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Abstract
Background & Aims—Macrophages mediate the epithelial response to Helicobacter pylori and
are involved in the development of gastritis. Sonic Hedgehog (Shh) regulates gastric epithelial
differentiation and function, but little is known about its immunoregulatory role in the stomach.
We investigated whether gastric Shh acts as a macrophage chemoattractant during the innate
immune response to H pylori infection.

Methods—Mice with parietal cell-specific deletion of Shh (PC-ShhKO) and control mice were
infected with H pylori. Levels of gastric Shh, cytokines, and chemokines were assayed by
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quantitative reverse-transcriptase PCR or by a Luminex®-based multiplex assay, 2, 7, or 180 days
after infection. Circulating concentrations of Shh were measured by ELISA. Bone marrow
chimera experiments were performed with mice that have myeloid cell-specific deletion of the
Hedgehog signal transduction protein smoothened (LysMCre/SmoKO). Macrophage recruitment
was measured in gastric tissue and peripheral blood by fluorescence-activated cell sorting analysis.

Results—Control mice infected with H pylori for 6 months developed an inflammatory response
characterized by infiltration of CD4+ T cells and increased levels of interferon-γ and interleukin
(IL)-1β in the stomach. PC-ShhKO mice did not develop gastritis, even after 6 months of infection
with H pylori. Control mice had increased concentrations of Shh, accompanied by the recruitment
of CD11b+F4/80+Ly6Chigh macrophages 2 days after infection. Control mice that received bone
marrow transplants from control mice had an influx of macrophages to the gastric mucosa in
response to H pylori infection; this was not observed in H pylori-infected control mice that
received bone marrow transplants from LysMCre/SmoKO mice.

Conclusion—H pylori induces release of Shh from the stomach; Shh acts as a macrophage
chemoattractant during initiation of gastritis.

Keywords
gastric cancer; bacteria; signaling; monocyte

INTRODUCTION
Gastritis, typically caused by H. pylori, is the most consistent lesion leading to gastric
cancer. The inflammatory response associated with gastritis is characterized by the
expression of a number of proinflammatory cytokines such as IFNγ, TNFα, IL-1β and
IL-8 1–4. During the innate immune response (“the first line of defense”) release of IL-8, or
murine counterparts Macrophage Inflammatory Protein (MIP2) and CXCL1/KC 5, 6, are
necessary for lymphocyte and neutrophil migration 7–11. The rapid influx of macrophages 48
hours postinfection 5, 12 is essential for the innate response to H. pylori-derived signals from
the epithelium 9, that are crucial to the development of gastritis 13. Yet, H. pylori evades the
host immune response via a mechanism that is largely unknown, and the result is a state of
persistent bacterial colonization and inflammation that can eventually lead to the
development of cancer.

Another parameter that is identified as a factor to disease progression during H. pylori
infection is the Sonic Hedgehog (Shh) signaling pathway, but knowledge of the role of
Hedgehog signaling in the adult stomach is limited. In the normal stomach, Sonic Hedgehog
(Shh) regulates gastric epithelial cell differentiation and function 14–16. In addition to its role
in epithelial cell differentiation, Shh also regulates T cell differentiation and proliferation
and cytokine production via the activation of Ptch1 receptors and transcription target
Gli1 17–20, but the immunoregulatory role of Hedgehog signaling in the stomach is
unknown.

The dysregulation of Shh during H. pylori-induced gastritis is reported as either a global
increase or decrease in expression during the innate to adaptive immune response. At the
chronic inflammatory stage the inhibitory effect of IL-1β on the parietal cell results in loss
of Shh expression 21. However, during the initial stages of infection Shh is up-regulated in
inflamed tissues of the gastrointestinal tract including that of H. pylori infection 22 for
reasons unknown. Given that Shh plays a role in the development of the immune
response 18, 19, 23 we hypothesize that Shh is a H. pylori-induced epithelial factor essential to
drive the innate immune response. Indeed, components or the Hedgehog signaling pathway
including Ptch receptor and transduction protein smoothened (Smo) are expressed by
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macrophages 17, 19, 23. Moreover, Shh has been shown to behave as a chemoattractant for
human monocytes 24. Here we demonstrate for the first time that Shh, acutely induced
during H. pylori infection, may play an immunoregulatory role during the gastric immune
response by acting as a macrophage chemoattractant.

MATERIALS AND METHODS
Animal Models

A mouse model expressing a parietal cell-specific deletion of Shh (fromerly known as
HKCre/ShhKO, referred to as PC-ShhKO in the current studies) was generated as previously
published 14. Age-matched Shh loxP (homozygous for the loxP sites without the Cre
transgene) and HKCre littermates were used as controls.

PC-ShhKO mice were crossed with gastrin deficient mice (GKO) to generate double
knockout PC-ShhKO /GastrinKO mice. Gastrin deficiency was confirmed by
radioimmunoassay and PCR. Mice were genotyped according to previously published PCR
primers and conditions 25.

A mouse model expressing a myeloid cell-specific deletion of Smoothened (LysMCre/
SmoKO) was generated using transgenic mice bearing loxP sites flanking exon 1 of the Smo
gene (Smo loxP) and mice expressing a Cre recombinase transgene from the Lysozyme M
locus (LysMCre). Genotyping was based on polymerase chain reaction primers and
protocols described in Clausen et al. 26 and Long et al. 27. Age-matched Smo loxP
(homozygous for the loxP sites without the Cre transgene) and LysMCre littermates were
used as controls. All mice were 8 weeks of age when inoculated. All mouse studies were
approved by the University of Cincinnati Institutional Animal Care and Use Committee
(IACUC) that maintains an American Association of Assessment and Accreditation of
Laboratory Animal Care (AAALAC) facility.

Omeprazole and antibiotic treatments, Helicobacter pylori culture conditions and
quantification, Quantitative real-time RT-PCR (qRT-PCR), Fluorescence-activated cell
sorting (FACS), Gastrin radioimmunoassay, Luminex®-based multiplex assay, Western blot
analysis, ShhN ELISA and Histological evaluation

See Supplemental Materials for detailed methods

Statistical Analyses
The significance of the results was tested by a one-way or two-way ANOVA using
commercially available software (GraphPad Prism, GraphPad Software, San Diego, CA). A
P value <0.05 was considered significant.

RESULTS
H. pylori-infected PC-ShhKO mice fail to develop gastritis

To determine the role of gastric Shh signaling in the initiation of gastritis, control and PC-
ShhKO mice were infected with H. pylori and analyzed 6 months after inoculation.
Histological examination revealed that H. pylori generated a significant inflammatory
response in the control group (Fig. 1B) compared to the uninfected animals (Fig. 1A).
Interestingly, PC-ShhKO mice did not develop an inflammatory response after 6 months of
H. pylori infection (Fig. 1C, D). The characteristic foveolar hyperplasia previously reported
was observed 14 (Supplemental Fig. 1B). Scores based on percentage of tissue occupied by
infiltrating immune cells for control mice infected for 6 months were significantly higher
than infected PC-ShhKO mice (Fig. 1E). Consistent with the histology, quantitation of the

Schumacher et al. Page 3

Gastroenterology. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mucosal lymphocytes showed significantly greater CD4+ T cell numbers in the infected
control mice after 6 months of H. pylori infection compared to the uninfected group (Fig.
1E). PC-ShhKO mice did not display elevated CD4+ T cells in response to H. pylori
infection (Fig. 1F) suggesting there was an impaired host immune response to H. pylori
infection.

We considered that resistance to colonization with H. pylori might account for the reduced
gastritis observed in the PC-ShhKO infected mice. To examine this possibility, control and
PC-ShhKO infected and uninfected mice were analyzed for the presence of H. pylori by
quantitative cultures 28, 29. H. pylori bacterial colonies were not detected in the control and
PC-ShhKO uninfected mice (data not shown) but only in infected control and PC-ShhKO

mice (Supplemental Fig. 1C). Colonization 2, 7, and 180 days post-infection did not reveal
significant differences between control and PC-ShhKO mice.

Changes in gastric Shh expression during innate and adaptive immune responses was
measured by qRT-PCR in tissues collected from H. pylori-infected control and PC-ShhKO

mouse stomachs 2, 7 and 180 days post-inoculation (Fig. 2A). At 2 and 7 days post-infection
Shh expression was significantly elevated in the stomachs of infected control mice (Fig. 2A)
compared to PC-ShhKO animals (Fig. 2B). Macrophages subsequently recruited to the site of
infection secrete proinflammatory cytokine IL-1β 9. Consistent with the literature, we
observed a significant increase in IL-1β within 180 days post-inoculation in stomachs of H.
pylori-infected control mice (Fig. 2C). IL-1β was not elevated in the stomachs of infected
PC-ShhKO mice confirming the absence of inflammation in our previously published data 14

(Fig. 2D).

The H. pylori infected mucosa eventually exhibits recruitment of TH1 cells characterized by
interferon gamma (IFNγ-expressing T lymphocytes as part of adaptive immunity 1 and this
was confirmed at 180 days post-inoculation in infected control mice (Supplemental Fig.
2A) compared to the PC-ShhKO group (Supplemental Fig. 2B). Although the biological
equivalents of human IL-8 for inflammatory responses in rodent H. pylori models have yet
to be formally defined, the murine CXC chemokine Macrophage Inflammatory Protein
(MIP2, neutrophil chemotactic chemokine) is a likely candidate 5, 6. MIP2 was significantly
elevated at 2, 7 and 180 days post-inoculation in the stomachs of H. pylori-infected control
mice (Supplemental Fig. 2C), while increased MIP2 expression was not observed in the
stomachs of PC-ShhKO mice infected with H. pylori (Supplemental Fig. 2D). Another
fundamental difference observed between control and PC-ShhKO mice was the expression of
IL-12, an important cytokine for the initiation of the TH1 immune response 30. In the
infected stomachs of control mice there was a significant increase in IL-12 mRNA
expression within 2 and 7 days post-inoculation (Supplemental Fig. 2E) but not in the
stomachs of H. pylori infected PC-ShhKO animals (Supplemental Fig. 2F). Collectively,
these data identify fundamental differences in Shh, cytokine and chemokine expression early
after infection (7 days post-inoculation) compared to chronic H. pylori colonization (180
days post-inoculation).

Shh induced by H. pylori infection occurs via an acid-independent mechanism
In the gastric epithelium Shh expression and processing is induced via an acid-dependent
mechanism regulated by gastrin 16, 31, 32. The PC-ShhKO mice are known to be both
hypochlorhydric and hypergastrinemic 14. To demonstrate that the lack of gastritis was
related to loss of Shh rather than a consequence of the hypochlorhydria control mice were
treated with H+, K+-ATPase proton pump inhibitor omeprazole prior to H. pylori infection
and changes in Shh protein expression measured 6 hours post-inoculation (Fig. 3A, B). In
controls treated with vehicle there was a significant increase in Shh expression in response
to H. pylori infection within 6 hours of inoculation (Fig. 3A, B). Omeprazole treatment
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alone significantly reduced baseline Shh protein levels in the stomachs of controls treated
with the inhibitor (Fig. 3A, B). Nevertheless even under these hypochlorhydric conditions
H. pylori induced Shh expression 6 hours post-infection (Fig. 3A, B).

Once in the stomach H. pylori activates an influx of macrophages and neutrophils. IL-8
expression by gastric epithelium following contact with H. pylori plays a major role in the
initial host immune response, that acts as a strong chemotactic and activating factor for
neutrophils, which in turn contribute to initiate and expand the inflammatory cascade 33.
Thus, changes in murine IL-8 analogue KC in response to H. pylori under hypochlorhydric
conditions were measured (Fig. 3C). There was a significant increase in KC tissue
concentrations in response to H. pylori 6 hours post-infection in both vehicle and
omeprazole treated mice (Fig. 3C) that were maintained 2 days post-infection (Fig. 3D).

We have also previously demonstrated that hypochlorhydria due to the lack of gastrin does
not protect the gastrin-deficient (GKO) mouse model from the development of gastritis, but
rather causes chronic inflammation in response to bacterial overgrowth 25, 29. However, we
have demonstrated that in the same GKO mouse model a loss of Shh is associated with
chronic inflammation and hypochlorhydria 32. To address this discrepancy Shh expression
was analyzed in GKO mice at 1 month of age prior to the development of gastritis (Fig. 3E).
Shh expression was induced in response to H. pylori 6 hours post-infection in 1 month-old
GKO mice (Fig. 3E) and this correlated with a significant increase in KC tissue
concentrations measured 6 hours and 2 days post-infection (Fig. 3F). Compared to wild type
(WT) controls, by 3 months of age Shh expression was lost in GKO mice (Fig. 3E) that
correlated with an increase in parietal cell atrophy and inflammation (Supplemental Fig.
3B). Thus, we suggest that the early induction of Shh in response to H. pylori infection
drives the initiation of the inflammatory response observed in the hypochlorhydric GKO

mice.

PC-ShhKO exhibit severe hypergastrinemia that contributes to foveolar hyperplasia 14. To
identify whether the lack of gastritis in the PC-ShhKO could be attributed to the epithelial
abnormalities associated with hypergastrinemia, PC-ShhKO mice were crossed onto a
gastrin-deficient background 25 (PC-ShhKO/GKO) and changes in Shh expression measured
in response to H. pylori infection by immunoblot (Fig. 3E). Loss of circulating gastrin
concentrations in the PC-ShhKOGKO mice was measured by a gastrin radioimmunoassay
(Supplemental Fig. 3A). H&E stains used for histological scores showed that PC-ShhKO/
GKO mice (Supplemental Fig. 3D) did not exhibit the epithelial abnormalities observed in
the PC-ShhKO group (Supplemental Fig. 3C). Gastric sections from infected and uninfected
PC-ShhKO/GKO animals were scored for inflammation and foveolar hyperplasia after 6
months infection and demonstrated no significant differences (Supplemental Fig. 3E, F).
Lack of Shh induction in response to H. pylori in the PC-ShhKO/GKO mice was observed
(Fig. 3E), and analysis for KC (Fig. 3F) revealed a loss of immune induction in the double
PC-ShhKO/GKO knockout but not in the GKO mice, indicating that hypergastrinemia does
not account for the deficient immune response to H. pylori in PC-ShhKO mice. Collectively,
these data also suggest that during the initial stages of H. pylori infection (within 6 hours)
Shh is induced by an acid-independent mechanism, and that the immune response remains
intact under conditions of hypochlorhydria and hypergastrinemia.

Gastric Shh acts as a macrophage chemoattractant in response to H. pylori infection
Macrophages rapidly invade the stomach 48 hours post-infection in response to H.
pylori 5, 12 and are essential innate responders 9 that are crucial to the development of
gastritis 13. To identify the plausible mechanism between Shh signaling and the initiation of
the immune response to H. pylori infection, a mouse model expressing a deletion of Smo
within the myeloid cell lineage was developed (LysMCre/SmoKO) (Fig. 4A, B).

Schumacher et al. Page 5

Gastroenterology. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Macrophages were sorted by FACS from blood collected from control and LysMCre/SmoKO

mice based on the F480+/CD11b+/Ly6Chi/Ly6Gneg gating as shown in the representative
flow cytometric contour plots of Fig. 4C. Smo expression was analyzed by qRT-PCR and
showed a significant reduction in expression within macrophges isolated from the LysMCre/
SmoKO mice (Fig. 4D).

To determine the role of gastric epithelial Shh as a macrophage chemoattractant during H.
pylori infection, bone marrow chimera experiments using LysMCre/SmoKO donor cells
were performed (Fig. 5). Representative flow cytometric dot plots shown in Fig. 5A, B
demonstrate a significant increase in gastric macrophages in control recipients transplanted
with control bone marrow (Contcont) 2 days post-H. pylori infection compared to the
uninfected group (Fig. 5A, B). The number of gastric F480+/CD11b+/Ly6Chi/Ly6Gneg

macrophages for all experimental groups is shown in Fig. 5C. Fig. 5C demonstrates the lack
of macrophage influx in response to H. pylori infection in stomachs collected from control
recipients transplanted with LysMCre/SmoKO donor bone marrow. In contrast, macrophage
recruitment in response to infection was restored in LysMCre/SmoKO recipient mice
transplanted with control donor bone marrow cells (Fig. 5C). Consistent with the
macrophage influx observed in contcont and LysMSmocont recipients in response to H. pylori
infection, there was a significant decrease in the number of F480+/CD11b+/Ly6Chi/Ly6Gneg

macrophages in the periphery that was not observed in the contSmoKO group (Fig. 6A–C).

Shh signaling ligand (ShhN) was measured in plasma collected from contcont, contSmoKO

and LysMSmocont mice 2 days post-infection (Fig. 7A). Circulating Shh concentrations were
significantly elevated in all infected experimental groups (Fig. 7A). In contrast, increased
Shh plasma concentrations were not observed in PC-ShhKO mice 2 days post-infection (Fig.
7B) thus showing that Shh is acutely induced and secreted from the gastric epithelium in
response to H. pylori infection.

DISCUSSION
Hedgehog signaling components Ptch, Smo, and Gli are all expressed in macrophages 19, 23.
Furthermore, pathway analysis of LPS-stimulated macrophages revealed Hedgehog
signaling genes were up-regulated within 24 hours demonstrating a capacity for stimulated
macrophages to be Hedgehog-responsive 34. Bone marrow chimera experiments using
LysMCre/SmoKO mice demonstrated the role of gastric Shh as a macrophage
chemoattractant. First, the targeted deletion of Hedgehog signaling within the myeloid cell
lineage, that included macrophages, resulted in an inability for H. pylori to induce
macrophage recruitment to the site of infection. This phenotype was rescued by
transplanting control donor bone marrow cells into LysMCre/SmoKO mice. Second, the
secretion of Shh into the peripheral circulation was observed in response to gastric H. pylori
infection, while circulating Shh concentrations did not change between uninfected and
infected PC-ShhKO mice. Increased circulating Shh concentrations in response to gastric
infection may suggest the basolateral secretion of Hedgehog from the epithelium into the
periphery. Both in vivo and in vitro studies have demonstrated the basolateral secretion of
Shh from the epithelium. For example, during the development of the Drosophila imaginal
discs, monolayered epithelial invaginations that grow to assemble the adult exoskeleton,
apical Shh protein is internalized and routed to the basolateral membrane where it is released
to form a long-range gradient 35. In the gastric epithelium Shh appears to be expressed at the
basolateral membrane of parietal cells and is secreted both apically and basolaterally from
cultured a gastric cancer cell line 16. In addition, Shh is freely diffusible and involved in
long-range signaling by packaging into cholesterol moieties 36 and is also shed in
microparticles from stimulated T-cells 37. Based on such studies we may suggest that Shh
secreted basolaterally from the stomach epithelium into the circulation may act on immune
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cells in the blood such as monocytes/macrophages, thus supporting the role of Shh as a
chemoattractant.

Shh expression was biphasic in H. pylori-infected control mice, where Shh mRNA
expression was induced within 6 hours of inoculation and subsequently decreased at 180
days. In addition, the fact that the initial induction of Shh was not observed in the PC-ShhKO

mice suggests that the stimulatory response to H. pylori is predominantly targeted to the
parietal cells. Given that PC-ShhKO mice did not develop gastric inflammation, even after 6
months of H. pylori infection, suggests that the initial induction in Shh observed in response
to infection might be a critical event that initiated the inflammatory response. The initial
induction detected here corroborates previous studies that report an early up-regulation of
Shh in inflamed tissues of the gastrointestinal tract including that induced by H. pylori
infection 22. After 180 days of infection, Shh expression decreased in the stomachs of
control mice, coinciding with an increase in pro-inflammatory cytokines IFNγ and IL-1β.
Macrophages recruited to the site of infection are matured by the local environment and
secrete pro-inflammatory cytokines such as TNFα and IL-1β 9. Our findings are consistent
with a recent study demonstrating an inhibitory effect of IL-1β on Shh expression and
secretion in the stomach that is mediated by the disruption of normal parietal cell
function 21. However, the ‘real-time’ regulation of Shh is difficult to observe in an animal
model of H. pylori infection. Our data may suggest that Shh expression is not completely
suppressed during infection and may be part of a circuitry that contains a positive and
negative feedback loop which could lead to long-term oscillations in inflammatory
regulation (Marwaha, Schumacher, Zavros and Eghbalnia, unpublished data).

In the stomach Shh expression and processing is regulated by an acid-dependent
mechanism 16, 31, 32. However, we observed that under hypochlorhydric conditions Shh
expression was induced in response to H. pylori infection as early as 6 hours post-infection.
A study using the gastrin-deficient mouse model reported a loss of Shh associated with
chronic inflammation and hypochlorydria 3. Indeed a similar mechanism of loss of Shh
occurs in gastrin-deficient mice, in which Shh is induced early on to induce the development
of the immune response that occurs in these mice. PC-ShhKO exhibit severe
hypergastrinemia that contributes to foveolar hyperplasia 14. To identify whether the lack of
gastritis in the PC-ShhKO was attributed to the epithelial abnormalities associated with
hypergastrinemia, PC-ShhKO mice were crossed onto a gastrin-deficient background (PC-
ShhKO/GKO). PC-ShhKO/GKO mice did not develop foveolar hyperplasia by 4 months of age
when compared to the PC-ShhKO group. Although PC-ShhKO/GKO mice were equivalently
colonized with H. pylori compared to the gastrin-deficient mice, PC-ShhKO/GKO animals
lacked an immune response to infection similar to the PC-ShhKO group. We concluded from
these studies that during innate immunity in response to H. pylori infection, Shh is induced
via an acid-independent mechanism. To begin to decipher the mechanism by which Shh is
induced in response to H. pylori infection we may turn our attention to the NFκB signaling
pathway. Shh is a known target gene of NFκB during tumor growth in pancreas 38 and in
human gastric cancer cell lines NFκB induces Shh gene expression and signaling 39.
Whether NFκB induces Shh during innate immunity in the stomach is still unclear.

Fundamental differences in the cytokine and chemokine profiles were observed between
control and PC-ShhKO H. pylori-infected mice that may have contributed to the lack of
inflammation observed with loss of local Shh. Control animals displayed up-regulation of
MIP2 following H. pylori infection, a response absent in PC-ShhKO infected mice. MIP2
may promote leukocyte recruitment in mice infected with H. pylori 40. Thus, loss of the
regulatory mechanism for MIP2 expression, as observed in the infected stomachs of PC-
ShhKO mice, would be expected to disrupt the initiation of the immune response. Another
fundamental difference observed between control and PC-ShhKO mice was with regard to
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IL-12 cytokine expression. IL-12 is commonly produced by activated or mature dendritic
cells and is a cytokine important in initiating the TH1 immune response 30. This cytokine
response was absent in PC-ShhKO and PC-ShhKO/GKO infected mice. In fact baseline levels
of IL-12 in PC-ShhKO mouse stomachs relative to those measured in controls were
significantly suppressed (Marwaha, Schumacher, Zavros and Eghbalnia, unpublished data).
During the early stages of infection, H pylori causes an inflammatory reaction involving
both polymorphonuclear and mononuclear cells 41 and increased levels of pro-inflammatory
cytokines such as IL-1β, TNF-α, IL-8, and IL- 6 33, 42. One would thus expect a disruption
in the initiation of the immune response in the absence of cytokine and chemokine
signaling 13 similar to that observed in the PC-ShhKO mice. Our current knowledge of the
immunoregulatory role of Hedgehog is extended by demonstrating that Shh signaling is
crucial for macrophage infiltration to the stomach during the early stages of H. pylori
infection that is necessary for development of the gastric immune response. Here we discuss
that the initial induction of Shh is crucial for macrophage recruitment and subsequently the
initiation and establishment of the immune response. Therefore loss of Shh, as seen during
gastritis, results in the disruption of a sufficient immune mechanism that may be
instrumental to eradicate bacterial infection, thus allowing H. pylori-induced chronic
inflammation.
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Fig. 1. Analysis of inflammation in H. pylori infected control and PC-ShhKO mice
Representative H&E-stained sections of inflamed stomach from control mice (HKCre or
Shhflx/flx) inoculated with (A) media (W/O HP) or (B) W/ HP, and or PC-ShhKO mice
inoculated with (C) media (W/O HP) or (D) W/ HP. Area of inflammatory infiltrate is
shown in the stomachs of infected control mice (arrow). Images captured at 10X
magnification. (E) Histological score was graded on inflammation (neutrophil and
lymphocytic infiltration). A score of 1=5–25%, 2=26–50%, 3=51–75% and 4=76–100% of
the total mucosa. Each data point represents the histological score given for an individual
animal. CD4+ T cells were analyzed by flow cytometry and expressed as the number of cells
in the gastric mucosa per mouse in uninfected and H. pylori infected control and PC-ShhKO

mice. W/O HP: without H. pylori infection, W/ HP: with H. pylori infection, *P < 0.05
compared to uninfected group as analyzed by two way ANOVA, n = 5–8 animals/group.
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Fig. 2. Shh and IL-1β expression in control and PC-ShhKO H. pylori-infected mouse stomachs
RNA was extracted from stomachs of uninfected (open bars, W/O HP) and H. pylori-
infected (closed bars, W/ HP) control and PC-ShhKO (KO) mice 2, 7 and 180 days post-
inoculation. Quantitative RT-PCR was performed and average fold change in gene
expression is shown for Shh from RNA collected from (A) control and (B) PC-ShhKO;
IL-1β from RNA collected from (C) control and (D) PC-ShhKO; Data is shown as the mean
+ SEM, n = 4 mice/group, *P<0.05 compared to uninfected group (W/O HP).
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Fig. 3. Shh protein expression in response to acute H. pylori infection in hypochlorhydric
omeprazole-treated controls and gastrin-deficient mice
(A) Representative western blot of Shh protein (ShhNp, 19kDa processed Shh) expression in
stomach homogenates collected from vehicle- or omeprazole-treated mice without H. pylori
(−HP) or with H. pylori (+HP) 6 hours post-infection. Acid levels measured as μEq/kg of
H+ are shown. (B) Quantification of Shh protein expression. Data are shown as means ±
SEM for 3 individual experiments and expressed as Shh (pixels/mm2), *P < 0.05 compared
to uninfected mice. Tissue KC concentrations measured by Luminex® multiplex assay in
stomach collected from vehicle- or omeprazole-treated mice without H. pylori (−HP) or with
H. pylori (+HP) 6 hours (C) and 2 days (D) post-infection. (E) Representative western blot
of ShhNp expression in gastrin-deficient (GKO) and PC-ShhKO/GKO mice without H. pylori
(−HP) or with H. pylori (+HP) 6 hours post-infection. Also shown are changes in Shh
protein expression in 1 and 3 month old GKO and 3 month old wild type (WT) mice. (F)
Tissue KC concentrations measured by Luminex® multiplex assay in stomach collected
from gastrin-deficient (GKO) and PC-ShhKO/GKO mice without H. pylori (−HP) or with H.
pylori (+HP) 6 hours and 2 days post-infection. n = 4–7 per group, *P < 0.05 compared to
uninfected mice analyzed by two-way ANOVA.
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Fig. 4. Generation and verification of mice expressing a deletion of Smoothened in the myeloid
cell lineage (LysMCre/SmoKO mice)
(A) A mouse model expressing a myeloid cell-specific deletion of Smoothened (LysMCre/
SmoKO) was generated using transgenic mice bearing loxP sites flanking exon 1 of the Smo
gene (Smo loxP) and mice expressing a Cre recombinase transgene from the Lysozyme M
locus (LysMCre). (B) Genotyping was based on polymerase chain reaction primers specific
for Cre, mutant Smo and wild type Smo (Smo WT). Shown are the fragments amplified
from LysMCre/SmoKO, WT control and LysMCre/Smohet (heterozygous for WT and mutant
Smo) mice. (C) Representative flow cytometric contour plots of the gating scheme for
CD11bhighF4/80highLy6ChighLy6Glow macrophages in peripheral blood collected from
control recipients transplanted with control donor (contcont) or LysMCre/SmoKO donor
(contSmoKO) bone marrow cells. (D) RNA was extracted from FACS sorted macrophages
and analyzed for expression of smoothened. Shown is the fold change relative to the contcont

group.
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Fig. 5. Changes in gastric macrophage number in response to H. pylori infection
Flow cytometric dot plots showing changes in CD11bhighF4/80highLy6ChighLy6Glow cell
distribution in gastric tissue control recipients transplanted with control donor (contcont) (A)
without H. pylori (W/O H. pylori) or (B) with H. pylori (W/ H. pylori) infection 2 days post-
inoculation. (C) Quantification of gastric CD11bhighF4/80highLy6ChighLy6Glow cells
collected from control recipients transplanted with control donor (contcont) or LysMCre/
SmoKO donor (contSmoKO) bone marrow cells and LysMCre/SmoKO recipients transplanted
with control bone marrow cells (LysMSmocont) without H. pylori (−HP) or with H. pylori
(+HP) infection. N = 4–8 per group, *P < 0.05 compared to uninfected analyzed by one-way
ANOVA.
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Fig. 6. Changes in peripheral macrophage number in response to H. pylori infection
Flow cytometric dot plots showing changes in CD11bhighF4/80highLy6ChighLy6Glow cell
distribution in peripheral blood collected from control recipients transplanted with control
donor (contcont) (A) without H. pylori (W/O H. pylori) or (B) with H. pylori (W/ H. pylori)
infection 2 days post-inoculation. (C) Quantification of peripheral
CD11bhighF4/80highLy6ChighLy6Glow cells collected from control recipients transplanted
with control donor (contcont) or LysMCre/SmoKO donor (contSmoKO) bone marrow cells and
LysMCre/SmoKO recipients transplanted with control bone marrow cells (LysMSmocont)
without H. pylori (−HP) or with H. pylori (+HP) infection. n = 4–8 per group, *P < 0.05
compared to uninfected analyzed by one-way ANOVA.
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Fig. 7. Circulating Shh concentrations in control and PC-ShhKO mice
Circulating Shh concentrations were measured by ELISA using plasma collected from (A)
control recipients transplanted with control donor (contcont) or LysMCre/SmoKO donor
(contSmoKO) bone marrow cells and LysMCre/SmoKO recipients transplanted with control
bone marrow cells (LysMSmocont) or (B) PC-ShhKO mice without H. pylori (−HP) or with
H. pylori (+HP) infection. *P < 0.05 compared to uninfected group as analyzed by one-way
ANOVA, n = 3–6 animals/group.

Schumacher et al. Page 18

Gastroenterology. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


