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Two inbred mouse strains, derived from feral founders, are susceptible to experimental leishmaniasis due to
Leishmania major and support a disease of a severity intermediate between those observed in strains C57BL/6
and BALB/c. Mice of the MAI strain develop a severe, nonhealing, but nonfatal disease with no resistance to
a secondary parasite challenge. The immunological responses showed a TH2 dominance characterized by an
early peak of interleukin-4 (IL-4) and IL-13. However, neutralization of IL-4, which leads to a resistance
phenotype in BALB/c mice, has no effect on disease progression in MAI mice. Mice of strain PWK develop a
protracted but self-healing disease, characterized by a mixed TH1-plus-TH2 pattern of immune responses in
which IL-10 plays an aggravating role, and acquire resistance to a secondary challenge. These features are
close to those observed in human cutaneous leishmaniasis due to L. major and make PWK mice a suitable

model for the human disease.

Leishmaniasis designates a large spectrum of diseases
caused by a dimorphic protozoan parasite of the genus Leish-
mania. During their life cycle, parasites alternate between the
midgut of the insect vector, where they develop as flagellated
metacyclic promastigotes (53), and mammalian-host macro-
phages, where they differentiate and multiply as amastigotes (44).

Leishmaniases affect millions of people (9). Different Leish-
mania species induce various clinical presentations ranging
from asymptomatic or localized infection to disseminated vis-
ceral disease (46). In humans, Leishmania major is the caus-
ative agent of zoonotic cutaneous leishmaniasis (ZCL), which
is highly prevalent in North Africa, the Middle East, and Cen-
tral Asia (12, 58).

Experimental infection of inbred BALB/c and C57BL/6 mice
by L. major parasites constitutes one of the most studied mod-
els of parasitic disease (50). This model has been instrumental
in the in vivo validation of the functional dichotomy of CD4™
T-helper cells and their involvement in determining the out-
come of disease (34, 48, 54). Thus, resistant C57BL/6 mice
infected with L. major develop a TH1 response resulting in
gamma interferon (IFN-y) production, macrophage activation,
parasite killing, and resolution of the experimental lesion (19,
36, 55). In contrast, susceptible BALB/c mice mount a TH2
response and show macrophage deactivation leading to para-
site dissemination and severe progressive disease (8, 19, 28,
38). The exquisite susceptibility of BALB/c mice to L. major
infection has been ascribed to the occurrence, within the drain-
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ing lymph nodes of these mice, of an early burst of interleukin
4 (IL-4), detectable at 16 h after parasite inoculation, which
polarizes the immune response toward the TH2 pathway (20,
21, 32). This early IL-4 burst is produced by a highly restricted
population of CD4™ T cells that express VB4 and Va8 T-cell-
receptor gene segments and are specific for a single epitope of
the parasite LACK antigen (Leishmania homolog of receptor
for activated C kinase) (23, 29, 31, 37, 45). Considering this
very particular mechanism of BALB/c mouse susceptibility to
L. major infection, conclusions drawn from disease-modulating
experiments with this mouse strain can hardly be extrapolated
to human disease. In fact, T-helper polarization is less sharply
defined in humans than in mice. The immune response to the
parasite is characterized by the production of a mixture of TH1
and TH2 cytokines, as observed in patients with visceral (11,
25) or cutaneous (35, 42, 47, 52) leishmaniasis. Characteriza-
tion of additional models of experimental leishmaniasis repro-
ducing more closely the pathogenic mechanisms of the human
disease may help to develop prophylactic or therapeutic tools
for humans.

In the present study, we investigated as experimental hosts
nine new inbred strains derived from feral mice, and we iden-
tified two strains, named PWK and MALI, susceptible to infec-
tion with L. major parasites. Immunological investigations
showed that the pathogenic mechanisms of disease in these
strains differ from those classically reported for BALB/c and
C57BL/6 mice and, in the case of PWK strain, appear closer to
those described for human ZCL.

MATERIALS AND METHODS

Mice. Female BALB/cJ Rj and C57BL/6J Rj mice were obtained from IFFA-
CREDO-France and maintained in animal facilities at the Pasteur Institute of
Tunis (Tunis, Tunisia). Eight- to 10-week-old males and females from inbred
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TABLE 1. Wild-mouse-derived mouse strains used in this study

Strains Species Geographical origin

WMP Mus musculus domesticus Morastir, Tunisia

WLA Mus musculus domesticus Issus, France

Bik/g Mus musculus domesticus Kefar Galim, Israel

MAI Mus musculus musculus Illmitz, Austria

PWK Mus musculus musculus Prague Zoo, Prague,
Czech Republic

MBT Mus musculus musculus General Toshevo, Bulgaria

STF Mus spretus Foundouk, Tunisia

SEG Mus spretus Grenada, Spain

ZYD Mus spicilegus Yugoslavia

wild-mouse-derived strains (MAI/Pas, PWK/Pas, WLA/Pas, WMP/Pas, MBT/
Pas, ZYD/Pas, BIK/g/Pas, STF/Pas, and SEG/Pas) that were bred by 20 to 50
brother-sister crosses were used in this study. All of the strains were raised and
maintained at the Pasteur Institute in Paris (14, 27) (Table 1).

Parasite and antigens. L. major strain MHOM/TN94/GLC94, zymodeme
MON?25, isolated from a Tunisian patient with cutaneous leishmaniasis (35), was
used in this study. The parasites were maintained by continuous passages in mice
(26). Leishmanial total antigens (LTA) were prepared as described previously
(41). LTA were used to assess the delayed-type hypersensitivity reaction
(DTHR) in vivo and lymphoproliferative responses and cytokine production in
vitro.

Infection of mice. Amastigotes were isolated from L. major-harboring skin
lesions of BALB/c mice as described previously (2). Briefly, L. major-loaded
footpads were excised and disinfected, and the footpad skin was peeled away.
Infected tissue was then minced. Amastigotes were purified by differential cen-
trifugation and used to infect mice. Approximately 10 inbred mice of each strain
were injected subcutaneously in the right hind footpad with 2 X 10° L. major
amastigotes. Lesion development was monitored, for at least 15 weeks postin-
fection (p.i.), by measuring footpad swelling with a metric caliper, and lesion size
was calculated by subtracting the size of the contralateral uninfected footpad.

In vivo cytokine neutralization. Selected mice were treated intraperitoneally
(i.p.) with 5 mg of an anti-IL-4 antibody (11B11; rat immunoglobulin G1 [IgG1])
or 5 mg of an anti-IL-10 antibody (JES-2AS5; rat IgG1) 48 h before infection.
Control mice were treated i.p. with irrelevant rat IgG1 antibodies.

Parasite detection and quantification. Parasite load was quantified by a lim-
iting-dilution in vitro culture adapted from the work of Laskay et al. (28). Briefly,
the excised footpad or popliteal draining lymph nodes were homogenized, and
serial 10-fold dilutions were plated in three replicates, at each dilution, in 96-well
flat-bottom microtiter plates (Nunc, Roskilde, Denmark) containing Schneider’s
Drosophila medium supplemented with Grace’s insect tissue culture medium
(both from Gibco BRL, Paisley, Scotland) supplemented with 100 U of penicil-
lin/ml, 100 pg of streptomycin/ml, 2 mM L-glutamine, and 10% heat-inactivated
fetal calf serum. The number of viable parasites was determined microscopically
from the reciprocal of the highest dilution at which promastigotes could be
detected after 10 days of incubation at 26°C.

In order to assess the visceral dissemination of Leishmania parasites, splenic
homogenates were cultured for 10 days at 26°C on a Leishmania growth medium
based on coagulated rabbit serum (4).

DTHR to Leishmania antigens. DTH was monitored by injecting LTA (equiv-
alent to 2 X 10° promastigotes) in a final volume of 50 pl into the contralateral
noninfected hind footpad (1). Swelling was measured with a metric caliper at 24,
48, and 72 h.

In vitro culture of lymph node cells and analysis of cytokine content in the
supernatant. Single-cell suspensions from lymph nodes were plated at a concen-
tration of 4 X 10° per well in 24-well flat-bottom Costar tissue culture plates
(Nunc) in a volume of 1 ml of complete RPMI medium containing 5% fetal calf
serum. Cultures were incubated in medium alone or with LTA (equivalent to 2
X 10° promastigotes/well). Supernatants were collected after 48 or 72 h for
subsequent cytokine determinations. Cytokines were measured by a monoclonal
antibody (MAb)-based enzyme-linked immunosorbent assay (ELISA) using re-
agents purchased from PharMingen (San Diego, Calif.). Ninety-six-well flat-
bottom microtiter plates (Nunc) were coated overnight at +4°C with purified rat
MADs to murine IL-2 (0.5 pg/ml), IL-4 (2 pg/ml), IL-10 (2 pg/ml), IL-12 (2
pg/ml), and IFN-y (4 pg/ml) in 100 mM carbonate buffer, pH 8.2. Unsaturated
binding sites were blocked with 0.5% gelatin in phosphate-buffered saline (PBS)
containing 0.1% Tween 20 (PBS-T-G) for 2 h at room temperature. Culture
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supernatants were then incubated overnight at +4°C. For calibration of the
assays, the respective recombinant cytokines (PharMingen) were incubated in
serial dilutions. After washing, biotinylated rat MAbs to murine IL-2 (0.1 pg/ml),
IL-4 (0.1 pg/ml), IL-10 (0.2 pg/ml), IL-12 (0.4 pg/ml), and IFN-y (0.2 pg/ml)
were added and incubated for 45 min at room temperature. The plates were
washed and incubated with 1 ug of streptavidin-peroxidase conjugate (AMDEX;
Amersham, Little Chalfont, Buckinghamshire, England)/ml in PBS-T-G for 30
min at room temperature. The reaction was developed by addition of 1 mg of
orthophenylene diamine (Sigma, Saint Louis, Mo.)/ml prepared in 100 mM
citrate buffer (pH 5) containing 0.03% hydrogen peroxide and was stopped, after
10 min, with 50 wl of 1.5 M sulfuric acid. The optical density was determined in
a multiscan ELISA reader (Titerteck, Helsinki, Finland). Cytokine concentra-
tions were calculated by using the respective standard curves. The detection
limits in these assays were 20 pg/ml for IL-2, 40 pg/ml for IL-4, 1 ng/ml for IL-10,
5 pg/ml for IL-12, and 80 pg/ml for IFN-y.

RNA isolation, reverse transcription, and real time quantitative PCR detec-
tion of cytokine mRNA. Draining lymph nodes from each group of five mice were
removed and immediately homogenized in TRI reagent (Euromedex, Souffel-
Weyersheim, France), and RNA was extracted according to the manufacturer’s
recommendations. Approximately 5 pg of total RNA was reverse transcribed in
a reaction mixture containing 20 IU of Moloney murine leukemia virus reverse
transcriptase (Gibco BRL)/pl, 1X buffer (Gibco BRL), 250 uM each de-
oxynucleoside triphosphate (Amersham), 50 ug of random hexamers (Promega,
Southampton, United Kingdom)/ml, and 1.7 TU of RNasin (Promega)/pl for 1 h
at 42°C. Reverse transcriptase was then denatured at 95°C for 10 min. IL-2, IL-4,
IL-10, IL-12 (p40), IL-13, and IFN-y mRNA transcripts were quantified by
quantitative real-time PCR (16). All experiments were performed according to
the TagMan procedure by using the Universal PCR Master Mix and Pre-devel-
oped Assay Reagent kits (Perkin-Elmer Applied Biosystems, Foster City, Calif.).
PCRs were performed using the ABI PRISM 7700 sequence detection system
(with version 1.6 software) with 40 cycles of denaturation at 95°C for 15 s and
annealing and extension at 60°C for 1 min. Real-time fluorescence measurements
were taken, and a threshold cycle (C;) value for each sample was calculated.
Data were normalized to the expression of an endogenous control (18S rRNA)
and expressed as the ratio of target mRNA to 18S rRNA, given by the formula
27ACT where ACy is the difference in threshold cycles between the target and the
reference. For each specific mRNA, results are expressed as the fold increase in
infected mice compared with uninfected mice, given by the formula 2724€7,
where AAC is the difference in AC between infected mice and saline-injected
mice.

Statistical analysis. Standard deviations (SD) were calculated, and the statis-
tical significance of the results was analyzed by the InStat 2.03 test. A P value of
=0.01 was considered statistically significant.

RESULTS

Clinical and parasitological heterogeneity of experimental
infection with L. major in mice from feral inbred strains. Mice
from nine different inbred strains derived from feral parents
were challenged in the right hind footpad with 2 X 10° L. major
amastigotes and monitored for lesion development for at least
15 weeks. BALB/c and C57BL/6 mice were used as controls.
The results of one out of three reproducible experiments are
shown in Fig. 1A.

Most of the wild-mouse-derived strains (7 of 9) were highly
resistant to experimental infection. However, two strains, MAI
and PWK, both belonging to the Mus musculus musculus spe-
cies, supported the development of lesions of significant size
after L. major infection (Table 1). Mice of the MAI strain
developed large cutaneous nodules that progressed continu-
ously over time and reached a size similar to that observed in
BALB/c mice, although ulceration was never observed. PWK
mice also developed nonulcerated lesions that ran a protracted
course but which, in contrast to those of BALB/c (P = 0.00063)
and MAI (P = 0.0027) mice, ultimately healed spontaneously
(Fig. 1B). The lesion reached a maximum size after 10 weeks,
stabilized at a plateau phase until week 20 p.i., and then started
regression; total recovery was attained around week 30 p.i.
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FIG. 1. Lesion progression in mice from inbred strains who were inoculated with L. major amastigotes. (A) Results for mice of nine inbred
strains inoculated with 2 X 10° parasites. (B) Lesion progression over 30 weeks of observation in PWK mice inoculated with 2 X 10° parasites.
Results are expressed as increases in footpad thickness (in millimeters) and are means £ SD for 8 to 10 individual mice per group.

Globally, lesions were always larger than those observed in the
resistant C57BL/6 mice (P = 0.0138). When mice were chal-
lenged with lower parasite doses (2 X 10°), the patterns of
disease progression were unchanged. However, at 2 X 10*
parasites, only BALB/c mice still developed a large, nonhealing
lesion, confirming that BALB/c mice are more susceptible to L.
major than MAI or PWK mice (data not shown).
Histological examination of the inoculation site was per-
formed 3, 6, and 8 weeks after injection of 2 X 10° L. major
amastigotes. Only BALB/c, MAI, and PWK mice developed a
granuloma composed mainly of parasite-loaded macrophages,
lymphocytes, and some polynuclear leukocytes. The dermal
cellular infiltrate was extensive in MAI and BALB/c mice and

was associated with epidermis ulceration only in the latter
strain. The granuloma was smaller in PWK mice and, interest-
ingly, contained numerous plasma cells. A central necrosis of
the granuloma was massive in BALB/c mice, important in MAI
mice, and moderate in PWK mice.

Parasites infiltrating infected footpads and draining lymph
nodes were enumerated by limiting dilution 5, 15, and 30 weeks
postinoculation (Table 2). There was a good correlation be-
tween the sizes of the nodules or lesions at the inoculation sites
and the parasite loads (data not shown). In mice of the resis-
tant strains MBT and SEG, very few or no viable parasites
could be recovered from the infected footpads and popliteal
nodes at week 5 or 15. The parasite load in mice of the sus-

TABLE 2. Parasite burden following L. major infection of different wild-mouse-derived mouse strains”

—Log,, parasite titer/organ in:

Strains Infected footpad Draining lymph node
Wk 5 Wk 15 Wk 30 Wk 5 Wk 15 Wk 30
BALB/c 7.2+ 0.8 7307 ND? 51x09 5.8 % 1.1 104 = 0.4
C57BL/6 32=*0.7 1.7+04 02=*=0.3 0.7*x04 0304 0.0 =0.0
MAI 48 £0.9 9.0£0.2 11.1 £ 0.5 2.6 £0.9 43+09 6.8 = 0.7
PWK 6304 6.0 =0.8 1.3 +0.6 4.6 =04 25*+0.6 0.0 =0.0
MBT 1.0 £ 0.6 0.0 =0.0 ND 02*04 0.0 £0.0 ND
SEG 0.4 = 0.6 0.3 *=0.0 ND 0.0 0.0 0.0 =0.0 ND

¢ Parasite quantitation was performed in the indicated groups at weeks 5, 15, and 30 after L. major infection. Results are expressed as the negative of the mean (=
SD) of the log,, dilution of infected footpad or draining popliteal lymph node tissue positive for L. major promastigotes. Results were obtained in three replicates from

three to four individual mice in each group.
> ND, not determined.
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FIG. 2. Investigation of the DTHR and resistance to reinfection developed by inbred mice inoculated with a primary challenge of 2 X 10° L.
major amastigotes. (A) DTHR footpad test. Groups of MAI, PWK, MBT, SEG, BALB/c, and C57BL/6 mice were injected at week 10 p.i. with
LTA in the uninfected contralateral hind footpad. Footpad swelling was measured (in millimeters) with a metric caliper at 24, 48, and 72 h. Results
are means = SD. (B) Course progression of secondary lesions in MAI and PWK mice (derived from wild strains) compared to BALB/c and
C57BL/6 mice. Mice were inoculated subcutaneously with 2 X 10° L. major amastigotes and were challenged at week 10 p.i. with the same number
of parasites in the contralateral footpad. The progression of the secondary lesion was monitored for 14 additional weeks. Results are expressed

as mean lesion sizes for five mice per group (in millimeters) *= SD.

ceptible MAI strain reached high levels, similar to those ob-
served in BALB/c mice. In PWK mice, the parasite load also
increased significantly in footpad lesions (P < 0.005) and in
popliteal draining lymph nodes (P < 0.005). However, at week
30, when lesions had almost completely healed, the parasite
load regressed by 80% in the infected footpads (P < 0.0001),
and parasites were no longer detected within the draining
lymph nodes. These data indicate that, in contrast to MAI and
BALB/c mice, PWK mice are able to control parasite multi-
plication. Interestingly, at week 15 p.i., parasites could be re-
covered from the spleens of MAI and PWK mice, showing that
these strains allow visceral dissemination of L. major parasites.
However, parasites were no longer detected in the spleens of
PWK mice at week 30, confirming the effective control of the
experimental infection by these mice (P < 0.00001).

DTHR to LTA in L. major-infected mice from wild-mouse-
derived strains. As an indicator of the induction of a TH1
response, the specific DTHR was evaluated in L. major-in-
fected mice derived from wild strains and controls. LTA was
injected into the contralateral footpad 10 weeks after infection,
and footpad swelling was measured at 24, 48, and 72 h (Fig.
2A). As expected, BALB/c mice did not develop any DTHR,
whereas C57BL/6 mice exhibited a strong reaction (P < 0.01).
Interestingly, mice belonging to the two susceptible wild-
mouse-derived strains showed contrasting results: no DTHR
could be detected in MAI mice, whereas PWK mice developed

a significant DTHR similar (P = 0.00365) to that observed in
the highly resistant MBT and SEG strains.

Primary infection induces strong resistance to a secondary
parasite challenge in the PWK but not the MAI strain. Mice
were first injected in one footpad with 2 X 10° amastigotes and
then challenged at week 10 p.. with the same number of
parasites into the contralateral footpad. The progression of the
secondary lesion was monitored for 14 additional weeks. As
expected, BALB/c mice developed a secondary lesion not sig-
nificantly different from the primary lesion (P = 0.1627),
whereas C57BL/6 mice fully controlled the secondary parasite
challenge. Like BALB/c mice, MAI mice were fully susceptible
to the secondary challenge. However, PWK mice were able to
control the secondary challenge and developed only a small
lesion that regressed completely within 6 weeks (Fig. 2B).

Cytokine patterns displayed by MAI and PWK mice after L.
major infection. In order to better define the immunological
parameters associated with resistance or susceptibility to
Leishmania infection in mice of wild-mouse-derived inbred
strains, IL-4, IL-10, and IFN-y levels in the supernatants of
LTA-stimulated mononuclear cells of draining lymph nodes
were assessed 8 and 15 weeks after infection with L. major,
time points at which the disease was fully established. In re-
sponse to infection with Leishmania, mice could be classified as
high, intermediate, or low cytokine producers (Fig. 3). As pre-
viously reported (18, 30), BALB/c mice produced high levels of
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FIG. 3. Cytokine expression in mice from wild-mouse-derived inbred strains inoculated with 2 X 10° L. major amastigotes. Shown are levels
of IL-4 (left), IL-10 (center), and IFN-vy (right) expressed in the supernatants of in vitro LTA-stimulated draining lymph node cells obtained from
mice during the established phase of disease at 5, 8, and 15 weeks p.i. Cytokines were analyzed by ELISA. Values are expressed as nanograms per
milliliter and are means from four separate experiments. Spontaneous cytokine production was less than 10% when cells were left unstimulated.
Diamonds, BALB/c; triangles, MAI; circles, PWK; large squares, MBT; small squares, SEG.

IL-4 and IL-10 and low levels of IFN-y. In contrast, C57BL/6
mice produced a high level of IFN-y and low levels of IL-4 and
IL-10. A similar profile was observed in mice of the resistant
SEG strain. Low levels of IFN-y and high levels of IL-4 char-
acterized MAI mice at weeks 8 and 15. Levels of IL-10 were
elevated only at week 15. In contrast, PWK mice showed par-
allel increases in the three cytokines IFN-v, IL-10, and IL-4,
giving a mixed pattern of TH1 and TH2 responses.

Since early cytokine production was shown to be critical for
initiation of the T-helper response, the kinetics of IL-4 tran-
scripts, as well as of IL-2, IL-10, IL-12, IL-13, and IFN-y
transcripts, were monitored within the draining lymph nodes of
MAI and PWK wild-mouse-derived mice and of control
BALB/c and C57BL/6 mice. mRNA quantification was per-
formed at 16 and 48 h after L. major infection by using reverse
transcription and real-time quantitative PCR amplification.
For each cytokine, and for each time point, the results are
expressed as the fold increases in specific mRNA levels de-
tected in infected mice over those in saline-injected mice (Ta-
ble 3).

The susceptible BALB/c mice were characterized, as previ-
ously described, by an early burst of IL-4 (29). Interestingly,
this early burst also involved IL-10, IFN-y, and, to a lesser
extent, IL-2. In the resistant C57BL/6 mice, only IFN-y mRNA
was detected at 16 h postinoculation. Contrasting results were
obtained with the two susceptible wild-mouse-derived mouse
strains. MAI mice displayed an early cytokine pattern different
from that observed for BALB/c mice, i.e., strong increases in

1L-4, 1L-13, and IL-12 levels and, to a lesser extent, in IFN-y
levels. Increases in IL-10 and IL-2 mRNA levels were only
modest in this strain. PWK mice also displayed a pattern of
early cytokine burst that included only IL-10 transcripts.
Treatment with anti-IL-4 does not alter disease evolution in
MAI or PWK mouse strains, but anti-IL-10 treatment signif-
icantly reduces disease progression in PWK mice. It is well
documented that the early burst of IL-4 skews the immune
response toward TH2 dominance and that its neutralization by
anti-IL-4 treatment abolishes the susceptibility of BALB/c
mice to L. major infection (51). Therefore, we investigated
whether neutralization of IL-4 or IL-10 alters the pattern of

TABLE 3. Early expression of cytokine transcripts in mice from
inbred strains infected with L. major

Fold increase” in cytokine expression in the following strain:

Cytokine
MBT C57BL/6 PWK MAI BALB/c
IL-4 ND 1 1 10 20
IL-10 ND 1 20 3.5 15
IL-13 ND 1 1 10 4
IL-2 ND 1 1 5 7
IL-12 ND 1 1 10 3
IFN-vy ND 100 2 7 20

“ Over basal levels expressed by uninfected animals. Quantitation of cytokine
transcripts was performed on mRNA extracted from cells of draining lymph
nodes collected 16 h after parasite inoculation. ND, not determined. Boldfaced
values represent the most significant alterations in cytokine expression.
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disease progression of MAI or PWK mice. Mice were first
treated with either anti-IL-4 or anti-IL-10 antibodies or with an
irrelevant antibody of the same isotype; then they were in-
fected with L. major and monitored for disease progression.
BALB/c and C57BL/6 mice were treated similarly and served
as controls (Fig. 4).

In contrast to the response of BALB/c mice, which resist
parasite challenge after IL-4 depletion, we found that anti-IL-4
treatment did not alter the course of experimental disease in
MAI and PWK mice (Fig. 4A).

Interestingly, when treated with anti-IL-10 antibodies, mice
of the PWK strain showed a significant reduction in disease
progression, in terms of both lesion size and time limit for
healing. In contrast, administration of anti-IL-10 antibodies
did not affect disease evolution in mice of the MAI strain (Fig.
4B) and had only a minor effect (delay in disease progression
without healing) in BALB/c mice.

DISCUSSION

Experimental models of infectious diseases using inbred
mouse strains invariably suffer from the limitation introduced
by their restricted genetic background compared to the large
genetic polymorphism which characterizes naturally occurring
outbred animals and humans. This holds particularly true for
leishmaniasis, where caution should be exercised in extrapo-
lating data collected from the canonical pair of resistant and
susceptible strains (i.e., C57BL/6 and BALB/c) to the human
disease. The present study was undertaken in order to identify
additional models of experimental leishmaniasis by investigat-
ing new inbred strains derived from feral mouse founders
caught directly in nature (14, 27) (Table 1). Such models based
on new genetic backgrounds may hopefully unveil new patho-
genic mechanisms of host-pathogen interaction more relevant
to human disease.

Of the nine newly investigated strains, only two (MAI and
PWK) appeared definitely susceptible to L. major, confirming
that resistance to this parasite species is the rule among mice
and susceptibility is the exception (7). Of note, these two new
susceptible strains belong to the M. musculus species, as do
strains BALB/c and C57BL/6.

Mice of the MAI strain are definitely susceptible to L. major;
they develop a lesion at the site of inoculation that grows
continuously and that, at week 15 p.i., reaches a size and
parasite load similar to those observed in BALB/c mice. MAI
and BALB/c mice support visceral localization of the parasite.
Histologically, lesions in both strains show large granulomas
with an important central necrosis.

MAI mice, like BALB/c mice, do mount a DTHR to parasite
antigens and do not develop resistance to reinfection. In ad-
dition, during established disease, both strains are character-
ized by a clear TH2 dominance: high levels of IL-4 and IL-10,
and low levels of IFN-y and IL-2.
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The experimental disease in strain PWK reveals salient dif-
ferences with that observed in strain BALB/c or C57BL/6.
PWK mice develop nonulcerated nodules of larger size and
more protracted evolution than those in C57BL/6 mice, and
these nodules ultimately heal by week 30 p.i. The parasite load
also reaches higher levels in PWK mice than in C57BL/6 mice
at all disease stages (1,000-fold increase). However, the para-
site load has regressed by 80% within the lesion, and has totally
disappeared from the draining lymph node and spleen, at week
30, coincident with clinical recovery. Histologically, the tissular
granuloma in PWK mice shows only very limited spontaneous
necrosis, in contrast to those in BALB/c and MAI mice.

PWK mice also develop a strong DTHR to parasite antigens
and resist a secondary parasite challenge.

The patterns of cytokines secreted in vitro by lymph node
cells during the established phase of disease further distinguish
PWK mice from BALB/c or C57BL/6 mice. PWK mice express
a mixed pattern of TH1 and TH2 cytokines characterized by
high levels of IL-10, IL-4, and IL-2 and intermediate levels of
IFN-y.

Table 3 summarizes the salient features of the experimental
disease in MBT, C57BL/6, PWK, MAI, and BALB/c mice. The
three feral inbred strains complete the spectrum of disease
phenotypes and define a gradient of increasing disease severity
from the highly resistant MBT strain to the highly susceptible
BALB/c strain.

A salient feature of the disease in PWK and MAI mice is the
absence, even after a long period of observation, of any ulcer-
ation of the nodules at the site of parasite inoculation. Non-
ulcerating nodules have been reported to be a characteristic
feature of L. major-infected SCID mice (15, 57), and recently
it was suggested that the occurrence of ulceration is dependent
on the presence of CD4™" T cells (56). Interestingly, prelimi-
nary experiments show that F, hybrid mice issued from MAI X
PWK crosses regularly develop an ulcerative nodule. Studies
are in progress to investigate the cellular basis of this pheno-
type.

Several reports have stressed the crucial role of early cyto-
kine expression in the development of the subsequent immune
response and disease progression. Our investigation extends
the previous studies in that it includes a larger panel of cyto-
kines and two new models in strains of feral origin, PWK and
MAI. We show that each strain actually expresses a specific
pattern of early cytokine bursts. Considering the complex in-
teractions, either synergistic or antagonistic, between some of
these cytokines, it is likely that their actual net effect on T-
lymphocyte priming differs from strain to strain and accounts,
at least in part, for the observed differences in clinical evolu-
tion and disease outcome.

A strong early peak in IL-4 transcript levels (>10-fold in-
crease) was detected only in the nonhealer strains BALB/c and
MALI, it was absent in the healer strains PWK and C57BL/6.

FIG. 4. Effect of early treatment with an anti-IL-4 or anti-IL-10 MAb on disease progression in MAI and PWK mice(wild-mouse-derived
strains). BALB/c and C57BL/6 mice were used as well. Mice (five per group) were treated i.p. with 5 mg of the anti-IL-4 (11B11; rat IgG1) (A) or
anti-IL-10 (JES-2AS5; rat IgG1) (B) antibody 48 h before infection with L. major GLC94. Control mice of each strain were treated i.p. with control
antibodies. Results are expressed as mean sizes of lesions (in millimeters) = SD.
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However, although anti-IL-4 antibody treatment of BALB/c
mice could cause the phenotype to revert to resistance (51), the
same treatment has no effect in MAI mice, suggesting that
disease susceptibility in the latter strain may indicate the in-
tervention of an IL-4-independent mechanism, possibly involv-
ing the IL-4-like cytokine IL-13 (43), to shape the immune
response toward TH2 dominance. Actually, MAI is the only
strain expressing an early peak of IL-13 transcripts. This hy-
pothesis is in keeping with recent reports emphasizing the role
of IL-13 as a factor in susceptibility to experimental leishman-
iasis (38). Thus, animals lacking the IL-12 gene or genetically
resistant mice, receiving anti-IL-12 antibodies, are unable to
control the disease, whereas such treatment of BALB/c mice
during the first 2 weeks after infection rendered these animals
resistant (36, 39). Strain MAI is unique in exhibiting a signif-
icant increase in IL-12 transcript levels at 16 h p.i. Actually,
IL-12 is the key determinant of resistance to Leishmania par-
asites (17, 39, 55). Considering that MAI mice develop a non-
healing disease without evidence of DTHR to parasite anti-
gens, our results stress the capacity of concomitant negative
cytokines (i.e., IL-4, IL-13) to interrupt TH1 development
even when IL-12 is produced. This negative effect may occur
through down-regulation of the expression of the IL-12 recep-
tor B-chain (20).

PWK mice present a unique pattern of early cytokine re-
sponse characterized by a robust (20-fold increase) and iso-
lated burst of IL-10 transcripts. IL-10 is likely involved in
disease progression in PWK mice, since anti-IL-10 treatment
reduces lesion size and accelerates healing. The negative role
of IL-10 in experimental leishmaniasis was only recently fully
evaluated; it was found that transgenic mice of a resistant
genetic background that express IL-10 under the control of the
major histocompatibility complex class II Ea promoter are
susceptible to L. major infection, despite the concomitant
IFN-v production (13). In contrast, BALB/c mice in which the
IL-10 gene has been inactivated develop relatively small le-
sions containing 1,000-fold fewer parasites (24). The role of
IL-10 in maintaining chronic disease and in preventing sterile
cure, even in genetically resistant C57BL/6 mice, was recently
demonstrated, in that sterile cure could be achieved only after
IL-10 gene inactivation or administration of anti-IL-10 recep-
tor antibodies (4).

Several characteristics of the PWK model of experimental
leishmaniasis are reminiscent of those observed in human
leishmaniasis. L. major infection in humans is characterized by
cutaneous sores of variable number and severity, lasting sev-
eral months, that ultimately heal spontaneously and are asso-
ciated with the development of a strong DTHR and resistance
to reinfection. Intralesional cytokine expression indicates a
mixed TH1-plus-TH2 pattern. High levels of IL-10 transcripts
have been shown to correlate with an unfavorable clinical
evolution and larger intralesional parasite loads (35). These
features are closer to those observed in PWK mice than to
those in C57BL/6 mice. Expression of the cytokine IL-10 is also
a salient feature of other forms of human leishmaniasis: high
plasma IL-10 levels and expression of IL-10 by keratinocytes
are predictive of the development of post-kala azar dermal
leishmaniasis (10). Similarly, visceral leishmaniasis in humans
is characterized not by TH2 dominance but rather by the co-
expression of high levels of IFN-y and IL-10 (22, 23). Finally,
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high intralesional IL-10 mRNA expression in American cuta-
neous leishmaniasis is associated with unresponsiveness to
treatment (6). Together, these data suggest that the experi-
mental disease in PWK mice, characterized by high early IL-10
levels, may be a suitable model for human leishmaniasis and
may offer a valuable tool for testing of the protective effect of
potential vaccine preparations.

Finally, the new strains of feral origin offer an opportunity to
investigate the genetic basis of susceptibility or resistance to L.
major parasites and hopefully to identify novel genes. Such
studies have been conducted with BALB/c and C57BL/6 mice
(3, 33, 34, 49) but have not yet contributed significantly to the
identification of the human counterpart genes (5, 40). Our
preliminary results indicate that F; generation hybrids issued
from MAI X BALB/c and PWK X BALB/c crosses express
resistant phenotypes, showing that the genes associated with
susceptibility in strains MAI and PWK are likely different from
those acting in strain BALB/c. Experiments to resolve this
issue are in progress.
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