differences in
codon positions 1 + 2 (32%) than when % gene identity was less than % protein identity (9%). Similar comparisons of the genes with equal % identities and
the two genes with much greater dissimilarities (yfcU and tnpB) were not included in this analysis.
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E. coli. Intriguingly, the highest increase in abun-
dance of lumenal and mucosal-associated bacteria in
Ptpn2-KO mice was of an E. coli that shared >90%
genome sequence similarity to the human IBD-
associated AIEC LF82. Furthermore, IBD patients
that have been genotyped for the PTPN2 IBD risk
allele rs1893217 show altered microbiomes and
increased presence of Proteobacteria, thus further
validating our in vivo system as a model of
IBD.23,33,34 Although LF82 was originally isolated
from the ileum of a Crohn’s disease patient, addi-
tional AIEC have since been identified in ulcerative
colitis patients and isolated from other intestinal
regions.37,80-82 Whereas mAIEC was detected albeit
at low levels in lumenal and mucosal-associated
samples from wild-type mice indicating that this
bacterium is part of the resident microbiota, Ptpn2-
KO mice showed higher abundance of mAIEC in
both the lumen of the gut and the epithelium of the
small and large intestine. This was a notable finding
because IBD-associated AIEC are able to adhere to
and invade IECs. Moreover, the finding that our
novel mAIEC was present in IECs in vivo further
supports its identity as an AIEC. Overall, reduced
expression of the IBD candidate gene, Ptpn2, alters
intestinal microbial communities in mice to favor
expansion of this novel mouse AIEC.

We confirmed the adherent, invasive and survi-
val properties ofmAIEC relative to the well-studied
human AIEC LF82.23 We found that mAIEC
adhere to and invade intestinal epithelial cells,
although to a lesser extent than LF82. This was
expected as we used human IECs with a mouse
bacterium to comply with the criteria for identifica-
tion as AIEC that were established for LF82.23

However, the absolute values of mAIEC adherence
and invasion are not significantly different from the
published adherence and invasive properties for an
AIEC, and there was no difference in adherence
of mAIEC to young adult mouse colonic (YAMC)
IEC lines compared with human IECs.23,26

Intriguingly, survival of mAIEC in J774A.1 mouse
macrophages was significantly higher than LF82
and K12, and this was not solely a host-specific
effect since mAIEC invaded human THP-1 macro-
phages similar to LF82 (Spalinger et al., unpub-
lished manuscript; under review). Given that our
current studies were performed with mouse macro-
phages, this may suggest that our novel mAIEC

represents a better tool to study AIEC-induced
disease in a mouse host than the human LF82
isolate. Overall, these data confirm the epithelial
adherent and invasive properties and survival in
macrophages of our novel mAIEC.

We also validated that our novel mouse AIEC
can cause disease in SFB-free mice. These mice
were housed under SPF conditions reflecting the
housing conditions of the Ptpn2-KO mice in which
we found a high abundance of mAIEC (SPF mice
with low abundance of SFB, data not shown). We
confirmed that infection of mAIEC, but not K12,
results in mild disease evident by reduced body
weight and slightly increased disease activity. The
lack of an overt response to infection, and that these
mice appear to recover by day 7 despite delayed
recovery of spleen weight and colon length due to
pathologic changes to the tissue, may be explained
by the fact that these mice already have
a microbiome that could partially outcompete or
restrict mAIEC pathogenicity.83 Therefore, we
infected germ-free mice and found that mono-
colonization with mAIEC had no significant effect
on body weight despite sustained levels of bacterial
burden. Interestingly, introduction of
a microbiome by FMT in mAIEC-infected germ-
free mice caused a significant and sustained reduc-
tion in body weight, and intriguingly, this effect
seemed to be specific to male mice despite
similar mAIEC and K12 bacterial burden levels in
male and female germ-free mice pre-FMT.
However, female mice also showed large fluctua-
tions in body weight indicating that mAIEC
resulted in a response in both male and female
germ-free mice albeit with qualitative differences
in the magnitude of the effect that appears to be
sex-dependent. We showed for the first time that
our mAIEC (a pathobiont) can cause transient dis-
ease in mice with no known genetic alterations or
additional stressors such as DSS-induced colitis.

Since we isolated mAIEC from Ptpn2-KO mice
that develop systemic inflammation, and since
AIEC have been shown to be increased in CD and
UC patients, we investigated the effects of mAIEC
in an inflammatory setting. Mice exposed to DSS to
induce mild colitis and simultaneously infected
withmAIEC displayed more severe disease (greater
body weight loss, increased disease scores, bacterial
burden) compared with control mice treated with
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DSS and water treated mice; and increased macro-
molecular intestinal permeability compared with
water-treated mice. We speculate that inflamma-
tion is required in the host to create an ideal envir-
onment for AIEC to expand and cause a more
severe and sustained disease, consistent with it
being a pathobiont (such as the human LF82
AIEC) rather than a strict pathogen.84 In fact,
AIEC have been shown to worsen the response to
an inflammatory flare, and impede a susceptible
host from recovery against acute colitis in IBD
patients, thus potentiating IBD progression.84,85

Of note, mice infected with mAIEC fail to recover
(body weight loss and increased disease activity)
from DSS-induced colitis.

To identify possible factors that contribute
to mAIEC colonization in mice, we compared the
genome sequence of the novel mouse AIEC to the
human LF82 AIEC and another opportunistic
mouse E. coli with some AIEC features, NC101.
The genome of mAIEC showed >90% sequence
identity to LF82. Intriguingly, two putative viru-
lence genes, yfcU and tnpB, from our mAIEC were
compared to those from LF82 and NC101.
The mAIEC gene and putative protein sequences
had very low percent identities when compared to
the other two bacteria providing further evidence
for the novelty of our strain and indicating poten-
tially different gene variants or protein isoforms
that may give rise to differences in pathogenicity
(e.g., adherence/invasion) between mAIEC, LF82
and NC101.

While a number of studies have investigated
potential contributions of commensal bacteria that
possess or acquire pathogenic potential, such as the
LF82 AIEC in the pathogenesis of IBD, it still
remains elusive as to how IBD susceptibility genes
modulate the intestinal microbiome to maintain
intestinal homeostasis and how disruption of this
interaction precipitates changes in the microbiome
that promote disease. We show here for the first
time how loss of an IBD-associated gene, Ptpn2, in
mice (Ptpn2-deficient), independent of an external
stressor, alters the intestinal microbiome and favors
expansion of a novel mouse AIEC that is capable of
both initiating and exacerbating disease. Thus,
PTPN2 plays a key role as a “microbial modulator”
of the microbiome to protect against pathobiont
expansion and colonization. We propose that

whole-body Ptpn2-deficiency in mice may serve as
a useful model to investigate how host genetics
modulate the balance of intestinal microbes, and
that this novel mouse AIEC can be utilized to
interrogate mechanisms of pathobiont-induced
intestinal inflammation.
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