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Successful Therapy of Visceral Leishmaniasis
With Curdlan Involves T-Helper 17 Cytokines
Kuntal Ghosh,1 Gunjan Sharma,2 Amrita Saha,1 Susanta Kar,2,a Pijush K. Das,2 and Anindita Ukil1
1

The aim of this study was to evaluate and characterize the therapeutic potential of curdlan, a naturally occurring β-glucan immunomodulator, against visceral leishmaniasis, a fatal parasitic disease. Curdlan eliminated
the liver and spleen parasite burden in a 45-day BALB/c mouse model of visceral leishmaniasis at a dosage of
10 mg/kg/day as determined by Giemsa-stained organ impression smears. Curdlan was associated with production of the disease-resolving T-helper (Th) 1 and Th17-inducing cytokines interleukin (IL)-6, IL-1β, and
IL-23, as well as with production of Th17 cytokines IL-17 and IL-22, as determined by enzyme-linked immunosorbent assay (ELISA) and real time polymerase chain reaction (RT-PCR). Reversal of curdlan-mediated
protection by anti-IL-17 and anti-IL-23 monoclonal antibodies showed the importance of Th17 cytokines.
Signiﬁcantly decreased production of both IL-17 and IL-22 by mice that received anti-IL-23 antibody
suggested the essential role of IL-23 in Th17 differentiation. Although administration of recombinant IL-17
or IL-23 caused signiﬁcant suppression of the organ parasite burden, with marked generation of interferon γ
and nitric oxide (NO), effects were much faster for IL-17. These results documented that although both IL-23
and IL-17 play major roles in the antileishmanial effect of curdlan, the effect of IL-23 may occur indirectly,
through the induction of IL-17 production.
Keywords. curdlan; Th17 cytokines; nitric oxide; visceral leishmaniasis.

Visceral leishmaniasis is a zoonotic infection caused
by the digenetic protozoan parasite Leishmania donovani and causes the second largest number of parasiteassociated deaths in the world. In India, chemotherapy
with age-old pentavalent antimonials has been
pursued to combat visceral leishmaniasis, but it has
been unsuccessful because of high toxicity and resistance. Leishmania infection causes modiﬁcation of the
T-helper 1 (Th1)/T-helper 2 (Th2) paradigm, resulting
in persistent parasite survival. Protective immunity
against leishmaniasis depends on the interleukin 12
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(IL-12)–induced Th1 response and interferon γ (IFN-γ)
production, which activates macrophages to generate
the ultimate antiparasitic effector molecule nitric
oxide (NO) [1, 2]. Apart from the Th1 and Th2
subset, T-helper 17 (Th17)–induced protection against
human visceral leishmaniasis has recently been reported [3]. Th17 cells are independently regulated CD4+
T cells that are initially characterized as producing the
proinﬂammatory interleukin 17 (IL-17) cytokine as
the signature cytokine. IL-17 can upregulate the expression of proinﬂammatory cytokines such as interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), and
neutrophil-attracting chemokines [4, 5]. IL-17 is
an important cytokine in the induction of optimal
Th1 response and trafﬁcking of IFN-γ–producing Th1
cells at the site of Mycobacteria infection [6], and it
also endows protection in fungal and protozoan infections [3, 7, 8]. Th17 cells also produce interleukin 22
(IL-22), a member of the interleukin 10 (IL-10) family
[9, 10]. IL-22 confers immunity at the epithelium and
mucosal surfaces by promoting an inﬂammatory
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Macrophages, Parasites, Curdlan Treatment, and Assessment
of Parasitemia

Macrophages from BALB/c mice (weight, 20–25 g) were isolated by peritoneal lavage after intraperitoneal injection of 0.5
mL of 4% thioglycolate broth 5 days before harvest. Cells were
maintained as described earlier [22]. L. donovani promastigotes (MHOM/IN/1983/AG83) were maintained in medium
199 (Invitrogen) supplemented with 10% fetal bovine serum
along with penicillin (50 U/mL) and streptomycin (50 μg/mL).
L. donovani axenic amastigotes were cultured as described previously [23]. Macrophages were infected with Leishmania promastigotes at a ratio of 10 parasites to 1 macrophage for 4
hours. Unphagocytosed parasites were washed off with medium.
Cells were then incubated with various doses of curdlan for 24
and 48 hours at 37°C. Cells were ﬁxed with methanol, and the
number of intracellular parasites was determined by Giemsa
staining. For in vivo infections, female BALB/c mice were inoculated with L. donovani promastigotes (107 parasites/mouse)
through the tail vein. Curdlan (0–20 mg/kg/day) was given
intraperitoneally 10, 15, and 20 days after inoculation with
parasites. Infection was assessed by measuring the liver and
spleen parasite burden by the conventional LeishmanDonovan Unit method [24] and a limiting dilution assay [25].
Cytotoxicity Study by MTT Assay

The effect of curdlan on cell viability was assessed using
an MTT-based colorimetric assay kit (Roche) as described
earlier [26].
Measurement of NO

Nitrite accumulation in the culture supernatant ﬂuids of macrophages and splenocytes was measured by the Griess reagent
assay as previously described [27]. For in vivo experiments,
splenocytes were stimulated with 20 µg/mL soluble leishmanial antigen for 48 hours prior to the Griess reagent assay.
In Vivo IL-17, IL-22, and IL-23 Neutralization

Lyophilized rat anti-mouse IL-17, IL-22, and IL-23 monoclonal antibodies (mAb) and control rat immunoglobulin G
(IgG; R&D Systems) were resuspended in phosphate-buffered
saline (PBS) and injected intraperitoneally (200 μg/mouse),
along with curdlan (10 mg/kg), 10, 15, and 20 days after infection. Mice were euthanized at different periods after infection,
and spleen and liver were collected for analysis of parasite
burden.

METHODS
Recombinant IL-17 and IL-23 Treatment In Vivo
Chemicals

Curdlan was purchased from Wako Pure Chemicals (Osaka,
Japan). It has a number-average degree of polymerization
(DPn) of 500, and the presence of β-glycosidic bonds was conﬁrmed by infrared spectroscopy. All other reagents were purchased from Sigma, unless otherwise stated.

Lyophilized recombinant murine IL-17 and IL-23 (rIL-17 and
rIL-23, respectively; R&D Systems) were resuspended in sterile
PBS at a ﬁnal concentration of 200 μg/mL. During treatment,
mice were injected intraperitoneally with 50 μL of rIL-17 or
rIL-23 solution (10 μg/mouse) or PBS on days 15, 20, and 25
after infection.
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response [11]. Interleukin 1β (IL-1β), transforming growth
factor β (TGF-β), and IL-6 are known for induction of Th17
cells [12], and interleukin 23 (IL-23), a member of a small
family of proinﬂammatory heterodimeric cytokines, is responsible not only for the expansion and stabilization of the Th17
phenotype but also for the expression of chemokine receptors
on these cells [12, 13]. IL-23 shares a common p40 subunit
that, when linked to a p35 subunit, forms IL-12 but, when
paired with p19, forms IL-23. Regardless of these similarities,
there is growing evidence that IL-12 and IL-23 are responsible
for driving different T-cell subsets. IL-12 leads to development
of the classic Th1 response, and IL-23 leads to the development of the Th17 response mediated by IL17–producing CD4+ T cells [14]. Although IL-23 does not
promote the development of IFN-γ–producing Th1 cells, it
can induce polarized Th17 cells to produce IFN-γ in a
STAT4- and T-bet–dependent manner [12]. In this scenario,
IL-23 and IL-17 are considered to be important cytokines that
confer a protective immune response against intracellular infections [15, 16].
Curdlan, a resilient gel-forming polysaccharide bearing
(1,3) β-glycosidic linkages that is produced by the nonpathogenic, nontoxicogenic soil bacterium Alcaligenes faecalis
variety myoxogenes, is a member of class of compounds
known as biological response modiﬁers [17]. This linear
β-glucan, a known food additive, has also been reported to
possess immunomodulatory and pharmacological responses,
including antitumorigenic, antiinfective, antiinﬂammatory,
wound repair, radiation protection, and anticoagulant activities [18, 19]. The immunostimulatory effects of curdlan are
manifested through dectin receptor–mediated expression of
inducible NO synthase (iNOS) and proinﬂammatory cytokines, such as TNF-α, IL-1β, and IFN-γ [20]. Recent reports
suggest that curdlan-stimulated dendritic cells can also induce
differentiation of naive CD4 cells into Th17 cells [21]. In the
present study, we demonstrated that curdlan could completely
cure experimental visceral leishmaniasis through signiﬁcantly
enhanced production of NO. Along with induction of diseaseresolving Th1 cytokines, curdlan stimulates the production of
IL-23, which helps in the stabilization and differentiation of
the Th17 cytokine IL-17. We further demonstrated that IL23–driven IL-17 generation plays a major role in curdlanmediated cure of experimental visceral leishmaniasis.

Enzyme-Linked Immunosorbent Assay (ELISA)

The level of various cytokines in single-cell suspension of
spleen cells were determined using a sandwich ELISA kit (BD
Biosciences; R&D Systems) as described earlier [28].

Quantitative Real-Time Polymerase Chain Reaction (PCR)

To quantify the various cytokines and iNOS by means of transcription level, total RNA was isolated from cells, using the
RNeasy Minikit (Qiagen). Quantitative real-time PCR (ABI
7500 Fast Real-Time PCR System; Applied Biosystems) was
performed as described earlier [28].

All experiments were performed at least 3 times. The in vitro
cultures were performed in triplicate, and the animal experiments were performed with 5–6 mice per group. The results
are expressed as mean values ± SD. The Student t test was
used to evaluate the signiﬁcance of the differences among

RESULTS
In Vitro Antileishmanial Effect of Curdlan, as Determined by
NO Upregulation

Because curdlan produces inﬂammatory mediators in peritoneal macrophages, we ﬁrst investigated curdlan-induced NO
production in macrophages. Dose titration experiments documented a maximum mean generation (±SD) of 10.6 ± 1.2
6
nmol NO−
2 /10 cells at 100 μg/mL of curdlan (Figure 1A). The
possibility of lipopolysaccharide contamination, which is a
strong activator of NO, was ruled out by results of a lipopolysaccharide-speciﬁc Limulus amebocyte lysate test (data not
shown). A lack of cytotoxicity was seen at curdlan concentrations of up to 150 μg/mL, as documented by examination of
the cellular morphology of macrophage monolayers and the
MTT assay (Figure 1A). Curdlan treatment (100 μg/mL) also

Figure 1. Antileishmanial activity of curdlan through upregulation of NO. A Peritoneal macrophages were treated with curdlan (25–150 µg/mL) for 24
hours at 37°C. The NO level (closed bar) was measured by the Griess reagent assay, and cell viability (open bar) was assessed by an MTT assay. B,
NO was measured in Leishmania donovani (L.d.)–infected macrophages treated with curdlan (100 µg/mL) for 24 hours. C, Inducible NO synthase (iNOS)
messenger RNA levels were determined by quantitative real-time polymerase chain reaction in control and infected macrophages treated with curdlan
for 24 hours. D, Intracellular parasite numbers were counted in infected macrophages treated with curdlan for 24 and 48 hours. AMT (10 µM) was
given along with curdlan in a separate experiment. E and F, Viability of promastigotes (E) and axenic amastigotes (F) was assessed by MTT assay after
treatment with curdlan (25–100 µg/mL) for indicated periods. Results are representatives of 3 independent experiments. Data represent mean values ±
SD. ***P < .001, by the Student t test.
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Statistical Analysis

pairs of data sets, and a P value of < .05 was considered
signiﬁcant.

In Vivo Therapeutic Effect of Curdlan

Dose-optimization studies involving curdlan (0–20 mg/kg/
day) were performed after L. donovani infection was established in BALB/c mice. Curdlan was administered intraperitoneally 10, 15, and 20 days after infection (Figure 2), and the
parasite burden in the spleen and liver was assessed after 45
days. A curdlan dosage of 10 mg/kg/day almost completely abrogated the liver and spleen parasite burden (>99% parasite
suppression; Figure 3A and 3B) and resulted in a signiﬁcant
reduction in mean spleen weight (±SD), to nearly normal
levels, from the peak observed before treatment (106 ± 10.17
mg vs 1846 ± 212.92 mg; P < .001; Figure 3C). However, lower
doses of curdlan failed to cause any appreciable change in the
parasite burden (Figure 3A and 3B). During the experimental
period, all animals remained healthy, with no apparent loss of
body weight. Complete suppression of the parasite burden in
both spleen and liver was observed when progression of visceral leishmaniasis was monitored in the presence of a curdlan
dosage of 10 mg/kg/day given intraperitoneally 10, 15, and 20
days after infection (Figure 3D and 3E). Absence of parasites
in the liver and spleen was ascertained by culturing organ
specimens in parasite transformation medium at 22°C for 3–5
days. Culture ﬁndings were corroborated by results of a

Figure 2. Schematic representation of the experimental protocol for
treatment of Leishmania donovani–infected mice with curdlan (A),
curdlan + anti-cytokine antibody (B), and recombinant cytokines (C).
Abbreviations: IL-17, interleukin 17; IL-23, interleukin 23.

limiting dilution assay performed on samples obtained on
days 15 and 45, which also indicated the complete clearance
of parasites from the spleen and liver (Figure 3F). Moreover,
coadministration of the NOS inhibitor AMT (5 mg/kg/day)
resulted in marked reversal of the curdlan-mediated parasitesuppressive effect (Figure 3D and 3E), further revealing the
involvement of NO in the antileishmanial activity of curdlan.
The role of dectin-1, a major pattern recognition receptor recognized by curdlan [29], was addressed by the administration
of anti-dectin 1 antibody, along with curdlan, to infected
mice. Curdlan-mediated suppression of the liver and spleen
parasite burden was signiﬁcantly reversed (by 88.1% and
91.2% in the liver and spleen, respectively) by anti-dectin 1
antibody, validating the involvement of the dectin-1 receptor
pathway in the antileishmanial effect of curdlan (Figure 3D
and 3E).
Curdlan Treatment Induced the Production of Proinﬂammatory
Cytokines

Visceral leishmaniasis is known to be associated with upregulation of Th2 cytokines associated with disease progression
and concomitant downregulation of Th1 cytokines associated
with disease resolution. The Th1/Th2 cytokine balance, therefore, was the next parameter we measured while investigating
the antileishmanial mechanism of curdlan. Levels of mRNA
Antileishmanial Effect of Curdlan
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markedly upregulated NO production (by 6.8-fold) in Leishmania-infected macrophages, compared with untreated infected cells (P < .001; Figure 1B). The effect of curdlan on NO
production was further reﬂected in iNOS messenger RNA
(mRNA) expression, which increased sharply (by 9.2-fold), as
measured by quantitative real-time PCR (Figure 1C). The
signiﬁcant upregulation of NO by curdlan led us to determine
its antileishmanial efﬁcacy, which was tested by the intramacrophage proliferation of amastigotes. Curdlan showed a concentration- and time-dependent inhibition of amastigote
multiplication, and a maximum (94.4%) reduction of the
intracellular parasite count was observed with a curdlan dose
of 100 µg/mL after 24 hours (Figure 1D). No further decrease
in parasite count was observed after a treatment time of 48
hours (92.5% reduction; Figure 1D). The median inhibitory
concentration after 24-hour treatment with curdlan was
36.9 μg/mL. The signiﬁcant amelioration (by 81.5%; P < .001)
of the antileishmanial effect after administration of AMT
(2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine), an inhibitor
of iNOS, underscored the role of NO in the antiparasitic
mechanism of curdlan (Figure 1D). However, no direct parasitidal activity of curdlan was observed against L. donovani
promastigotes and axenic amastigotes when tested in vitro,
using the MTT cell viability assay (Figure 1E and 1F). Reductions of only 8.7% and 12.5% in the numbers of promastigotes
and axenic amastigotes, respectively, were found at a curdlan
dose of 100 μg/mL after 48 and 72 hours, respectively
(Figure 1E and 1F).

and proinﬂammatory and antiinﬂammatory cytokines in splenocytes from infected mice treated with curdlan were analyzed
after 15, 30, and 45 days by quantitative real-time PCR
and ELISA, respectively. Signiﬁcantly increased production of
the proinﬂammatory cytokines IL-12 (by 4.6-fold), IFN-γ (by
5.7-fold), TNF-α (by 8.2-fold), and IL-1β (by 5.1-fold) was
observed 30 days after infection in curdlan-treated mice,
compared with untreated infected mice (P < .001 for all comparisons; Figure 4A and 4C), with a pattern of decreasing IL-10
production (by 70.1%, through 45 days), which was quite high
(at 1.19 ng/mL) in the infected control group on day 30
(Figure 4B). However, the level of another antiinﬂammatory
cytokine, TGF-β, did not decrease appreciably after curdlan
treatment, compared with the level in untreated controls
(0.75 ng/mL and 0.69 ng/mL, respectively; Figure 4B). The
level of IL-6 increased considerably in infected mice (by 3.3fold), compared with the level in uninfected controls, which
further increased (by 2.0-fold, compared with the infected
group) after curdlan treatment (Figure 4C). This is not surprising, because the role of IL-6 in the context of visceral
leishmaniasis is quite controversial [27]. Similar proﬁle of all
the cytokines at the RNA level negate the involvement of any
posttranscriptional modulation (Figure 4D–F) either during
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infection or during curdlan treatment. Except for the 5 mg/kg/
day dosage, lower doses of curdlan (1 and 2.5 mg/kg/day) did
not result any signiﬁcant change in the modulation of the
Th1/Th2 cytokine proﬁle (Supplementary Figure 1). In uninfected control mice, curdlan strongly activated the transcription and translation of the proinﬂammatory cytokines IFN-γ,
TNF-α, IL-1β, IL-6, IL-23, IL-17, and IL-12 (Figure 4A–F and
Figure 5A–D).
Th17 Cytokines Are Required for Curdlan-Mediated
Antileishmanial Response

Although the protective role of Th1 cytokines against Leishmania is well established, little is known about Th17 cytokines
in the context of visceral leishmaniasis. Because of the signiﬁcant stimulation of the Th17-inducing cytokines IL-1β and
IL-6 by curdlan (Figure 4C), we wanted to determine whether
Th17 cytokines play any role in curdlan-mediated antileishmanial effects. We also evaluated IL-23 because of its essential
role in the activation of the Th17 response. Curdlan resulted
in an appreciable increase in the IL-23 level (by 9.4-fold;
P < .001) and the IL-17 level (by 6.4-fold; P < .001; Figure 5A),
with a less pronounced increase in the IL-22 level (by 2.9-fold;
P < .01; Figure 5B), as determined in isolated spleen cells 30
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Figure 3. In vivo antileishmanial effect of curdlan. A and B, BALB/c mice were infected with 107 promastigotes and treated intraperitoneally with
various doses of curdlan (1–20 mg/kg/day) 10, 15, and 20 days after infection. The parasite burdens in liver (A) and spleen (B) were then determined 45
days after infection and expressed as mean Leishman-Donovan Units (LDU) ± SD. C, Reduction in the weight of spleen after curdlan treatment (10 mg/
kg/day) on day 45 after infection. D and E, The progression of visceral infection was determined in the liver (D) and spleen (E) of mice that received
curdlan (10 mg/kg/day) intraperitoneally 10, 15, and 20 days after infection, either alone or with either anti-dectin 1 antibody (200 µg) or AMT (5 µg/kg/
day). F, Parasite burden in the spleen 15 and 45 days after infection was measured by a limiting dilution assay expressed as the mean log10 parasite
titer ± SD. ***P < .001, by the Student t test. Abbreviation: L.d., Leishmania donovani.

days after infection. This was reﬂected in mRNA levels also
(Figure 5C and 5D). To ascertain the role of Th17 cytokines
in vivo, mice were administered curdlan (10 mg/kg/day) alone
or with 200 μg of anti-IL-17, anti-IL-22, and anti-IL-23 mAb
or control IgG. Anti-IL-23 and anti-IL-17 greatly reduced
curdlan-mediated protection in terms of liver (Figure 5E) and
spleen (Figure 5F) parasite burden. Interestingly, anti-IL-22
antibody did not produce any signiﬁcant effect (Figure 5E and
5F). We then investigated the levels of IL-23, IL-17 and IL-22
after treatment with anti-Th17 cytokine mAb. In anti-IL-23
mAb–treated mice, both IL-17 and IL-22 production were severely reduced (by 48.1% and 53.7%, respectively, 30 days
after infection; P < .01; Figure 5G), whereas anti-IL-17 antibody did not affect IL-23 and IL-22 production (Figure 5H)
and anti-IL-22 did not affect IL-23 and IL-17 production
(Figure 5I). These results suggest that, although both IL-17
and IL-22 are regulated by IL-23, curdlan controls the infection through IL-23–mediated production of IL-17, and IL-22
does not have any role in curdlan-mediated protection.
Role of IL-23 in the Modulation of Th17 Cytokines

To further elucidate the individual effects of IL-17 and IL-23
in the pathogenesis of experimental visceral infection, infected

BALB/c mice were treated with recombinant IL-23 and IL-17
(10 µg/mouse given 15, 20, and 25 days after infection), and
their effects on parasitemia level were monitored. Both rIL-23
and rIL-17 yielded signiﬁcantly lower parasitemia, compared
with untreated infection, at 45 days (for rIL-23: 79% reduction in liver and 75.8% reduction in spleen; and rIL-17,
79.1% reduction in liver and 77.9% reduction in spleen).
However, rIL-17 controlled the ﬁrst wave of parasitemia
much faster than rIL-23, with rIL-17–associated reductions of
52.8% and 78.1% at 20 and 30 days, respectively, in liver and
38.5% and 73.1% reductions, respectively, in spleen, compared with rIL-23–associated reductions of 27.5% and 66.1%,
respectively, in liver and 15.2% and 58.3%, respectively, in
spleen (Figure 6A and 6B). To determine the effect of the
administration of recombinant proteins on the induction of
host protective Th1 cytokines, mice were euthanized 20, 30,
and 45 days after infection, and IFN-γ levels were measured
in the supernatants of splenocyte cultures by ELISA. Both
rIL-17 and rIL-23 increased the production of IFN-γ, but the
kinetics were different. Administration of rIL-17 yielded
much faster production of IFN-γ, the level of which peaked
20 days after infection (at 0.40 ng/mL) and persisted up to 30
days. In contrast, rIL-23 induced a slower increase in IFN-γ
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Figure 4. Effect of curdlan on cytokine response in vivo. Leishmania donovani (L.d.)–infected and control mice were treated with curdlan (10 mg/kg/
day) as described in the legend of Figure 3. Splenocytes (2 × 106) were isolated at indicated time points and incubated with 5 µg of soluble leishmanial
antigen at 37°C for 48 hours, and cytokine levels were determined in culture supernatants at the protein level by enzyme-linked immunosorbent assay
(A–C) and at the messenger RNA level by quantitative real-time polymerase chain reaction (D–F). A and D, Interleukin 12 (IL-12), tumor necrosis factor
α (TNF-α), and interferon γ (IFN-γ) values; B and E, interleukin 10 (IL-10) and transforming growth factor β (TGF-β) values; C and F, interleukin 1β (IL1β) and interleukin 6 (IL-6) values. Results are representative of 3 individual experiments, and the error bars represent mean values ± SD. **P < .01 and
***P < .001, by the Student t test.

level, which peaked 30 days after infection (at 0.49 ng/mL;
Figure 6C). The production of NO, which has both cytostatic
and cytolytic effects on Leishmania, also peaked 20 days after
infection (at 14.2 nmol/106 cells) for rIL-17, whereas the peak
was 30 days after infection (at 15.1 nmol/106 cells) for rIL-23
(Figure 6D). The signiﬁcance of IFN-γ in the curdlan-mediated
protective effect was further documented by administration of
anti-IFN-γ antibody. Curdlan-mediated suppression of the
organ parasite burden was signiﬁcantly reversed (by 62.2%
and 64.3% for liver and spleen, respectively) by anti-IFN-γ
antibody (Figure 6E and 6F). Collectively, it may be inferred
that, apart from Th1 cytokines, Il-17 and IL-23 also play an
important role in the protection of leishmaniasis by curdlan.
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DISCUSSION
Interest in the use of biological immunomodulators for the
treatment of various otherwise fatal diseases is increasing
[30, 31]. But there is limited scientiﬁc evidence about the efﬁcacy of these natural derivatives, and the lack of a mechanistic
understanding of their effects has prevented their use as conventional therapy. Curdlan has unique pharmacological properties, including the ability to induce proinﬂammatory
mediators and cytokines [17, 32]. In the present study, we
demonstrated the therapeutic potential of curdlan in the
BALB/c mouse model of visceral leishmaniasis. Curdlan at a
dosage of 10 mg/kg/day nearly eliminated the parasite burden
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Figure 5. Involvement of T-helper 17 (Th17) cytokines in the antileishmanial activity of curdlan. Leishmania donovani (L.d.)–infected and control mice
were treated with curdlan (10 mg/kg/day), and splenocytes were isolated and stimulated with soluble leishmanial antigen (SLA) as described in the
legend of Figure 4. Cytokine levels were determined in culture supernatants at the protein level by enzyme-linked immunosorbent assay (ELISA; A and
B ) and at the level of messenger RNA level by quantitative real-time polymerase chain reaction (C and D ). A and C, Interleukin 23 (IL-23) and interleukin
17 (IL-17) values; B and D, interleukin 22 (IL-22) values. E and F, L. donovani–infected mice were treated with curdlan (10 mg/kg/day) as described in
the legend of Figure 3, along with anti-IL-23, anti-IL-17, or anti-IL-22 monoclonal antibodies (mAb; 200 µg/mouse). The parasite burdens in liver (E ) and
spleen (F ) were then determined at indicated times after infection. G–I, Infected mice were treated with curdlan along with anti-IL-23, anti-IL-17, or
anti-IL-22 mAb, and splenocytes were isolated and stimulated with SLA. Cytokine levels were determined in culture supernatants by ELISA in mice
treated with curdlan + anti-IL-23 (G ), curdlan + anti-IL-17 (H ), and curdlan + anti-IL-22 (I ). Results are representative of 3 individual experiments, and the
error bars represent mean values ± SD. **P < .01 and ***P < .001, by the Student t test.

in the liver and spleen, with reversion to normal spleen
weight. This protective role of curdlan may be attributed to
generation of NO, Th1 cytokines, and the IL-23/IL-17 proinﬂammatory pathway (ie, the IL-23/IL-17 axis). These ﬁndings
are in line with previous clinical studies that used curdlan as a
drug and proved its efﬁcacy against malarial parasites in vitro
[33] and against human immunodeﬁciency virus [34]. Generally, host defense against Leishmania infection depends on
production of Th1 cytokines, which activate macrophages for
parasite killing through the release of NO [35]. Nitric oxide is
one of the ultimate effector molecules responsible for antileishmanial activity, which can be produced by cytokinedependent and cytokine-independent pathways. Our in vitro
and in vivo studies with curdlan suggest that it could directly
stimulate the production of NO, probably through a nuclear
factor κB–dependent pathway, as well as by activation of Th1
cytokines. Curdlan therapy was effective in mice with ongoing
infections in which a nonprotective Th2 response had been
established. Treatment with curdlan successfully shifted the
cytokine proﬁle to a protective Th1 pattern and downregulated
the infection-favoring Th2 response. Apart from increased
levels of contemporary disease-resolving cytokines, infected
mice treated with curdlan showed upregulation of IL-1β and
IL-6, key cytokines associated with induction of the Th17

response. The Th17 subset is becoming a focus of research
because emerging data have associated this phenotype with
various human diseases, such as visceral leishmaniasis,
asthma, and autoimmune disease [3, 36, 37]. The major function of IL-17–secreting T cells is to mediate inﬂammation
through induction of proinﬂammatory cytokines and chemokines that promote the recruitment of neutrophils and macrophages [38]. Therefore, it is also probable that neutralization
of IL-17 would decrease Leishmania killing by decreasing the
number or microbicidal activity of phagocytes that otherwise
would have generated NO. In both situations, the contribution
of IL-17 is signiﬁcant in the antiparasitic effect of curdlan.
IL-23 has been proposed to induce the proliferation and stabilization of IL-17–secreting cells [14, 15]. In accordance with
this proposal, we demonstrated that the protective role of IL-23
was dependent on IL-17 but independent of IL-22, which is in
contrast to several reports that demonstrated a protective role
of IL-22 in hepatitis, ulcerative colitis, and, recently, visceral
leishmaniasis [3, 39, 40]. Possible explanations for this discrepancy are that IL-22 might have different roles in various pathogen-induced experimental models [41] and that its role could
be tissue-speciﬁc, because its receptor is reported to be expressed in a limited number of tissues [42]. In contrast, IL-23
is the dominant factor required for Th17 differentiation [16],
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Figure 6. Effect of recombinant interleukin 23 (rIL-23) and recombinant interleukin 17 (rIL-17) on antileishmanial response. Leishmania donovani (L.d.)–
infected mice were treated with either rIL-17 or rIL-23, as stated in Materials and Methods. The parasite burdens in liver (A) and spleen (B) were then
determined at indicated times after infection. Splenocytes were isolated from infected and rIL-23– or rIL-17–treated mice and stimulated with soluble
leishmanial antigen (SLA) as described in the legend of Figure 4. C, Interferon γ (IFN-γ) was measured in the culture supernatant by enzyme-linked
immunosorbent assay (ELISA). D, The NO level was measured by the Griess reagent assay. E and F, The progression of visceral infection was followed in
the liver (E) and spleen (F) of mice that had received curdlan (10 mg/kg/day) intraperitoneally 10, 15, and 20 days after infection, either alone or with antiIFN-γ antibody (200 µg). Error bars represent mean values ± SD. *P < .05, **P < .01, and ***P < .001 vs infected control, by the Student t test (A and B);
*P < .05, **P < .01, and ***P < .001 vs curdlan-treated mice, by the Student t test (E and F).
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