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Abstract
Resistance to leishmaniasis in C57BL/6 mice depends on Th1/Tc1 cells. BALB/c mice preferentially
develop Th2 immunity and succumb to infection. We now assessed the role of IL-17 in cutaneous
leishmaniasis. During the course of L. major infection, BALB/c CD4 cells and neutrophils produced
increased amounts of IL-17 as compared to cells from C57BL/6 mice. This was associated with
significantly increased IL-23 release from L. major-infected BALB/c dendritic cells (DC), whereas
IL-6 and TGF-β1 production by BALB/c and C57BL/6 DC were comparable. Interestingly, lesion
sizes in infected IL-17-deficient BALB/c mice were dramatically smaller and failed to progress as
compared to those in control mice. Similar amounts of IL-4, IL-10 and IFNγ were produced by T
cells from IL-17−/− mice and control mice consistent with development of Th2-predominant
immunity in all animals. Improved disease outcome was associated with decreased CXCL2-
accumulation in lesion sites and decreased neutrophil recruitment into lesions of infected IL-17−/−

mice confirming prior observations that enhanced neutrophil recruitment contributes to disease
susceptibility in BALB/c mice. This study excludes an important facilitating role for IL-17 in Th1/
Th2 development in L. major-infected BALB/c mice, and suggests that IL-23 production by L.
major-infected DC maintains IL-17+ cells that influence disease progression via regulation of
neutrophil recruitment.
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Introduction
In murine experimental cutaneous leishmaniasis, protective immunity that develops in most
strains depends on IFN-γ producing CD4+ Th1 and CD8+ Tc1 cells. IFNγ promotes host
defense against intracellular pathogens, including Leishmania, by activating murine
macrophages (MΦ) to kill parasites via NO (1). CD11c+ dendritic cells (DC) from skin facilitate
development of protective immunity after uptake of Leishmania major (L. major) via FcγRI
and FcγRIII (2) and infected DC release factors critical for Th1 development (e.g. bioactive
interleukin (IL)-12 (3)). However, BALB/c mice succumb to infection due to uncontrolled Th2
development despite production of IL-12 by L. major-infected DC (3). Additional factors that
influence disease susceptibility of BALB/c mice include decreased release of DC-derived
IL-1α/β (4,5) and increased production of inhibitory IL-12p40 homodimer (6).

Recently, a new subset of Th cells has been described (Th17 cells; for reviews see (7–10)).
IL-17 is a proinflammatory cytokine that is secreted primarily by activated T cells (CD4+ >
CD8+) (11) and that has been implicated in several important inflammatory human diseases,
e.g. rheumatoid arthritis, psoriasis, multiple sclerosis, inflammatory bowel disease and asthma
(7–10). IL-17 stimulates a variety of cells (e.g. fibroblasts, MΦ, endothelial cells) to produce
inflammatory mediators including IL-1, TNFα and chemokines. These events ultimately lead
to recruitment of neutrophils and other leukocytes that is the hallmark of inflammatory diseases.

IL-17 production appears to be downstream of IL-1α/β in several pathological conditions
(12–14). Using IL-1Ra-deficient mice, we previously demonstrated that excessive levels of
IL-1 led to increased IL-17 production and destructive arthritis due to enhanced IL-1 signalling
(12). In addition, in Th1/Th17-mediated EAE we observed that the IL-1/IL-1Ra system is
crucial for induction of autoantigen-specific T cells (13). Finally, in the EAE model, Th17
induction was abrogated in IL-1R type I−/− mice (15).

Since we and others have previously reported that DC-derived IL-1 is important for efficient
Th1 induction in leishmaniasis (4,5), we sought to elucidate the role of IL-17 in the
pathogenesis of leishmaniasis. We hypothesized that IL-17 production would be decreased in
susceptible BALB/c mice. Surprisingly, we determined that BALB/c mice produced increased
levels of IL-17 after infection with L. major and that IL-17−/− BALB/c mice exhibited
dramatically attenuated disease despite typical Th2 development. This finding correlated with
reduced accumulation of neutrophils in lesional tissue of IL-17−/− BALB/c mice and
dramatically reduced CXCL2 levels in infected skin. Increased IL-17-dependent neutrophil
recruitment into lesions of L. major-infected BALB/c mice has previously been shown to
significantly contribute to disease outcome (16,17). We also demonstrate that elevated levels
of IL17A in BALB/c mice were associated with increased production of IL-23, but not IL-6
and TGF-β1, by infected DC.

Material and Methods
Animals, parasites and infections

Six to 8 week old wild type C57BL/6, BALB/c and IL-17−/− (BALB/c) mice (backcrossed to
BALB/c >10 times (12) confirmed by SNP analysis) were obtained from the Central Animal
Facility of the University of Mainz. All animals were housed and used in experiments in
accordance with institutional guidelines.

Infectious-stage metacyclic promastigotes were isolated from stationary cultures of L. major
clone V1 (MHOM/IL/80/Friedlin) by positive selection using a biphasic Ficoll gradient (10%/
20%). Infections were initiated intradermally in ear skin of C57BL/6, BALB/c or IL-17−/−

mice using standard high dose (2 × 105) or physiological low dose inocula with 1 × 103
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metacyclic promastigotes per ear. Lesion development was assessed weekly for up to 5 months
in three dimensions using a calliper, calculated as ellipsoids ([a/2 × b/2 × c/2] ×4/3 π) and
expressed as mean ± SEM (5). Parasite burdens in lesional tissue were estimated at weeks 3,
6 and 8 as indicated using a limiting dilution assay as described previously (5). In some
experiments, ear skin was injected intradermally with 0.5 or 1 μg of recombinant IL-17A (R&D
Systems).

Determination of cytokine production in lymph nodes
For measurement of cytokine production, 1 × 106 retroauricular lymph node (LN) cells from
infected or uninfected mice were added in 200 μl to 96-well plates in the presence or absence
of SLA (25 μg/ml) or Staphylococcal enterotoxin B (SEB, 1 μg/ml, Sigma, Deisenhofen,
Germany). Antigen-specific IFNγ, IL-4, IL-10 and IL-17A production was determined after
48 h via ELISA (R&D Systems, Bad Nauheim, Germany, and BD Pharmingen, Heidelberg,
Germany).

In selected experiments, γδ TCR+, Gr-1+, CD8+ and CD4+ cells were isolated sequentially
from draining LN of infected mice using microbeads (Miltenyi, Bergisch Gladbach, Germany).
Cells were then plated at 5 × 105 cells/100 μl for 48 h at 37°C together with L. major-infected
bone marrow-derived DC (BMDC) at a ratio of 10 cells/1 DC. Cytokine release was determined
in 18 h supernatants using ELISAs specific for IFNγ, IL-4 and IL-17. To determine single-cell
cytokine production, T cells were incubated as indicated above and Brefeldin A was added for
the last 4 hrs. After harvesting, cells were permeabilized and stained with anti-IL-17A and anti-
IL-10 (both Pharmingen).

Detection of DC-derived IL-6, IL-23 and TGF-β1
Bone marrow-derived DC were generated within 6 days as described previously (18) using
GM-CSF and IL-4. Cytokine release by DC stimulated with L. major amastigotes (parasite/
cell ratio 10:1, 2 × 105 cells/ml) or LPS (100 ng/ml) was determined in 18 hr supernatants by
ELISA (5,6,19–21). For determination of cytokine release in vivo, groups of ≥3 C57BL/6 or
BALB/c mice were infected with 2 × 105 L. major into ear skin. At the time points indicated,
cells were harvested from draining LN and plated at 1 × 106/200 μl to 96-well plates in the
presence or absence of SLA (25 μg/ml). Supernatants were collected after 48 hrs. Cytokine
content was determined using ELISAs specific for IL-6, IL-12p40, TGF-β1 (all Becton
Dickinson), and IL-23p19 (eBiosciences).

Lesional cytokine production and characterization of inflammatory infiltrate
At several time points, infected ears were collected and inflammatory cells were isolated using
liberase (Roche, Mannheim, Germany) and mechanical disruption (2). To determine IL-17 and
chemokine levels in lesional tissue, cells were resuspended in buffer containing a Complete
Mini Protease Inhibitor Cocktail (Roche, Manheim, Germany), homogenized using a pellet
pestle (Pharmingen) and vigorously vortexed. Supernatants were assayed for the presence of
IL-17, CXCL1, CXCL2 and CXCL5 by ELISA (R&D Systems).

In some experiments, cells were counted and the frequencies of various inflammatory cells
were determined using flow cytometry via staining with CD4 (L3T4 GK1.5), CD8 (Ly-2 53–
6.7), F4/80 (CI:A-3), CD11c (N418), CD19 (1D3), Gr-1 (RB6–8C5) all obtained from BD
Pharmingen (Heidelberg, Germany), and NIMP-R14 (DH6, Caltag, Hamburg, Germany) and
absolute numbers of cell populations were calculated. Stained cells were analyzed using a
FACScan flow cytometer equipped with CellQuest software (Becton Dickinson, Heidelberg,
Germany).
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Statistical analysis
Statistical significance was determined using the unpaired Student’s-t-test using StatView®
for Windows. Results are expressed as mean ± SEM.

Results
CD4+ T-cells from L. major-infected BALB/c mice produce more IL-17 than C57BL/6 CD4 T
cells

Previously, we and others reported that increased production of IL-1α (and β) by infected
C57BL/6 CD11c+ DC as compared to infected cells from BALB/c DC was associated with
enhanced Th1 priming in resistant C57BL/6 mice (4,5,22,23). Intending to study downstream
effects of IL-1, we analyzed lesions and lymph nodes (LN) of L. major-infected mice for the
production of IL-17. Ears of infected mice were harvested at several time points and IL-17
levels were determined in supernatants of ear homogenates by ELISA (Fig. 1A). Lesional IL-17
production was maximal 2 weeks post infection. Interestingly, we found increased levels of
IL-17 in lesions of BALB/c mice as compared to C57BL/6 mice over the course of several
weeks. We next analyzed supernatants of LN cell cultures for the production of IL-17 (Fig.
1B). We found ~5-fold increased levels of IL-17 in LN cultures prepared from L. major-
infected BALB/c mice as compared with cultures from C57BL/6 mice. Differences in IL-17
production by cultured BALB/c and C57BL/6 LN cells were evident beginning in week 1 and
increased thereafter (up to 6 weeks). Interestingly, addition of soluble Leishmania-antigen
(SLA) to trigger maximal antigen-dependent cytokine responses led to downregulation of
IL-17 in the cultures; as shown previously, inhibition of SLA-induced IFNγ or IL-4 release by
antibodies abrogated this effect (data not shown). As expected, we detected increased amounts
of IFNγ in LN cultures of C57BL/6 mice over the course of several weeks post infection,
whereas high levels of IL-4 were detected in LN cultures from infected BALB/c mice. The
latter two cytokines were strongly triggered upon additional stimulation with exogenous
antigen (SLA).

To identify the cells that produce IL-17 in infected mice, CD4+, CD8+, Gr-1+ and γδTCR+

cells were enriched to high purity (>95%) using microbeads (Fig. 1C). The most abundant cell
types in LN of L. major-infected mice were, as expected, CD4 T cells (20% in C57BL/6, 30%
in BALB/c), followed by CD8 T cells (no strain difference). Only few neutrophils (3% in
C57BL/6, 10% in BALB/c) and a small number of γδT cells (0.3%, no strain difference) were
found. All cells were re-stimulated using L. major-infected DC (T cell/DC ratio 10:1). The
majority of IL-17 was released by activated CD4 cells and neutrophils. Interestingly, CD4+ T
cells from both mouse strains produced comparable levels of IL-17 after antigen-specific
restimulation. IL-17 levels were also unrelated to levels of IFNγ or IL-4, consistent with the
existence of a distinct IL-17-producing Th subset (7–10). Interestingly, BALB/c neutrophils
produced significantly larger amounts of IL-17A as compared to C57BL/6 neutrophils and
IL-17A production was Ag-independent. Significant production of IL-17A by CD8 or γδ T
cells was not detected. Taking the numbers of each cell type in the LN into account, the majority
of IL-17A in vivo appears to be produced by CD4+ T cells (both strains) and neutrophils
(predominantly BALB/c).

Recently, McGeachy et al. showed differences between IL-23 versus IL-6/TGF-β1 derived
IL-17 producing cells in terms of inducing or limiting immunopathology [24]. We thus assessed
the ability of CD4+ T cells that produce IL-17A in cutaneous leishmaniasis to produce IL-10.
Isolated CD4 cells were stimulated with infected DC and cytokine production was assessed by
intracellular flow cytometry (Fig. 1D). IL-17A staining was detected primarily in BALB/c
derived T cells and, to a lesser extent, in C57BL/6 cells. IL-10 production was also detected
in CD4 cells from both strains, but cells co-producing both cytokines were not found.
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Increased release of IL-23 from BALB/c DC in vitro and in vivo
We next attempted to identify the underlying mechanism explaining the elevated Th17 levels
in L. major-infected BALB/c mice. Several cytokines have recently been implicated in the
induction of Th17 cells from naïve CD4+ T cells (e.g. IL-1, TGFβ, IL-6, IL-23) (7,9,15,25–
27). Even though we and others have previously shown that IL-1α/β synthesis is decreased in
DC from BALB/c mice relative to C57BL/6 mice and linked this observation with impaired
Th1 education in susceptible animals (4,5), the observation that IL-17 production is higher in
L. major-infected BALB/c mice than in comparable C57BL/6 suggests that IL-1 is not an
important regulator of IL-17 in this setting. Thus, we assessed the accumulation of IL-6, TGF-
β1 and IL-23 in supernatants of DC and LN cell restimulation cultures at several time points
after L. major infection.

C57BL/6 or BALB/c bone marrow-derived DC were harvested as immature DC on day 6 of
culture and stimulated with amastigotes of L. major (10 parasites per cell) or control LPS (100
ng/ml). After 18 hrs, the supernatants were harvested and assayed for the presence of cytokine
by ELISA. As described previously, DC from both mouse strains released IL-12p40, IL-12p70,
IL-12p80 and IL-6 after infection with L. major parasites or stimulation with LPS (6,20,21).
In addition, L. major-dependent induction of IL-23p19 was observed. L. major-specific
synthesis of bioactive TGF-β1 was not found (Fig. 2). Interestingly, strain-dependent
differences were found only with regard to IL-12p40, IL-23p19 and IL-12p40 homodimer
production. As observed previously, BALB/c DC produced more IL-12p40 and IL-12p80,
whereas we observed no difference in the production of bioactive IL-12p70 (6,21).
Interestingly, the production of IL-23p19 was ~5-fold higher in infected BALB/c DC as
compared to C57BL/6 DC.

Next, we assessed the production of Th17-inducing cytokines in vivo by determining the
cytokine amounts in supernatants of antigen-specifically restimulated LN cells at different time
points post infection (Fig. 3). Similar to the findings with DC generated in vitro, we found
significantly higher levels of IL-23 in supernatants of BALB/c LN cells than in C57BL/6 mice
especially at early time points post infection (week 0–3, including baseline levels). Both
IL-12p40 and IL-23p19 in these LN supernatants were DC-derived since CD11c+ DC depletion
from LN cells at week 3 abrogated this effect (data not shown). No significant differences were
identified in the production of IL-12p40, IL-6 and TGF-β1.

IL-17 is required for development of progressive cutaneous leishmaniasis in BALB/c mice
To further characterize the role of IL-17 in leishmaniasis, we studied IL-17−/− mice on a
genetically susceptible BALB/c background (12). IL-17-deficient and wild type BALB/c as
well as control C57BL/6 ears were infected intradermally with standard high doses (2 × 105)
or physiologically relevant low doses (103) of L. major metacyclic promastigotes, and lesion
development was monitored over the course of ≥4 months. We found significantly smaller
lesion volumes in IL-17-deficient mice as compared to wild type BALB/c mice beginning in
week 2 (high dose model, Fig. 4A) or in week 4 (low dose, Fig. 4B). As expected, lesions in
susceptible wild type mice progressed and became necrotic. Infected control BALB/c mice
had to be euthanized in week 8 (high dose) or week 12 (low dose). In contrast, lesions in
IL-17−/− mice were significantly smaller and remained stable for at least 1 (high dose) or 2
(low dose) additional months. Later time points were not examined. However, unlike resistant
C57BL/6 mice, BALB/c IL-17−/− mice did not resolve their lesions.

Lesion progression in wild type and IL-17−/− mice correlated with lesional parasite burdens
(Fig. 4C+D). In both high and low dose infection models, smaller lesions in IL-17−/− mice
coincided with significantly decreased numbers of parasites in infected ears. After infection
with 2 × 105 parasites, lesions of 3 week infected BALB/c mice contained ~ 2.2 × 106 parasites,
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whereas infected ears of IL-17−/− mice showed 10-fold fewer parasites (2.1 × 105, p ≤ 0.005).
Wild type mice infected with physiologically low dose inocula harbored 1.4 × 1010 parasites
in week 8 lesions, whereas IL-17-deficient ears contained 7.6 × 106 organisms (p ≤ 0.005).

Th1/Th2 ratios are not altered in infected IL-17−/− BALB/c mice
Generally, improved disease outcome in cutaneous leishmaniasis correlates with enhancement
of Th1-predominant cytokine responses in draining LN (1). To analyze antigen-specific
cytokine profiles, we obtained submandibular LN from infected mice at several time points
and restimulated cell suspensions with SLA (Fig. 5A+B). Surprisingly, despite the presence
of dramatically smaller lesion volumes in infected IL-17−/− BALB/c mice, we did not detect
significant differences in the release of IFNγ, IL-4 or IL-10 as compared to control BALB/c
cells. Cytokine responses remained Th2 predominant in both IL-17−/− and L. major-infected
wild type BALB/c mice. For comparison, the Th1 cytokine profile of resistant C57BL/6 control
mice is shown in Fig. 5A.

Lesions of infected IL-17−/− mice contained fewer neutrophils and DC
IL-17 has been reported to contribute to inflammatory immune responses by recruiting
neutrophils, e.g. in experimental autoimmune encephalitis (EAE) and arthritis (7–10). In L.
major infections, previous studies have demonstrated that enhanced recruitment of neutrophils
is associated with disease susceptibility in BALB/c mice (16,17). Importantly, depletion of
neutrophils from infected BALB/c mice induced a healing, resistant phenotype (16). Therefore,
we analyzed the lesional inflammatory cell infiltrates in IL-17−/− and susceptible BALB/c mice
in more detail (Fig. 6). We also compared the inflammatory cells in lesions of BALB/c mice
with those in resistant C57BL/6 animals (Fig. 6A, C, D, right panels). To accomplish this, ears
of infected mice were obtained at the time points indicated; lesional cells were isolated as
described (2) and then analyzed using flow cytometry.

We enumerated neutrophils in Leishmania lesions using anti-Gr-1 (Ly 6G, Fig. 6A) or NIMP-
R14 (Fig. 6B), an antibody that reacts only with BALB/c neutrophils (16). Using both
antibodies, we found significantly decreased recruitment of neutrophils into lesions of L.
major-infected IL-17−/− mice. We also detected decreased numbers of CD11c+ DC and
F4/80+ MΦ in lesions of IL-17−/− mice (Fig. 6C+D). Reduced recruitment of inflammatory
DC in IL-17-deficient mice as compared to control mice was significant at weeks 4 and 6 post
infection (Fig. 6C). Levels of DC recruitment into Leishmania lesions in IL-17−/− mice were
similar to those found in resistant C57BL/6 mice. Similar but less striking differences were
found with regard to inflammatory MΦ recruitment (Fig. 6D). We did not detect differences
in the numbers of recruited T cells (CD4+ and CD8+) in lesions of infected IL-17−/− as
compared to wild type BALB/c (Fig. 6E+F) or C57BL/6 mice (data not shown).

Our findings are consistent with the concept that IL-17 is a key cytokine with regard to
neutrophil recruitment (7–10), most likely via induction of chemokines (7,28). Several prior
studies suggested that chemokines (including CXCL1, CXCL2 and CXCL5) induced by IL-17
are responsible for neutrophils recruitment (29. 30). Thus, we next quantified levels of Groα
(KC, CXCL1), LIX (CXCL2) and MIP-2 (CXCL5) in infected ear skin. Lysates of
inflammatory ear cells were assessed for the chemokine content by ELISA (Fig. 6G).
Interestingly, we found that CXCL2 was dramatically upregulated in BALB/c ears in response
to IL-17 (since it was not seen in IL-17−/− BALB/c mice) as compared to C57BL/6 skin. In
addition, CXCL1 is also more abundant in ears of susceptible BALB/c as in C57BL/6 ears,
albeit at lower levels. Thus, both CXCL2 and CXCL1 may mediate the effect of IL-17 and
facilitate pathological neutrophil recruitment to lesions of L. major-infected BALB/c mice.
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Recruitment of DC to lesions of infected BALB/c mice may also be downstream of IL-17. To
test this hypothesis, we injected recombinant IL-17 intradermally into ear skin of naïve mice
on 3 consecutive days and found significantly increased immigration of neutrophils and
especially CD11c+ DC on day 5 (Fig. 7A). To determine if increased levels of IL-17 might
alter disease outcome in genetically resistant mice because of enhanced neutrophil recruitment,
we also performed treatment protocols of infected C57BL/6 mice. Mice were injected with
either 0.5 or 1 μg/ear every second day between days 7–18 (Fig. 7B). Despite the fact that
IL-17 also induced enhanced immigration of neutrophils and DC to sites of application in
resistant mice (data not shown), the course of disease was not modified.

Discussion
IL-17 production by Th17 cells has been associated with inflammation in several autoimmune
diseases (7). The present study reveals an unexpected role for IL-17 in promotion of disease
in a model in which susceptibility has been associated with Th2 immunity. Whereas we
previously observed attenuated Th2-associated airway hypersensitivity in IL-17-deficient mice
(7), IL-17−/− BALB/c mice exhibited resistance to progressive leishmaniasis that could not be
ascribed to alterations in Th2 responses. Thus, in cutaneous leishmaniasis, disease
susceptibility is not only associated with uncontrolled Th2 immunity (1), but also with
excessive IL-17 release.

In the present study, we detected increased amounts of IL-17 in LN cells of BALB/c as
compared to C57BL/6 mice. Interestingly, addition of soluble Leishmania-antigen (SLA) to
trigger maximal antigen-dependent cytokine responses led to downregulation of IL-17 in the
cultures. In parallel to the LN cells stimulated with SLA, maximal restimulation of isolated
BALB/c and C57BL/6 CD4+ T cells with L. major-infected DC in vitro resulted in similar
levels of IL-17 in the supernatants. This is consistent with the concept that both Th1 and Th2
effector cytokines, which are strongly upregulated by addition of supra-optimal doses of
exogenous antigen such as SLA, are capable of downregulating Th17 cells (7–10). In addition
to CD4+ Th17 cells neutrophils were another relevant source of IL-17A in cutaneous
leishmaniasis. Release of IL-17 from these cells was not dependent on antigen presenting cells
or antigen and was strain-dependent (BALB/c > C57BL/6).

Several cytokines contribute to the induction (e.g. IL-1α/β, IL-6, TGF-β1) and maintenance
(IL-23) of Th17 cells (7–10,31–33). Although DC-derived IL-1α/β production does not
correlate with induction of IL-17 in murine cutaneous leishmaniasis, other DC-derived factors
in L. major-infected BALB/c mice appear to be relevant (14,31,32). Both in DC in vitro and
LN supernatants in vivo, we found significantly higher production of IL-23 by BALB/c than
by C57BL/6 cells. In contrast, we did not observe differences in the production of the other
Th17-inducing cytokines, i.e. IL-6 and TGF-β1. We also did not detect IL-23 release from L.
major-infected MΦ in vitro (data not shown). Consistent with the results of McGeachy et al.,
the finding that IL-17Apos/IL-10neg Th17 cells mediate inflammation leading to susceptibility
in leishmaniasis is consistent with their induction by excessive amounts of IL-23 in BALB/c
mice (24). To ultimately prove that DC-derived IL-23 is responsible for the induction of
detrimental Th17 generation in BALB/c mice, IL-23−/− mice will be studied when they become
available on a BALB/c background.

Although neutrophils are among the first cells recruited to L. major lesions and neutrophils
have been shown to play some role in inducing protection (33,34), several reports previously
demonstrated that persistent inflammation characterized by increased neutrophil infiltration
promoted disease susceptibility in BALB/c mice (16,17,35). Increased numbers of neutrophils
were identified in established lesions in susceptible mice as compared to those of genetically
resistant animals (36,37). Additionally, depletion of neutrophils from L. major-infected BALB/
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c mice suppressed Th2 development, reduced parasite loads and improved disease outcome
(16,17). A prior study showed that interaction of MΦ with dying neutrophils from infected
BALB/c mice induced TGF-β and PGE2 production, both of which enhanced parasite
accumulation (17). In contrast, in the same study, MΦ from C57BL/6 mice phagocytosing
dying neutrophils released TNFα and thus facilitated lesion resolution. Genetically determined
differences in the behaviour of neutrophils (17), macrophages that phagocytose these
neutrophils (17) and DC (5,6) may account for the inability of recombinant IL-17 to alter the
course of disease in resistant mice.

Even though it is well accepted that neutrophil accumulation in BALB/c mice contributes to
susceptibility, the mechanism responsible for enhanced neutrophil accumulation in
leishmaniasis lesions has not been previously elucidated. Herein, we show that increased levels
of IL-17 are responsible for neutrophil immigration, most likely via CXCL2 (and CXCL1),
and confirm the deleterious role that IL-17-dependent recruitment of neutrophils into
leishmaniasis lesions of infected BALB/c mice plays. Interestingly and in contrast to what
might have been predicted (16,17), Th1/Th2 development was not altered in L. major-infected
IL-17−/− BALB/c mice.

The importance of IL-12 and IFNγ for host defence against intracellular pathogens, e.g. L.
major, has been clearly demonstrated (1). Recent studies also implicate IL-23 and IL-17 in
immunity against extracellular pathogens, e.g. bacteria (Klebsiella pneumoniae), Toxoplasma
gondii parasites and fungi (Cryptococcus neoformans) (7,38,39). In these models, IL-17 likely
mediates recruitment of lesional neutrophils (27,38), whereas IFNγ is responsible for activating
MΦ to kill intracellular pathogens. In Schistosoma mansoni infections, increased levels of
IL-23 and IL-17 are associated with disease exacerbation (40). Our results suggest that IL-17-
mediated neutrophil recruitment is also detrimental in L. major infections.

In summary, the present study suggests that DC-derived IL-23, in addition to IL-1α and
IL-12p80, contributes to disease susceptibility in BALB/c mice. IL-23-mediated IL-17
induction appears to be responsible for persisting and detrimental infiltration of Leishmania
lesions with inflammatory neutrophils in as much as prior studies have convincingly
demonstrated that disease progression in BALB/c mice is linked with an exuberant neutrophil
response. These data indicate that in addition to it’s important role in the pathogenesis of
autoimmune diseases, IL-17 is also an important modulator of an infection with an important
human pathogen.
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Figure 1. Leishmania major-infected, susceptible BALB/c mice show increased production of IL-17
as compared to resistant C57BL/6 mice
Groups of ≥5 BALB/c or C57BL/6 mice were infected with 2 × 105 L. major. A, Homogenates
of lesional inflammatory cells were assayed for the presence of IL-17 by ELISA (mean ± SEM,
n=5). B, Draining LN cell suspensions were restimulated with soluble Leishmania antigen
(SLA) and cytokine production was quantified. C, Isolated CD4+, CD8+, Gr-1+, and
γδTCR+ cells from LN from 4 wk-L. major infected mice were restimulated using infected
bone marrow-derived dendritic cells (DCinf, ratio 10:1). Cytokine production was assessed
after 48 (B, left panels) or 18 hrs (C, right). Cytokine values are shown as mean ± SEM (n ≥
3), strain-dependent differences in cytokine production are designated *(p ≤ 0.05), **(p ≤
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0.005) and ***(p ≤ 0.002). D, Cytokine production of CD4+ T cells was determined by
intracellular flow cytometry after 48 hrs. One representative staining of n=3 experiments is
shown.
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Figure 2. Dendritic cells from BALB/c mice produce more IL-23 upon infection with L. major
Bone marrow-derived dendritic cells (DC) were generated from BALB/c or C57BL/6 mice,
plated at 2 × 105 cells/ml and stimulated with amastigotes of L. major (10 parasites/cell) or
LPS (100 ng/ml). After 18 hrs, IL-12p40, IL-12p70, IL-12p80, IL-23p19, IL-6 and TGF-β1
levels were determined in supernatants using commercially available ELISA. The data is
expressed as mean ± SEM (n=5, *=p<0.05).
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Figure 3. Increased production of IL-23 in draining lymph nodes in Leishmania-susceptible as
compared to -resistant mice
Mice of the Leishmania-susceptible BALB/c or –resistant C57BL/6 strains were infected with
2 × 105 L. major. At the indicated time points post infection, lymph node cells were harvested
and restimulated with soluble Leishmania lysate (1 × 106 cells/ml). Production of IL-12p40,
IL-23p19, IL-6 and TGF-β1 was assessed after 48 hrs by ELISA (mean ± SEM, n ≥ 5,
*=p<0.05).
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Figure 4. IL-17-deficient mice exhibit decreased lesions volumes and lower parasite burdens after
infection with L. major
Infections were initiated in IL-17−/− and control BALB/c and C57BL/6 mice with 2 × 105 (A,
C) or 1,000 (B, D) L. major metacyclic promastigotes and lesion volumes ere assessed weekly
(A, B, mean ± SEM; n ≥ 10). At week 3 (high dose, C) and week 6 and 8 (low dose, D), mice
were euthanized and lesional parasite loads were determined using limiting dilution assays.
Dots represent numbers of parasites in single ears; bars show the arithmetic mean of all mice/
group. Statistical differences between BALB/c strains are indicated by *, between IL-17−/−

and C57BL/6 mice as # (*,#=p ≤ 0.05, **,##=p ≤ 0.005, ***,###=p ≤ 0.002).
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Figure 5. Cytokine profiles in L. major-infected BALB/c and IL-17−/− BALB/c mice
Groups of ≥5 BALB/c, BALB/c IL-17−/− or C57BL/6 mice were infected with 2 × 105 (A) or
103 (B) L. major. A+B, Cytokine profiles were determined by restimulation of draining LN
cells with soluble Leishmania antigen (SLA). Cytokine production was assessed after 48 hr by
ELISA (mean ± SEM; n ≥ 4 independent experiments). Differences between IL-17−/− BALB/
c and BALB/c were designated as *, between IL-17−/− BALB/c and C57BL/6 as # (*=p ≤ 0.05,
**,##=p ≤ 0.005, ***,###=p ≤ 0.002).

Kostka et al. Page 17

J Immunol. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Decreased recruitment of neutrophils and dendritic cells into skin lesions of infected
IL-17−/− BALB/c mice and genetically resistant C57BL/6 mice
Groups of BALB/c, C57BL/6 or IL-17−/− BALB/c mice were infected with 2 × 105 parasites.
Lesional inflammatory cells were isolated and characterized by flow cytometry (A+B: Gr-1+

and NIMP-R14+ neutrophils, C: CD11c+ dendritic cells (DC), D: F4/80+ macrophages (MΦ),
E+F: CD4+ and CD8+ T-cells). Cell numbers were calculated and are presented as mean ±
SEM (n ≥ 3 independent experiments with ≥3 mice/group). G, Homogenates of lesional
inflammatory cells were assayed for the presence of chemokine via ELISA (mean ± SEM,
n=4). A-G, *=p ≤ 0.05, **=p ≤ 0.005, ***=p ≤ 0.002.
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Figure 7. IL-17-mediated increased recruitment of DC and neutrophils into skin
A, Groups of 4 naïve BALB/c mice were injected intradermally with recombinant murine IL-17
(0.5 μg/mouse) of into ear skin on 3 consecutive days. On day 5, inflammatory ear cells were
isolated and DC and neutrophils identified by FACS staining with anti-CD11c, anti-NIMP and
anti-Gr-1, as appropriate (n=8, *=p ≤ 0.05, ***=p ≤ 0.002). B, C57BL/6 mice were infected
with 2 × 105 parasites and treated with 0.5 or 1 μg of rIL-17A as indicated every second day
starting on d7 until d19. Lesions are expressed as mean ± SEM, n=2.
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