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Coinfection with an Intestinal Helminth Impairs Host Innate
Immunity against Salmonella enterica Serovar Typhimurium and
Exacerbates Intestinal Inflammation in Mice
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Salmonella enterica serovar Typhimurium is a Gram-negative food-borne pathogen that is a major cause of acute gastroenteritis
in humans. The ability of the host to control such bacterial pathogens may be influenced by host immune status and by concur-
rent infections. Helminth parasites are of particular interest in this context because of their ability to modulate host immune
responses and because their geographic distribution coincides with those parts of the world where infectious gastroenteritis is
most problematic. To test the hypothesis that helminth infection may negatively regulate host mucosal innate immunity against
bacterial enteropathogens, a murine coinfection model was established by using the intestinal nematode Heligmosomoides po-
lygyrus and S. Typhimurium. We found that mice coinfected with S. Typhimurium and H. polygyrus developed more severe in-
testinal inflammation than animals infected with S. Typhimurium alone. The enhanced susceptibility to Salmonella-induced
intestinal injury in coinfected mice was found to be associated with diminished neutrophil recruitment to the site of bacterial
infection that correlated with decreased expression of the chemoattractants CXCL2/macrophage inflammatory protein 2
(MIP-2) and CXCL1/keratinocyte-derived chemokine (KC), poor control of bacterial replication, and exacerbated intestinal in-
flammation. The mechanism of helminth-induced inhibition of MIP-2 and KC expression involved interleukin-10 (IL-10) and,
to a lesser extent, IL-4 and IL-13. Ly6G antibody-mediated depletion of neutrophils reproduced the adverse effects of H. po-
lygyrus on Salmonella infection. Our results suggest that impaired neutrophil recruitment is an important contributor to the
enhanced severity of Salmonella enterocolitis associated with helminth coinfection.

almonella enterica serovar Typhimurium is a Gram-negative

food-borne pathogen that is frequently associated with disease
in various host species, including humans, livestock, domestic
fowl, and rodents (1). In humans, S. Typhimurium infection,
which is typically transmitted via contaminated food or water,
results in a diarrheal illness that is responsible for approximately
40,000 cases of acute gastroenteritis annually in the United States
(1). To establish infection in the host, this bacterial pathogen must
exit the intestinal lumen by crossing the epithelial barrier. During
this process, the innate immune system can be activated through
recognition of pathogen-associated molecular patterns by evolu-
tionarily conserved pattern recognition receptors such as the Toll-
like receptors (TLRs) on intestinal epithelial and subepithelial
cells (2). Activation of TLRs initiates a rapid response to infection,
including the secretion of chemoattractant molecules and cyto-
kines such as tumor necrosis factor alpha (TNF-a), keratinocyte-
derived chemokine (KC), and macrophage inflammatory protein
2 (MIP-2) (3). Thelocal production of these molecules leads to the
recruitment of various cell populations, including neutrophils,
monocytes, dendritic cells, and lymphocytes (4-8) and the conse-
quent control of bacterial infection. A more detailed understand-
ing of this response, as well as the factors that influence it, will
provide insights into the pathogenesis of Salmonella gastroenteri-
tis and may suggest new approaches to preventing and treating
this important public health problem.

The ability of the host to control bacterial pathogens may be
influenced by host immune status and by concurrent infections.
Helminth parasites are of particular interest in this context be-
cause of their ability to modulate host immune responses and
because their geographic distribution coincides with those parts of
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the world where infectious gastroenteritis is most problematic.
Parasitic infections are common in countries with poor hygienic
conditions, where a lack of sanitation and health care facilitates
the transmission and spread of helminths like Ascaris lumbri-
coides, Schistosoma spp., hookworms, and protozoan-like Entam-
oeba histolyticaldispar (9). Coinfection of individual hosts by mul-
tiple pathogens can be very commonly observed under such
circumstances. The major importance of helminth infections in-
cludes not only the direct pathogenic effect of the worms but also
the modulatory role of the parasite on the host immune system,
which may alter the response to other antigens and cause addi-
tional immunopathology (10, 11). Although much is known
about the potential role of helminth-stimulated T cells, typically
Th2 and Treg, in altering host protection against the bacterial
infection, the impact of helminth infection on the innate immune
response to enteric bacterial pathogens is less well understood. To
shed light on this issue, we determined whether and how an on-
going intestinal helminth parasite infection influences the early
phase of the host innate immune response against S. Typhimu-
rium. To investigate this issue, we used the well-established mu-
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FIG 1 Helminth coinfection exacerbates Salmonella-induced mucosal injury and mortality in mice. C57BL/6 mice were infected with H. polygyrus (200 L3),
treated with streptomycin, and inoculated with 10* CFU of S. Typhimurium (SL1344 strain) 7 days later. (A) Macroscopic examination of cecum and colon
tissues of mice from different groups. (B) Ceca were removed from uninfected mice or from mice infected with H. polygyrus, Salmonella, or both at 48 h after
bacterial infection and frozen in Tissue Tek OCT compound, and the sections were stained with hematoxylin and eosin. Magnification, X 100. Duplicate samples
are presented from the Salmonella-infected and coinfected groups. (C) Histopathological score of cecal inflammation in mice infected with Salmonella or both.
The scores were assessed by determination of infiltration of inflammatory cells (score range, 0 to 4), together with the evaluation of cecal tissue damage (score
range, 0 to 4). The data shown are pooled from three independent experiments with total (n = 9 to 15 per group). *, P < 0.05.

rine model of Salmonella infection, an experimental system that
can be used for the analysis of intestinal inflammation, as well as
systemic bacterial dissemination.

MATERIALS AND METHODS

Mice. Six- to eight-week-old female C57BL/6 mice were purchased from
The Jackson Laboratory (Bar Harbor, ME), fed autoclaved food and wa-
ter, and maintained in a specific-pathogen-free facility at Massachusetts
General Hospital. Animal care was provided in accordance with protocols
approved by the Institutional Animal Care and Use Committee of Mas-
sachusetts General Hospital.

Heligmosomoides polygyrus and S. Typhimurium infection. H. po-
lygyrus was propagated as previously described and stored at 4°C until use
(12). Mice were inoculated orally with 200 third-stage larvae. At 2 weeks
after parasitic infection, subsets of H. polygyrus-infected and uninfected
mice were infected orally with 10® CFU of a naturally streptomycin-resis-
tant SL1344 strain of S. Typhimurium. The mice were sacrificed 48 h after
infection. The bacterial loads in the spleen and liver were determined. To
study whether and how helminth coinfection affects the early mucosal
innate immune and inflammatory responses, we utilized the streptomycin
pretreatment model of Salmonella infection, a model that has been widely
used in the field to analyze Salmonella-induced intestinal inflammation
(13). It was shown previously that pretreating mice with a single oral dose
of streptomycin, followed 24 h later by oral infection with a naturally
streptomycin-resistant strain of S. Typhimurium (SL1344) allows coloni-
zation of the cecum to high numbers and the resultant development of an
acute inflammatory response in the intestine (13). In our study, subsets of
H. polygyrus-infected (2 weeks postinfection) and uninfected mice were
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each given 20 mg of streptomycin in phosphate-buffered saline (PBS) by
gavage with a 21-gauge feeding needle. After 24 h, the mice were infected
orally with 10® CFU of S. Typhimurium SL1344 strain. The mice were
sacrificed 48 h after infection. Intestinal inflammation was assessed at
necropsy based on gross appearance and histopathology.

Worm burden. At necropsy, small intestines were removed and
opened. The worm burden was determined by counting the total number
of worms present in the lumen of the intestine as visualized under a dis-
secting microscope.

Histopathological examinations. At necropsy, cecum and colonic tis-
sues were collected, frozen in Tissue Tek OCT compound (Miles, Inc.,
Elkhart, IN), and then stored at —80°C. Then, 5-pm sections were cut on
a Leica CM1850 Cryostat (Leica Biosystems) and were stained with hema-
toxylin and eosin. Intestinal pathology was scored using a modified his-
tology scoring system based on previously published methods (14, 15).
The scoring system consists of two parts. Part 1 is the determination of the
infiltration of inflammatory cells in the tissue, with scores ranging from 0
to 4 (0, normal cell pattern; 1, scattered inflammatory cells in the lamina
propria; 2, increased numbers of inflammatory cells in the lamina propria;
3, confluence of inflammatory cells extending into the submucosa; and 4,
transmural extension of the infiltrative inflammatory cells). Part 2 is the
evaluation of the tissue damage, with scores that also range from 0 to 4 (0,
normal tissue pattern; 1, minimal inflammation and cecum crypt hyper-
plasia; 2, mild crypt hyperplasia with or without focal invasion of epithe-
lium; 3, obvious cecum crypt hyperplasia and invasion of epithelium; and
4, extensive mucosal damage and extension through deeper structures of
the bowel wall). The total tissue pathology score equals the inflammatory
cell score plus the tissue damage score (Fig. 1C).
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Immunofluorescence microscopy. Tissue sections were fixed in ice-
cold acetone, washed, and then blocked with avidin/biotin agent (Vector
Laboratories). To examine intestinal polymorphonuclear neutrophils
(PMNs), the sections were stained with fluorescein isothiocyanate
(FITC)-labeled anti-mouse Macl (CD11b; BD Pharmingen) or Cy3-la-
beled anti-mouse GR1 (BD Pharmingen). Sections were analyzed by im-
munofluorescence microscopy (16).

Determination of Salmonella translocation. To examine whether
coinfection with helminth parasites resulted in enhanced Salmonella
translocation into both the mucosal and the systemic compartments, mice
were infected with H. polygyrus, and 2 weeks later they were infected with
DS Red-expressing S. Typhimurium (following streptomycin pretreat-
ment). Separate groups of mice were infected with DS Red-expressing
salmonellae only or not infected. The mice were sacrificed at 24 h after
bacterial infection. The appearance and distribution of DS Red-Salmo-
nella was examined using immunofluorescence microscopy. To further
determine the impact of helminth coinfection on tissue bacterial loads,
spleens and livers were collected from Salmonella-infected and helminth-
coinfected groups (with or without streptomycin treatment), homoge-
nized and plated on Luria-Bertani (LB) plates. The CFU were determined.

Intraperitoneal infection of mice. To study the impact of helminth
infection on the recruitment of neutrophils, both H. polygyrus-infected (at
2 weeks postinfection) and uninfected mice were injected intraperitone-
ally (i.p.) with approximately 5,000 CFU of S. Typhimurium. Mice were
sacrificed 24 h later. Cells from peripheral blood, spleen, mesenteric
lymph nodes (MLN), and peritoneal cavity were collected, stained and
used for fluorescence-activated cell sorting (FACS) analysis. The GR1™
neutrophil population from different groups was compared.

Depletion of GR1" neutrophils in vivo. Mice were treated with
Ly6G-specific monoclonal antibody (MADb) (17), anti-mLy6G (BioXCell,
West Lebanon, NH), or isotype control (rat IgG2b; BioXCell) on 1 day
before, on the same day, and 1 day after Salmonella infection (300 g/
mouse) i.p. Both Ly6G-specific MAb-treated and untreated mice were
infected with Salmonella and sacrificed 48 h after the bacterial infection.
The fecal bacterial load was determined and compared. Neutrophil deple-
tion was confirmed by FACS.

FACS analysis. Cellular populations of various compartments (i.e.,
the peripheral blood, spleen, MLN, and peritoneal cavity) from different
groups were isolated after bacterial infection. In each of the tissue prepa-
rations the neutrophils were identified with anti-GR1 MAb, macrophages
were identified with anti-CD11b or F4/80 antibodies. The stained sam-
ples were analyzed with an Accuri C6 FACS machine. Dead cells and
debris were excluded from analysis by gates set on forward and side angle
light scatter.

Quantitative detection of chemokine expression in cecal tissues. To-
tal RNA was prepared from cecal tissue using TRIzol reagent (Invitrogen
Life Technologies) according to the manufacturer’s recommendations
and reverse transcribed into cDNA using the Superscript first-strand syn-
thesis system (Invitrogen Life Technologies). The cDNA samples were
then tested for the expression of cytokines (interleukin-22 [IL-22], IL-23-
p19,1L-17,IL-10, gamma interferon [IFN-y], and TNF-a), chemoattrac-
tants (KC and MIP-2), and antimicrobial peptides (RegIIIf and ReglIIy)
by real-time quantitative reverse transcription-PCR (RT-PCR) using
SYBR green PCR master mix (Applied Biosystems) on a StepOne Plus
real-time PCR system (Applied Biosystems). Samples were run in tripli-
cate. GAPDH was used as the housekeeping control. The sequences for the
sense and antisense primers used to quantify mRNA are listed in Table 1.

In vitro stimulation of peritoneal macrophages. To demonstrate the
impact of the helminth-associated Th2 response on the bacterium-in-
duced chemokine expression by innate immune cells, peritoneal macro-
phages were isolated from normal and helminth-infected mice (14 to 21
days postinfection) by incubating total peritoneal cells in complete Dul-
becco modified Eagle medium at 37°C for 2 h. Nonadherent cells were
removed by washing with PBS, and the adherent macrophages were
treated with rIL-4/rIL-3 (3 ng/ml, for cells from normal mice) or with
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TABLE 1 Primers used in this study

Primer Orientation Sequence (5'-3")
GAPDH F TGGAATCCTGTGGCATCCATGAAAC
R TAAAACGCAGCTCAGTAACAGTCCG
IFN-y F TCAAGTGGCATAGATGTGGAAGAA
R TGGCTCTGCAGGATTTTCATG
1L-10 F CCACAAAGCAGCCTTGCA
R AGTAAGAGCAGGCAGCATAGCA
1L-22 F TCCGAGGAGTCAGTGCTAAA
R AGAACGTCTTCCAGGGTGAA
IL-23p19 F TGCTGGATTGCAGAGCAGTAA
R GCATGCAGAATTCCGAAGA
1L-17 F CCACGTCACCCTGGACTCTC
R CTCCGCATTGACACAGCG
KC F CCGAAGTCATAGCCACACTCAA
R GCAGTCTGTCTTCTTTCTCCGTTAC
MIP-2 F CCAACCACCAGGCTACAGG
R GCGTCACACTCAAGCTCTG
TNF-a F CCCTCACACTCAGATCATCTTCT
R GCTACGACGTGGGCTACAG
ReglIly F TTCCTGTCCTCCATGATCAAAA
R CATCCACCTCTGTTGGGTTCA
ReglII F ATGGCTCCTACTGCTATGCC
R GTGTCCTCCAGGCCTCTTT

anti-IL-10 (20 pg/ml) or anti-IL-4/IL-13 (20 pg/ml, for cells derived from
helminth-infected hosts) for 24 h before Salmonella infection (cell/bacte-
rium ratio, 1:2). After 1 h, RNA was isolated tested for the expression of
KC, MIP-2, TNF-q, and IL-10 by real-time RT-PCR.

Statistical analysis. All results are expressed as means and standard
errors of the mean (SEM). “N” refers to the number of mice used. Statis-
tical differences were determined by using one-way analysis of variance
(ANOVA) test (Tukey’s multiple-comparison test) with GraphPad Prism
or a two-tailed Student ¢ test with StatView software (Abacus Concepts,
Berkeley, CA) when the differences were tested between two groups (his-
tology score, fecal bacterial loads, and neutrophil infiltration in Salmonel-
la-infected and coinfected groups). To compare gene expression of cells
that were isolated from individual mouse before and after in vitro cytokine
treatment, a paired t test was used. A P value of <0.05 was considered
significant.

RESULTS

Helminth coinfection exacerbates Salmonella-induced mucosal
injury in mice. Salmonella infection causes acute gastroenteritis
(4, 13). To examine whether an intestinal helminth infection can
affect the susceptibility of the host to Salmonella infection, wild-
type C57BL/6 mice were infected with H. polygyrus and inoculated
with Salmonella 2 weeks later. As expected, mice infected only with
Salmonella showed signs of disease, such as soft stool, a hunched
posture, disturbed body hair, and body weight loss soon after bac-
terial inoculation. A significant impact of H. polygyrus on mice
with Salmonella infection was demonstrated by a 20 to 33% mor-
tality in coinfected animals that occurred 24 to 48 h after the
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FIG 2 Helminth infection results in enhanced Salmonella output in the fecal pellets and results in increased tissue Salmonella numbers. (A) Numbers of bacteria
recovered from fecal samples of Salmonella-infected and coinfected mice at 48 h postinfection. The data shown are represented as means * the SEM (n = 6 to
7 mice). *, P < 0.05. (B and C) Numbers of bacteria recovered from MLN (B) and spleen (C) homogenates of Salmonella-infected and coinfected mice at 48 h
postinfection. The data shown are represented as the means * the SEM of the bacterial load in the MLN (1 = 5 to0 8). ¥, P < 0.05. (D and E) Immunofluorescence
microscopy data show the bacteria (in red) in cecal tissues of Salmonella-infected (D) and H. polygyrus-coinfected (E) mice. (F) The number of bacteria (in red)
detected per high-power field (X100) by counting five fields from each sample (three mice from each group were counted). **, P < 0.01. (G and H) Numbers of
bacteria recovered from spleen (G) and liver (H) homogenates of Salmonella-infected and coinfected mice at 48 h postinfection. The data shown are represented

as the mean = the SEM of the bacterial load in the spleen and liver (n = 5 to 8). (I) Worm burden recovered at 3 weeks postinfection. *, P < 0.05.

bacterial infection, compared to a 10% mortality in mice infected
with Salmonella alone (data not shown). At necropsy, the ceca and
colons from the different groups (Salmonella alone, H. polygyrus
alone, coinfection, and noninfected controls) were examined both
macroscopically and microscopically. Salmonella infection in-
duced thickening and shortening of the ceca (Fig. 1A), in agree-
ment with previous reports (13, 14). In the coinfected mice, these
changes were more pronounced and also extended to the colon
(Fig. 1A).

In mice infected with Salmonella alone, histological examina-
tion of the cecum showed typical pathological changes, including
thickening of the wall of the cecum, edema, disruption of epithe-
lial architecture and marked infiltration by PMNs (Fig. 1B). The
ceca of coinfected mice showed more severe pathology, with in-
creased epithelial erosions, thickening of the gut wall, and more
pronounced edema of the intestinal tissue (Fig. 1B). Moreover,
the enhanced intestinal tissue injury extended to the colon tissue
in mice with helminth coinfection (data not shown), whereas
prominent gut inflammation was restricted to the cecal tissue in
mice with Salmonella infection alone (Fig. 1A and B). The pathol-
ogy scores for inflammation and intestinal damage were signifi-
cantly higher in coinfected mice than in mice with Salmonella
infection alone (Fig. 1C). These results demonstrate that concur-
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rent intestinal helminth infection promotes Salmonella-induced
intestinal injury, leading to the development of more severe intes-
tinal inflammation.

Helminth infection results in increased tissue Salmonella
numbers. We questioned whether the more severe intestinal in-
flammation in the mice coinfected with H. polygyrus and Salmo-
nella was related to poor control of bacterial replication. H. po-
lygyrus-infected and uninfected mice were inoculated with S.
Typhimurium after streptomycin pretreatment and sacrificed 48
h later. There was a significant increase in fecal bacterial output
from the helminth coinfected mice compared to the mice infected
with Salmonella alone (Fig. 2A). At the peak of inflammation (48 h
after Salmonella-infection), we collected the MLN and spleens.
The tissues were homogenized and plated on LB plates. The bac-
terial load in the MLN (Fig. 2B), as well as the spleen (Fig. 2C), was
found to be significantly higher in mice with helminth coinfec-
tion. Furthermore, immunofluorescence microscopic analysis of
cecal tissues revealed increased number of Salmonella in the lam-
ina propriae of coinfected mice (Fig. 2D and E). To further exam-
ine the impact of helminth on Salmonella translocation after oral
infection, we infected helminth-infected and uninfected mice
with Salmonella in the absence of streptomycin treatment and
then determined the bacterial loads in the spleen and livers. Our
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FIG 3 Coinfection with H. polygyrus results in downregulation of Salmonella-induced cecal cytokines and antimicrobial peptides. Cecal tissues were collected
from control, H. polygyrus-infected, Salmonella-infected, and helminth-coinfected mice (48 h after Salmonella infection). Total RNA was isolated from the cecal
tissues. IL-22, IL-23, IL-17, Reg3y, and Reg3[3 expression was determined using quantitative RT-PCR. Values are the fold increase compared to the baseline
obtained from uninfected mice. The data shown are means * the SEM (n = 5 mice/group) from one of three experiments performed showing similar results.
Different letters indicate the significant differences among groups, based on one-way ANOVA. %, P < 0.05.

data showed that the bacterial loads in both the spleen and the
liver was significantly higher in mice with helminth coinfections
(Fig. 2G and H) compared to mice infected with Salmonella alone.
The numbers of worms that were recovered at 3 weeks after hel-
minth infection did not differ significantly between mice infected
with H. polygyrus alone and mice coinfected with Salmonella
(Fig. 21).

Helminth coinfection negatively regulates the IL-23/IL-17
response to Salmonella infection of the cecum. It has been dem-
onstrated that IL-23 plays an important role in the induction of
intestinal mucosal IL-17 and IL-22 responses to S. Typhimurium
infection (18). IL-17 and IL-22 amplify inflammatory responses
and increase the expression of epithelial antimicrobial peptides
(18-20). To investigate the impact of helminth coinfection on the
Salmonella-induced intestinal cytokine response, we measured
the expression of IL-23, IL-22, and IL-17 in the ceca of various
groups of mice using quantitative real-time RT-PCR. Our results
show that Salmonella infection induced a significant upregulation
of all three of these cytokines in the cecal tissue (Fig. 3A to C).
Helminth coinfection induced a marked reduction of Salmonella-
associated expression of these cytokines in the cecal tissue (Fig. 3).
These data demonstrate that intestinal helminth parasites can
negatively regulate host intestinal mucosal IL-22, IL-23, and IL-17
responses to enteric bacterial pathogens.

To further examine the impact of helminth coinfection on the
mucosal innate immune response to Salmonella, we examined the
expression of the antimicrobial peptides “regenerating islet-de-
rived 3y” (Reg3vy) and Reg3pB, which are induced by IL-17 and
IL-22. Recent reports have demonstrated the potential protective
role for Reg3 y (21) and Reg3B (15) in host protection against
Salmonella infection in mice. Our results show that Salmonella-
infection induces the expression of both Reg3+y and, to a lesser
extent, Reg3p in cecal tissue (Fig. 3D and E). In contrast, the cecal
tissues from the coinfected mice displayed a clear downregulation
of Reg3y and Reg3f (Fig. 3D and E).
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Helminth coinfection impairs neutrophil recruitment. An
important component of the antimicrobial response induced by
the IL-23/IL-17 axis has been suggested to be the recruitment of
neutrophils (18, 20), which are phagocytic innate immune cells
that provide a first line of defense against bacterial infection (re-
viewed in reference 22). Transmigration of neutrophils into the
infected mucosa during bacterial infection is necessary for muco-
sal defense to prevent S. Typhimurium dissemination and to erad-
icate the invaded bacterial pathogens. To study the potential in-
fluence of concurrent helminth infection on this innate immune
response to enteric bacterial pathogens, we determined the distri-
bution and frequency of neutrophils in cecal mucosa by immuno-
fluorescence microscopy. As shown in Fig. 4C and E, a clear infil-
tration of GR1" neutrophils in the cecum was evident in mice
with Salmonella infection alone. In contrast, the frequency of
GR1™ neutrophils found in the cecal tissue of mice with helminth
coinfection was significantly lower (Fig. 4D and E). In both Sal-
monella-infected and helminth-coinfected mice, an increase in
CD11b" macrophage numbers was detected (Fig. 4C and D), and
the frequency of these cells in the cecal tissues did not differ sig-
nificantly between mice infected with Salmonella alone and mice
coinfected with the helminth parasite (Fig. 4F). In line with this
observations, our FACS analysis of spleen cells revealed that Sal-
monella infection led to an increase in the frequency of GR1 ™ cells
(Fig. 4G and H) and that this Salmonella-induced splenic neutro-
phil response was significantly inhibited by coinfection with H.
polygyrus (Fig. 4G and H). These results suggest that intestinal
helminth infection downregulates neutrophil recruitment to the
site of bacterial infection.

To further test this idea and to examine whether the reduced
neutrophil numbers in the intestinal tissue was due to a decrease
in circulating neutrophils or because of reduced recruitment to
the infected sites, we assessed the systemic response of neutrophils
to Salmonella infection. To this end, we infected both helminth
preinfected and normal control mice with Salmonella systemically
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FIG 5 Helminth coinfection results in reduced neutrophil recruitment to the site of bacterial infection in the peritoneum. H. polygyrus-infected and uninfected
mice were inoculated i.p. (A to C) or orally (D and E) with Salmonella and sacrificed 24 h (i.p.) or 48 h (oral infection) later. Peritoneal cells (A), spleens (B), and
peripheral blood (C) were collected from uninfected (control), Salmonella-infected (Sal), or coinfected (Hp+Sal) mice stained with anti-GR1 and anti-CD3
antibodies and analyzed by FACS. The percentages of GR1" cells in each compartment are quantified on the right (means *+ the SEM, n = 5 per group). *, P <
0.05. (D and E) Percentages of GR1 " cells in spleen and MLN after oral infection with Salmonella without antibiotic treatment. *, P < 0.05.

via 1.p. injection and sacrificed the mice 24 h later. The percentage
of GR1™" neutrophil in peripheral blood, spleen and peritoneal
cellular compartments was examined using FACS. Our results
show that the neutrophil recruitment to the peritoneal cavity, i.e.,
the infection site, is induced dramatically after Salmonella inocu-
lation through the i.p. route (Fig. 5A). Such recruitment of GR1*
neutrophils to the bacterial infecting site was reduced significantly
in mice that are coinfected with H. polygyrus (Fig. 5A). No signif-
icant difference in splenic neutrophil numbers was detected be-
tween mice with Salmonella alone and helminth coinfection after
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i.p. infection (Fig. 5B). Mice infected with Salmonella only, as well
as mice coinfected with both pathogens, showed a similar elevated
level of circulating neutrophils in peripheral blood compared to
uninfected control mice, suggesting unchanged generation and
differentiation of GR1™ neutrophils in response to the bacterial
pathogen in the presence or absence of helminth coexposure (Fig.
5C). We further examined the helminth-induced downregulation
of neutrophil recruitment to the site of bacterial infection in mice
that have not received antibiotic treatment by infecting both hel-
minth-infected and uninfected mice with Salmonella and deter-
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FIG 6 Helminth coinfection results in downregulation of Salmonella-induced neutrophil chemoattractants and proinflammatory cytokines and upregulation of
IL-10 in the cecum and MLN. (A to E) Cecal tissue was collected from control, Salmonella-infected, and coinfected mice 48 h after Salmonella infection. Total
RNA was prepared and used for quantitative RT-PCR determination of the neutrophil chemoattractants KC and MIP-2, the proinflammatory cytokines (TNF-a
and IFN-v), and IL-10. Values represent the fold increase compared to baseline obtained from uninfected control mice. (F and G) MLN cells were collected from
various groups and stimulated in vitro with surface-bound anti-CD3 MAb. Culture supernatants were collected 48 h later. Cytokine (IL-10 and IL-4) secretion
into the culture supernatants was determined by ELISA. The data shown are means = the SEM (n = 5 mice per group) from one of three experiments performed
showing similar results. Different letters indicate the significant differences among groups, based on one-way ANOVA. ¥, P < 0.05.

mining the frequency of GR1" neutrophils in the spleen of these
mice. Our results showed that there was a clear increase in the
frequency of GR1™" neutrophils in the spleen (Fig. 5D and E) and
MLN (Fig. 3F) after oral infection with Salmonella (48 h after
infection) and that this increase in Salmonella-induced neutrophil
recruitment was significantly reduced in mice with helminth coin-
fection (Fig. 5D and E). The decreased neutrophil recruitment
detected in coinfected mice was correlated with increased bacterial
loads in spleen and liver (Fig. 2). These data further support our
hypothesis that intestinal helminth parasite coinfection impairs
neutrophil recruitment.

Helminth coinfection results in downregulation of Salmo-
nella-induced neutrophil chemoattractant expression and pro-
inflammatory cytokine responses. Chemokines play an impor-
tant role in the movement and localization of inflammatory cells
in disease (23). The recruitment of neutrophils to the sites of in-
fection can be expected to play a significant part in host protection
against infection. Since neutrophils do not appear to proliferate at
extramedullary sites, we tested the hypothesis that helminths may
exert their inhibitory effect on bacterium-induced neutrophil re-
cruitment by regulating chemoattractant expression. To this end,
we first determined the expression of the two major chemoattrac-
tants for recruiting neutrophils: KC (CXCL1) and MIP-2
(CXCL2) in the cecal tissue. Our real-time quantitative RT-PCR
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analysis showed that Salmonella infection induced an upregula-
tion of the expression of the two chemokines (Fig. 6A and B). The
upregulation of KC and MIP-2 expression correlated with the in-
crease in neutrophil transmigration into the infected mucosa. In
addition, our results showed that coinfection with H. polygyrus
significantly suppressed the Salmonella-induced upregulation of
KC and, to a lesser extent, MIP-2 (Fig. 6A and B).

Analysis of systemic antibody levels in the various groups of
mice revealed that both helminth-infected and coinfected mice
developed strong Th2-biased IgG1 responses (data not shown).
Further quantitative RT-PCR analysis of infected cecal tissues
showed the induction of Th2/Treg responses in both helminth-
infected and helminth/Salmonella-coinfected mice, with in-
creased expression of IL-10 (Fig. 6C). This is supported by the
cytokine enzyme-linked immunosorbent assay (ELISA) data
showing increased IL-10 and IL-4 production by MLN cells from
helminth-infected or coinfected mice after in vitro stimulation
with anti-CD3 (Fig. 6F and G). Salmonella infection, on the other
hand, induced cecal IFN-y and TNF-a expression (Fig. 6D and E),
both of which were found to be inhibited by helminth coinfection.

Impairment of Salmonella-induced chemoattractant expres-
sion in the coinfected host is mediated by a helminth infection-
associated cytokine response. Recent evidence suggests that TLR
signaling in tissue macrophages directly controls the synthesis of
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neutrophil-attracting chemokines that are essential for the earliest
recruitment step in the innate immune response to microbial
challenge (24). To directly test the hypothesis that helminth infec-
tion may affect the bacteria-induced neutrophil recruiting
chemokine response by Th2 cytokine IL-4/IL-13 and/or IL-10, we
took an in vitro approach by isolating peritoneal macrophages
from control and helminth-infected mice and infecting these cells
with Salmonella. Our results showed that Salmonella infection of
the macrophages from the control mice resulted in a marked up-
regulation of KC and MIP-2 (Fig. 7A and B). To determine the
potential role of the helminth-induced Th2 response in regulating
bacterium-induced KC and MIP-2 expression, the control mac-
rophages were treated with recombinant IL-4/IL-13 overnight be-
fore Salmonella infection. Our quantitative RT-PCR results
showed that IL-4/IL-13 pretreatment led to a significant inhibi-
tion of KC and MIP-2 expression (Fig. 7A and B) in association
with marked reduction of TNF-a (Fig. 7C) and upregulation of
IL-10 in these cells (Fig. 7D). IL-10 is an anti-inflammatory cyto-
kine produced by macrophages and T and B cells and may regulate
changes in macrophage phenotype that influence the functional
capacity of the cells. To test the possibility that helminth infection
may exert its influence on host KC and MIP-2 expression through
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the induction of IL-10 and/or IL-4/IL-13, we isolated peritoneal
macrophages from helminth-infected mice and pretreated the
cells with anti-IL-10 or anti-IL-4/-13 before Salmonella infection.
Quantitative RT-PCR results indicated that pretreatment of mac-
rophages isolated from helminth-infected mice with anti-IL-10
significantly attenuated the inhibition of Salmonella-induced ex-
pression of KC and MIP-2 (Fig. 7E and F). Although Th2 cytokine
(IL-4 and IL-13) treatment showed the same trend, the effect was
not statistically significant (Fig. 7H to J). These results suggest that
helminth infection stimulates macrophage expression of IL-10,
which inhibits MIP-2 and KC expression and thus reduces neu-
trophil recruitment.

Neutrophil depletion results in enhanced infection and in-
testinal injury during Salmonella infection. To determine the
functional relevance of the helminth-induced impairment of neu-
trophil recruitment during Salmonella infection, we administered
Ly6G (anti-Grl) antibody to deplete this cell type. The effective-
ness of the depletion was confirmed by FACS analysis, which dem-
onstrated a marked reduction of GR1™ cells in the spleen (Fig. 8A)
and other immune compartments (peripheral blood and MLN
[data not shown]). After Salmonella infection, mice depleted of
neutrophils had significantly elevated pathogen numbers in the
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FIG 8 Neutrophil depletion results in enhanced Salmonella-colitis and fecal
output. (A) FACS analysis shows the efficacy of neutrophil depletion by Ly6G
antibody treatment in vivo. (B) Fecal samples were collected from Salmonella-
infected mice that were treated with isotype control antibody or Ly6G anti-
body, and the numbers of Salmonella recovered from fecal samples were de-
termined at 48 h postinfection. *¥, P < 0.01 (n = 4 to 5 mice per group). (C)
Histopathological score of cecal inflammation in mice infected with Salmo-
nella after treatment with isotype control antibody or anti-Ly6G antibody. *,
P < 0.05.

stool (Fig. 8B) and increased tissue damage (Fig. 8C). Moreover,
the Ly6G-treated animals had severe bleeding into the small intes-
tine as a result of the Salmonella infection (data not shown). These
results are consistent with the idea that the helminth-induced im-
pairment of neutrophil recruitment is likely to be an important
factor in the increased severity of enterocolitis caused by Salmo-
nella infection.

DISCUSSION

Salmonella infection is a major cause of human food-borne gas-
troenteritis worldwide. To effectively control the infection, mole-
cules that can enhance the microbicidal capacity of phagocytes,
such as IL-12, IFN-v, and TNF-q, are required. Mice lacking any
of these cytokines become more susceptible to the infection (25).
In many parts of the world, enteric bacterial infections often occur
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in individuals who are also infected with parasitic worms. In the
present study, we tested the hypothesis that coinfection with an
intestinal helminth parasite renders mice more susceptible to in-
fection by S. Typhimurium, resulting in increased dissemination
of the bacteria and enhanced lethality. Specifically, we examined
the effect of an ongoing Th2 polarizing helminth parasite infec-
tion on the pathogenesis and acute innate immune response in
Salmonella infection.

Our results show that C57BL/6 mice coinfected with S. Typhi-
murium and the intestinal nematode H. polygyrus show an in-
crease in morbidity and mortality compared to mice infected with
Salmonella alone. The enhanced susceptibility to S. Typhimu-
rium-induced intestinal injury in the coinfected mice was found
to be associated with dysregulated innate immune responses to
Salmonella infection, as evidenced by the downregulation of the
IL-23/IL-17 axis, inhibition of antimicrobial peptide expression,
the reduction of Salmonella-induced expression of MIP-2 and KC
(Fig. 6), and a decrease in neutrophil recruitment to the site of
bacterial infection (Fig. 4 and 5). The impaired recruitment of
neutrophils is likely to be an important factor in our experimental
model since neutrophil depletion mimicked the effects of hel-
minth infection (Fig. 8). Earlier work from other investigators has
also demonstrated the importance of neutrophils in the response
to S. Typhimurium infection (26). However, to our knowledge,
the present study is the first to demonstrate that an intestinal nem-
atode infection impairs host innate immunity against Salmonella
infection and enhances Salmonella-induced intestinal pathology
through a mechanism that involves inhibition of neutrophil re-
cruitment.

Recruitment of neutrophils plays a vital role in controlling in-
fections. These cells are able to deploy a number of key antimicro-
bial mechanisms, including phagocytosis, the generation of reac-
tive oxygen species, and the release of neutrophil extracellular
traps (27-30). In the streptomycin model of Salmonella colitis, a
marked intestinal neutrophil infiltration is evident (13). The im-
portance of neutrophils in defense against intestinal bacterial
pathogens is illustrated by the observation that diminished neu-
trophil infiltration into the lamina propria in TLR4- or MyD88-
deficient mice is associated with impaired bacterial clearance (27).
The mechanism of this effect involves decreased MIP-2 expression
in the knockout animals (31). Conversely, increased KC expres-
sion in KC transgenic mice leads to a marked infiltration of neu-
trophils at the sites of transgene expression (28). These results,
together with our findings reported here, support the notion that
local production of MIP-2 and KC is essential for neutrophil re-
cruitment and bacterial clearance (24, 29, 30). Our data further
demonstrate that this innate defense mechanism against bacterial
enteropathogens can be negatively regulated by concurrent hel-
minth infection.

Based on our in vitro experiments, the mechanism by which
helminth infection inhibits macrophage MIP-2 and KC expres-
sion appears to involve IL-10 and, to a lesser extent, IL-4 and
IL-13.In line with our observations, an early study using the RAW
264.7 macrophage cell line showed that IL-10 inhibited produc-
tion of MIP-1 and MIP-2 after lipopolysaccharide stimulation
(31). The impact of IL-10 on neutrophil recruitment was also
studied by using a lung-specific, tetracycline-inducible IL-10-
overexpressing transgenic mouse (32). It was found that during
the early phase of Pseudomonas aeruginosa infection, neutrophil
recruitment and cytokine (TNF-a) and chemokine (KC) expres-
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sion were significantly decreased in the IL-10 transgenic mice,
which resulted in impaired clearance of P. aeruginosa (32). It has
been shown previously that IL-10 reduces the stability of a number
of mRNAs, including KC, TNF-a, and MIP-1 (33, 34). The mo-
lecular events responsible for IL-10-mediated downregulation of
MIP2 are less clear. One potential mechanism is the IL-10-in-
duced inhibition of NF-kB nuclear translocation, since the MIP-2
promoter contains a consensus NF-«kB binding site (35). The role
of IL-4 and IL-13 is supported by a recent study showing that these
cytokines suppress neutrophil infiltration and proinflammatory
cytokine responses during Schistosomiasis japonica infection in
mice (33).

In addition to inhibiting the expression of neutrophil recruit-
ing chemokines, our results suggest that helminth coinfection
may also adversely affect the host response to Salmonella by re-
ducing the expression of antimicrobial peptides such as Reg3y and
Reg3[. Recent evidence suggests that Reg3@ plays a protective role
against intestinal translocation of Salmonella in mice (34). Reg3y
has been thought to have antimicrobial activity against Gram-
positive bacteria (36). However, a recent study using mice that are
deficient in Atgl6L1 in intestinal epithelial cells showed that the
mutant mice had reduced expression of several antimicrobial pep-
tides, including Reg3+y, an abnormality that correlated with in-
creased Salmonella-mediated inflammation and systemic translo-
cation of the bacteria (15).

Helminth infection may regulate the innate immune response
to concurrent bacterial pathogens by simultaneously stimulating
regulatory cytokines, such as IL-10, and antagonizing proinflam-
matory factors, such as MIP-2 and KC. Studies have suggested that
helminth infection induces the development of alternatively acti-
vated macrophages (AAM) (16, 37), and one of the mechanisms
by which AAM may exert their suppressive effect on host innate
immunity involves IL-10 release by these cells (16, 35). During
helminth infection, IL-10 can play a critical role in the regulation
of the intensity of host immune response and in minimizing im-
munopathology (38, 39), which may be in the best interests of the
host.

Our observations support the hypothesis that helminth infec-
tion increases susceptibility to bacterial enteropathogens. These
findings could have significant implications for the use of Salmo-
nella-based vaccines in countries with a high prevalence of hel-
minth infections. Attenuated Salmonella strains are attractive live
vectors for vaccine development because they elicit mucosal im-
munity. Based on our data it can be speculated that helminth
infection may markedly alter immune responses to Salmonella-
based vaccines. Clearly, a more comprehensive understanding of
helminth-induced immunoregulation in the intestinal mucosa is
needed.
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