
Abstract Systematic assessment of the role of host
genes in clinico-pathological and immunological man-
isfestations of Leishmania major-induced disease in
mice was performed using 20 recombinant congenic
(RC) strains. As the RC strains are homozygous and
each carries a different, random set of 12.5% genes from
the resistant strain, STS/A, and 87.5% genes from the
susceptible strain, BALB/cHeA, they allowed us to study
the pathological and immunological characteristics of
infected hosts in 20 fixed different random combinations
of BALB/c and STS genes. The 20 RC strains differ
widely in expression of different symptoms of disease
and in immunological characteristics. Disease or healing
in different strains occurred in association with different
components of immune response – with the exception of
a frequently occurring correlation between the disease
and IgE levels. Moreover, some parameters of the
immune response were highly correlated in some strains
but not at all in others. This shows that several patterns
of the immune response may be associated with the same
clinical outcome, depending on the host genotype. Our

data also suggest that despite the complexity of regula-
tion, when a sufficient number of controlling loci is
known, the prediction of a phenotype is possible. Com-
bining functional and clinical information with multilocus
genotyping may improve our ability to predict the
progression of the disease and to optimize the treatment.
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Introduction

The human genome project has awakened interest in the
genes that influence common multigenically controlled
diseases (Collins 1995; Todd 1999; Wright et al. 1999),
as their effects are likely responsible for a large part of
human morbidity and mortality (Risch and Merikangas
1996). The identification of these genes could help to
assess the individual propensity to specific pathogenetic
pathways, the prognosis of a disease, and to optimize the
therapy, thus bringing closer the ideal of personalized
medicine (Sander 2000). Leishmaniasis in humans is a
major health problem in a number of countries, and the
basis of heterogeneity of its clinical manifestations and
underlying immunological responses is not understood
(Herwaldt 1999). As the outcome of infection by
Leishmania major in the mouse is considerably dependent
on the inherited characteristics of the host, the mouse
models are suitable for study of clinical and immunologi-
cal heterogeneity of leishmaniasis. However, although
considerable data on immune response have been
obtained (reviewed in Bogdan et al. 1996), the genetic
basis of disease heterogeneity and its relationship to
immunological reactivity remain unclear.

Development of the disease was attributed to func-
tional characteristics of CD4+ T cells (Liew 1989), pro-
gression or healing being associated with a predominant
Th2 or Th1 response, respectively (Reiner and Locksley
1995). The first evidence for impact of functional dichot-
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omy of CD4+ cells on leishmaniasis was reported by
Heinzel and co-workers (1989), who observed several
weeks after infection high levels of IL-4 and low levels
of IFNγ mRNA in the spleen and lymph node cells of
mice of susceptible strain BALB/c, whereas in the resis-
tant strain C57BL/6, high levels of IFNγ, and no IL-4
mRNA were detected. This association of the non-healer
phenotype with Th2 type response has been extensively
studied (Bogdan et al. 1996; Reiner and Locksley 1995).
More recently, the emphasis has been on the early stages
of the response to L. major infection. For example, it
was suggested that the non-healer phenotype in BALB/c
as opposed to C57BL/6 mice is linked with early produc-
tion of IL-4, which rapidly induces IL-12 unresponsive-
ness (Launois et al. 1997). Mechanistic studies of
response of the susceptible strain BALB/c indicated
several additional steps which lead to their predominant
Th2 response to L. major (Fowell and Locksley 1999).

These studies used inbred strains with contrasting
phenotypes to define the immunopathological character-
istics of susceptible and resistant mice. As these strains
differ at a large number of genes, which may affect the
disease process in different ways, we decided to assess
systematically the impact of the genetic factors on the
type of response to Leishmania infection using the spe-
cial tool for genetic dissection of multigenic traits – the
recombinant congenic strains (RCS) (Demant and Hart
1986; Stassen et al. 1996). In the series of 20 homozy-
gous CcS/Dem recombinant congenic (RC) strains each
strain carries a different random portion of 12.5% of the
genes of the resistant strain STS/A on the genetic back-
ground of the susceptible strain BALB/cHeA. Thus the
20 CcS strains represent 20 fixed random combinations
of genes of a highly susceptible and a highly resistant
strain. Collectively, these strains contain >95% of STS
genes. Therefore, they are suitable for systematic dis-
section of genetic factors of leishmaniasis.

As the initial genetic studies with CcS strains indicated
that the control of the susceptibility of BALB/c mice to

disease is effected by multiple genes (Lipoldová et al.
2000), we further analyzed the role of specific compo-
nents of the immune response in the multigenic control
of development of the disease. Although several chromo-
somal regions were implicated in the resistance to skin
lesions in infected mice (Beebe et al. 1997) and two loci
Lmr1, and Lmr2, controlling resistance to skin lesions
were mapped (Roberts et al. 1997), no information about
the function of such regions or loci has been reported. To
define the genes modifying disease development as well
as their function, we integrated the genetic study of
susceptibility with characterization of symptoms of the
disease and of a number of immunologically relevant
parameters (Lipoldová et al. 2000). This comprehensive
analysis of F2 hybrids between the susceptible strain
BALB/c and the resistant RC strain CcS-5 revealed five
novel loci (Lmr3–Lmr7) controlling the response to
L. major infection. Each of these loci affected a different
subset of immunological and pathological parameters
(Table 1), indicating that individual loci contribute to the
development of disease in a different way. Therefore we
undertook to systematically evaluate the contribution of
the host genotype to disease heterogeneity. In the present
paper, we show that, depending on the host genotype, the
mice of the 20 CcS strains exhibit a wide spectrum of
combinations of pathological symptoms and parameters
of immunological reactivity. This indicates that host
genetic factors contribute significantly to pathogenetic
pathways and to specific disease manifestations and,
thus, represent an important underlying factor of disease
heterogeneity.

Materials and methods

Mice

Females of strains BALB/c, STS and RCS of CcS/Dem series
from the breeding colony of P. Demant were 8 to 26 weeks old at
the time of infection. When used for these experiments, the RCS

Table 1 Lmr loci and their functional effects. Positions of markers and maximal length of STS-derived segments are according MGD
(http://www.informatics.jax.org) 2001

Locus Marker Position Maximal length Parameter controlled Candidate gene (s)
in cM of STS derived

segment

Lmr3 D5Mit112 42 10 Splenomegaly, hepatomegaly ?
IgE in serum, IFNγ in serum

Lmr4 D6Mit122 29 2.4 Lesion size, IFNγ in serum Il12rb (interleukin 12 receptor, beta)
(interaction with D10Mit25) Igk (immunoglobulin kappa chain complex)

D6Mit10 48.7 8 IFNγ in serum (interaction with Tnfr1 (tumor necrosis factor receptor 1), 
D10Mit25) Ltbr (lymphotoxin B receptor)

Lmr5 D10Mit46 63 28 Lesion size, splenomegaly Ifng (interferon γ)
D10Mit14 65 IL-12, IFNγ and IgE Stat6 (signal transducer and activator

of transcription 6)
D10Mit25 68 In serum

Lmr6 D11Mit62 1.5 8 IL-4 in serum ?

Lmr7 D17Mit19 3 7.5 Spontaneous proliferation ?
D17Mit46 10 21.9



vitro production of cytokines and led us to determine the
serum levels of cytokines. A pilot study showed that
there is a correlation between plasma levels of IL-4 and
spleen IL-4 mRNA levels (data not shown). The para-
meters of the pathology and immune response in each
strain are given in Table 2 and Fig. 2. 

Table 2 shows the immunological and pathological
characteristics of L. major-infected CcS/Dem mice. Most
CcS/Dem strains differ from BALB/c only in a subset of
parameters tested and these subsets vary between indi-
vidual RC strains. The different immunological and
pathological characteristics are correlated in several
cases, but more often no significant correlation has been
seen. Lesion size correlates with splenomegaly (r=0.62)
and with parasite load in lymph nodes (r=0.70). The
highest correlation between the clinical and immunological
characteristics is found between IgE levels and skin
lesions (r=0.72), but this is also not absolute (see below).
However, no correlation has been detected between the
lesions and the levels of IL-4, IFNγ, or IL-12. Importantly,
IL-4 and IFNγ levels are strongly correlated (r=0.74).

The different parameters (except IgE levels) in many
instances do not correlate with the skin lesions. Strains
CcS-7 and –11 exhibit larger splenomegaly than strain
CcS-10, which has larger skin lesions. Similarly, larger
hepatomegaly has been observed in CcS-9 and –15,
which have smaller lesions, than in CcS-10 and –18,
with larger lesions. The most resistant strains CcS-5, -6
and –20 have low IL-4 levels in serum, but strains CcS-1,
-2, -8 and –16 with large skin lesions exhibit low IL-4
levels as well. In spite of a general correlation between
lesion size and IgE levels, strains CcS-3, -4 and –11 with
smaller lesions have higher serum IgE levels than strains
CcS-1, -10, -17, with larger lesions.

There is a variation between the RC strains in correla-
tions of different immunological and pathological
parameters in individual mice, including the correlation
between IL-4 and lesion size (Fig. 2). For example,
splenomegaly and hepatomegaly correlate with lesion
size in CcS-10 mice, but not in CcS-12 and CcS-14 mice
(Fig. 2a) and there is a significant correlation between
IL-4 and IgE levels in CcS-7 mice but not in mice of
other strains (Fig. 2b). This influence of strain is highly
significant for the relationship between lesion size and
splenomegaly (P=0.034), lesion size and IgE levels
(P=0.011), IFNγ and IL-4 levels (P<0.0001) and IFNγ
and IgE levels (P=0.011).

In order to systematically analyze the relationships
between the individual components of the immunological
response and disease symptoms, we selected for each
tested parameter the five RC strains with the highest
values and five RC strains with the lowest values. We
compared the average values of other parameters in the
high group with those in the low group. These values are
shown in Table 3 as percent of the maximal value. For
example, the five strains with the highest IL-4 level and
the five strains with the lowest IL-4 level differ in lesion
size, but this difference is only 37.8% of the difference
between the five strains with the largest and the smallest
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were in the generation 28 of inbreeding and therefore highly
homozygous.

Parasites

Leishmania major LV 561 (MHOM/IL/67/LRC-L137 JERICHO II)
was maintained in rump lesions of BALB/c females. Amastigotes
were transformed to promastigotes using blood agar 9 (SNB-9)
(Diamond and Herman 1954). 107 promastigotes from 6-day-old
subculture 2 were inoculated in 50 µl sterile saline s.c. into the
mouse rump.

Disease phenotype

The size of the primary lesions was measured weekly using a
Vernier caliper gauge. The mice were killed 8 weeks after infection,
the blood was collected and body, spleen and liver weights were
recorded. Parasite load in Giemsa stained impression smears from
spleen and lymph nodes was expressed as the mean amastigote
number from 100 fields observed using a 10× eyepiece and a 100×
oil immersion lens (WHO 1990).

Cultivation of parasites

After 8 weeks of infection, pieces of spleen were transferred into a
24-well multidish (Falcon, Oxford, UK) containing SNB-9
(Diamond and Herman 1954) and 80 µg/ml gentamycin in the
overlay. The cultures were evaluated microscopically for the
presence of parasites after 3, 7, and 14 days.

Cytokine and IgE levels

IL-4, IL-12, IFNγ and IgE levels in serum were determined
using the primary and secondary monoclonal antibodies (IL-4:
BVD41D11, BVD624G2; IL-12: Red-T and G297–298, C17.8;
IFNγ: R46A2, XMG1.2; IgE: R3572, R3592) and standards from
Pharmingen (San Diego, CA; recombinant mIL-4, mIL-12 p70
heterodimer, mIFNγ and IgE3). The ELISA was performed as
recommended by Pharmingen. The IL-4, IL-12, IFNγ and IgE
levels were estimated using the curve fitter program KIM-E.

Statistical analysis

The differences between CcS/Dem strains were evaluated by the
analysis of variance and Newman-Keuls multiple comparison test
(ANOVA, NCSS). Strain and age were fixed factors and individual
experiments were considered as a random parameter. In order to
obtain normal distribution of the observed parameters required for
ANOVA, the measured values were transformed as described in
the legends to figures and tables. The differences between strains
were evaluated using the Newman-Keuls multiple comparison test
at 95% significance. The Spearman correlation coefficients were
computed by the NCSS package.

Results

When infected by L. major, the CcS/Dem strains exhibited
a continuous range of susceptibility (measured by the
extent of skin lesions) demonstrating that the susceptibility
is indeed multigenically controlled (Fig. 1). We investi-
gated whether the relative degree of resistance / suscepti-
bility of RCS strains correlates with a specific compo-
nent or a set of components of the immune response. The
extent of this study prevented the use of assays of in
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lesion size, indicating that the serum levels of IL-4 are
not highly associated with the size of skin lesions. In
accordance with it, Table 3 also shows that the difference
in IL-4 serum levels between the five strains with the
largest skin lesions and the five strains with the smallest
skin lesions represents only 6.5% of the difference
between the five strains with highest and lowest IL-4
levels. Subsequently, the correlation coefficients of the
rank order of the differences in the parameters given in
Table 3 were calculated for all pairs of parameters and are
given in Table 4. For example, the correlation coefficient
between the rank order of lesion size as percentage of the
difference between the strains with the largest and smallest
skin lesions and the rank order of the IL-4 levels as
percentage of the difference between the five strains with
the highest and lowest IL-4 serum levels compared for
the high and low groups of all tested parameters is –0.81,
i.e., negative. The coefficients given in Table 4 indicate
that no two parameters were completely correlated, but
they divide the parameters into two groups, with largely
positive or neutral correlations within each group, but

Fig. 1 Kinetics of lesion development in BALB/c, STS and CcS/
Dem series. The columns show the mean of each lesion size in
mm2 transformed to the power of 0.5. The means were computed
by ANOVA including the age and experiment as fixed and random
factors, respectively. Strains were sorted by mean lesion size at
week 8

largely negative correlations between the groups. The
first group contains the symptoms of the disease and IgE
levels and the second group consists of IL-4, IFNγ, and
IL-12 levels. In the first group, the strongest positive
correlations of lesion size are with IgE level, hepatomegaly
and parasite counts in lymph nodes. Parasite count in
lymph nodes correlates with IgE levels, parasite load in
spleen with hepatomegaly, and splenomegaly with hepa-
tomegaly. IL-4 and IFNγ levels correlate in the second
group. The strongest negative correlations of IL-4 levels
are with lesion size, parasite counts in lymph nodes,
hepatomegaly, and IgE levels. IFNγ levels are strongly
negatively correlated with parasite counts in lymph
nodes, and IL-12 levels are strongly negatively correlated
with parasite load in spleens and hepatomegaly. Less
pronounced positive and negative correlations also gener-
ally follow the pattern of positive correlation within the
groups and negative correlations between the groups. 

As the previous studies suggested the involvement of
several genes in the control of each of the pathological
and immunological parameters (Badalová et al. 2002;
Lipoldová et al. 2000), it is of interest to try to correlate
the predicted effect of STS alleles of such loci present in
the individual CcS strains with the actual phenotypes of
these strains. This has been possible to do for the IgE
levels, as for this trait we have mapped nine loci (Badalová
et al. 2002) and deduced their genotypes in individual
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Fig. 2A, B Spearman correla-
tion coefficients and their
P values. Significant correlation
coefficients are marked by
*(P<0.05) and **(P<0.01).
A Correlation between lesion
size and splenomegaly, hepato-
megaly, IgE, IL-4, IFNγ and
IL-12 levels in BALB/c and
CcS/Dem strains. B Correlation
between different immuno-
logical parameters in
L. major-infected BALB/c,
STS and CcS/Dem mice
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Fig. 2 (continued)
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CcS strains. For the seven IgE controlling loci that have
a strong individual effect we classified the impact of
their alleles as increasing (+) or decreasing (-) the level
of IgE. Subsequently, we summed the directional effects
of these alleles for each CcS strain, which resulted in an
“IgE grade” ranging from –3 to +1 and compared the
grade with the actual IgE levels in the individual strains.
This revealed a positive correlation between the “IgE
grade” and the actual IgE levels. The average IgE levels
in the two strains with grade –3 (CcS-15, -20) was
1369 ng/ml, the three strains with grade –2 (CcS-5, -6, -7),
1624 ng/ml, three strains with grade –1 (CcS-1, -8, -11),
9331 ng/ml, seven strains with grade 0 (CcS-3, -4, -9, -10,
-13, -14, -18), 8464 ng/ml, and the five strains with
grade +1 (CcS-2, -12, -16, -17, -19), 9604 ng/ml. These
differences cannot be explained by any single IgE
controlling locus. Similarly, the single strong locus
(Lmr5 on Chromosome 10) affecting skin lesions does
not explain the phenotypes of the CcS strains: the average
lesion size of the strains with the resistant allele (CcS-3,
-5, -11, -15, -16) is 65.4 mm2, and for the remaining 15
strains with the susceptible allele 74.1 mm2.

Discussion

The tests of RC strains show that leishmaniasis is affected
by a number of genes (Demant et al. 1996; Lipoldová et

Table 3 The five strains with highest and lowest values for each parameter compared with other parameters

The high-low group compareda Lesion Parasite load Percent positive Parasite load Spleno- Hepato- IgE IL-4 IFN γ IL-12
size in lymph nodes spleen culture in spleen megaly megaly

Lesion size 100.0 59.6 49.1 100.0 54.5 75.2 70.5 6.5 42.7 –0.2
Parasite load in lymph nodes 79.3 100.0 14.2 100.0 34.6 59.1 60.5 –13.7 5.2 –1.9
Percent positive spleen cultures 57.0 43.0 100.0 97.2 6.8 29.3 30.3 30.5 26.9 –3.2
Parasite load in spleen 73.9 100.0 85.7 100.0 23.4 48.9 56.6 13.7 29.7 7.5
Splenomegaly 64.3 36.3 5.9 17.2 100.0 40.1 74.1 16.3 64.7 15.9
Hepatomegaly 65.7 20.2 22.9 95.4 57.9 100.0 33.4 21.8 39.2 –10.0
IgE 85.0 65.7 31.6 23.4 82.4 45.8 100.0 –58.2 36.9 5.1
IL-4 37.8 17.4 74.5 89.4 16.0 35.1 17.6 100.0 79.3 1.2
IFN γ 28.1 25.7 16.9 86.6 57.6 10.7 39.5 76.0 100.0 29.0
IL-12 2.5 21.6 –8.8 69.8 15.3 –14.9 17.9 18.7 39.8 100.0

a The numbers give the difference between each high-low group in other parameters as percent of the maximal difference for each
parameter

Table 4 The Spearman correlation coefficients of the rank orders of individual parameters between different high-low groups

Lesion Parasite load Percent positive Parasite load Spleno- Hepato- IgE IL-4 IFN γ IL-12
size in lymph nodes spleen cultures in spleen megaly megaly

Lesion size 1
Parasite load in lymph nodes 0.68 1
Percent positivespleen cultures 0.26 0.22 1
Parasite load in spleen 0.44 0.43 0.43 1
Splenomegaly 0.41 0.06 –0.38 –0.41 1
Hepatomegaly 0.83 0.34 0.17 0.52 0.41 1
IgE 0.74 0.66 –0.16 –0.09 0.74 0.45 1
IL-4 –0.81 –0.78 0.16 –0.17 –0.36 –0.51 –0.81 1
IFN γ –0.44 –0.64 –0.24 –0.51 0.28 –0.34 –0.15 0.52 1
IL-12 –0.46 –0.05 –0.47 –0.6 0.07 –0.68 0.05 0.04 0.04 1

Table 2 Immunopathological parameters in L. major-infected
mice of the parental strains BALB/c, STS and CcS/Dem series.
Means and standards were computed by analysis of variance.
Lesion size (mm2) exhibited normal distribution without transfor-
mation. The following transformations were used to obtain normal
distribution: parasite count in lymph nodes to the power of 0.2;
spleen to body weight ratio ×1000 – natural logarithm; liver/body
weight ratio ×1000 to the power of 1.34. IgE and cytokine levels
in serum: IgE (ng/ml) to the power of 0.5; IL-4 (ng/ml) to the
power of 0.25; IFNγ (ng/ml) to the power of 0.15; IL-12 (ng/ml)
to the power of 0.2. Parasite load in spleens is expressed as median
and (in square brackets) the 25th and 75th percentiles. Values
which do not differ from BALB/c are shown in yellow. Values
significantly lower or higher are shown in blue and red, respectively.
Number of mice tested is shown in brackets. Data observed in
non-infected controls did not differ for the most part from parame-
ters. In non-infected mice the plasma levels of IL-4 and IL-12 are
very low or undetectable, mean IFNγ level was 12.17±19.87 ng/nl
(non-transformed values), mean IgE levels in non-infected
BALB/c and STS mice were 1.00±0.36 and 0.28±0.16 µg/ml
(P<0.03) (non-transformed values). Non-infected CcS/Dem strains
exhibited lower mean IgE production than BALB/c, but the differ-
ences were not significant. Some exceptions were seen only in
relative spleen and liver weight. Non-infected CcS-8 mice exhibited
splenomegaly due to de novo hemapoietic mutation and CcS-13
had a lower spleen to body weight ratio due to their obesity. Also,
in non-infected mice, STS and CcS-13 had significantly lower,
whereas CcS-12 significantly higher, relative liver weight than
BALB/c. ND Not done

▲
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al. 2000) and hosts of different genotypes exhibit differ-
ent combinations of pathological and immunological
characteristics. Previously, observation of a variety of
combinations of clinical and immunological parameters
in human leishmaniasis patients led to the conclusion
that the T-cell and cytokine responses in infected human
beings are more complex and less polarized than they are
in mice (Herwaldt 1999).

However, a number of data obtained in the mouse
also present a very complex picture. Susceptibility of
BALB/c mice to L. major was not completely abolished
by deletion of IL-4 (Noben-Traut et al. 1996) or of
another stimulator of the Th2 pathway, MCP-1 (Gu et al.
2000) and the correlation of Th1–Th2 dichotomy with
resistance or susceptibility was less obvious when a large
number of strains was tested (Morris et al. 1993).
Recombinant IL-4 did not induce susceptibility in C57BL/6
mice (Sadick et al. 1991), and in IL-4 transgenic C3H
mice the susceptibility to infection remained lower than
in BALB/c mice and there was no reverse relation with
Th1 response (Erb et al. 1996). BALB/c mice bearing a
transgenic IL-12 receptor β2 gene exhibit a non-healing
phenotype upon L. major infection despite intact IL-12
signaling (Nishikomori et al. 2001). IL-4 was shown to
induce Th1 responses and resistance to L. major in
BALB/c mice (Biedermann et al. 2001). In addition,
non-T-cell compartments can also determine resistance
to L. major (Shankar and Titus 1995). Besides IL-12,
IFNα/β have also been found to be important inducers of
locally expressed type 2 nitric oxide synthase on day 1
of infection (Diefenbach et al. 1998).

The frequent lack of polarity of Th responses and the
correlation between the IL-4 levels and IFNγ levels in
the CcS strains reported here probably reflect the general
inflammatory reaction and are similar to the numerous
observations of simultaneous increase of Th1 and Th2
cytokines in human leishmaniasis patients (Berman
1997; Karp et al. 1993; Kenney et al. 1998). The patho-
logical features of the disease tend to exhibit correlation
with each other and with IgE rather than with IL-4 levels.
The correlation between the different pathological mani-
festations of the disease, however, is not absolute. To the
contrary, we have shown that different loci affect devel-
opment of skin lesions and development of visceral
disease (Vladimirov and co-workers, unpublished data).
Our data indicate that the complexity and lack of polar-
ization are indeed similar in humans and in mice, and
demonstrate that the genotype of the mouse strongly
influences the specific pathway by which the disease
develops or is prevented. The general correlation of the
presence of alleles increasing or decreasing the IgE level
with the actual IgE levels of the individual CcS strains
shows that when a sufficient number of loci is known,
the prediction of phenotype is possible. We aim to obtain
sufficient genetic information also for other traits. The
genetic basis of these complexities in mice may be
resolved using advanced genetic tools such as recombinant
congenic strains. In humans the SNP technology (Wang
et al. 1998) will permit rapid and inexpensive genotyping,

thus enabling study of the multiple genes affecting various
clinical and immunological components of leishmaniasis.
Combining functional and clinical information with
multilocus genotyping may improve our ability to predict
the progression of the disease and the optimization of its
treatment.
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