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Cathelicidin protects against Helicobacter pylori colonization
and the associated gastritis in mice

L Zhang', J Yu?, CCM Wong', TKW Ling®, ZJ Li', KM Chan’, SX Ren', J Shen', RLY Chan', CC Lee®, MSM Li?, ASL Cheng?, KF To?,

RL Gallo®, JJY Sung? WKK Wu? and CH Cho'?

Cathelicidin, an antimicrobial peptide of the innate immune system, has been shown to modulate microbial growth, wound healing
and inflammation. However, whether cathelicidin controls Helicobacter pylori infection in vivo remains unexplored. This study
sought to elucidate the role of endogenous and exogenous mouse cathelicidin (CRAMP) in the protection against H. pylori infection
and the associated gastritis in mice. Results showed that genetic ablation of CRAMP in mice significantly increased the susceptibility
of H. pylori colonization and the associated gastritis as compared with the wild-type control. Furthermore, replenishment with
exogenous CRAMP, delivered via a bioengineered CRAMP-secreting strain of Lactococcus lactis, reduced H. pylori density in the
stomach as well as the associated inflammatory cell infiltration and cytokine production. Collectively, these findings indicate that
cathelicidin protects against H. pylori infection and its associated gastritis in vivo. Our study also demonstrates the feasibility of
using the transformed food-grade bacteria to deliver cathelicidin, which may have potential clinical applications in the treatment of

H. pylori infection in humans.
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INTRODUCTION

H. pylori is a spiral-shaped, Gram-negative microaerophilic stomach
bacterium, which infects >50% of the population around the
world."? Chronic infection with H. pylori is responsible for peptic
ulcer, lymphoma of the mucosa-associated lymphoid tissue and
gastric adenocarcinoma>* The current guideline for H. pylori
eradication is triple therapy, suggesting a >7-day treatment with a
proton pump inhibitor and two antibiotics. However, because of the
emergence of antibiotic resistance and adverse drug reactions, such
as diarrhea, eradication rates with this triple therapy are falling.> The
worldwide appearance of drug resistance to H. pylori has led to a
search for new therapeutic agents that may help to control H. pylori
infection and its associated morbidities.

Cathelicidins, a family of host defense peptide naturally
expressed by cells of the gastrointestinal tract, are known to be
upregulated during infection, inflammation and wound healing.>”
The relationship between H. pylori and cathelicidin was first
addressed by Hase et al.” that H. pylori infection upregulated the
expression of human cathelicidin (LL-37), in gastric secretion and
epithelium. Moreover, they found that LL-37 alone or together
with another host defense peptide known as human B-defensin-1
could effectively kill several strains of H. pylori, including SD4,
SD14 and Sydney Strain 1 (SS1) in vitro. The in vivo therapeutic
effect of cathelicidin on H. pylori infection, however, remains
unknown, partly owing to the fact that peptide like cathelicidin

has poor chemical stability in the stomach and direct delivery of
chemically synthesized peptide is not cost-effective.

Recently, considerable evidence showed that a mouse cathe-
licidin, known as CRAMP, closely resembles the human cathelicidin
in size and gene architecture, which can prevent inflammation
induced by pathogenic microorganisms, such as Citrobacter
rodentium® and Candida albicans.’ In addition, cathelicidin has
been reported to have a role in tissue repair.'®'" Our recent study
demonstrated that intrarectal administration of CRAMP'? or
CRAMP-bioengineered L. lactis oral treatment'® could attenuate
dextran sulfate sodium-induced colitis.

In the present study, we sought to elucidate if the endogenous
CRAMP expression can control H. pylori colonization in the mouse
stomach and protect against H. pylori-associated gastritis using a
CRAMP-knockout mouse model. Moreover, we bioengineered a
CRAMP-secreting strain of L. lactis using the Nisin-controlled gene
expression system technology'*'® to test whether exogenous
CRAMP may have the same protective effect and provide a new
therapeutic option for gastritis.

RESULTS
H. pylori and L. lactis colonized in mouse gastric epithelium

To assess if H. pylori and L. lactis could colonize in the gastric
epithelium in Cnlp™* and Cnlp~/~ mice, giemsa, immuno-

'School of Biomedical Sciences, Faculty of Medicine, The Chinese University of Hong Kong, Hong Kong, China; Institute of Digestive Diseases, Prince of Wales Hospital, The
Chinese University of Hong Kong, Hong Kong, China; *Department of Microbiology, Prince of Wales Hospital, The Chinese University of Hong Kong, Hong Kong, China;
“Department of Anatomical and Cellular Pathology, The Chinese University of Hong Kong, Hong Kong, China and °Division of Dermatology, University of California, San Diego, La
Jolla, CA, USA. Correspondence: Professor WKK Wu, Institute of Digestive Diseases, Prince of Wales Hospital, The Chinese University of Hong Kong, 701 LKS Medical Sciences

Building, Shatin, NT, Hong Kong, China.
E-mail: wukakei@cuhk.edu.hk

or Professor CH Cho, School of Biomedical Sciences, Faculty of Medicine, The Chinese University of Hong Kong, Lo Kwee-Seong Integrated Biomedical Sciences Building, Shatin,

NT, Hong Kong, China.
E-mail: chcho@cuhk.edu.hk

Received 11 May 2012; revised 31 August 2012; accepted 8 October 2012; published online 20 December 2012


http://dx.doi.org/10.1038/gt.2012.92
mailto:wukakei@cuhk.edu.hk
mailto:chcho@cuhk.edu.hk
http://www.nature.com/gt

Cathelicidin protects against H. pylori-induced gastritis
L Zhang et al

752

histochemical and immunofluorescence stainings and also scan-
ning electron microscopy (SEM) were performed, respectively.
Results showed that both types of bacteria could infect the gastric
mucosae in mice. H. pylori were largely found in the mucosa, in
particular at the epithelium (Figure 1a). L. lactis were also found at
the similar site (Figure 1b).

Exogenous CRAMP mRNA expression by bioengineered L. lactis

The result of agarose gel electrophoresis showed that CRAMP
messenger RNA (mRNA) was expressed with 158 base pairs in
bioengineered L. lactis with the addition of inducer 250 ngmm '
nisin for 3 h (Nyl), which encoded with CRAMP but not in L. lactis
encoded with control plasmid (N) (Figure 2).

H. pylori colonization in mice with (Cnlp ™’ ™) or without
(Cnlp =/ ~) CRAMP in mouse stomachs after acute infection

To address the relevance of endogenous cathelicidin in control of
H. pylori colonization in stomachs, we infected CRAMP-producing
(Cnlp ™’ ") and CRAMP-deficient (Cnlp /) mice with one dose of
10® colony-forming units (c.f.u.) H. pylori. We analyzed the number
of bacteria attached to the stomach 24 h after infection. We found
that more H. pylori were being stained on the surface of stomach
mucosae in CRAMP-deficient mice (Figures 3a and b). The CRAMP
gene was highly expressed in the wild type and nil in the
knockout mice (Figure 3a).

Effects of CRAMP and CRAMP-secreting bioengineered L. lactis
on H. pylori growth in vitro

To examine the possibility that CRAMP could exert direct
antimicrobial action on H. pylori, bacterial viability was determined
after exposure to a range of concentrations of CRAMP (Innovagen
AB, Lund, Sweden) in the culture media used for these studies.
Results showed that CRAMP dose dependently inhibited the
growth of bacteria in vitro. A significant effect was observed at the
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Figure 2. Induction of CRAMP mRNA expression by bioengineered
L. lactis. N: L. lactis encoded with control plasmid and Nyl: L. lactis
encoded with CRAMP with the addition of inducer 250 ngmm '
nisin for 3 h.
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Figure 1.

h

H. pylori and L. lactis colonized in mouse gastric epithelium. (A) Giemsa stains (a, b), immunohistochemical staining (c, d), scanning

electron micrographs (e, f) and immunofluorescence image (red) of H. pylori colonization in the gastric mucosa in Cnlp /™ and Cnlp =/~ mice
indicated by arrows (a, b, ¢, d, x 1000; g, h, scale bars=20um; e, f, x 15000). (B) Representative immunohistochemical staining is shown
(upper panel, x 400) and scanning electron micrographs (lower panel, x 15000) of L. lactis (arrows) colonized in the gastric mucosa.
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(A) Immunofluorescent staining of two representative sections (one section is shown in a, b and the other is shown in ¢, d) from the
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stomachs of Cnip and Cnlp ~

~ mice at 24 h of H. pylori infection. Sections were stained with 4',6-diamidino-2-phenylindole (DAPI) (a,b,c,d,

blue), H. pylori antibody (a,c, red) and antibody to CRAMP (b,d, green). Scale bars =20 um. (B) H. pylori colonization levels were elevated in

Cnlp =/~ mice compared with wild-type controls. Wild-type (Cnlp

+/+)

and knockout (Cnlp ~/~) mice were infected with a single challenge of

H. pylori (108 cfu.). After 24 h, stomachs were removed, and bacterial colonization was determined by colony-forming assay. Data shown

represent means + s.e.m. of three independent samples. **P <0.01 versus Cnlp ™/~

concentrations of 64 and 128pugml ' (Figure 4a). Correspon-
dently, after co-culture with 10°cf.u. CRAMP-encoding L. lactis
(N4l), the number of H. pylori was also significantly decreased.
However, L. lactis with empty vector had a modest but not
statistically significant effect on H. pylori growth (Figure 4b).

Endogenous and exogenous CRAMP reduced H. pylori
colonization in mice with chronic gastritis

Cnlp™’™ and Cnlp =/~ mice were used in this study to specifically
address the in vivo inhibitory function of endogenous CRAMP and
CRAMP-encoded L. lactis on H. pylori colonization in the stomach.
Cnlp~’~ mice were found to be more sensitive to H. pylori
adherent and colonization in stomachs. Upon 3 months of H. pylori
infection, the H. pylori-specific 165 rDNA gene expression
(Figure 5a) and numbers of H. ,zy/lori per fields (Figure 5c) were
significantly higher in the Cnlp ™"~ mice. To further examine the
protective effect of CRAMP on H. pylori colonization in vivo, the
control plasmid-encoded (N) and CRAMP-encoded L. lactis plus
inducer (N4l) (10'° cf.u., given every other day for 2 months) were
given orally to mice. With this treatment, CRAMP was successfully
expressed in the gastric epithelium of the CRAMP-encoded
L. lactis-treated group (N4l). It was upregulated in both Cnlp ™'+
and Cnlp’/’ mice (Figure 6). Importantly, this CRAMP supple-
ment significantly reduced H. pylori 16S rDNA gene expression
(Figure 5a) and the number of colonized bacteria. It was also
noted that probiotics-alone group (N) seems to have the inhibition
action of H. pylori colonization, although the results were not
statistically significant (Figure 5c).

Endogenous and exogenous CRAMP attenuated the level of
cellular infiltrates in mice with chronic gastritis

To evaluate the impact of CRAMP expression on H. pylori-induced
pathogenesis, gastric tissues from mice infected with H. pylori
were examined histologically. Hematoxylin and eosin results
showed that there were no morphological differences in the
normal stomachs between untreated Cnlp™’* (Figure 7a) and
Cnlp =/~ (Figure 7b) mice. H. pylori infection for 3 months exerted
a low level of cellular infiltrates in the corpus of Cnlp ™" mice
(Figure 7c). However, Cn/p’/’ mice were found to have marked
cellular infiltrates (Figure 7d). These were further illustrated by a
large number of neutrophils infiltrating to the above and below
of the muscularis mucosae in the Cnlp ™"~ mice (Figure 8a). In
contrast, histological results from the tissues of the plasmid-
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mice.

encoded (N) and CRAMP-encoded L. lactis (N4l)-treated mice,
there was a marked reduction of inflammatory infiltrates in both
Cnlp™’" (Figures 7e and f) and Cnlp ~/~ (Figures 7g and h) mice.

CRAMP reduced H. pylori-induced pro-inflammatory cytokine
MRNA expression in gastritis tissues

To clarify the action of CRAMP on the inflammatory responses
owing to H. pylori infection, we stained the neutrophils,
macrophages and eosinophils in gastric mucosae and evaluated
the pro-inflammatory cytokine expression in these tissues. The
number of neutrophils in gastric epithelia was substantially
elevated after 3 months of H. pylori infection. The Cnlp ~/~ mice
displayed much higher level than the Cnlp™’* animals
(Figure 8a). Consistent with the histology finding, mRNA expres-
sions of interleukin (IL)-1p and IL-6 were markedly increased by
H. pylori infection in both Cnlp™* and Cnlp~/~ mice. The
expressions of both cytokines were elevated to a greater extent in
the Cnlp~/~ mice as compared with the Cnlp*’/" mice. Another
interesting finding was that the basal expression of IL-1 was also
significantly higher in the normal stomachs of Cnlp~/~ mice.
Treatment with L. lactis encoded with empty vector could lower
these two cytokines’ mRNA level but not statistically significant.
Administration of CRAMP-secreting L. lactis reduced the gastric
levels of IL-6 and IL-1B in Cnlp~/~ mice with H. pylori infection
(Figure 8b). The presence of macrophages (Figure 9a) and
eosinophils (Figure 9b) was also evidenced in H. pylori-infected
wild-type and Cnlp ~/~ mice, suggesting inflammatory cells other
than neutrophils might contribute to cytokine production during
H. pylori infection.

DISCUSSION

In the present study, we demonstrated that Cnilp and
Cnlp~’~ mice had been successfully infected with H. pylori after
acute or chronic challenge in stomachs, as shown by giemsa
staining, immunohistochemical staining, SEM and histological
evaluation (Figures 1a and b). The original bodyweight of Cnlp =/~
mice is heavier than Cnlp ™™ mice and reduces significantly after
1-month H. pylori SS1 infection (data not shown). In addition, an
increasing number of white blood cells could be found in
circulating peripheral leukocytes in both CRAMP-producing and
CRAMP-deficient mice infected by H. pylori for 2 months (data not
shown). This new animal model with different genetic background

+/+
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Figure 4. Effects of CRAMP and CRAMP-secreting bioengineered
L. lactis on H. pylori growth in vitro. (a) Inhibitory action of CRAMP on
the growth of H. pylori SS1 in vitro. A total of 108 c.fu. H. pylori and
CRAMP were grown in brucella broth with 5% fetal bovine serum. All
cultures were incubated in a microaerophilic environment at 37 °C
with shaking (200 r.p.m.). Bacterial growth (ODs95 nm) was measured
after 48h. ~ P<0.001 compared with 108cfu. H. pylori (black bar);
"P<0.01 compared with 108 c.fu. H. pylori treated with 1pugml~"
MCRAMP. Each column represented the meanzts.em. N=5.
(b) CRAMP-encoded probiotics inhibited H. pylori growth in vitro.
A total of 108 c.f.u. H. pylori (black bar) were co-cultured with 10° c.f.u.
control-plasmid-encoded L. lactis (N) or 10°c.fu. CRAMP-encoded
L. lactis with the addition of inducer 250 ng mm ~ 1 nisin for 3h (Nyl),
respectively. The co-cultured bacteria were in a microaerophilic
environment at 37 °C with shaking (200 r.p.m.) for 24 h. The mixed
bacteria broths were scraped on the H. pylori selective agar (DENT).
Viability of H. pylori was evaluated by the colony-forming assay.
*P<0.05 compared with H. pylori alone (black bar). Data were
presented as mean of four replicated £ s.e.m.

can be used to study the inflammatory responses of H. pylori in
addition to the standard model in C57BL/6 and BALB/c mice.'®

To colonize the stomach, H. pylori must survive in the acidic pH
of the lumen and against the mucosal defensive system.?® At this
stage, H. pylori may not initiate severe inflammation, which is
shown in the hematoxylin and eosin stain (data now shown),
although H. pylori could be stained in the gastric epithelial
(Figure 3a) and also cultured in vitro (Figure 3b). If H. pylori
persistently existed in the stomach and resisted the mucosal
defense barrier, they will initiate the infection in the upper
gastrointestinal tract.

Strains producing vacuolating cytotoxin activity, such as vacA
and cagA, are more common among people with chronic
gastritis, peptic ulceration or gastric adenocarcinoma than
without?® The H. pylori strain used in this study is SS1,
which had been selected as the standard mouse-adapted strain
and was found to be positive for cagA and vacA'® and to be
able to initiate mouse chronic gastritis,®' peptic ulcer?® and gastric
cancer.”®

Gene Therapy (2013) 751-760

CRAMP was found constitutively expressed in many organs,
such as skin, kidney and colon. This peptide is being considered as
a first line of mucosal defense in the urinary** and gastro-
intestinal tracts.® Our current experiments showed that after being
contracted with the bacteria for 24 h or 3 months, the expression
of CRAMP gene in epithelial cells was found to be substantially
increased in the wild-type mice. The increased expression
of such gene may represent the defensive mechanism of the
stomach, by which it could protect the organ from infection
by H. pylori. Lacking of this immunological response would
increase bacterial infection and inflammation in stomachs.
Indeed in the CRAMP-deficient (Cnlp /") mice, the anti-
microbial properties of the gastric epithelium were substantially
compromised in the 24-h (Figure 3b) and 3-month (Figures 5a—c)
H. pylori infection groups. In this regard, the extent of H. pylori
infection in Cnlp™ ™ and Cnlp~/~ mice were measured by
H. pylori-specific 165 rDNA.2>?° Results showed that Cnlp '~
mice harbored more H. pylori in the stomach when compared
with Cnlp”+ mice (Figure 5a). This result indicates that absence
of CRAMP can aggravate H. pylori colonization in the gastric
mucosa. Similar to other reports on human cathelicidin,®**27
CRAMP was shown to have similar antimicrobial action on
H. pylori in vitro (Figure 4a). Collectively, these data strongly
indicate that CRAMP is a host defensive factor against H. pylori
infection in stomachs.

It has been known that H. pylori infection can trigger extensive
host immunological and inflammatory responses in the stomach.
In regard to initiation of these pathological events, neutrophils,?
macrophages,®® NK cells,*' eosinophils®? and other inflammatory
cells are rapidly mobilized to areas of infection accompanied with
elevated pro-inflammatory cytokines secretion. This in turn causes
devastating tissue damage.®® In the present study, neutrophils
(Figure 8a), macrophages (Figure 9a) and eosinophils (Figure 9b)
were shown in the stomach tissue when H. pylori infection was
present for 3 months. However, this period of infection could not
induce intestinal metaplasia.

To this end, IL-6 and IL-1B have been proposed to take part in
the pathogenesis of gastritis induced by H. pylori>* IL-1p is a pro-
inflammatory cytokine and is expressed by many cells, including
macrophage, NK cells, monocytes and neutrophils. Until now, it is
clear that IL-1B gene is the prime candidate in the context of
H. pylori-related disease. It is upregulated by infection, profoundly
pro-inflammatory, and be regarded as the most powerful acid
inhibitor known.*® IL-6 was known as another pro-inflammatory
cytokine. Its functions include B-cell differentiation, and T-cell
activation and differentiation, which could be related to the
pathogenesis of gastric inflammation. In human gastric mucosa,
IL-6 mRNA level was significantly higher in H. pylori-positive than
H. pylori-negative specimens. Furthermore, the expression level of
IL-6 MRNA was obviously decreased after eradication of H. pylori.®
Given that cathelicidin is an effective modulator for mucosal
inflammatory infiltrate,” our data indicate a similar function of
CRAMP in providing a protective role in alleviating the processes
of inflammation (Figure 7, Figure 8a). To substantiate this anti-
inflammatory function, we evaluated the extent of gastritis by
histological and semiquantitative measurements of pro-inflamma-
tory cytokines expression in the gastric tissues of CRAMP-deficient
(Cnlp’/’) and their normal counterpart (Cnlp”*) mice infected
with or without H. pylori. Histological examination showed that
Cnlp’/’ mice had more neutrophils (Figure 8a). There were more
IL-6 and IL-1p expressions in the stomachs of cathelicidin-
deficient mice after H. pylori challenges (Figure 8b). Data from
the present study also indicate that lack of cathelicidin in the
stomach could increase H. pylori colonization. This triggers off the
increased recruitment of inflammatory cells and the expression
profile of pro-inflammatory cytokines in stomachs. All these could
promote gastritis formation in mice. Therefore, it is likely that
increased expression of cathelicidin in the gastric mucosa should

© 2013 Macmillan Publishers Limited
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Endogenous and exogenous CRAMP reduced H. pylori colonization in mice with chronic gastritis. (a) Endogenous and exogenous

CRAMP reduced H. pylori colonization in mouse stomachs. C: mice without H. pylori infection; Water: mice infected by H. pylori for 1 month and
received distilled water every other day for 2 months; N: mice infected by H. pylori for 1 month and received 10'° c.fu. of L. lactis transformed
with control plasmid every other day for 2 months; N,4l: mice infected by H. pylori for 1 month and received 10" c.f.u. of CRAMP-encoded
L. lactis with the addition of inducer 250ngmm ' nisin for 3h every other day for 2 months. H. pylori 16s rDNA gene expression was
determined by PCR and standardized against the expression of glyceraldehyde-3-phosphate dehydrogenase in stomachs. Each column
rePresents the mean * s.e.m. Number of animals in each group = 6. *P<0.05 in Cnlp ~/~ mice versus corresponding Cnlp ™/ mice; #P<0.01,
#"p <0.001 compared with C in Cnlp =/~ mice; "P<0.05 compared with Water in Cnlp =/~ mice. (b) The experimental conditions were
outlined as in a. Upper panel: representative immunofluorescence images of four independent replicates are shown; scale bars =20 pm.
Stomach sections were stained with 4’,6-diamidino-2-phenylindole (DAPI) to visualize the nuclei (blue) and with H. pylori antibody to detect
H. pylori in the gastric epithelium (red). (c) Graph shows the number of H. pylori observed per field under microscope. Each column represents

the mean + s.e.m. Number of animals in each group =6. AAAP<0.001 in Cnlp =/~
mice; *#*P <0.05 compared with Water in Cnip ~

compared with C in Cnlp =/~

have a protective role in preventing H. pylori infection and further
inflammatory responses in the stomach.

To deliver CRAMP to the gastric epithelium in a cost-effective
manner, we bioengineered a CRAMP-secreting strain of
L. lactis. This lactic acid bacterium is commonly used to study
Lactococcal genetics and protein expression system. In addition,
several studies have shown that L. lactis could retain consi-
derable functionality after oral administration.>’>° Moreover,
recent studies using different strains of probiotic, including
L. lactis, have shown effective action on decreasing H. pylori
density and reducing H. pylori-associated gastric inflammation
both in vitro and in vivo.*® In this study, we transformed CRAMP
gene into L. lactis, whose expression was controlled by the
Nisin-controlled gene expression system. Indeed, our pervious
study had shown that CRAMP-encoded vector successfully
transformed into L. lactis, and western blot showed that the
CRAMP-encoded L. lactis could secrete CRAMP into the
supernatant.”® The present data confirm the CRAMP expression
in a transcriptional level (Figure 2) from L. lactis. In addition,
we identify the adherence and colonization of bioengineered
L. lactis in the gastric epithelia of Cnip =/~ mice by immuno-

© 2013 Macmillan Publishers Limited

mice versus corresponding Cnlp /" mice; “'P<0.001

/= mice.

histochemical staining and SEM (Figure 1b). It is interesting
to note that this L. lactis with empty vector had a modest
but not statistically significant effect on H. pylori colonization
(Figure 4b, Figures 5a—c) and the associated gastritis (Figure 8b).
Moreover, we provide evidence that exogenous CRAMP was
successfully delivered to the gastric epithelium surface as shown
in Cnlp~’~ mice and boosted the protein expression in the
stomachs of Cnlp™/" and Cnip mice (Figure 6). This novel
gene delivery strategy would increase the defensive mechanism in
the stomach and contribute to the decreased H. pylori coloni-
zation (Figure 5) as well as inflammatory responses including
inflammatory infiltrates and cytokines in the gastric mucosa
(Figures 7 and 8).

To further access the direct antimicrobial action of the
bioengineered L. lactis in vitro, control plasmid or CRAMP-encoded
L. lactis were co-cultured with H. pylori and H. pylori colony-
forming assay was performed. Results showed that only the
CRAMP-secreting L. lactis could significantly decrease the H. pylori
growth, suggesting that CRAMP contributes to bactericidal action
in this study (Figure 4b). It is noted that L. lactis per se may have
a moderate protective effect on H. pylori-induced gastritis
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Figure 7. Endogenous and exogenous CRAMP attenuated the level of cellular infiltrate in mice with chronic gastritis. Representative

hematoxylin and eosin-stained sections of stomachs from Cnlp*’™ (a, ¢, e, g) and Cnlp =~ (b, d, f, h) mice. The experimental conditions were

outlined as in Figure 5a. Images were taken under light microscopy (x 10 objective). Corpus from a typical Cnlp

+/* mouse infected with

H. pylori for 3 months, with a normal morphology except for a low-level cellular infiltrate (c¢) compared with uninfected control (a). The gastric

mucosa from Cnip ~/~

mice shows a marked cellular infiltrate both above (red arrows) and below (black arrows) the muscularis mucosae (b).

Treatment with the control plasmid L. lactis (N) (e, f) or CRAMP-encoded L. lactis with the addition of inducer 250 ngmm ~ " nisin for 3 h every
other day for 2 months (N4l) (g, h) attenuated the cellular infiltrate level.

(Figures 7e and f; Figures 8a and b), although it did not affect
the H. pylori colony formation in vitro. In line with our findings,
previous studies revealed an important role for CRAMP in the
host defense at mucosal surfaces®®>” Our previous studies also
demonstrated that CRAMP,'?> CRAMP-expressing plasmid*' and
CRAMP-encoded L. lactis'® could prevent colitis induced by
dextran sulfate sodium while the rat cathelicidin could promote
gastric ulcer healing by inducing proliferation of gastric epithelial
cells.)" The antimicrobial function of cathelicidin in the
gastrointestinal tract is further corroborated by the finding that
colon epithelial cell extracts from Cnip™/" mice had significantly

Gene Therapy (2013) 751-760

greater antimicrobial activity against C. rodentium than those of
mutant Cnlp ~/~ mice.® Other studies also show the scavenging
activity of CRAMP to pathogenic bacteria both in vitro and
in vivo.'%%®

Collectively, the CRAMP has a role as a potential natural
antibiotic for bacterial clearance and innate immunity in the
gastrointestinal tract. In addition, our results also demonstrate that
inoculation of the active secretory species of CRAMP-encoded
L. lactis could be a potential method for delivery of cathelicidin to
the targeted site in the gastrointestinal tract to achieve its
antibacterial and anti-inflammatory actions. To this end,

© 2013 Macmillan Publishers Limited
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Figure 8. CRAMP reduced H. pylori-induced pro-inflammatory cytokine mRNA expression. (A) Mouse neutrophils were detected with
neutrophil-specific antibody (red) in Cnlp */* and Cnip mice. The experimental conditions were outlined as in Figure 5a. (B) Expression of
mRNAs for IL-1B and IL-6 (a, b) was determined by semiquantitative reverse transcriptase PCR. The experimental conditions were outlined as

in Figure 5a. Upper panel: densitometry assessment from six independent replicates (for each experiment) with similar results. Each column
represents the mean +s.e.m. P<0.05,  P<0.01 in Cnlp ~/~ mice versus corresponding Cnlp*’* mice; *P<0.05, **P<0.01 compared with C in

Cnlp =/~ mice; “P<0.05 compared with Water in Cnlp =/~
gels of six independent replicates were shown.

cathelicidin-encoded L. lactis could be an effective and safe
therapeutic agent for the treatment of H. pylori infection and its
associated gastritis.

MATERIALS AND METHODS
Bacterial strains
H. pylori standard strain SS1 was initially grown on horse blood agar plates
(Columbia Blood Agar Base with DENT Selective Supplements (Oxoid,
Basingstoke, UK) in anaerobic jar with a microaerophilic environment
for 5 days at 37 °C).

The L. lactis NZ3900 and L. lactis food-grade expression vector pNZ8149
were purchased from NIZO Food Research B.V. (Kernhemseweg,
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mice; TP <0.05 compared with N in Cnlp =/~

mice. Lower panel: representative

Netherlands). L. lactis was transformed with pNZ8149-usp-Cath plasmid
by electroporation described previously.*? This plasmid contains secretion
signal peptide usp45 and the nine-residue propeptides LEISSTCDA
immediately upstream to CRAMP. In the presence of the inducer nisin,
CRAMP would be produced and secreted under the control of nisA
promoter.

Mouse model of acute and chronic gastritis

Male chimeras were bred with C57BL/6 females and germline mice were
identified using PCR analysis and confirmed by direct sequencing.
Heterozygote offspring from chimaeric matings were backcrossed into
129/SVJ for two generations.?® Cnlp™/* and Cnlp '~ mice were bred
within the Laboratory Animal Services Center of The Chinese University of
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Figure 9. Macrophages and eosinophils in mice stomachs. (a) Macrophages were detected with macrophage-specific antibody (green) in
Cnlp™’* and Cnip mice after 3 months of H. pylori infection. Sections are also stained with 4,6-diamidino-2-phenylindole (DAPI) (blue)

and antibody to H. pylori (red). Scale bars =50 um. (b) Hematoxylin and eosin staining shows the infiltration of eosinophils into submucosa of

+/F

stomach in Cnip and Cnlp '~

Hong Kong. All animal experiments involved 10-13-week-old male mice
and were performed under Laboratory Animals Ethics Committee
approval (The Chinese University of Hong Kong; Ref No.. (09-445) in
DH/HA&P/8/2/1 Pt. 9).

—/= +/+

Acute gastritis model.  After overnight fasting, Cnip and Cnlp mice
were gavaged with either a 10® c.f.u. of H. pylori suspended in 0.1 ml sterile
brain heart infusion (BHI) or 0.Iml sterile BHI (as a control) using gastric
intubation needles for one dose. After 24 h of infection, animals were killed
under anaesthesia. Stomachs were opened along the inner curvature and
divided into several parts. The first half of the stomach was performed with
colony-forming assay. The second part was fixed and embedded for
histopathological and immunohistochemical examinations. The rest of the
stomach samples were snap-frozen in liquid nitrogen and stored at
— 80 °C until required.

Chronic gastritis model. Animals were gavaged with either a 108 cfu. of
H. pylori suspended in 0.1 ml sterile BHI or a sterile BHI every other day for a
total of three doses. After 3-month infection, stomachs were harvested,
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mice as indicated by green arrow. Scale bars =50 um.

fixed and embedded for histological analysis. The rest of the stomach
samples were in liquid nitrogen and stored at — 80 °C until required.

Colony-forming assay

H. pylori infection levels within mouse gastric tissues were quantified by
colony-forming assay. Briefly, half of the stomach was placed in BHI and
homogenized (Millipore, Billerica, MA, USA). Tenfold serial dilutions were
prepared in BHI broth and aliquots spread out on H. pylori-selective agar
plates (Columbia blood agar base with DENT supplement). After 5 days of
culture as above, colonies were counted and the number of c.f.u. was
calculated per stomach. Colonies were confirmed to be H. pylori by the
oxidase, catalase and urease test.*?

Probiotics preparation and oral administration

L. lactis transformed with control plasmid (N) and CRAMP-encoded L. lactis
(N4) were incubated in M17 broth with 0.5% lactose (LM17) at 30°C
without aeration overnight, then diluted in fresh broth in 1:25 ratio and
incubated until Agy reached 0.4-0.5. Two hundred and fifty nanograms
per millimeter nisin was added and further incubated for 3 h. Bacteria were
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then harvested by centrifugation (4000r.p.m., 3 min), washed twice
with sterilized phosphate-buffered saline (pH 7.4) and resuspended in
sterilized water.

After H. pylori infection for 1 month, the successfully infected Cnlp ™/
and Cnlp~’~ mice were randomly divided into three groups: (1) received
distilled water (water); (2) received 10'° c.fu. of L. lactis transformed with
control plasmid (N); and (3) received 10" c.f.u. of CRAMP-encoded L. lactis
with the addition of inducer nisin for 3 h (N4l). Mice were treated by oral
administration every other day for 2 months.

Quantitation of H. pylori DNA

DNA from mouse gastric tissues was extracted by DNA purification kit
(Promega, San Luis Obispo, CA, USA) according to the manufacturer’s
instruction. The relative density of H. pylori was quantified by semiquanti-
tative PCR, detecting H. pylori-specific 16S rDNA as previously described
using specific primers HP5 (5-TTTGTTAGAGAAGATAATGACGGTATCTAAC-
3') and HP6 (5-CATAGGATTTCACACCTGACTGACTATC-3').** The amount of
mouse glyceraldehyde-3-phosphate dehydrogenase DNA in the same
specimen was measured for normalization. The primers for detection of
mouse glyceraldehyde-3-phosphate dehydrogenase DNA were as follows:
forward: 5-GCAGTGGCAAAGTGGAGATT-3', reverse: 5-TCTCCATGGTGG
TGAAGACA-3'** The relative density of H. pylori in the samples was
expressed as the ratio of expression H. pylori-specific 16S rDNA to
glyceraldehyde-3-phosphate dehydrogenase DNA.

Histopathology evaluation

The paraffin-embedded 5-um-thick sections were first deparaffinized with
xylene and rehydrated in graded ethanol. On the one hand, sections of the
stomach tissues were stained with hematoxylin and eosin for the
evaluation of inflammatory infiltration. On the other hand, the sections
were examined for H. pylori, L. lactis, neutrophils and CRAMP on the
stomach mucosa by immunohistochemistry and immunofluorescence
stains. Briefly, stomach slides were transferred to 0.01 mol |~ ! citrate buffer
(pH 6.0) and heated in a microwave oven for 5min at 800 W and then
allowed to cool for 20 min. Endogenous peroxidase activity was quenched
for 10 min in 3% H,0, in methanol. Thereafter, the slides were blocked
with 3% bovine serum albumin for 1h and then incubated overnight at
4°C with the primary antibody solution.

Immunohistochemistry. Rabbit anti-H. pylori polyclonal (Biocare Medical,
Concord, CA, USA) and goat anti-L. lactis polyclonal (Abcam, Science Park
West, Hong Kong, China) were used as primary antibodies, respectively.
Polink-2 plus HRP Rabbit Bulk Kit (Golden Bridge International, San
Francisco, CA, USA) was used as an enhancer to help amplifying the
polymer-enzyme conjugate reaction to achieve better sensitivity and
specificity in staining of H. pylori. Streptavidin-horseradish peroxidase
conjugate (Invitrogen Corporation, Camarillo, CA, USA) was used as the
secondary antibody for staining L. lactis. After being washed in phosphate-
buffered saline three times, the slides were incubated with secondary
antibody-conjugated polymer, Polink-2 plus HRP Rabbit Bulk Kit for H.
pylori and streptavidin-horseradish peroxidase conjugate for L. lactis for 1 h
at room temperature. The bacteria were visualized by diaminobenzidine
chromogen (Dako, Carpinteria, CA, USA). Sections were briefly counter-
stained with hematoxylin. Negative controls were obtained by omitting the
primary antibodies.*

Immunofluorescence. For the fluorescence staining of mouse sections, the
slides were incubated with primary antibody followed by a secondary
fluorescence antibody. Primary antibodies for H. pylori, neutrophils and
macrophages were purchased from Abcam. Antibody for CRAMP was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Alexa
Fluor anti-goat 568 and Alexa Fluor anti-rat 488 (Invitrogen Corporation)
were used as secondary antibodies. In addition, 4’,6-diamidino-2-pheny-
lindole was used to stain cell nuclei. Sections were evaluated with a laser
confocal microscope (Olympus FV1000, Tokyo, Japan).

Scanning electron microscopy

Biopsy samples were prefixed in a solution of 2.5% (v/v) glutaraldehyde
with 0.1m cacodylate buffer for 1h and then washed with cacodylate
buffer solution. After washing with phosphate-buffered saline, the samples
were post-fixed in 2% (w/v) osmium tetroxide for 2 h and dehydrated with
ethanol. All the samples were sputter-coated (Emitech K 550, Houston,
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TX, USA) with gold palladium. SEM examination (JEOL JSM6301F, Tokyo,
Japan) was performed using secondary electrons (SE1) at 5KV.*®

Complementary DNA synthesis and reverse transcriptase PCR

The total RNA was isolated from bioengineered L. lactis and gastric tissue
using Trizol reagent (Invitrogen Corporation). The RNA concentration was
measured by SmartSpec Plus Spectrophotometer (Bio-Rad, Philadelphia,
PA, USA) at 260 nm. Same amount of total RNA (5 j1g) was used to generate
the first strand of complementary DNA by reverse transcription (Invitrogen
Corporation). Specific primers were used to screen the expression of
CRAMP, IL-1B, IL-6 and mouse cytoskeletal (se-CRAMP forward: 5'-CTTT
CAGCTGCTGCTCCATT-3/, reverse: 5'-GGTTGTGGAACAAGTTTTTGG-3'; IL-1P
forward: 5'-TCAGGCAGGCAGTATCACTCA-3/, reverse: 5'-GGAAGGTCCACG
GGAAAGA-3’; IL-6 forward: 5-ACAACCACGGCCTTCCCTACTT-3/, reverse:
5/-GTGTAATTAAGCCTCCGACT-3; and -actin forward: 5-TCGCCATGG
ATGACGATA-3" and reverse: 5'-ATCACACCCTGGTGCCTA-3'. The template
complementary DNA was first denatured at 94 °C for 4 min. During 35
cycles of amplification, the denaturation step was at 94 °C for 30s, the
annealing step at 55 °C for 30 s and the extension step at 72 °C for 30s. The
final extension step was at 72°C for 7min. The PCR products were
electrophoresed on a 2.0% UltraPureAgarose (Invitrogen Corporation)
gel containing 0.01% Gel-red (Biotium, Hayward, CA, USA).

Antimicrobial assay

H. pylori cells suspended in brucella broth with 5% fetal calf serum were
incubated under microaerophilic conditions at 37 °C. Cultured 10%c.fu.
H. pylori were treated with 0, 1, 64 and 128 pg ml ~1 CRAMP or phosphate-
buffered saline as a negative control in 96-well microtitre plate under
microaerobic conditions and saturated humidity. The total volume in each
well was 100 pl. After 48 h of shaking at 200 r.p.m. at 37 °C, H. pylori growth
was determined by the OD595 nm value of each well.*’

In vitro H. pylori inhibition experiments by L. lactis

H. pylori cells (108cf.u.) suspended in brucella broth with 5% fetal calf
serum in the absence of antibiotics were incubated under microaerophilic
conditions at 37 °C in the presence of a equal volume of control-plasmid-
encoded or CRAMP-encoded L. lactis culture supernatant (pH 4.5 or 6.5) or
brucella broth as control. The viability of H. pylori at 24 h was evaluated by
determination of viable c.f.u. on DENT agar plates following incubation at
37 °C under microaerophilic conditions for 5 days.*®

Statistical analysis

Results were expressed as the mean*s.em. Statistical analysis was
performed with an analysis of variance followed by the Turkey's t-test.
P-values <0.05 were considered statistically significant.
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