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Abstract

To examine whether intestinal helminth infection may be a risk factor for enteric bacterial

infection, a murine model was established using the intestinal helminth Heligomosomoides

polygyrus and a murine pathogen Citrobacter rodentium, which causes infectious colitis. Using

this model we recently have shown that coinfection with the Th2-inducing H. polygyrus and C.

rodentium promotes bacterial-associated disease and colitis. In this study, we expand our previous

observations and examine the hypothesis that dendritic cells (DC) stimulated by helminth

infection may play an important role in the regulation of the intestinal immune response to

concurrent C. rodentium infection as well as in the modulation of the bacterial pathogenesis. We

show that H. polygyrus infection induces DC activation and IL-10 expression, and that adoptive

transfer of parasite-primed DC significantly impairs host protection to C. rodentium infection,

resulting in an enhanced bacterial infection and in the development of a more severe colonic

injury. Furthermore, we demonstrate that adoptive transfer of parasite-primed IL-10-deficient DCs

fails to result in the development of a significantly enhanced C. rodentium-mediated colitis.

Similarly, when the DC IL-10 response was neutralized by anti-IL-10 mAb treatment in mice that

received parasite-primed DC, no deleterious effect of the parasite-primed DC on the host intestinal

response to C. rodentium was detected. Thus, our results provide evidence to indicate that the H.

polygyrus-dependent modulation of the host response to concurrent C. rodentium infection

involves IL-10-producing DCs.

Human helminth infections are estimated to infect 3 billion people worldwide (1, 2). The

major importance of helminth infections includes not only the direct pathogenic effect of the
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worms, but also the modulatory role of the parasite on the host immune system, which may

alter the response to other Ags and cause additional immunopathology. In many developing

countries, exposure to helminth infections and simultaneous infection with other pathogens,

such as enteric bacteria, is quite common. Recent evidence indicates that in the developed

world, a complete absence of helminth infection may be a predisposing factor for the

development of certain immune-mediated disorders (3). Thus, there is a growing interest in

understanding how an existing helminth infection affects the capacity of the host to develop

an appropriate immune response to other concomitant infections or Ags. A cross-regulatory

suppression of Th1 responses by a helminth-driven strong Th2 response has been suggested

as a contributing factor to the alteration of the host response to concurrent bacterial

infections. Indeed, multiple studies (4–7) have revealed that helminth-induced Th2

responses can attenuate damaging Th1-driven inflammatory responses in the host.

Recently, we established a murine model to begin to examine the mechanism underlying the

immune regulation that occurs when an intestinal helminth infection is coupled with a

bacterial insult (8). The framework of this model is based on using two murine infectious

agents that induce distinct Th responses: 1) the parasitic helminth Heligomosomoides

polygyrus, which provokes a strong Th2 response; and 2) Citrobacter rodentium, which

selectively stimulates a Th1-type immune response (9, 10). C. rodentium is a murine

bacterial pathogen that shares important functional and structural similarities with

enteropathogenic Escherichia coli (EPEC)3 isolates (11). C. rodentium produces attaching

and effacing lesions in the colon indistinguishable from those caused by clinical EPEC

strains, and the gene coding for the outer membrane protein responsible for intimate

attachment, intimin, is functionally homologous in C. rodentium and clinical EPEC strains.

Infection of mice with C. rodentium causes crypt hyperplasia, loss of goblet cells, and

mucosal infiltration with macrophages, lymphocytes, and neutrophils. Thus, this organism is

ideally suited to study the pathogenesis of EPEC and to explore host-enteric bacterial

pathogen interactions. Our initial observations suggested that mice coinfected with C.

rodentium and the intestinal nematode, H. polygyrus, displayed a marked increase in

morbidity and mortality compared with mice that were infected with C. rodentium alone (8).

The enhanced susceptibility and severe intestinal injury in coinfected mice were found to be

associated with helminth-induced Th2 responses and correlated with a dysregulated

proinflammatory Th1 response that resulted in an increase in bacterial burden (8). These

results, therefore, suggest a role for the helminth-induced Th2 response in modulating the

immunopathology of a concurrent bacterial infection.

To effectively control infection, appropriately developed and functionally polarized subsets

of Th effector cells are required. Dendritic cells (DCs) are professional APCs that stimulate

primary immune responses by inducing the activation and differentiation of Th cells. In

addition to presenting Ag peptides to T cells via the MHC class II complex, DCs provide

other signals required for differentiation of Th cells into Th1 and Th2 cells (12–14).

Although the differentiation of naive CD4+ T cells into Th effector cells has been suggested

to be regulated by several factors, including the type of APCs, Ag dose, and host genetics, it

3Abbreviations used in this paper: EPEC, enteropathogenic Escherichia coli; DC, dendritic cell; MLN, mesenteric lymph node; PP,
Peyer’s patch; LP, lamina propria; GALT, gut-associated lymphoid tissue.
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is the cytokine milieu present at the time of priming that has been implicated as the major

determining factor (15). Microorganisms, such as bacteria, viruses, and protozoa parasites,

can trigger the production of IL-12, IL-18, and IL-27 from APCs, which directly primes

CD4+ T cells to express a Th1 phenotype (16–23). Furthermore, DCs pulsed with helminth

parasite Ag, such as Schistosoma mansoni egg Ag, the schistosome glycan lacto-N-

fucopentaose III, or Nip-postrongylus brasiliensis excretory/secretory Ag, prime mice for a

Th2 response (24–26).

We provide evidence to indicate that intestinal helminth infection can induce DC activation

and IL-10 production, and we demonstrate that adoptive transfer of parasite-primed DCs

results in the impairment of host protection against C. rodentium with an enhancement of C.

rodentium-mediated intestinal injury. The deleterious effects of the parasite-primed DCs on

host protection against the bacterial infection and C. rodentium-mediated intestinal

inflammatory response could be eliminated or significantly reduced when DC IL-10 was

neutralized in mice that received parasite-primed DCs or in mice that received parasite-

primed IL-10-deficient DCs. These results point to a unique role of parasite-primed DCs in

the intestinal immune system in regulating the mucosal immune response to concurrent

enteric bacterial infection and demonstrate that DC IL-10 response is required for parasite-

primed DCs to exert their immune modulatory effects on the host response to enteric

bacterial infection. These data, therefore, demonstrate that an enteric helminth infection not

only can alter host immune response to concurrent enteric bacterial infection but also can

promote a bacteria-induced intestinal inflammation through a novel mechanism that requires

DC priming and an IL-10 response.

Materials and Methods

Mice

Six- to 8-wk-old female BALB/c ByJ and IL-10-deficient BALB/c mice were purchased

from The Jackson Laboratory and were fed autoclaved food and water and maintained in a

specific pathogen-free facility at Massachusetts General Hospital (Charlestown, MA).

H. polygyrus infection and parasite Ag preparation

H. polygyrus were propagated as previously described and stored at 4°C until use (27, 28).

Mice were inoculated orally with 200 third-stage larvae. Seven days following parasitic

infection, a subset of the H. polygyrus-infected mice were fed C. rodentium.

C. rodentium infection and Ag preparation

Mice were orally inoculated with C. rodentium (strain DBS100; American Type Culture

Collection). Bacteria were grown overnight in Luria broth and resuspended in PBS before

infecting the mice (0.5 ml/mouse, ~5 × 108 CFU of C. rodentium). To assess the clearance

of C. rodentium, fecal pellets were collected from each mouse weekly during the course of

the experiment. Fecal pellets were weighed, homogenized, serially diluted, and plated onto

selective MacConkey agar. After overnight incubation at 37°C, bacterial colonies were

counted as described by Vallance et al. (29). C. rodentium Ag was prepared by collecting an

overnight culture of C. rodentium in Luria broth. The bacterial culture was washed with PBS
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(three times) and sonicated on ice. The homogenate was then centrifuged (14,000 rpm) at

4°C for 30 min. Supernatants were then collected and protein concentration determined.

Aliquots were stored at −20°C until use.

Lymphocyte isolation

Mice were sacrificed 2 wk post-C. rodentium infection. Lymphocyte suspensions were

prepared from the mesenteric lymph nodes (MLN) by pressing the cells through a 70-μM

nylon cell strainer (Falcon; BD Labware) in complete DMEM (contains 10% FCS, 10 mM

HEPES, 2 mM L-glutamine, 100 U penicillin/ml, 100 μg of streptomycin/ml, 50 μM 2-ME,

0.1 mM nonessential amino acids, and 1 mM sodium pyruvate; Invitrogen Life

Technologies). Cells (5 × 106 cells/ml) were cultured in 24-well plates in the presence or

absence of C. rodentium Ag (50 μg/ml), and culture supernatants were collected 72 h later

and stored at −20°C until assayed for cytokine production.

Measurement of MLN cytokine production

Th1 (IFN-γ) and Th2 (IL-4) cytokines were assayed using ELISA as previously described

(8). ELISA capture (BVD4-1D11, IL-4; R4-6A2, IFN-γ) and biotinylated second Abs

(BVD6-24G2, IL-4; XMG1.2, IFN-γ) were purchased from BD Pharmingen. Standard

curves were obtained using recombinant murine IFN-γ and IL-4 (Genzyme).

DC isolation and adoptive transfer

Spleens and MLN from H. polygyrus-infected mice (7 days post-H. polygyrus inoculation)

and noninfected mice (BALB/c and IL-10-deficient BALB/c) were collected aseptically into

complete DMEM as previously discussed. The tissues were digested with collagenase (type

IV; Worthington Biochemical) at 200 U/ml for 45 min at room temperature. The low density

fraction of the cell suspension was obtained by gradient centrifugation in an OptiPrep

gradient (Invitrogen Life Technologies). DCs were purified by positive selection over a

magnetic cell-sorting column (MACS) using microbead-conjugated anti-CD11c mAb

(Miltenyi Biotec). Highly purified CD11c+ DCs (98.5 ± 1.5%, determined using FACS)

were transferred into recipient mice (2–3 × 106 cells per mouse) via tail vein injection. DC

recipients were infected with C. rodentium (5 × 108 CFU of C. rodentium) 24 h after DC

transfer. In a subset of adoptive transfer experiments, DCs were prelabeled with the

fluorescent dye CFSE (Molecular Probes) as previously described (30). Briefly, purified

DCs were resuspended at 107 cells/ml in PBS containing 0.1% BSA with 10 μM CFSE for

10 min at 37°C. Similarly, the labeled DCs were washed and transferred (via tail vein

injection) to BALB/c recipients (2–3 × 106 cells per mouse).

To examine the contribution of IL-10-secreting DCs primed by H. polygyrus to the altered

host response to C. rodentium infection, we adoptively transferred parasite-primed DCs into

normal BALB/c mice and neutralized IL-10 with anti-IL-10 mAb (100–150 μg per mouse at

each injection, JESS-2A5; BD Pharmingen) or control Ab (rat IgG1) i.p. at the time of DC

transfer, at the time of C. rodentium infection, and at 24 h after the bacterial infection. We

also performed adoptive transfer experiments using DCs obtained from H. polygyrus-

infected IL-10-deficient mice.
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DC cytokine expression

To determine the impact of H. polygyrus infection on cytokine response of CD11c+ DCs,

DCs were purified as described. RNA was prepared, and expression of IL-4, IL-10, and

IL-12 was measured using real-time PCR as described.

Detection of colonic cytokine expression

Cytokine mRNA expression in colon tissues was determined by real-time PCR (8). Total

cellular RNA was isolated from frozen colonic tissue (distal part of colon) using TRIzol

(Invitrogen Life Technologies) according to the manufacturer’s instructions. cDNA was

synthesized using 2 μg of target RNA (Ready-to-Go kit; Pharmacia Biotech). cDNA samples

were then subjected to real-time PCR. Mouse IL-4, IL-10, IL-12, and IFN-γ real-time PCR

probes, and primer pairs were purchased from BioSource International. Amplification of

GAPDH was included for each experimental sample as control to account for the differences

in the amount of total RNA loaded in each reaction. Target cytokine gene expression was

normalized between different samples based on the values of the expression of the GAPDH

gene. All experimental samples were amplified in triplicate.

Histopathological examination

At necropsy, colonic tissues were collected, frozen in Tissue-Tek OCT compound (Miles)

and then stored at −80°C. Five micrometer sections were cut on a 2800 Frigocut cryostat

(Reichert Jung) and were stained with H&E. Three tissue samples from the proximal,

middle, and distal parts of the colon were prepared. The sections were analyzed in a blinded

fashion. Colonic pathology was scored using a modified histology scoring system based on

previously published methods (8, 31, 32). The scoring system consists of two parts: 1)

determination of the infiltration of inflammatory cells into the colon, in which the scores

range from 0 to 4 (0, normal cell pattern; 1, scattered inflammatory cells in the lamina

propia (LP); 2, increased numbers of inflammatory cells in the LP; 3, confluence of

inflammatory cells extending into the submucosa; and 4, transmural extension of the

infiltrative inflammatory cells) and 2) evaluation of colon tissue damage that also ranged

from 0 to 4 (0, normal tissue pattern; 1, minimal inflammation and colonic crypt

hyperplasia; 2, mild colonic crypt hyperplasia with or without focal invasion of epithelium;

3, obvious colonic crypt hyperplasia, invasion of epithelium and goblet cell depletion; and 4,

extensive mucosal damage and extension through deeper structures of the bowel wall). The

total colon pathology score equals the inflammatory cell score plus the tissue damage score.

The results presented show the histological evaluation of the distal part of the colon.

To assess the systemic effect on the host of H. polygyrus infection, C. rodentium infection,

and concurrent infection, as well as parasite-primed CD11c+ DCs, the body weight and

survival of the infected mice were monitored throughout the experimental period. Body

weight is represented as the percentage of the initial weight of individual mice (10–15 mice

pooled from three experiments) at each time point.
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Immunofluorescence microscopy

Colon tissues were frozen in Tissue-Tek OCT compound as described. Sections (5-μm) were

cut on a cryostat and fixed in ice-cold acetone. The sections were then washed with PBS and

blocked with PBS-1% BSA and avidin/biotin blocking agent (Vector Laboratories). The

tissue sections were incubated with different Abs. To examine intestinal CD4+ T cells, the

sections were stained with anti-mouse CD4 FITC (BD Pharmingen). To study DCs, the

sections were stained with biotin-labeled anti-mouse CD11c (Endogen). After washing in

PBS tissue sections were incubated with streptavidin-Cy3 (Cedarlane Laboratories).

Sections were analyzed by immunofluorescence microscopy.

Statistical analysis

All results were expressed as the mean ± SEM. Statistical differences were determined using

a two-tailed Student’s t test with GraphPad Prism (GraphPad Software). Variability within

the colonic histopathology scores was determined using a nonparametric one-way ANOVA

(Kruskal-Wallis test) with GraphPad Prism (GraphPad Software). A value for p < 0.05 was

considered significant.

Results

Coinfection with H. polygyrus induces CD11c+ DC expansion in colonic lymphoid follicles
and results in an enhanced C. rodentium-mediated colitis

C. rodentium infection in most adult mice is self-limited with little morbidity and mortality.

Mice infected with C. rodentium show Citrobacter-associated alterations such as soft stools,

a hunched posture, disturbed body hair, and body weight loss. In contrast to C. rodentium

infection alone, mice coinfected with H. polygyrus and C. rodentium developed a more

severe disease pathology associated with extensive body weight loss (Fig. 1A) and

gastrointestinal tract bleeding. Furthermore, ~30% of the coinfected mice developed an anal

prolapse 10 days postbacterial inoculation. C. rodentium infection typically induces

histopathological change in the colon of mice, which are similar to those induced in many

murine models of colitis, including colonic hyperplasia, goblet cell depletion, and mucosal

erosion (Fig. 1B). Consistent with our previous findings (8), the results from this study

provide evidence to suggest that coinfection of mice with H. polygyrus and C. rodentium

results in a marked enhancement of tissue injury in the colon (Fig. 1B).

Prior reports have demonstrated that intestinal colonization with C. rodentium induces a

significant CD3+ and CD4+ T cell infiltration into the colonic LP, which stimulates a

predominant Th1-type immune response in the intestine characterized by an up-regulation of

IFN-γ, TNF-α, and IL-12 (9, 10, 29, 33). Therefore, we next sought to analyze this response

during coinfection with the intestinal helminth, H. polygyrus, which predominately resides

in the duodenum of the small intestine for the colonic mucosal CD4+ T cell infiltration

during concurrent infection. As shown in Fig. 1, C and D, we found that infection with C.

rodentium alone evoked a CD4+ T cell infiltration into the colonic LP, whereas coinfection

of C. rodentium with H. polygyrus enhanced such a CD4+ T cell cellular response. Our

results further demonstrate that infection with both C. rodentium and H. polygyrus induced

not only an expansion of the colonic lymphoid follicle but also initiated changes in the cell
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population of the colonic lymphoid follicle as exemplified by the expansion of CD11c+ DCs

(Fig. 1, E and F). Subsequent analysis of the cellular abundance of CD11c+ DCs in the

expanded colonic lymphoid follicles revealed that infection with H. polygyrus (H. polygyrus

alone as well as coinfection) is associated with a significant augmentation in the number of

CD11c+ DCs (Fig. 1, E and F). This finding suggests that H. polygyrus infection may induce

expansion and/or migration of DC11c+ DC into colonic epithelial lymphoid follicles.

Therefore, a numerical increase and functional alteration in DCs might significantly

influence Ag uptake, processing, and presentation, as well as the T cell response initiated in

the intestinal mucosa.

Influence of H. polygyrus infection on CD11c+ DC responses

DCs initiate immunity by the activation of naive T cells that require two signals: signal one

is derived through the recognition of peptide-MHC complexes by the Ag-specific TCR and

signal two is derived via the induction of costimulatory molecules (CD80, CD86) on APCs.

We have shown that H. polygyrus infection induces up-regulation of costimulatory molecule

expression on APCs, including CD11c+ DCs (Ref. 30 and data not shown), which provides

the second signal required to induce T cell activation and proliferation. Given the fact that

the cytokine response of DCs can have a significant impact on CD4 T cell differentiation,

we next examined the influence of an intestinal helminth infection on DC cytokine

responses. To this end, we purified CD11c+ DCs from mice with or without H. polygyrus

infection (Fig. 2A), and our FACS analysis showed that these CD11c+ cells were MHC class

II positive, confirming that they are, indeed, DCs. We then examined DC cytokine

expression by real-time PCR. Our results demonstrate that CD11c+ DCs isolated from H.

polygyrus-infected mice have an elevated level of IL-10 expression and, to a lesser extent,

IL-4 expression (Fig. 2B). H. polygyrus exposure, however, has no effect on the DC IL-12

response because similar levels of IL-12 expression were detected in purified CD11c+ DCs

from normal as well as H. polygyrus-infected mice (Fig. 2B). Thus, an up-regulation of

cytokine IL-10 expression in DCs may play an important role in the initiation of a

productive Th2 cell response or a regulatory immune response.

Adoptive transfer of H. polygyrus-primed CD11c+ DCs results in increased morbidity and
mortality in mice infected with C. rodentium

Thus far, our data substantiated the notion that coinfection of mice with helminth and C.

rodentium leads to a significant increase in intestinal inflammation. Although the parasite-

driven Th2-polarized mucosal immune response could have played a role in the impairment

of host protection against bacterial infection in the coinfected host (8), it is unclear what is

the relative contribution of APCs, in particular CD11c+ DCs, that precedes the Th cell

activation for the alteration in the ability of a host to respond to concurrent infected

pathogens. To examine the impact of helminth infection on the functional alterations of

APCs and to demonstrate the role of parasite-primed DCs in the modulation of the host

response to concurrent enteric pathogens, we established an adoptive transfer model. In this

model, highly purified, helminth-primed CD11c+ DCs were obtained from H. polygyrus-

infected mice and transferred into normal BALB/c mice that were then infected with C.

rodentium. As expected, we found that mice infected with C. rodentium showed an initial

drop in body weight, and as the infection subsided, the weight of these infected mice began
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to recover (Fig. 3A). Mice that were adoptively transferred with DCs isolated from normal

mice displayed a delay in weight loss after C. rodentium infection, and by 2 wk

postinfection the body weight recovered to the same level as C. rodentium-infected alone. In

contrast, mice that received parasite-primed DC and were then infected with C. rodentium

exhibited a progressive and significant reduction in body weight that presented at 2 wk

postbacterial infection (Fig. 3A). Likewise, there was an increase in mortality in the recipient

mice that had been adoptively transferred with parasite-primed CD11c+ DCs and then

infected with C. rodentium (Fig. 3B). Taken together, these results suggest that helminth-

primed DCs have the capacity to alter host responses to enteric bacterial infection and to

enhance C. rodentium-induced disease.

Adoptive transfer of H. polygyrus-primed CD11c+ DCs enhances C. rodentium-mediated
colonic pathology replicating the intestinal injury noted in mice coinfected with the
helminth

To further examine the influence of helminth-primed DCs on the host immune response to

enteric bacterial infection using the adoptive transfer model, we next examined the

contribution of parasite-primed DCs to the induction and modulation of bacteria-mediated

colonic pathology. Two weeks after bacterial infection, the mice were sacrificed and the

colon was removed so that comparisons could be made among the different groups (C.

rodentium infection alone, H. polygyrus infection, coinfection, noninfected controls, normal

DC-transferred C. rodentium-infected, and H. polygyrus DC-transferred C. rodentium-

infected) at macroscopic and microscopic levels. At the macroscopic level, the thickness of

the colon in coinfected mice and in mice that received H. polygyrus-primed CD11c+ DCs

was more pronounced than that observed in mice with C. rodentium infection. In fact,

colonic thickness of coinfected and the DC recipient mice was indistinguishable. No visible

changes were observed in the small intestine and cecum in any of the mice.

Microscopic examination demonstrated that mice that received parasite-primed DCs and

were infected with C. rodentium (2 wk postbacterial infection) (Fig. 4A) developed a more

severe colonic pathology (including colonic crypt elongation, massive cellular infiltration of

the colonic LP, epithelial erosions, and edema of the gut wall) as compared with the C.

rodentium-infected mice (Fig. 4B) or the C. rodentium-infected normal DC recipient mice

(Fig. 4C). Indeed, the scores for inflammation and intestinal damage were significantly

higher in C. rodentium-infected parasite-primed DC recipients as compared with mice only

infected with C. rodentium (Fig. 4G). In addition, microscopic analysis of colonic tissue of

coinfected mice at 2 wk postinfection exhibited a similar level of intestinal pathology as

compared with mice that received helminth-primed CD11c+ DCs (Fig. 4D). Thus, our

results suggest that the contribution of CD11c+ DCs that are primed by helminth infection to

the enhancement of bacteria-mediated intestinal injury suggesting that in addition to an

elevated Th2 response, an ongoing helminth infection can significantly alter host

responsiveness to concurrent bacterial infection and modulate bacteria-mediated disease by

exerting its impact on DCs.

Additional experiments were performed to determine whether adoptive transfer of CD11c+

DCs could migrate to the intestinal mucosa. In this study, we labeled purified CD11c+ DCs
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from parasite-infected or uninfected mice with CFSE and transferred this cell population to

normal BALB/c mice. The recipient mice were sacrificed 3 days after DC transfer, and the

MLN, Peyer’s patch (PP), segments of small intestine and colon, and spleen were collected.

Immunohistological analysis revealed that the adoptively transferred parasite-primed

CD11c+ cells and DC from normal donor mice were readily and equally detectable in gut-

associated lymphoid tissue (GALT), as demonstrated by the identification of CFSE-labeled

CD11c+ cells in colonic lymphoid follicles, PP, and in MLN (Fig. 5). Low numbers of

CFSE-labeled cells were detected in LP of small and large intestine. There were very few

transferred DCs found in the spleen (data not shown). Taken together, these results suggest

that the adoptively transferred DCs have the ability to migrate to the GALT and that parasite

priming does not appear to influence this ability.

Adoptive transfer of H. polygyrus-primed CD11c+ cells alters the dynamics of concurrent
colonic bacterial infection

We next determined whether parasite-primed DCs can alter the host response which, in turn,

might influence the bacterial dynamics of the C. rodentium-infected mice. Thus, bacterial

colonization as well as proliferation and clearance were measured. As shown in Fig. 6, the

bacterial output was significantly higher in mice that received parasite-primed DC as well as

in mice that were coinfected with C. rodentium and H. polygyrus at an early stage of

infection (1 wk postinfection) (Fig. 6). Such results indicate that parasite-primed DCs may

enhance the initial colonization of C. rodentium on the colonic epithelial surface. The

significantly higher levels of bacteria shed in feces were detected in both parasite-primed

DC recipient mice and coinfected mice throughout the experimental period (up to 3 wk

postinfection) compared with infection alone (Fig. 6). Furthermore, by the 3 wk

postbacterial infection, those mice that were infected with C. rodentium alone almost

completely cleared the infection, whereas the H. polygyrus-DC mice, along with the mice

that were coinfected, remained heavily colonized with C. rodentium. In contrast, transfer of

DC isolated from normal mice had no effect on fecal bacterial output in the recipient mice.

These results suggest that adoptive transfer of CD11c+ DCs, which were primed by helminth

infection, like the coinfection experiments with H. polygyrus, can alter host defense against

bacterial infection, thereby leading to an increase in bacterial colonization and proliferation

and to a decrease in bacterial clearance.

IL-10 is required for the effects of parasite-primed DCs on the response to C. rodentium

Thus far we have shown that parasite-primed DCs play a role in immune modulation of host

response to C. rodentium infection and intestinal pathology. Further analysis of CD11c+

DCs from mice infected with H. polygyrus show an enhanced IL-10 expression. We next

examined whether the DC IL-10 response induced by parasite priming could contribute to

the suppression of host defense against C. rodentium infection as well as to the enhancement

of C. rodentium-meditated colitis. To test this possibility, we performed adoptive transfer

experiments with two different approaches: one approach involved neutralization of donor

DC IL-10, whereas the other used IL-10-deficient DCs as donor cells (isolated from IL-10

knockout mice).
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In our neutralization experiments, we adoptively transferred parasite-primed DCs into

normal BALB/c mice and subsequently neutralized IL-10 with an anti-IL-10 blocking mAb

in vivo given simultaneously with the DC transfer and the C. rodentium infection. As shown

in Fig. 7A, neutralizing the IL-10 cytokine response in mice receiving parasite-primed DCs

led to a significant reduction in C. rodentium-associated body weight loss at 2 wk

postbacterial infection (Fig. 7A). Whole body weight of mice receiving parasite-primed DCs

and treated with anti-IL-10 mAb was similar to that of C. rodentium-infected mice alone,

whereas overall body weight was significantly lower in mice receiving parasite-primed DCs

and treated with anti-IL-10 than in mice that received the H. polygyrus-primed DCs in the

absence of anti-IL-10 treatment (Fig. 7A). Neutralizing the IL-10 response also enhanced

survival in the mice that were adoptively transferred with parasite-primed DCs (data not

shown). The influence of the DC IL-10 response induced by the helminth H. polygyrus on

the host response to bacterial infection was further demonstrated by a significant increase in

bacterial clearance in C. rodentium-infected mice (Fig. 7B).

Microscopic examination of colonic tissues revealed that mice that received the parasite-

primed DCs developed a more severe colitis (Fig. 8B) as compared with mice only infected

with C. rodentium (Fig. 8A). The influence of parasite-primed DCs on C. rodentium-induced

intestinal inflammation was completely abolished when the DC IL-10 was neutralized at the

same time the bacterial infection was initiated. This result was evidenced by the observation

that there was a significant decrease in C. rodentium-induced colonic pathology in the mice

that received helminth-primed DC treated with anti-IL-10 mAb compared with pathology in

the parasite-primed DC recipient treated with control Ab (Fig. 8). These results suggest that

the DC IL-10 response triggered by the helminth infection can significantly contribute to the

modulation of the host immune response during an intestinal bacterial infection.

The results from the neutralization experiments, however, do not exclude the possibility that

the anti-IL-10 treatment acted directly on the recipient cells. Our second approach, therefore,

involved using IL-10-deficient DCs as donor cells. This approach allowed us to further

document the role of the DC IL-10 response, triggered by helminth infection, in the

initiation and regulation of host protective immunity against enteric bacterial infections as

well as in the modulation of bacterial-mediated intestinal injury. In these experiments,

CD11c+ DCs were isolated from H. polygyrus-infected IL-10-deficient BALB/c mice as

previously described. They were then adoptively transferred into normal BALB/c mice,

which were subsequently infected with C. rodentium. The systemic influence of the C.

rodentium infection on IL-10-deficient DC recipient mice was initially examined by

measuring C. rodentium infection-associated loss in body weight. In a manner similar to

mice that had received parasite-primed DCs and were treated with anti-IL-10 mAb, we

found that IL-10-deficient DC recipient mice had a significant reduction in body weight loss

as compared with mice that received parasite-primed wild-type DCs (Fig. 7A). Colonic

inflammation was assessed at 2 wk postbacterial infection, and as expected, there was a

substantial reduction in colonic inflammation in these mice that received H. polygyrus

IL-10-deficient DCs (Fig. 8D). The reduction in colonic inflammation was somewhat less

pronounced in IL-10-deficient DC recipient mice as compared with mice receiving H.

polygyrus-primed DCs and anti-IL-10 treatment. Collectively, these results establish a role
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for the DC IL-10 response triggered by helminth infection in altering the host response to

concurrent enteric bacterial infection and in promoting bacteria-mediated intestinal

inflammation.

Contribution of parasite-primed IL-10 secreting DCs to the regulation of cytokine
responses in intestinal mucosa

C. rodentium infection in mice induces a Th1-type immune response in the intestine, which

is characterized by an up-regulation of IFN-γ, TNF-α, and IL-12 (29, 33). Mice lacking

either IFN-γ, IL-12, or the receptor for TNF showed a reduced resistance to infection and

enhanced intestinal injury (33, 34). Such studies imply that Th1 cytokines play an important

role in host protective immunity to C. rodentium infection. Our observations that a DC

expansion in the colonic mucosa of coinfected mice together with an up-regulation in the

DC-IL-10 expression induced by helminth infection led us to hypothesize that DC primed by

the small intestinal helminthic parasite may have an influence on local intestinal immune

responses to bacterial infection. To test this hypothesis, we examined bacteria-specific

cytokine production of MLN cells by isolating the MLN cells from C. rodentium-infected

mice that received different DC (i.e., helminth-primed DC, helminth-primed IL-10-deficient

DC, normal DC) or no DC, and from mice that were adoptively transferred with parasite-

primed DC and treated with anti-IL-10 Ab. Our results showed that, as expected, C.

rodentium infection in mice induced a Th1 response as evidenced by the induction of IFN-γ

production of MLN cells, and that adoptive transfer of DC from helminth-infected mice

resulted in a significant reduction in bacteria-specific IFN-γ production (Fig. 9). Such an

impairment of bacteria-specific IFN-γ production was not observed in mice that received

normal DC or helminth-primed DC followed by treatment with anti-IL-10 Ab or helminth-

primed IL-10-deficient DC (Fig. 9). Our results further showed that transfer of helminth-

primed DC failed to stimulate a detectable level of C. rodentium Ag-specific Th2 cytokine

production (IL-4) by the MLN cells in vitro (data not shown).

To examine the impact of helminth-primed IL-10 secreting DC in local intestinal immune

response to C. rodentium infection, we next compared the expression of both Th1 (IFN-γ)

and Th2 (IL-4) cytokines in colon tissues under different infection conditions (C. rodentium

infection alone, H. polygyrus DC-transferred C. rodentium-infected, or parasite-primed

IL-10-deficient DC recipient with C. rodentium infection). As shown in Fig. 10, left, the

colon of C. rodentium-infected mice expressed elevated levels of IFN-γ, which indicates the

development of a predominant Th1 response. However, the expression of the Th1 cytokine

(IFN-γ) was significantly suppressed in colonic tissue from parasite-primed DC recipients.

Additionally, the transfer of parasite-primed IL-10-deficient DCs partially reversed the

colonic IFN-γ expression. By contrast, the colon of mice that received parasite-primed DCs

and were infected with C. rodentium produced an enhanced Th2 cytokine response as

demonstrated by the up-regulation of IL-4 (Fig. 10, right). Yet, IL-10-deficient DCs were

less able to elicit a Th2 response (Fig. 10, right). These results suggest that DC priming by

prior helminth infection can play an important role in shaping the nature of local mucosal

immune responses, contributing to the alteration in host response to concurrent enteric

bacterial infections.

Chen et al. Page 11

J Immunol. Author manuscript; available in PMC 2014 August 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Discussion

Cross-regulatory suppression of the Th1 responses by a strong Th2 response has been

considered to play a role in modulating diseases that are characterized by a Th1 response (4–

7). Recently, we have shown that coinfection with a Th2-stimulating H. polygyrus results in

a significantly impaired host protection against C. rodentium leading to the development of

a more severe bacteria-mediated colitis (8). However, the interactions and the immune

regulation between helminth infection and other concurrent exposed pathogens, Ags, or

vaccines are more complex and are not fully understood. In the current study, we have

expanded our previous observations and examined the hypothesis that the DC activation and

cytokine response induced by a helminth may influence the host response to subsequent

enteric bacterial infection.

We show that H. polygyrus infection induces DC activation and IL-10 expression. Adoptive

transfer of the helminth-primed CD11c+ DCs into normal BALB/c mice that are then

infected with C. rodentium produce a significant suppression of host defense mechanisms to

bacterial infection, resulting in an increase in the bacterial load, a delay in bacterial

clearance, and the development of a more severe colitis. These observations are similar to

the results from mice coinfected with the helminth and C. rodentium. Our results further

indicate that the capacity of parasite-primed DCs to alter host responses to C. rodentium

infection is largely IL-10-dependent. This result is evidenced by the observation that neither

adoptive transfer of the parasite-primed DCs that lack IL-10 nor transfer of parasite-primed

DCs with its IL-10 response being neutralized in the recipient mice is able to induce an

enhanced C. rodentium-mediated colitis. These results suggest that DCs that are primed by

the helminth can play an important role in the modulation of host response to concurrent

bacterial infection through IL-10-mediated mechanisms. This immune regulatory capacity of

helminth-primed DCs to alter the host response to concurrent bacterial infection may be

associated with the potential of these DCs to inhibit the development of protective bacterial

Ag-specific Th1 response or to induce a Th2 polarized response as well as the immune

regulatory response. Thus, priming of the DCs is an important means by which ongoing

intestinal helminth infection modulates host responses to concurrent enteric bacterial

infection, as well as the disease the bacteria induce.

In GALT, DCs are present in PP, MLNs, and LP. The dense and highly dynamic DC

populations at mucosal sites play key regulatory roles in acquiring and presenting Ags and

regulating host protective immune responses (35–37). In SCID mice, which develop colitis

by transfer of CD45RBhighCD4+ T cell populations, an increased number of DCs along with

an increased proportion of activated DCs were detected in MLNs (38). A suppression in the

accumulation of activated DCs by cotransfer of regulatory T cells was found to inhibit the

immune pathology in this murine model of colitis (38). Consistent with these observations,

we also found a marked increase in CD11c+ DCs in colonic lymphoid follicles, which were

also enlarged during the C. rodentium infection. Lymphoid follicle hyperplasia has been

observed in colonic inflammation (39). Furthermore, we observed that coinfection with H.

polygyrus led to a more pronounced CD11c+ DC recruitment and/or expansion in colonic

lymphoid tissues of coinfected mice that developed the most severe colitis. Therefore, an

increased number of DCs and an increase in size of the colonic lymphoid follicle in the
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intestinal mucosa might reflect an augmented local Ag handling and the priming of Th cells.

In coinfected mice, DC expansion may also influence the outcome of a productive T cell

response to concomitant bacterial infection in the intestinal mucosa.

A direct role of parasite-primed DCs in modulating host response to an enteric bacterial

infection and in enhancing the pathogenesis of the bacteria was demonstrated by the results

from our adoptive transfer experiments. We found that although both DCs isolated from

helminth-infected and the uninfected mice can migrate to the intestinal mucosa of the

recipient mice equally well, it is the mice that received parasite-primed CD11c+ DCs, and

were subsequently infected with C. rodentium, that display an enhanced bacterial infection

and intestinal injury. Recent evidence suggests that there is considerable heterogeneity

within the DC pool (40, 41). However, it is still unclear whether helminth infection induces

a specific subset of DCs and whether these subsets of DCs are responsible for the

modulation of host immune responses to concomitant infections. DC activation and cytokine

production have been suggested to play a role in the initiation of a Th1 or Th2 polarized

response (42) and in the generation of regulatory cells (43). DCs can be activated following

exposure to microbial Ags through ligation of a TLR, leading to the up-regulation of

functional surface molecules and the release of cytokines such as IL-12, IL-18, and IL-27.

This results in induction of Th1 immunity (17–23). However, in this context, it is less clear

how helminth Ag activates DC.

Prior studies have shown that DCs pulsed with the helminth Ag, such as S. mansoni egg Ag

or the schistosome glycan lacto-N-fucopentaose III (24), induce a Th2-biased response (25).

It has also been shown that murine bone marrow-derived DCs pulsed with the helminth N.

brasiliensis excretory/secretory Ag can, on transfer to naive recipients, prime mice for Th2

responsiveness (26). However, in these studies, no significant increase in Th2-inducing

cytokines (IL-4, IL-10) was detected in DCs that were exposed to the parasite Ags, although

cytokine production of DC was suggested to play a role in determining Th cell

differentiation and in the generation of regulatory cells (43). It was also suggested that the

polarization of the Th1 and Th2 response did not depend on DC secretion of the polarizing

cytokines IL-12/IL-4 but instead correlated with state of DC activation induced by different

parasite Ags (42).

Although it remains controversial, signals derived from Ag-primed DCs have been thought

to be required for the differentiation of naive Th cells into Th1 and Th2 cells in addition to

Ag-specific MHC-peptide complexes and costimulatory molecules (B7.1 and B7.2, signal 2)

(12–14). The induction of cytokine production by DCs in response to helminth infection can

have a direct result on the Th response. Our results in this study, provide evidence to suggest

that Th2-stimulating H. polygyrus infection induces the activation of CD11c+ DCs and up-

regulates the DC IL-10 response and to a much lesser extent IL-4 expression. Thus, our data

support the contention that both the IL-10 and IL-4 response in DCs may initiate a Th2-

polarized response (44–46). Furthermore, our results indicate that H. polygyrus infection had

no effect on the DC IL-12 response, which is in agreement with the observation from a

different helminth model showing that DCs from mice infected with schistosomes did not

exhibit an elevated level of IL-12 (47). In fact, this failure to produce IL-12 by DCs has also

been linked to its capacity to induce Th2 response (48). Our data, therefore, suggests that
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parasite-primed DCs may contribute to a dysfunctional intestinal mucosa immune response

by creating a cytokine environment that fails to develop a protective Th1 response against C.

rodentium. Indeed, our analysis of bacterial specific cytokine response showed that adoptive

transfer of helminth-primed DC resulted in a suppression of Th1 response (IFN-γ) in the

MLN and an induction of the development of a Th2-biased cytokine response in the colon

tissue of recipient mice (Fig. 10), contributing to an impaired host resistance against C.

rodentium infection.

Our data also provide direct evidence to suggest that the DC IL-10 response can be a

possible mechanism by which helminth-primed DCs modulate host responses to concurrent

C. rodentium infection. This correlation is evidenced by the inability of parasite-primed

IL-10-deficient DCs or parasite-primed DCs, for which IL-10 response was blocked by anti-

IL-10 treatment, to induce an enhanced C. rodentium-mediated intestinal injury in the

recipient mice that are subsequently infected with C. rodentium. These observations

correlated with results showing that blocking of DC IL-10 (by transferring IL-10-deficient

DC or anti-IL-10 treatment of the recipient mice that received parasite-primed DC) resulted

in a restoration of mucosal Th1 response (Fig. 9). These results, therefore, suggest a central

role of the DC IL-10 response triggered by the helminth infection in regulating host immune

and pathological responses to C. rodentium infection. Such results substantiate the

observation that neutralization of DC IL-10 enhances the ability of DCs to dramatically

stimulate a Th1 response (IFN-γ) (44, 49). Therefore, our data provide strong evidence that

DC IL-10 response initiated by the helminth infection is responsible for the altered host

responses and enhanced C. rodentium-induced intestinal pathology.

Notably, we demonstrate that when mice were transferred with parasite-primed DCs isolated

from IL-10-deficient mice and subsequently challenged with C. rodentium, the ability to

cause a reduction in the severity of bacteria-induced colitis was less pronounced compared

with anti-IL-10 treatment (Fig. 7). This difference may be explained by the fact that when

parasite-primed DC recipient mice are treated with exogenous anti-IL-10 mAb the effects of

cytokine IL-10 from both transferred DC and the recipient host can be blocked at the time of

bacterial infection. However, under circumstances when parasite-primed, IL-10-deficient

DCs were adoptively transferred to a normal recipient host, only IL-10 was absent in these

transferred DCs. It is possible that other DC secreted cytokines (such as IL-4) might be

involved in directing the mucosal Th response because our results indicated that helminth

infection also induces a modest elevation of DC IL-4 expression. In the absence of IL-10,

the helminth-induced DC IL-4 response may contribute to priming for a Th2 response that

would impair host protective Th1 immunity to enteric bacterial infection.

In addition to initiating a Th2-polarized immune response (44), which inhibits protective

Th1 responses against bacterial infection, IL-10-producing DC may also be associated with

the activation of other regulatory immune responses during helminth infection. Recently, an

IL-10-producing B220+ DC cell population has been shown to be involved in activating

regulatory immune responses (50). Although it is still not fully understood how a helminth

parasite induces host regulatory immune mechanisms, helminth-induced regulatory T cell

responses have been suggested to be involved in the suppression of immune-mediated

disorders (3). There is also a growing body of evidence to suggest that regulatory T cells
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play a significant role in modulating the severity of microbial infection (51–55) as well as in

the prevention of intestinal inflammation through secretion of TGF-β and IL-10 (56).

Regardless, it is possible that both Th2 and regulatory T cell responses can be initiated by

helminth infection, both of which may contribute to suppression of Th1 response

development (57). Therefore, our results indicate that helminth-primed DCs are involved in

damping of host protective Th1 responses, which in turn may allow for increased

colonization and proliferation of the microorganisms and a delayed clearance of the

infecting bacteria leading to more severe tissue damage and disease.

In conclusion, our investigation provides evidence suggesting that H. polygyrus infection

alters the host response to a concurrent enteric bacterial infection and promotes a C.

rodentium-mediated intestinal injury via a novel mechanism that requires DC activation and

IL-10 expression. A better understanding of immunoregulation in the intestinal mucosa may

provide new information for establishing more effective preventive and therapeutic

approaches to the treatment of both Th1- and Th2-mediated diseases and for a design of

effective intestinal vaccines.
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FIGURE 1.
More severe disease pathology is shown in coinfected mice. Coinfection with H. polygyrus

and C. rodentium induces significant body weight loss (A) and colonic inflammation (B).

BALB/c mice were infected with H. polygyrus (200 L3) and inoculated with C. rodentium (5

× 108 CFU) 7 days later. A, Body weight changes of mice that were infected with C.

rodentium (○), H. polygyrus (■), both H. polygyrus and C. rodentium (▲), and normal

control (□) mice during the course of the experiment (2 wk) are shown. Data shown are

pooled from three independent experiments and are expressed as the body weight change as

a percentage of the individual mouse initial body weight ± SE (n = 10–15) at each time

point. B, Coinfection with intestinal helminth parasite promotes C. rodentium-mediated

colonic injury. Colon tissue was removed from uninfected mice or mice infected with H.

polygyrus, C. rodentium, or both at 2 wk postbacterial infection, frozen in Tissue-Tek OCT

compound and stained with H&E. Magnification, ×100. C and D, Helminth coinfection

promotes C. rodentium-associated CD4+ T cell infiltration into colonic LP. E and F,

Helminth coinfection results in an expansion of CD11c+ DCs in colonic lymphoid follicle.

Five-micrometer sections of frozen colonic tissue (in OCT) were cut and fixed in ice-cold

acetone. After washing with PBS, the sections were blocked with PBS-1% BSA. The tissue

sections were incubated with anti-CD4 FITC (green) and anti-CD11c Ab, followed by Cy3-
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labeled hamster IgG. The sections were analyz+ ed by immunofluorescent microscopy. All

images were digitized and cropped in Adobe Photoshop LE 5.0 (Adobe Systems). C and E,

The mean number of positive cells is detected in each high-power field (×200) by counting

10 fields from each sample (samples from three mice per group were counted).
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FIGURE 2.
H. polygyrus induces DC IL-10 expression. A, FACS data show the purified CD11c+ DCs

are MHC class II-positive. B, Cytokine expression of CD11c+ DCs (pooled from spleen and

MLN) from H. polygyrus-infected mice by real-time PCR. Two preparations of DCs

obtained from H. polygyrus-infected mice are shown. Values are mean fold increase

compared with the baseline obtained from normal control animals.
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FIGURE 3.
Adoptive transfer of H. polygyrus-primed CD11c+ DCs induces body weight loss and

enhances C. rodentium-induced disease status. A, Body weight changes of mice that were

infected with C. rodentium (◆), with H. polygyrus (■), H. polygyrus-primed DC recipient

mice infected with C. rodentium (●), normal DC recipient mice infected with C. rodentium

(*), normal DC recipient mice infected with both H. polygyrus and C. rodentium (▲), and

normal control (□) during the course of the experiments. Data shown are pooled from three

experiments and are the percentage of initial body weight ± SE (n = 10–15) at each time

point). B, Survival curve. There was no mortality in C. rodentium-infected mice or mice that

received normal DC. However, there is a 20% mortality at 2 wk postbacterial infection in

mice that received parasite-primed DCs.
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FIGURE 4.
Colonic histology of different groups at 2 wk postbacterial infection. A, Mice received

CD11c+ DCs isolated from H. polygyrus-infected mice were then infected with C.

rodentium. B, C. rodentium-infected mice. C, Mice adoptively transferred with CD11c+ DCs

from normal BALB/c mice were then infected with C. rodentium. D, Mice coinfected with

H. polygyrus and C. rodentium. E, Normal mice. F, H. polygyrus-infected mice. The results

show that adoptive transfer of parasite-primed CD11c+ DCs enhances C. rodentium-

mediated colonic pathology. G, Disease score of colonic inflammation is shown. The scores

are assessed by determination of infiltration of inflammatory cells (range from 0 to 4),

together with the evaluation of colon tissue damage (also a range from 0 to 4), with 0 scored

normal and a score of 4 showing the most disease. The data shown are measurements of

individual mouse (n = 8–12 per group) pooled from two to three independent experiments.
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FIGURE 5.
Detection of the adoptively transferred DCs in GALT of recipient mice. A, FACS data show

CFSE-labeled CD11c+ DCs used for the adoptive transfer experiments. B, Detection of

CFSE-labeled (green) CD11c+ DCs (Cy3, red) in the PP, MLN, and colonic lymphoid

follicle. Arrows indicate some of the double stained cells (yellow). CD11c+ DCs were

purified from H. polygyrus-infected (7 days postinfection), and normal mice and were

adoptively transferred to normal BALB/c mice. The recipient mice were sacrificed 3 days

later. The tissue sections (PP, MLN, colon) were prepared and stained with anti-CD11c-

biotin and followed by streptavidin-Cy3. The sections were analyzed by immunofluorescent

microscopy.
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FIGURE 6.
Mice that received H. polygyrus-primed DCs and then infected with C. rodentium have a

higher bacterial output in the fecal pellets. The data shown are the number of bacteria

recovered from fecal samples of C. rodentium-infected mice and mice with adoptive transfer

of DCs at 1, 2, and 3 wk postinfection. The data are represented as the mean ± SEM (n = 5–

10 mice) at each time point.
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FIGURE 7.
Alterations induced by adoptive transfer of parasite-primed DCs in mice can be reversed by

anti-IL-10 treatment at the time of C. rodentium infection. A, Body weight changes of mice

that were infected with C. rodentium (■), received H. polygyrus-primed DC and were then

infected with C. rodentium treated with control Ab (▼), parasite-primed DC recipients,

infected with C. rodentium and treated with anti-IL-10 (□), infected with both H. polygyrus

and C. rodentium (●), adoptively transferred DCs obtained from IL-10-deficient, H.

polygyrus-infected mice (△) and normal control (○) during the course of the experiments.

Data shown are pooled from two to three experiments and are the percentage of change of

initial body weight ± SE (n = 10–15 mice) at each time point. B, C. rodentium output in

fecal pellets. The data shown are the number of bacteria recovered from fecal samples of C.

rodentium-infected mice (◆) with adoptive transfer of DCs (○) and treated with anti IL-10

(●) at 1, 2, and 3 wk postinfection. The data are represented as the mean ± SEM (n = 5–10

mice) at each time point.
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FIGURE 8.
Colonic histopathology shows that adoptive transfer of CD11c+ DCs that lack IL-10 fails to

promote C. rodentium-induced colitis. A, Colon section from C. rodentium-infected mice. B,

Colon section of parasite-primed DC recipient with C. rodentium infection. C, Colonic

histopathology of mice that received parasite-primed DC infected with C. rodentium and

treated with anti-IL-10 mAb. D, Colon section of the parasite-primed IL-10-deficient

(IL-10−/−) DC recipient infected with C. rodentium. Duplicate samples are presented from

each group. E, Disease score of colonic inflammation as described in Fig. 3.
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FIGURE 9.
Adoptive transfer of helminth-primed DC results in an inhibition of bacterial Ag-specific

IFN-γ production by MLN. MLN cells were cultured with and without C. rodentium Ag (10

μg/ml) for 72 h. Th1 (IFN-γ and Th2 (IL-4) cytokine production was measured using

ELISA. The data show that C. rodentium infection induces Ag-specific IFN-γ production

and that adoptive transfer of DCs from helminth-infected mice causes a significant

suppression of bacteria-specific IFN-γ response. No detectable bacteria-specific Th2 (IL-4)

response was found in any groups (data not shown).
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FIGURE 10.
Cytokine mRNA expression (IFN-γ and IL-4) in colon tissue as measured by real-time PCR

at 2 wk postbacterial infection. Values are mean fold increase compared with the baseline

obtained from normal control animals. The data shown are from one of two experiments

performed, showing similar results. *, p < 0.05 (n = 3–5 mice per group).
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