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ABSTRACT

Salmonella and Citrobacter are gram negative, members of Enterobacteriaceae family that are
important causative agents of diarrhea and intestinal inflammation. TGF-B1 is a pleiotropic
multifunctional cytokine that has been implicated in modulating the severity of microbial infections.
How these pathogens alter the TGF-81 signaling pathways in the intestine is largely unknown.
Streptomycin-pretreated C57BL/6J mouse model colonized with S. typhimurium for 8 hours (acute)
and 4 days (chronic) infection and FVB/N mice infected with C. rodentium for 6 days were utilized.
Results demonstrated an increase in TGF-81 receptor | expression (p<0.05) in S. typhimurium
infected mouse ileum at both acute and chronic post-infection vs control. This was associated with
activation of Smad pathways as evidenced by increased phosphorylated (p)-Smad2 and p-Smad3
levels in the nucleus. The inhibitory Smad7 mRNA levels showed a significant up regulation during
acute phase of Salmonella infection but no change at 4d post-infection. In contrast to Salmonella,
infection with Citrobacter caused drastic downregulation of TGF receptor | and Il concomitant with a
decrease in levels of Smad 2, 3, 4 and 7 expression in the mouse colon. We speculate that increased
TGF-B1 signaling in response to Salmonella may be a host compensatory response to promote
mucosal healing; while C. rodentium decreases TGF-81 signaling pathways to promote inflammation
and contribute to disease pathogenesis. These findings increase our understanding of how enteric
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pathogens subvert specific aspects of the host-cellular pathways to cause disease.

Introduction

TGF-f1 is an important multifunctional cytokine that
is expressed in many different cell types in the intes-
tine including epithelial, fibroblasts and mononuclear
cells."” Tt regulates a diverse set of cellular responses
such as cell growth and proliferation, cellular differen-
tiation, extracellular matrix production, tissue repair
and immune-modulation.” Because of its role in
immune modulation, there has been a considerable
interest in investigating the role of TGF-p1 in micro-
bial infections. Indeed, HIV and many other patho-
gens such as M avium, L amazonensis, L brazilensis,*
S aureus,® T cruzi’ increase TGE-p1 levels to cause
immune suppression and progression of infection.

However, other studies have shown that TGF-81 may
have a beneficial effect for host such as in L monocyto-
genes or C albicans infection. These conflicting reports
of TGF-p1 either causing progression or resistance to
infection could be due to distinct effects of different
microbes on TGF-Bl-induced signaling pathways in
different cell types.

Indeed, TGF-pBlsignaling is very complex. The
ligand TGF-f1 initiates signaling by binding to and
bringing together type I (TGF-RI) and type II receptor
(TGEF-RII) serine/threonine kinases on the cell surface.
This allows TGF-RII to phosphorylate the receptor I
kinase domain, which then propagates the signal
through phosphorylation of the canonical Smad

CONTACT Ravinder K. Gill, Ph.D., Associate Professor @ rgill@uic.edu @ Division of Gastroenterology & Hepatology, Department of Medicine, University of
lllinois at Chicago, 820 South Damen Avenue, Chicago, IL 60612; Jun Sun, Ph.D., AGAF, Associate Professor @junsun7@uic.edu @ Division of Gastroenterology
and Hepatology, Department of Medicine, University of lllinois at Chicago, 840 S Wood Street, Room 704 CSB, Chicago, IL, 60612.

@ Supplemental data for this article can be accessed on the publisher’s website.

TAuthors Contributed Equally.
tCo-senior Authors.
© 2018 Taylor & Francis


https://crossmark.crossref.org/dialog/?doi=10.1080/19490976.2018.1429878&domain=pdf&date_stamp=2018-03-22
https://crossmark.crossref.org/dialog/?doi=10.1080/19490976.2018.1429878&domain=pdf&date_stamp=2018-03-22
https://doi.org/10.1080/19490976.2018.1429878
https://doi.org/10.1080/19490976.2018.1429878

proteins. R-Smads (Smadl, 2, 3, 5, and 8) are directly
phosphorylated and activated by the type I receptor
kinases and undergo formation of heteromeric com-
plexes with the Co-Smad, Smad4. The activated Smad
complexes are translocated into the nucleus and, in
conjunction with other nuclear cofactors, regulate the
transcription of target genes. The I-Smad, Smad7,
keeps a check on TGF-p1 signaling by competing with
R-Smads for receptor or Co-Smad interaction and by
targeting the receptors for degradation.>® Eliminating
TGEF-p1 or its downstream signaling cascade (Smad2,
3 and 4) leads to inflammatory disease or cancer.”"!
For example, TGF-B-null mice develop systemic
inflammation, whereas, transgenic mice expressing a
dominant negative TGF-R2 are known to develop
severe pulmonary and gut inflammation'®'>" or
tumor formation.'* On the other hand, activation of
TGEF-p1 signaling pathways leads to tissue repair or
remodeling, although excessive signaling can have del-
eterious consequences such as fibrosis or tumor
metastasis.'*'”> Whether TGF-f1 signaling is exploited
by enteric pathogens to contribute to disease patho-
genesis is largely unknown.

We chose two important pathogens namely Salmo-
nella typhimurium, a major cause of salmonellosis
(characterized by diarrhea and inflammation in ileum
and colon); and C. rodentium, a mouse pathogen that
closely resembles clinically relevant pathogens Entero-
pathogenic E. coli (EPEC) and Enterohemorrhagic E.
coli (EHEC) and causes colitis. Our novel findings
demonstrated that Salmonella elicits alterations in
TGF-pB1 signaling with increased TGF-R abundance
and activation of Smad2/3 signaling pathways in the
mouse ileum. C. rodentium infection was associated
with a downregulation in TGF-R I and II abundance
and reduction in Smad gene expression. It is specu-
lated that increased TGF-f1 signaling in response to
Salmonella may be a host compensatory response to
promote mucosal healing or pathogen survival; while
C. rodentium decreases TGF- 1 signaling pathways to
promote inflammation. These data indicate specific
host-microbial interaction that enteric pathogens
exploit to contribute to disease progression or survival
in the host.

Results

(1) TGF-1 receptor mRNA Expression is Increased
by Salmonella TGF-B1 superfamily comprises
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of a family of secreted signaling molecules
that regulate a number of cellular processes
including growth, differentiation, adhesion and
migration.” Whether Salmonella infection alters
TGEF-B1 signaling pathways is not known.
In a streptomycin-pretreated C57BL/6] mouse
model colonized with wild-type pathogenic
Salmonella ATCC 14028 for 8 h (acute) and 4 d
(chronic), we found that the mRNA levels of
TGF-RI were significantly increased (4-5 fold)
by Salmonella infection in the ileum at 8 h and
4 d as compared to control (Fig. 1A). TGF-RII
mRNA levels were also markedly increased
(~20 fold) after acute infection with Salmonella
and remained increased, although to a lesser
degree (8 fold) 4 days post-infection (Fig. 1B).
Salmonella Infection Increased TGF-RI Pro-
tein Abundance To examine whether increase
in mRNA levels corresponded with protein
abundance, western blot utilizing TGF-RI and
TGEF-RII specific antibodies was performed in
mucosa isolated from ileum of uninfected and
Salmonella  colonized mice. A significant
increase in TGF-RI (but not TGF-RII) protein
expression in response to Salmonella infection
was observed at 8 h and 4 day (Fig. 1C). Villin
and B actin were used as an internal control
markers for normalization. As shown in densi-
tometric analysis, TGF-RI protein levels were
significantly up regulated (~2-3 fold) post-
infection (Fig. 1D). However, the protein levels
of TGF-RII did not change unlike the increase
in its mRNA levels (Fig. 1E). Taken together,
our data showed that TGF-RI is up regulated at
both mRNA and protein levels in the ileum in
the early as well as late stages of Salmonella
infection.

Salmonella Activates Smad2 and Smad3
Pathways: Activation of Smad proteins by
TGF-RI mediated phosphorylation is a princi-
pal event of TGF-B1 signaling in influencing
gene transcription.>'® To check whether Sal-
monella alters Smad signaling cascade, we
first examined total cellular levels of R-Smads
(Smad2 and Smad3) in response to infection
with Salmonella. mRNA levels of Smad2 were
unaltered (Fig. 2A), whereas, Smad3 mRNA
levels were up regulated acutely post infection
(Fig. 2B). Activation of Smad2/3 usually
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Figure 1. Effect of Salmonella infection on ileal TGF-R1 and TGF-RIl mRNA and protein levels. Streptomycin-pretreated C57BL/6J mice
were colonized with S. typhimurium for 8 hours (acute infection) and 4 days (chronic infection). RNA extracted from mouse ileal tissues
was amplified using gene specific primers for real-time PCR quantification. Data represent the relative mRNA expression of TGF-R1 (A)
and TGF-RII (B) normalized to the respective GAPDH mRNA (internal control) levels. To check protein expression, mouse ileal mucosal tis-
sue lysates were prepared from control and Salmonella-infected mice (8 h and 4 d). Immunoblotting was carried out using receptor-spe-
cific antibodies (C). Densitometric analysis showing relative expression of TGF-RI (D) and TGF-RII (E) protein normalized to Villin. Data are
expressed as mean + SEM. *p < 0.05; **p < 0.01; *“p < 0.001.

involves phosphorylation and translocation
to the nucleus. Utilizing phosphospecific anti-
bodies, increased staining of p-Smad2 in the
nucleus was observed at both 8 h and 4 d
post colonization with Salmonella in the ileal
tissue, indicative of its activation (Fig. 3A).
The p-Smad2 staining in the nucleus was dis-
tributed throughout the crypt-villus axis in

response to infection compared to control
with negligible p-Smad2 staining. Similarly,
p-smad3 nuclear staining was also increased
in Salmonella colonized samples at acute
phase of infection compared to control
(Fig. 3A). Immunostaining showed no signifi-
cant alteration in total protein levels of
Smad2 and 3 proteins as detected by antibody
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Figure 2. The mRNA expression levels of Smad2 and Smad3 in response to Salmonella infection in vivo. RNA was extracted from mouse
ileal tissues and amplified using gene specific primers for real-time PCR quantification. (A) Smad2 mRNA levels and (B) Smad3 mRNA
levels at 8 h and 4 d post Salmonella infection. Data represent the relative expression of Smad2 and Smad3 normalized to the respective
GAPDH mRNA (internal control) levels. Data are expressed as mean 4= SEM ***p<0.001.
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Salmonella (4d)

Figure 3. Activation of Smad2/3 proteins in response to acute and chronic Salmonella infection. An increase in immunofluorescence
staining levels of Smad2 and Smad3 phosphorylated proteins in the ileal tissues. p-Smad2 staining (alexa fluor 568, red), p-Smad3 stain-

ing (alexa fluor 568, red) (scale bar: 200 «m) in representative images.

that cross-reacts with both Smad2 and Smad3 which influences gene transcription of target
(Supplementary Fig. 1). genes. As shown in Fig. 4A, mRNA levels of
(4) Salmonella effects on Smad4 and Smad7 Levels Smad4 were acutely (8 h) up regulated post-
Following activation of Smad2 and 3, a hetero- infection (~30-40 fold), which remained signif-
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Figure 4. Smad4 and Smad7 expression in response to acute and chronic Salmonella infection. (A) Smad4 mRNA levels at 8 h and 4 d
post infection. (B) Smad7 mRNA levels at 8 h and 4 d post infection. Data are expressed as mean 4 SEM. “*p<0.01; ****p<0.0001;

#p<0.05; #H##p<0.0001.
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(5)

although to a lesser degree (~5-fold). We fur-
ther examined levels of Smad7, representing the
inhibitory or “anti-Smad” because it interferes
with the activation of R-Smads. Smad7 mRNA
levels were increased at early stage (8 h) of infec-
tion (~5 fold) with no change observed at 4 d
(Fig. 4B).

TGF-p signaling pathways in response to C.
rodentium: In order to determine whether the
effects of Salmonella on TGF-f related pathways
are specific, we investigated another related but
distinct pathogen, Citrobacter rodentium. Our
previous studies showed that there was substan-
tial increase in mRNA levels of proinflamma-
tory cytokines including IL-18, CXCLI1, and
IFN-y in the colonic mucosa of Citrobacter
rodentium infected mice."” However, effects of
Citrobacter infection on the TGF-B signaling
pathways have not been systematically investi-
gated. A previous microarray analysis of differ-
ential gene expression in Citrobacter infected
FVB/N mice showed a decreased abundance of
TGF-R II at 9 days post-infection, which was
not rigorously verified.'"® In our streptomycin-
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pretreated FVB/N mouse model colonized with
C. rodentium, the data demonstrated a signifi-
cant decrease in TGF-RI mRNA levels (~2 fold)
in the colonic mucosa at 6 d post-infection as
compared to control (Fig. 5A). TGF-RII mRNA
was also markedly decreased (~2 fold) after
infection with Citrobacter (Fig. 5B). With
respect to the downstream Smad pathways,
there was a significant decrease in mRNA levels
of both Smad 2 (Fig. 5C) and Smad 3 (Fig. 5D)
post-infection. Interestingly, levels of the Smad
4 (Table 1) as well as the inhibitory Smad
(Smad7) were downregulated in response to Cit-
robacter infection (Table 1). These data indicate
that TGF-p signaling pathways are downregu-
lated post C. rodentium infection and this
decrease in anti-inflammatory pathways along
with increase in pro-inflammatory cytokines
may contribute to disease pathogenesis associ-
ated with Citrobacter infection.

C. rodentium decreases Smad2/3 immunos-
taining: To investigate whether mRNA levels of
Smad2/3 correlate with protein expression, we
examined cellular localization of Smad 2 and 3
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Figure 5. Citrobacter rodentium infection decreases colonic mucosal TGF-R1 and TGF-R2 mRNA levels and downregulates Smad2 and
Smad3 levels. Streptomycin-pretreated FVB/N mice were colonized with C. rodentium or control for 6 days. RNA extracted from mouse
colonic mucosa was amplified using gene specific primers for real-time PCR quantification. Data represent the relative mRNA expression
of TGF-R1 (A), TGF-RIl (B), Smad2 (C) and Smad3 (D) normalized to the respective GAPDH mRNA (internal control) levels. Data are
expressed as mean =+ SEM. *p 0.05; **p<0.01.
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Table 1. Smad4 and Smad7 mRNA levels in Citrobacter rodentium infection to FVB/N mice. RNA was extracted from mouse colonic
mucosa and amplified using gene specific primers for real-time PCR quantification. Data represent relative expression of Smad normal-
ized to the respective GAPDH mRNA (internal control) levels. A.U: Arbitrary Units (A.U). Data are expressed as mean = SEM. *p < 0.05.

Infection Groups

Smad4 mRNA /GAPDH mRNA (A.U)

Smad7 mRNA /GAPDH mRNA (A.U)

Uninfected
Citrobacter rodentium (6 d)

1.22 £ 0.09
*0.79 £0.15

1.95 £ 0.42
*0.40 £ 0.1

by immunofluoresence staining utilizing an
antibody that cross reacts with Smad2 and
Smad 3. As shown in Fig. 6, in the control colon,
Smad2/3 staining was localized to the crypts
region, mostly in the nucleus with some cyto-
plasmic expression. However, infection with
Citrobacter resulted in a drastic reduction in the
Smad2/3 protein (Fig. 6). These data indicate
that TGF-B signaling pathways are downregu-
lated post C. rodentium infection and this
decrease in anti-inflammatory pathways along
with increase in pro-inflammatory cytokines
may contribute to disease pathogenesis associ-
ated with Citrobacter infection.

Discussion

Salmonella and Citrobacter belong to the pathogenic
members of the Enterobacteriaceae family of bacteria,
which utilizes a type 3-secretion system to cause dis-
ease. The major phenotype of the gastro-intestinal dis-
ease caused by these microbes is diarrhea and

Smad2/3

Control

Citrobacter

Villin

inflammation, although the underlying mechanisms
are not fully understood. To examine how these
pathogens exploit the host-signaling pathways to con-
tribute to disease pathogenesis, our studies focused on
TGF-B, a multifunctional cytokine with anti-inflam-
matory properties.

The results presented in this study show that both
pathogens modulate TGF signaling pathways with an
activation of the Smad signaling pathways in response
to Salmonella and a decrease in TGFR abundance and
Smad signaling pathways by Citrobacter. For these
studies, we utilized the previously well-characterized
streptomycin-pretreated mouse models of infection
mice.'”!®!1920215% Streptomycin-treated model of Sal-
monella infection primarily develops severe colitis,
however, noticeable degree of inflammation is present
in the distal ileum as well.?? Indeed, the Salmonella
infected small intestine on C57/BL6] background
showed erosion of the epithelial surface and polymor-
phonuclear cell infiltration into the lamina propria
4 days post infection (Supplementary Fig. 2) indicat-
ing an inflammatory response as judged by H&E

Merge

Figure 6. Smad 2/3 Immunostaining in response to Citrobacter infection. OCT embedded tissue sections of representative region of the
colon were fixed and stained for total Smad2/3 (alexa fluor 488, green) and Villin (alexa fluor 568, red). A decrease in immunofluores-
cence staining of Smad2 and Smad3 proteins in the distal colon tissues is shown following C. rodentium infection in representative

images. (scale bar: 50 «m).
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staining. Mouse colon infected with Salmonella
showed a marked increase in the pro-inflammatory
response and epithelial damage compared to the
infected small intestine (Supplementary Fig. 2). Since
Salmonella preferentially invades the ileum by target-
ing the Peyer’s patches, we utilized ileum for TGF-8
signaling pathways analysis.

The mouse enteric bacterial pathogen, C. rodentium,
causes diarrhea, transmissible colonic hyperplasia, and
colitis in mice as a consequence of its ability to colonize
murine large intestinal enterocytes using the histopatho-
logical attaching and effacing (A/E) lesion formation.”>**
The pathogenic features of EPEC or EHEC involve a
disruption of the epithelial barrier, perturbation of ion
transporters and stimulation of a mucosal immune-
mediated extensive inflammatory response.”> FVB/N
mice from Jackson Labs were used for Citrobacter infec-
tion based on a previous study comparing the suscepti-
bility of different mouse strains (all bought from the
same vendor) to C. rodentium infection.”” FVB/N mice
showed more susceptibility to Citrobacter infection
with development of diarrheal phenotype and severe
intestinal inflammation as compared to the resistant
C57/BL6] mice.””® Our previous studies have also
shown increased myeloperoxidase activity, increase
in mRNA levels of pro-inflammatory cytokines in strep-
tomycin pre-treated FVB/N mice gavaged with
Citrobacter."”” Histopathological analysis demonstrated
neutrophil infiltration and crypt hyperplasia in response
to Citrobacter as compared to uninfected mice given
only streptomycin (Supplementary Fig. 3). Although,
the response of different strains to infection by enteric
pathogens could be variable; it is unlikely to affect the
outcome of our study. This notion is supported by the
fact that TGF-beta dependent Smad2/3 signaling activity
is similar in different strains of mice.”’” In this regard, a
previous study clearly showed that transgenic mice gen-
erated with the Smad responsive luciferase construct
(SBE-luc) in a FVB/N or in a SJL/] x C57BL/6] mixed
genetic background, showed a similar luciferase activity
(representing Smad2/3 activation) in the intestine (and
also in the brain, heart and skin) in these two different
strains of mice.

Previous studies have shown that exogenous TGF-f1
confers resistance against Salmonella infection.”®** The
number of bacteria recovered in the spleens and in the
livers of recombinant- TGF-p1-treated mice at 2 and
5 days after Salmonella administration (IP) have been

shown to be significantly lower than that found in the
same organs after phosphate-buffered saline (PBS)
inoculation.* Similar to Salmonella, C. difficile toxin A
was recently shown to induce TGF-pB1/Smad signaling
pathways and addition of recombinant TGF-f1 showed
protection from toxin induced damage to intestinal epi-
thelial cells.’® Tt is possible that the pathogen-mediated
induction in TGF-1 receptors may underlie protective
effects against exogenously administered TGF-f1.
Evidence from a variety of in vivo animal models
such as knock out mice shown that eliminating TGF-
Pl or its downstream signaling cascade (Smad2, 3
and 4) leads to inflammatory disease or cancer.”'! For
example, Smad2 has been shown to be important for
immune regulation and mediating signals during
development.’>*® Smad3 is a critical mediator of
TGE-B1 induced anti-inflammatory responses™ as
targeted deletion of the Smad3 gene in mice show
massive infiltration of T cells and multiple pyogenic
abscesses in the stomach and intestine.’ Interestingly,
disruption of Smad4 specifically in T cells resulted in
colitis and an increased susceptibility to the spontane-
ous rectal tumorigenesis.36 Of note, diminished levels
of p-Smad3 were reported in the gut mucosa of
Crohn’s disease.’”*® However, our studies showed
that Salmonella is capable of evoking an anti-inflam-
matory response mediated by TGE-f. Our previous
studies showed that wnt 11A, another pathway impor-
tant for blocking pathogen invasion or suppression of
inflammation was also induced after Salmonella colo-
nization in both the ileum and colon.* Our data indi-
cate that TGF-B/Smad signaling pathways are
protective against infection but may not be directly
involved in major phenotype of Salmonella i.e diar-
rhea and inflammation. In this regard, previous stud-
ies have demonstrated that Salmonella can hijack
host-cell machinery and manipulate the mucosal
inflammatory responses. For example, our previous
studies demonstrated perturbation of tight junctions,
activation of inflammatory responses through NF-kB
pathway and reduction in stem cell markers (Lgr5 and
Bmil) post-infection.**** Other factors that contrib-
uted to Salmonella associated inflammation and
diarrhea may include dysregulation of epithelial trans-
porters such as apical ClI"/HCO;  exchanger
(SLC26A3).*> The role of T3SS effector molecules in
the associated changes in TGF/Smad pathways remain
to be investigated. Our previous studies have



demonstrated that Salmonella effector protein AvrA
dampens the inflammatory responses as a strategy to
promote its survival within the host cells.*> Whether
AvrA plays a role in increasing alterations in
TGF-pB/Smad signaling pathways remains to be inves-
tigated further.

Interestingly, chronic Salmonella infection of the
murine gastrointestinal tract has been shown previ-
ously to lead to tissue fibrosis with increased levels
of growth factors including TGF-f1 along with
extensive type I collagen deposition in the cecal
mucosa, submucosa, and muscularis mucosa of
infected mice. Thus, it can be speculated that
activation of TGF-B1 signaling during chronic
inflammatory response is vital for epithelial-mesen-
chymal transition (EMT) essential for tissue remodel-
ing and wound repair. Interestingly, although TGF-pB
levels were demonstrated to be higher in patients
with IBD and necrotizing colitis model, there is
increased Smad7 expression that may cause decrease
in Smad2/3 phosphorylation or activation.***” These
studies further emphasize that merely measuring
changes in the levels of TGF-g during the progres-
sion of inflammatory and fibrotic disorders is incon-
clusive until actual continuous TGF-B-mediated
signaling pathways are evaluated.*® Thus, exogenous
administration of TGF-81 to increase Smad2/3
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activation or Smad7 inhibition have been shown to
be protective in ameliorating inflammation.*® In our
model of Salmonella infection, the inhibitory Smad7
was up regulated at mRNA level during early infec-
tion and was unaltered during chronic phase. The
absence of inhibitory signaling during later phase of
infection would result in sustained activation of
Smad2/3.%° In fact, Smad3 has also been shown to be
an important signaling molecule for promoting fibro-
sis. This is evident from Smad3 null mice that are
protected from progressive fibrosis mediated by over-
expression of TGF-B1*">°
fibrosis.”!

Our current studies showing that TGF receptor and
Smad2/3 and Smad 4 pathways are markedly attenu-
ated under these conditions suggest that Citrobacter
may exploit TGF pathway as a potential mechanism
to cause disease. Similarly, Smad3 and p-Smad3 were

or bleomycin induced lung

also shown to be decreased in viral infections includ-
ing HSV1 contributing to pathology of human corneal
diseases.”> However, Smad7 levels were found to be
diminished in response to Citrobacter infection. Previ-
ous studies have shown that Smad7 levels are regu-
lated by different stimuli, including TGF-g1, IEN-y
and TNF.>® The mechanism of decrease in Smad7 in
response to Citrobacter is unclear at present, albeit
this may be a compensatory response to mitigate

Basolateral

Figure 7. Model showing effects of Salmonella and Citrobacter on TGF-B1 signaling pathways in intestine.
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further inhibition of R-Smads as their expression is
already decreased in response to Citrobacter.

As shown in Fig. 7, our current study shows that
Salmonella elicits alterations in TGF-p1 signaling with
an increase in TGF-R1 receptor abundance and activa-
tion of Smad2/3 signaling in the mouse ileum during
acute and chronic phases of infection. We speculate
that induction of TGF-p1 signaling may be a host
compensatory response to promote mucosal healing
in response to Salmonella infection and may lead to
fibrosis in chronic mouse model of Salmonellosis. On
the other hand, our studies show that Citrobacter
rodentium infection is associated with defective TGF-
R1 and TGEF-RII expression and decrease in expres-
sion of Smad pathways. These studies provide novel
insights into the host-bacterial interactions that are
important to understand disease mechanisms relevant
to intestinal inflammation and infection.

Materials and methods
Bacterial strains and growth conditions

Bacterial strains used in this study were wild-type Salmo-
nella ATCC 14028 and Citrobacter rodentium (ATCC,
DBS100/255). Non-agitated microaerophilic Salmonella
cultures were prepared by inoculating 10 ml of Luria-
Bertani broth with 0.01 ml of a stationary phase culture
and were incubated overnight (~18 h) at 37°C, as previ-
ously described.’*® Citrobacter cultures were grown
overnight with shaking in Luria-Bertani broth (LB) at
37°C, diluted (1:33) in serum-free and antibiotic-free tis-
sue culture medium containing 0.5% mannose, and
grown at 37°C with aeration to mid-log growth phase
(5 x 10 cells/ml)"’. Bacteria were spun down and resus-
pended in 1 ml of sterile 1 x PBS."”

Streptomycin pretreated mouse model of Salmonella
Infection

Animal experiments were performed using specific
pathogen-free female C57BL/6] mice (Taconic,
Hudson, NY) that were 6-7 weeks old, as previously
described.*” The protocol was approved by the Rush
University Committee on Animal Resources. Water
and food were withdrawn for 4 hours before oral
gavage with 7.5 mg/mouse of streptomycin. After
gavage, the animals were supplied with water and
food ad libitum. Twenty hours after streptomycin
treatment, water and food were withdrawn again for

4 hours before the mice were infected with 1 x 107
CFU of S. typhimurium (100 pul suspension in HBSS)
or treated with sterile HBSS (control) by oral gavage,
as previously described.*"”* Both the control and the
infected mice received the same dose of streptomycin.
At the indicated times after infection, the mice were
sacrificed and tissue samples from the ileum were
removed for analysis.

Streptomycin pretreated mouse model of Citrobacter
Infection

FVB/N mice (male, age 4-6 weeks) obtained from Jack-
son Laboratories were maintained in Jesse Brown Veter-
ans Affairs Medical Center. In vivo studies performed in
these mice were approved by the Animal Care Commit-
tee of the University of Illinois at Chicago and Jesse
Brown Veterans Affairs Medical Center. All mice were
given (streptomycin, 5 g/l) treatments in drinking water
for 24 h, followed by water alone for another 24 h. Citro-
bacter in I X PBS (~1 x 10° CFU of bacteria/mouse/
200 pl) were administered to susceptible FVB/N mice
on day 1 by oral gavage.'” Control mice received 200 ul
of sterile 1X PBS. Mice were euthanized on 6th day post
infection. Intestines were resected, and mucosa was
scraped for further analysis.

RNA Extraction and Real time PCR

Total RNA was extracted from mucosal scraping col-
lected from ileum or colon using TRIzol reagent (Invi-
trogen, Grand Island, NY, USA). The RNA integrity
was verified by gel electrophoresis. The RNA was sub-
jected to quantitative real-time RT-PCR using the
SYBR green master mix (Stratagene) according to the
manufacturer’s instructions.

Mouse lleal or colonic mucosal Lysates

Lysates were prepared from the ileum or distal colon of
the mouse. The scraped mucosa was sonicated in lysis
buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris,
pH 7.4, 1 mM EDTA, 1 mM EGTA, pH 8.0, 0.2 mM
sodium ortho-vanadate, and protease inhibitor cock-
tail). The protein concentration was measured using
the BioRad Reagent (BioRad, Hercules, CA, USA).

Immuno-blot analysis

Equal amounts of protein lysates were separated by
SDS-polyacrylamide gel electrophoresis, transferred to



nitrocellulose, and immunoblotted with primary anti-
bodies specific to the protein of interest. Membranes
that were probed with more than one antibody were
stripped before reprobing. Bands were quantified
using Kodak MI software (v.4.0.3).

Immunofluorescence

Intestinal tissues were freshly isolated and embedded in
paraffin wax after fixation with 10% neutral buffered for-
malin or embedded in OCT. Immunofluorescence stain-
ing was performed on paraffin-embedded sections
(1 wm) of mouse intestine. The slides were incubated in
3% hydrogen peroxide for 20 minutes at room tempera-
ture to block endogenous peroxidase activity and then
incubated for 20 minutes in 5% BSA with 0.1% saponin
in PBS to reduce nonspecific background. For OCT sec-
tions, staining was performed as previously described."”
The permeabilized tissue samples were incubated with
the indicated antibodies, including Smad2/3 (3102), p-
Smad2 (3101), p-Smad3 (9520), (Cell signaling technol-
ogy), overnight at 4°C. Samples were incubated with
goat anti-rabbit Alexa Fluor 594 or 488 (Molecular
Probes, CA, USA) and DAPI (Molecular Probes) for one
hour at room temperature. Tissues were mounted with
SlowFade (SlowFade® AntiFade Kit, Molecular Probes),
followed by a coverslip, and the edges were sealed to pre-
vent drying. Specimens were examined with a Leica SP5
Laser Scanning confocal microscope.

Statistical analysis

All data are expressed as means £ SEM. Differences
among three were analysed using one-way ANOVA
with GraphPad Prism 5 (GraphPad Software, Inc La
Jolla, CA, USA). P-Values of 0.05 or less were consid-
ered statistically significant.
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