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Intestinally Secreted C-Type Lectin Reg3b Attenuates Salmonellosis
but Not Listeriosis in Mice
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The Reg3 protein family, including the human member designated pancreatitis-associated protein (PAP), consists of secreted
proteins that contain a C-type lectin domain involved in carbohydrate binding. They are expressed by intestinal epithelial cells.
Colonization of germ-free mice and intestinal infection with pathogens increase the expression of Reg3g and Reg3b in the mu-
rine ileum. Reg3g is directly bactericidal for Gram-positive bacteria, but the exact role of Reg3b in bacterial infections is un-
known. To investigate the possible protective role of Reg3b in intestinal infection, Reg3b knockout (Reg3b~/~) mice and wild-
type (WT) mice were orally infected with Gram-negative Salmonella enteritidis or Gram-positive Listeria monocytogenes. At day
2 after oral Listeria infection and at day 4 after oral Salmonella infection, mice were sacrificed to collect intestinal and other tis-
sues for pathogen quantification. Protein expression of Reg3b and Reg3g was determined in intestinal mucosal scrapings of in-
fected and noninfected mice. In addition, ex vivo binding of ileal mucosal Reg3b to Listeria and Salmonella was investigated.
Whereas recovery of Salmonella or Listeria from feces of Reg3b~/~ mice did not differ from that from feces of WT mice, signifi-
cantly higher numbers of viable Salmonella, but not Listeria, bacteria were recovered from the colon, mesenteric lymph nodes,
spleen, and liver of the Reg3b~/~ mice than from those of WT mice. Mucosal Reg3b binds to both bacterial pathogens and may
interfere with their mode of action. Reg3b plays a protective role against intestinal translocation of the Gram-negative bacterium
S. enteritidis in mice but not against the Gram-positive bacterium L. monocytogenes.

In many countries in the industrialized world, food-borne intes-  tein involved in most Toll-like receptor (TLR)-mediated signal-
tinal infections are continuing to increase (11). For example, ing. MyD88-deficient mice have been shown to be more suscep-
outbreaks of salmonellosis and listeriosis have been reported for  tible to Listeria monocytogenes infection than wild-type (WT) mice
decades, but within the past 25 years, their incidence hasincreased  (2). Injection of recombinant Reg3g into the lumen of MyD88-
on many continents (29). To inhibit the colonization (adhesionto  deficient ligated ileal loops before inoculation with L. monocyto-
the intestinal epithelium) and translocation (invasion of host tis-  genes was shown to reduce L. monocytogenes survival in the gut.
sues) of food-borne pathogens and commensals, the intestinal  Qther in vivo studies showed that genetic ablation of Reg3b, which
mucosal surfaces are armed with an array of physical and chemical 5 apother Reg3 murine isoform, resulted in impaired clearance of
defense mechanisms. The low pH of the gastric compartmentand  the pacterial load in ileal Peyer’s patches during Yersinia pseudo-
bile acids secreted in the proximal intestine reduce the number of 0. josis infection without affecting luminal bacterial levels
bacteria that will survive within the gut (7, 8). Other important (5). It remains unclear, however, how Reg3b protects against bac-

defense mechamsrps against Pathogens 1nclu.de cgmpetm'on with terial translocation and whether this is specific for Gram-negative
commensal bacteria for nutrients and adhesion sites, a thick mu- pathogens

et S 0 50K, e e R kot (R ) i
p b e their WT littermates to investigate the protective role of Reg3b

Studies in rodents indicate that innate recognition of bacteria . . . .
. . 1 . following oral challenge with Gram-negative Salmonella enteriti-

or bacterial components triggers epithelial expression of secreted . . .. . .
dis or Gram-positive L. monocytogenes. Additional ex vivo experi-

C-type lectins Reg3g and Reg3b (3, 12, 22, 25). In rodents, muco- R J i iohts i h hani .
sal and fecal levels of the Reg3 protein are associated with the ments were periorme to gain Insig ts nto the mechanisms 1n-
volved in the protective function of Reg3b.

severity of infection (25). The human homologue of this protein
(i.e., they are, on the amino acid level, the most identical proteins
between the two species [bidirectional best hit]) is pancreatitis-

associated protein (PAP)' PAP is also detectable in feces’ and its Received 16 November 2011 Returned for modification 12 December 2011
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reduced in mice deficient in MyD88, an intracellular adaptor pro-
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MATERIALS AND METHODS

Animals and diet. The experimental protocol was approved by the animal
welfare committee of Wageningen University (Wageningen, The Nether-
lands). Reg3b~/~ mice with a C57BL/6 X 12901a background were gen-
erated as described previously (15). Knockout mice were obtained by
breeding heterozygote mice. Genotyping was performed as described pre-
viously (15), and Reg3b~/~ mice were used as the knockout mice and
Reg3b*/* littermates were used as the WT control. The mice were selected
based on genotype and age and were fed a semipurified AIN93-G (21) diet
(Abdiets, Woerden, The Netherlands). At 7 to 9 weeks of age, mice with an
average body weight of 22 g (range, 16 to 31 g) were housed individually.
They received a purified diet containing (per kg of feed) 200 g acid casein,
326 g cornstarch, 174 g glucose, 160 g palm oil, 40 g corn oil, 50 g cellulose,
and a vitamin and mineral mix (without calcium) according to AIN93
(21). Diets were supplemented with CaHPO, - 2H,O (Merck, Darmstadt,
Germany) to a final concentration of 30 mmol/kg. To mimic the compo-
sition of a Western human diet, the prepared diets were relatively low in
calcium and high in fat compared to standard rodent diets (21). Food and
demineralized drinking water were supplied ad libitum. Mice were sepa-
rated into groups, and age and gender were randomized over all groups as
much as possible. The power analysis used to calculate the minimum
number of animals needed per group was based on infection studies pre-
viously performed in this model (our unpublished data). In total, 3
Reg3b~/~ and 3 WT groups were formed. From each mouse strain, one
group was orally infected with Salmonella (Reg3b~/~, n = 10; WT, n =
12), a second group of each strain was orally infected with Listeria
(Reg3b™/~, n = 7; WT, n = 8), and a final group was sham treated
(Reg3b™/~, n = 5, WT, n = 6). Body weight was measured every 2 days
before infection and daily after infection.

Nramp]1 genotype of Salmonella-infected mice. To monitor suscep-
tibility to Salmonella infection, the natural resistance-associated macro-
phage protein 1 (Nrampl) genotype was determined in the Salmonella-
infected Reg3b™/* and Reg3b~/~ mice. A PCR product was created from
the genomic DNA by using primers 5 -GGAATGAATGTCAAGCAGCC
AG-3" and 5'-ATCCCACCTCATAGCCGAAG-3' in order to sequence
the area of the Nrampl gene that is known to vary between different
mouse strains (G or A at position 596) (9). The PCR cycle was 3 min at
95°C, 35 cycles of 30 s at 95°C, 30 s at 58°C, and 1 min at 72°C, and 5 min
at 72°C. The PCR product was subsequently sequenced by Baseclear (Le-
iden, The Netherlands) using the primers 5'-CACCCCATTTCCAGTAG
GG-3' and 5'-CCTGTGACACCTGGATGTTC-3' to determine the
Nramp]1 genotype of the Salmonella-infected mice.

Infection. After adaptation to individual housing and the diet for 8
days, mice were orally infected by gavage with 0.2 ml saline containing 5 X
108 CFU of S. enteritidis (clinical isolate, phage type 4, strain NIZO1241;
NIZO food research, Ede, The Netherlands) or L. monocytogenes (animal
isolate, strain EGD-e, serotype 1/2a; NIZO food research). The virulence
of each strain was sustained by routine oral passage in Reg3b ™/~ mice and
subsequent isolation of the pathogen from extraintestinal organs. S. en-
teritidis was grown on brilliant green agar modified (BGAM) plus sulfa-
mandalate supplement (Oxoid, Basingstoke, United Kingdom) and
quantified as described previously (18). L. monocytogenes was grown and
enumerated by similar culturing methods using Palcam agar (28) plus
Palcam selective supplement (Oxoid).

Collection of biological samples and bacterial quantification. A pilot
study indicated that the determination of the number of L. monocytogenes
and S. enteritidis bacteria in organs of mice was optimal, which means that
the numbers of Listeria and Salmonella CFU could be detected in organs at
2 and 4 days after oral infection, respectively (our unpublished data).
Noninfected mice were sacrificed 3 days after oral sham treatment. Mice
were anesthetized by isoflurane, and blood was collected via an orbital
puncture to isolate heparin plasma. After cervical dislocation, the colon
and the distal third of the small intestine, representing the ileum, were
excised. Approximately 1 cm was cut from the middle of each intestinal
segment to quantify the number of viable Salmonella or Listeria cells pres-
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ent in the colonic and ileal tissue. This piece was cut open longitudinally,
briefly flushed in sterile saline, and homogenized in 250 ul of saline, and
10-fold dilutions were plated for bacterial growth on selective agar for
Salmonella or Listeria (as described above). The remaining parts of the
ileum and colon were cut open longitudinally and flushed with saline, and
the mucosa was isolated by scraping with a spatula. Mucosal samples were
immediately frozen in liquid nitrogen for protein analysis. Furthermore,
the mesenteric lymph nodes (MLN), spleen, and liver were removed and,
after homogenization in sterile saline, directly used for Salmonella or Lis-
teria quantification as described above. Bacterial counts were expressed as
the total log,, CFU per gram of tissue.

Reg3b and Reg3g protein analysis in the ileal mucosa. Reg3g and
Reg3b expression was determined in the ileum because this is the area
where expression is upregulated during infection of rats (22, 25) and upon
microbial colonization of germ-free mice (3). Frozen mucosal scrapings
of the ileum were pulverized under liquid nitrogen. Approximately two-
thirds of the pulverized tissue was suspended in a 0.2-mol/liter sucrose
buffer of pH 7.4 containing 20 mmol/liter Tris and a protease inhibitor
cocktail (Complete, Roche Diagnostics). To homogenize the samples,
they were sonicated on ice for 30 s at level 4 (Sonicator XL2020; Heat
Systems, Farmingdale, NY), and protein concentrations were determined
using the bicinchoninic acid (BC) assay (Omnilabo, Breda, The Nether-
lands) according to the manufacturer’s protocol. Samples from each
group were pooled, and 100 ug protein was denatured at 95°C for 10 min
in sample buffer (4X buffer containing 160 mM Tris [pH 6.8], 8% SDS,
40% glycerol, 0.05% [wt/vol] bromophenol blue), subjected to SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) (4.8% stacking gel [pH
6.8], 12.5% separation gel [pH 8.8]), and transferred to a polyvinylidene
difluoride (PVDF) membrane (Immobilon-P; Millipore, Billerica, MA).
After blocking, the membranes were incubated with polyclonal anti-
Reg3b (1:50,000) or anti-Reg3g (1:10,000) antibodies (custom made by
Eurogentec, Seraing, Belgium). These antibodies were generated in rab-
bits against synthetically produced peptides by using the peptide se-
quences GEDSLKNIPSARISC (Reg3b) and EVAKKDAPSSRSSC (Reg3g).
The chosen peptide sequences correspond to unique sequences within the
Reg3 protein and allow differentiation between the Reg3b and Reg3g pro-
teins. Serum from immunized rabbits was affinity purified using the same
peptides. The signal of the secondary horseradish peroxidase (HRP)-
conjugated antibody (goat anti-rabbit HRP, 1:100,000; Jackson Immu-
noResearch, Suffolk, United Kingdom) was detected by using the ECL
Plus chemiluminescent detection kit (GE Healthcare, Den Bosch, The
Netherlands).

Myeloperoxidase analysis in the ileal mucosa and serum amyloid A
detection in plasma. A mouse myeloperoxidase (MPO) enzyme-linked
immunosorbent assay (ELISA) kit (Hycult Biotechnology, Uden, The
Netherlands) was used according to the manufacturer’s guidelines to de-
termine the concentration of MPO in ileal mucosal scrapings.

Levels of serum amyloid A (SAA) 2, an acute-phase apolipoprotein
present in plasma (24), were determined in order to investigate systemic
inflammation. A mouse SAA 2 ELISA kit (Life Diagnostics, Inc., West
Chester, Pennsylvania) was used according to the guidelines of the man-
ufacturer.

Pulldown assay. To investigate the possible mode of action, it was
evaluated in a pulldown assay whether Reg3b present in the ileal mucosa
binds to S. enteritidis or L. monocytogenes. S. enteritidis and L. monocyto-
genes strains identical to those used in the infection study were grown
overnight (37°C in a horizontal shaker at 250 rpm) in LB and brain heart
infusion (BHI) broth, respectively.

Bacteria grown overnight were spun down (3 min at 2,350 X g), and
1 X 108 bacteria were resuspended in 20 ul ileal mucosal scraping extracts
from Salmonella-infected Reg3b~/~ or WT mice which were diluted 1:5 in
the above-described sucrose buffer. The bacteria were incubated for 30
min at 37°C. After the bacteria were spun down (5 min at 1,500 X g), the
presence of Reg3b was investigated in the supernatant (15 ul) by SDS-
PAGE as described above. Proteins were transferred to an Immobilon-FL
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FIG 1 Western blot analysis of Reg3b and Reg3g in pooled ileal mucosa sam-
ples of Reg3b~/~ mice (KO) or WT mice (Wt). Reg3b~/~ mice (n = 10) and
WT mice (n = 12) were orally infected with S. enteritidis (S), or Reg3b™/~ mice
(n =7) and WT mice (n = 8) were orally infected with L. monocytogenes (L).
Noninfected mice (n = 5) received saline as a control treatment.

membrane (Millipore) and, after blocking, exposed to rat anti-mouse
Reg3b antibodies (MAB5110, 1:2,000; R&D Systems, Minneapolis). The
secondary antibody used was goat anti-rat IRDye 680CW (1:20,000; Li-
Cor, Nebraska), and the blots were scanned using the Odyssey scanner
(Li-Cor). Experiments were performed in triplicate.

Statistics. All data are the means and the standard errors of the means
(SEM), and statistical analysis was performed by using Prism 5.0 software
(GraphPad, San Diego, California). Our aim was to investigate the role of
Reg3b in infection. Therefore, the predefined comparisons were between
Reg3b~/~ and the WT except for in in vitro investigations to evaluate the
binding of Reg3b to Salmonella and Listeria when binding to these patho-
gens was investigated. Data were tested for normality by the Kolmogorov-
Smirnov normality test and the Shapiro-Wilk normality test. If the data
were normally distributed, the differences were tested for significance
using Student’s ¢ test (two-tailed). Data with unequal variances were
tested by using the Mann-Whitney U test. Salmonella output in feces was
determined at multiple time points, and therefore, these data were ana-
lyzed by a repeated-measures two-way analysis of variance (ANOVA)
(mixed model). Differences were considered statistically significant when
the P value was <0.05.

RESULTS

Body weight. Body weight was determined during the experiment
to monitor the general condition of the mice. At the start of the
experiment, the average body weight was 22 = 0.7 g. During the
study, there was no significant difference between the body weight
of Reg3b~/~ mice and that of WT mice (data not shown). The
average body weights before infection (average weight during 2
weeks prior to infection) were 22.8 £ 1.4 gand 23.1 * 1.4 g for the
WT and Reg3b~/~ groups, respectively. The postinfection body
weights of the WT and Reg3b~/~ groups were 23.2 * 1.4 g and
23.2 = 1.5 g (average of the postinfection period).

Bacterial infection increases Reg3b and Reg3g in the ileum
mucosa. To evaluate the presence of the Reg3b and Reg3g proteins
in the ileal mucosas of WT and Reg3b~/~ mice and the subsequent
levels upon oral infection, mucosal scrapings were evaluated by
immunoblotting using antibodies specific for Reg3b and Reg3g.
As expected, Reg3b was not detected in the ileal mucosa of
Reg3b~/~ animals (Fig. 1). After Salmonella and Listeria infection,
the protein level was higher in the mucosal samples of WT mice
than it was before infection (Fig. 1). The isoform Reg3g was not
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FIG 2 Salmonella (triangles) and Listeria (circles) excretion in feces. Individ-
ually housed mice were orally infected at day 0. Reg3b~/~ mice (filled symbols)
were infected with 5 X 108 CFU of S. enteritidis (n = 10) or L. monocytogenes
(n = 7), and WT littermates (open symbols) were infected with identical
numbers of CFU of S. enteritidis (n = 12) or L. monocytogenes (n = 8). Values
are the means and SEM.

detectable in mucosal scrapings of noninfected Reg3b~/~ mice
(Fig. 1). In contrast, the WT mice had detectable levels of this Reg3
isoform and levels increased during Salmonella and Listeria infec-
tion in WT and Reg3b~/~ mice.

Reg3b~/~ mice are more susceptible to salmonellosis, but
not listeriosis, than WT mice. In order to ensure similar Nramp1
genotypes in all Salmonella-infected animals, these mice were se-
quenced for a previously reported point mutation in this gene
which could affect infection susceptibility (9). All mice were
shown to be homozygous for the Nrampl susceptibility allele
(data not shown). To investigate the role of Reg3b in intestinal
colonization, the numbers of viable Salmonella cells were deter-
mined in fresh fecal samples of infected WT and Reg3b~/~ mice.
Colonization of Salmonella in Reg3b~/~ mice was not different
from thatin WT mice (Fig. 2). In the colonic tissue, which was first
flushed with saline to remove intestinal content, higher numbers
of Salmonella cells were recovered in Reg3b~/~ mice than in WT
mice (Fig. 3A) (P < 0.05). In the ileal tissue, Salmonella levels were
identical in Reg3b~/~ and WT mice. Furthermore, in MLN,
spleen, and liver, these levels were higher in Reg3b~/~ mice than
in their WT counterparts (Fig. 3B) (P < 0.05).

Intestinal colonization of Listeria, as found for Salmonella, was
identical in Reg3b~/~ and WT mice (Fig. 2). To further investigate
the effects of Reg3b on Listeria translocation, the numbers of CFU
in ileal and colonic tissue and extraintestinal organs were deter-
mined. The number of Listeria cells recovered from the WT did
not differ from that recovered from Reg3b~/~ mice in ileal and
colonic tissues (Fig. 3C) and in MLN, spleen, and liver (Fig. 3D).

Mucosal and systemic inflammation. The role of Reg3b in
inflammation was investigated by measuring the levels of the in-
flammation marker myeloperoxidase (MPO) in the ileum mucosa
at 2 and 4 days after oral infection of Listeria and Salmonella
groups, respectively. MPO levels of Salmonella-infected (0.49 *+
0.05 ng/mg protein) and Listeria-infected (0.39 = 0.06 ng/mg pro-
tein) groups did not differ significantly from that of the nonin-
fected groups (0.35 * 0.05 ng/mg protein) (data not shown). To
study systemic inflammation, SAA levels in plasma were deter-
mined at the same time points. The levels were elevated from
0.1 = 0.001 ug/ml (noninfected mice) to 1,164 * 186 and 502 *+
174 pg/ml upon Salmonella and Listeria infection, respectively
(P < 0.05) (data not shown). However, there were no significant
differences between WT and Reg3b ™/~ mice.
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FIG 3 Levels of Salmonella (A and B) and Listeria (C and D) in intestinal and extraintestinal tissues at 4 and 2 days after oral infection, respectively. Numbers of
CFU of pathogens in the ileal and colonic mucosas (A and C) and in mesenteric lymph nodes (MLN), spleen, and liver (B and D) of Reg3b~/~ mice (n = 10; black
bars) or WT mice (n = 12; white bars). Values are the means and SEM. An asterisk indicates that the results are significantly different from those of the WT (P <

0.05).

Reg3b binds to Salmonella and Listeria. To investigate the
possible mode of action, it was evaluated in a pulldown assay
whether Reg3b present in the ileal mucosa binds to S. enteritidis
and L. monocytogenes. Upon ex vivo incubation of mucosal sam-
ples from infected mice with these bacteria, it was shown that
Reg3b protein levels decreased in the supernatant (Fig. 4). It was
mainly the lower-molecular-weight form of the proteolytically
processed protein that decreased after incubation with bacteria.
This indicated that it is the cleaved form of Reg3b that binds to the
pathogens, not the full-length polypeptide. We have shown pre-
viously that the Reg3 protein is not precipitated even when cen-
trifuged at 15,000 X g (25). Therefore, the results presented here
indicate that ileal mucosal Reg3b is able to directly bind both
Salmonella and Listeria.

DISCUSSION

Both microbial infections of conventional mice and intestinal col-
onization of germ-free mice by commensals increase ileal expres-
sion of the secreted C-type lectins Reg3g and Reg3b (3, 12, 22, 25).
While Reg3g has been shown to have a bactericidal activity against
Gram-positive bacteria (3), the physiological function of Reg3b

~ —15kDa
' I—10kDa

FIG 4 Listeria and Salmonella pulldown assays. Presence of Reg3b, detected by
Western blot analysis, in supernatant fractions of ileal mucosa samples from S.
enteritidis-infected WT (Wt) or Reg3b~/~ (KO) mice incubated with Salmo-
nella (S) or Listeria (L). Mucosal samples incubated without bacteria served as
the negative control (—). The prestained protein marker is indicated by M.
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remains unknown. This study demonstrates a role for Reg3b in
protection against infection with Gram-negative S. enteritidis. De-
spite the fact that similar levels of viable Salmonella cells were
recovered from feces, higher numbers were present in MLN,
spleen, and liver of infected Reg3b~/~ mice than in WT mice,
indicating that the translocation and dissemination of Salmonella
in host tissues are increased in the absence of Reg3b. As the mice
were bred on a mixed background (C57BL/6 and 12901a) and
these strains differ in their susceptibility to Salmonella infection
due to a mutation (G to A) in the Nrampl gene, all mice were
genotyped individually (9). All the Salmonella-infected animals
were shown to be homozygous for the Nramp1 susceptibility al-
lele, ruling out the possibility that the Nramp allele status would
affect the results. In colonic tissue, Salmonella levels were also
increased in Reg3b~/~ mice compared to those of WT mice. The
MLN drain the small intestine, which is a main site of Salmonella
invasion (19). Therefore, reduced levels of Salmonella in the MLN
of WT mice suggest protective effects of Reg3b on Salmonella
translocation in the ileum. Although we did not observe differ-
ences in Salmonella counts in the ileal tissues of WT and Reg3b~/~
mice, this may be due to a lack of statistical power in this assay, as
SEM levels are higher in ileal tissue than in colonic tissue. More-
over, the investigated ileal tissue did not contain Peyer’s patches
and M cells, which, in addition to absorptive enterocytes, are con-
sidered to be important sites of Salmonella translocation (10, 27).
All together, the experimental infection data strongly suggest that
Reg3b inhibits Salmonella translocation from the gut lumen into
intestinal tissues and further extraintestinal tissues but does not
kill Salmonella in the gut lumen. These results are supported by the
recent findings of Dessein et al., who showed that genetic ablation
of Reg3b did not affect the bacterial load of the Gram-negative
pathogen Yersinia pseudotuberculosis in the intestinal lumen (5)
but significantly increased the bacterial burden in the Peyer’s
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patches, which are the main route of entry for this pathogen. In
contrast, Reg3b did not influence resistance to infection with
Gram-positive Listeria monocytogenes, as identical numbers of this
pathogen were recovered from intestinal and extraintestinal tis-
sues in Reg3b~/~ and WT mice, as found in our study.

As murine Reg3g and human PAP are directly bactericidal for
Gram-positive bacteria in vitro (3, 17), it seemed possible that
Reg3b would have similar antimicrobial activity. However, in this
study, there was no effect of Reg3b on the colonization and trans-
location of L. monocytogenes. The strain of L. monocytogenes used
in our infection study was identical to that used previously for in
vitro antibacterial assays with Reg3g (3). Previous investigations
with rat PAP1, which is the homologue of the murine Reg3Db, also
showed no direct bactericidal effect against L. monocytogenes in
vitro (25). Others also report a lack of bactericidal effect of this
protein (5). The coexistence of the two closely related Reg3 pro-
teins in the mouse strongly suggests a different function for each
of these proteins. Here we provide evidence that Reg3b has a pro-
tective role against Gram-negative Salmonella translocation but
not Listeria infection. The exact mechanism by which Reg3b in-
hibits Salmonella translocation into host tissues is unclear.

The observed difference in Reg3b functionality between liste-
riosis and salmonellosis might be due to differences in physical
appearance and host invasion mechanisms of the two pathogens
but might also be related to differences in host responses induced
by these pathogens. We can only speculate about the latter, as we
did not monitor the exact (immune) responses of the mice. Pre-
vious studies by Brandl et al. (2) indicated that the innate immune
defense against L. monocytogenes, which requires Toll-like recep-
tor (TLR)-mediated signals, plays a crucial role in Reg3g-related
protection against this pathogen. As S. enteritidis and L. monocy-
togenes may trigger different (TLR-mediated) innate immune sig-
nals (1), this might be a cause of differential regulation of Reg3b
expression and, therefore, the subsequent protective effects of this
protein. On the other hand, it might be that Reg3b modulates the
immune response directed against Salmonella but not the re-
sponse against Listeria. Although measured at a single time point
in the current study, Reg3b did not affect the systemic inflamma-
tory response as measured by SAA levels in serum. The local in-
flammatory response in our infection models was relatively low, as
MPO levels did not increase upon infection in the ileal mucosa.
This was likely due to the relatively short period that mice were
exposed to the orally administered pathogens because our focus
was on pathogen colonization and translocation, which normally
precede inflammation. Thus, based on our study design, we can-
not fully exclude the absence of effects of Reg3b on the inflamma-
tory response. However, previous investigations in our lab with a
similar Salmonella infection model in rats indicated that mucosal
inflammation in this infection model is relatively low at day 4
postinfection (26). Further analysis of the collected intestinal tis-
sues from the current study might give insight on the role of the
innate (immune) response in Reg3b-related protective effects. For
example, microarray analysis of intestinal tissues may identify
whether and which host defense pathways are associated with pro-
tective effects of Reg3b. Performing additional Listeria and Salmo-
nella infection experiments in mice deficient in specific TLRs
might reveal the involvement of specific innate immune signaling
in Reg3b-mediated protection against intestinal infection.

Besides the proposed association of the host response with
Reg3b-related protection of intestinal infection, this lectin might
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also directly and differentially affect Listeria and Salmonella. The
outer membranes of these pathogens are different; for example,
Salmonella contains immunoreactive lipopolysaccharides (LPS)
which are absent in Gram-positive bacteria, such as Listeria. This
influences host signaling pathways, e.g., TLR recognition. Our ex
vivo analysis revealed that ileal mucosal Reg3b showed binding
affinity to both Salmonella and Listeria. Bactericidal activities of
Reg3g depend on binding to cell wall peptidoglycan, a molecule
exposed on the Gram-positive bacterial surface (8). This pepti-
doglycan recognition is determined by the so-called Loopl EPN
tripeptide motif, which is also present in Reg3b (14). This motif is
involved in peptidoglycan binding, and binding affinity for carbo-
hydrate ligands depends on carbohydrate chain length (14).
Moreover, Reg3b binds to the Gram-positive Bacillus subtilis pep-
tidoglycan, mannose polysaccharides, and chitin, which is a long-
chain polymer of N-acetylglucosamine (14). Our results suggest
that Reg3b possibly recognizes carbohydrate structures on the
bacterial surface of microorganisms which enter the intestinal
mucosa. Currently we do not know what the specific target of
Reg3b is on the outer membrane of bacteria. It may be related to
LPS, which are large molecules consisting of a lipid and a poly-
meric carbohydrate structure on most Gram-negative bacteria
(20). This may be a binding target for the EPN motif in Reg3b.
This motif is likely, as shown for Reg3g, also involved in the bind-
ing of Reg3b to Gram-positive bacteria. The molecular mecha-
nism by which Reg3b may recognize its binding target remains to
be determined. Studies with purified Reg3b are needed to deter-
mine what ligands specifically bind to this protein. To address this
question, it is necessary to have purified, biologically active Reg3b
protein, and efforts are under way to produce and purify this
protein in an active form. Although binding may be crucial for the
function of Reg3b, it does not necessarily result in a protective
effect in vivo, as possible binding of Reg3b to Listeria in the intes-
tinal mucosa does not result in reduced Listeria levels in extraint-
estinal organs. This might be caused by another important differ-
ence between the pathogens, which is that Listeria and Salmonella
use complex and very different mechanisms of cellular attachment
and invasion (4, 19). Listeria can invade the human intestinal ep-
ithelium via the epithelial receptor E-cadherin. A single amino
acid change in the murine E-cadherin, however, makes mice rel-
atively resistant to intestinal infection (13). As also shown in the
present study, relatively high doses of Listeria do achieve a signif-
icant invasive infection in rodents (13). This probably involves a
second but less-well-characterized surface protein of L. monocyto-
genes, internalin B, which enables Listeria to enter and survive
within epithelial cells via interaction with three different epi-
thelial membrane receptors (4, 19). In the case of Salmonella,
the bacteria are not highly adherent, but their invasion ma-
chinery is particularly efficient (19). Salmonella has another
mechanism to invade cells which involves binding to epithelial
cells by its type III secretory system (TTSS) (10, 16). The TTSS
allows direct activation of components of the host-cell cyto-
skeleton by intracellular delivery of dedicated bacterial effec-
tors, resulting in membrane ruffling and endocytosis. By this
event, Salmonella species invade and reside in an atypical acidic
compartment called the Salmonella-containing vacuole (SCV)
and survive inside the cell (4). It is possible that Reg3b inter-
feres with the expression or function of Salmonella pathogenic-
ity island 1 (SPI-1) TTSS invasion machinery.

In conclusion, Reg3b inhibits intestinal bacterial translocation
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upon oral infection with Gram-negative Salmonella. In contrast,
this protein does not have protective effects against intestinal in-
fection with Gram-positive Listeria. Inhibitory effects of Reg3b on
bacterial infection may be linked to its observed binding to patho-
gens. The protective mechanism of Reg3b in salmonellosis is not
associated with direct bactericidal effects but may be related to
interference with Salmonella virulence mechanisms or host re-
sponses to this pathogen.
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