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Interferon-gamma is required for the late but not early control of
Leishmania amazonensis infection in C57BIl/6 mice

Roberta Olmo Pinheiro, Bartira Rossi-Bergmann*
Instituto de Biofisica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro, 21949-900 Rio de Janeiro, RJ, Brasil

The critical role of interferon-gamma (IFN-Y) in the resistance of C57BIl/6 mice to Leishmania major is widely
established but its role in the relative resistance of these animals to L. amazonensis infection is still not clear. In
this work we use C57Bl/6 mice congenitally deficient in the IFN-y gene (IFN-y KO) to address this issue. We
found that IFN-y KO mice were as resistant as their wild-type (WT) counterparts at least during the first two
months of infection. Afterwards, whereas WT mice maintained lesion growth under control, IFN-y KO mice
developed devastating lesions. At day 97 of infection, their lesions were 9-fold larger than WT controls, con-
comitant with an increased parasite burden. At this stage, lesion-draining cells from IFN-y KO mice had im-
paired capacity to produce interleukin-12 (IL-12) and tumour necrosis factor-a in response to parasite anti-
gens whereas IL-4 was slightly increased in comparison to infected WT mice. Together, these results show that
IFN-y is not critical for the initial control of L. amazonensis infection in C57Bl/6 mice, but is essencial for the
developmente of a protective Thl type immune response in the later stages.
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Leishmaniasis is a complex of diseases caused by
the obligate intracellular protozoan parasites of the ge-
nus Leishmania. The various clinical forms of human
leishmaniasis have been partially reproduced in differ-
ent strains of mice. For example, C57B1/6 mice infected
with L. major develop cutancous lesions that spontane-
ously heal, whereas BALB/c mice harbor non-healing
cutaneous lesions. Such experimental models have ear-
lier allowed definition of some of the immunological
factors involved in resistance and susceptibility to L.
major infection (Reiner & Locksley 1995). During L.
major infection of mice, a polarized differentiation of
Th1/Th2 CD4" T cells occurs in resistant and suscep-
tible mice and the Thl cytokine interferon-y (IFN-y)
plays an essential role in controlling parasite growth and
disease progression (Scott 1991, Liew et al. 1997). Evi-
dence for the critical role for IFN-y in the control of L.
major infection comes from the demonstration that
IFN-y knockout (KO) mice fail to cure infection (Wang
et al. 1994).

In contrast to L. major, the immunological mecha-
nisms determining susceptibility and resistance to L.
amazonensis have been less studied. This is of relevance
since the pathogenesis caused by L. amazonensis in hu-
mans follows a pattern different from that described for
L. major and has been associated not only with localized
cutaneous lesions but also with diffuse cutaneous leish-
maniasis and more rarely, fatal visceral leishmaniasis
(Convit et al. 1993, Almeida et al. 1996). Notably, in
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contrast to L. major, C57B1/6 mice are susceptible to
infection with L. amazonensis and do not heal sponta-
neously (Aguillar Torrentera et al. 2002a, Colmenares
et al. 2003, Rosas et al. 2005).

IFN-y production by CD8" T cells has been associ-
ated with immunoregulatory responses induced by leish-
manial antigens that elicit significant protection against
L. amazonensis (Champsi & McMahon-Pratt 1988,
Soong et al. 1997) and an overproduction of [FN-y seems
necessary for development of a resistant phenotype
(Afonso & Scott 1993). The protective role of IFN-y in
L. amazonensis infection is further questioned in a more
recent report showing that IFN-y promotes the replica-
tion of L. amazonensis amastigotes in macrophages, as
opposed to its inhibitory effect on L. major infected
macrophages (Qi et al. 2004). In vivo, adoptive transfer
of naive splenocytes devoid of CD4 *CD25 * Treg cells
into RAGI1-/- mice before infection markedly exacer-
bated disecase progression, and this effect was associ-
ated with a marked production of IFN-y by the effector T
cells (Ji et al. 2005). Since the role of IFN-y during L.
amazonensis infection is not a resolved issue, in the
present work we proposed to evaluate the course of L.
amazonensis infection in IFN-y KO mice.

MATERIALS AND METHODS

Mice - C57Bl1/6-background IFN-y KO mice were a
kind gift of Dr Leda Quércia Vieira (Gnotobiology Labo-
ratory, Federal University of Minas Gerais, Brazil). Their
cells reproducebly did not produce detectable IFN-y un-
der optimal stimulatory conditions (not shown). C57Bl/
6 wild-type mice were originally obtained from the Jack-
son Laboratory (Bar Harbor, Maine). All mice were used
at 6-8 weeks of age.

Parasites and infection - L. amazonensis (MHOM/
BR/75/Josefa strain) promastigotes were rendered fluo-
rescent by transfection with green fluorescent protein
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(Rossi-Bergmann et al. 1999). Parasites were periodically
selected for strong fluorescence by culture in 100 pg/ml
of geneticin. Mice were infected in the footpad with 2 x
10° stationary-growth phase promastigotes. Lesion sizes
were measured with a dial caliper every 3-4 days and ex-
pressed as the difference between the thickness of infected
and the contralateral non-infected footpads.

Parasite burden - The parasite loads in the infected
footpads were determined by measuring the fluorescence
intensity of the clarified tissue lysates (Rossi-Bergmann
et al. 1999, Pinto et al. 2003). Briefly, at the end of the
experiments each infected foot was skinned, individu-
ally grinded in 2 ml of PBS and the tissue debris was
removed by gravity sedimentation for 10 min. The fluo-
rescence intensity in twofold dilutions of the superna-
tants was read in triplicate in a black microtiter plate
with a plate reader fluorimeter (Bio-Tek) by using exci-
tation at 435 nm and emission at 538 nm.

Cytokines - Single-cell suspensions were prepared from
the popliteal lymph nodes. Cells were adjusted to 4 x 105/
ml in Dulbecco’s Minimal Essential Medium (Sigma) con-
taining 10% HIFCS, 20 mM HEPES, 50 uM 2-mer-
captoethanol, 2 mM L-glutamine, 50 U/ml penicillin, 50
pg/ml streptomycin sulfate and plated in triplicate at 0.5 ml
per well in 24-well tissue culture plates. They were then
stimulated with 40 pg dry weight/ml of whole lysate L.
amazonensis for 48 h and the levels of interleukin-4
(IL-4), IL-12, and tumour necrosis factor-o (TNF-0) in the
supernatants were measured by ELISA following the
manufacturer’s instructions, using recombinant cytokines
as controls (R & D Systems, Minneapolis, US).

Statistical analysis - All experiments were repro-
duced at least twice with very similar pattern of results,
and a representative experiment is shown. The statisti-
cal differences between the groups were determined by
the Student’s ¢ test using the GraphPad InStat software,
and were considered significant when p < 0.05.

RESULTS

Role of IFN-Y during L. amazonensis infection - The
course of L. amazonensis infection was compared in
WT and IFN-y KO mice. Fig. 1A shows that lesions in
WT mice never healed during the 97-day period of in-
fection, compatible with previous reports on the inca-
pacity of these animals to cure L. amazonensis infec-
tion (Song et al. 1997, Aguilar Torrentera et al. 2002a,
Maioli et al. 2004). IFN-y deficiency did not lead to more
progressive disease at least during the first two months
of infection, as seen by the comparable lesion sizes of
IFN-y KO mice and WT mice. However, from day 70 of
infection on, IFN-y KO mice developed uncontrolled
growing lesions. Parasite loads were measured in the
infected footpads by tissue fluorimetry on day 97 of in-
fection. A significantly increased parasite burden was
measured in the IFN-y KO mice (Fig. 1B), compatible
with their increased lesion sizes (Fig. 1A). These find-
ings indicate that unlike the early stages of infection when
it seems unimportant, IFN-y is important for the control
of infection in the later stages.
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Fig. 1: Leishmania amazonensis infection in C57B1/6 and IFN-y KO mice.
C57Bl/6 wild-type mice (WT) and IFN-yknockout mice (IFN-yKO) were
infected with 2 x 100 L. amazonensis parasites. A: the lesion sizes were
measured in the indicated days and expressed as the difference between
infected and the contralateral non-infected footpad thickness; B: para-
site burden was determined on day 97 of infection as described in Mate-
rials and Methods section and expressed as fluorescent units (FU). Mean
+SD (n=35). *p<0.01.

The cytokine production in L. amazonensis infected
mice - To investigate whether IFN-y is important in the
later stages of infection when other critical cytokines
may be exhausted, the capacity of the [IFN-y KO and WT
mice to respond to parasite antigens with production of
interleukin IL-4, IL-12, and TNF-a was assessed on day
97 of infection. As expected, no IFN-y was detected in
cell supernatants from IFN-y KO mice, in contrast to
WT mice which produced 584 + 43 pg/ml in response to
Leishmania lysate. The results depicted in Fig. 2 shows
that WT mice were much more capable to produce the
Thl-type IL-12 and TNF-a cytokines than IFN-y KO
mice. As to Th2 cytokines, although no differences were
seen in IL-10 production (not shown), cells from IFN-y
KO mice produced more IL-4 than cells from WT mice.

Together, those findings indicate that during later
stages of L. amazonensis infection the production of
IL-12 and TNF-a and to a lesser extent IL-4 is under the
direct or indirect control of IFN-y.

DISCUSSION

Studies of experimental Leishmania infection in
mice are important to our understanding of the patho-
genesis of the disease in humans. In the murine model
of L. major infection, susceptibility is associated with
the development of IL-4-dominated Th2 responses and
resistance is associated with the development of IFN-y-
dominated Th1 responses in the infected host. The pro-
tective role of IFN-y on L. major infection involves mi-
crobicidal mechanisms of macrophages that effectively
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Fig. 2: cytokine pattern during uncontrolled infection in (IFN-y) knock-
out mice. C57Bl/6 wild-type mice (WT) and IFN-yknock-out mice (IFN-y
KO) were infected as for Fig 1. On day 97 of infection the production of
interleukin-4 (IL-4), IL-12 and tumour necrosis factor-a in the culture
supernatants of parasite antigen- stimulated cells was measured by ELISA.
Results were recorded as mean + SD (n = 3), and one of two independent
experiments is shown. *p < 0.01, **p < 0.05.

kill intracellular amastigotes (Green et al. 1990, Reiner
& Locksley 1995). The observation that MHC II (-/-),
RAG2 (-/-), SCID mice (Soong et al. 1997) and CD4"-
depleted BALB/c mice (Silva et al. 1994) are refractory
to L. amazonensis infection raises the possibility that
CD4" T cells contribute to the pathogenesis of L.
amazonensis. This is further substantiated by a more
recent finding that pathogenic T cells in L. amazonensis
infected mice (especially C57B1/6 mice) are Thl-like
cells, and elimination of functional CD4* T cells pre-
vents disease progression due to restrained cellular re-
cruitment and local expansion of effector T cells (Ji et
al. 2005). These findings suggest that L. amazonensis
parasites take advantage of the host IFN-y response for
their intracellular survival. However, in other circum-
stances such as following protective mucosal vaccina-
tion with parasite antigens, the systemic production of
IFN-y may be effective (Pinto et al. 2004, Pinheiro et al.
2006). Since the role of IFN-y during L. amazonensis
infection is controversial, we evaluated the course of
lesion growth induced by L. amazonensis in IFN-y KO
mice.

The results shown here indicating that [FN-y is not
an important cytokine during the early period of infec-
tion are in agreement with previously reported by
Colmenares et al. (2003). In that study, C57BL/6 IFN-y
KO mice were also found to develop L. amazonensis
lesions similar to WT mice during the first 10 weeks of
infection. Our studies went on to show that if the course
of infection is followed further, a different outcome is
observed, and a protective role for [FN-y can be ascribed.
Contrary to IFN-y-competent WT mice, on week 14 (day
97) of infection IFN-y KO mice displayed overwhelm-
ing infection and poor production of TNF-a and IL-12
(Figs 1, 2), suggesting a protective role for those
cytokines during the more chronic stage of infection.
Whether or not those cytokines were also under the con-
trol of IFN-y during the earlier stages is not known. Ap-
parently, the TNF-a induced killing of L. amazonensis
by macrophages is I[FN-y-dependent (Ji et al. 2005), thus
it is feasible that this cytokine was not involved in the
effective control of infection seen in its earlier stages.
The finding that IL-12 is important for the control of
late but not early stages of L. mexicana infection in
C57B1/6 mice (Aguilar Torrentera 2002b) further sup-
ports the notion that mechanisms independent of IFN-y,
TNF-q, and IL-12 are operating during the initial stages
of infection of C57BL/6 mice with L. amazonensis, but
further studies are needed to clarify this issue.

The pattern of cytokine production by IFN-y KO mice
also suggests that IL-4 is associated with their pro-
nounced susceptibility. IL-4 inhibits the expression of
[32 chain of IL-12 receptor, leading to the development
of a Th2 response and susceptibility (Himmelrich et al.
2000). In experiments using IL-4 KO mice, Guimaraes
et al. (2006) demonstrated that this cytokine is a sus-
ceptibility factor to L. amazonensis infection. Other
cytokines such as IL-10 and transforming growth fac-
tor- (TGF-3) may also lead to enhanced susceptibility
in BALB/c mice (Padigel et al. 2003, Pinheiro et al.
2005). In this respect, we found that IL-10 production
was unaffected in IFN-y KO mice and that TGF-3 was
not detectable in the supernatants of neither WT nor
IFN-y KO mice (data not shown).

There are some hypotheses to explain the role of
IFN-y during L. amazonensis infection. Previous work
have suggested that in the absence of a secondary signal
derived from other molecules like TNF-a or lipo-
polissacharide, IFN-yalone is inefficient to activate para-
site killing mechanisms in macrophages. Insufficient
levels of IFN-y not only fail to activate macrophages to
eliminate parasite amastigotes, but rather promote para-
site survival and replication within infected macroph-
ages (Qi et al. 2004). It is possible that in the early peri-
ods of infection the secondary signal is not so strong
and IFN-y production collaborates for lesion develop-
ment. Another possibility to explain the controversial
role of IFN-y involves the cell source of this cytokine.
Since in CBA/J mice the increase in IFN-y-producing-
CD8* T cells is involved with protection against the dis-
ease (Rosas et al. 2005) and MHCII (-/-) mice is refrac-
tory to L. amazonensis infection (Soong et al. 1997), it
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is possible that other mechanisms may act with IFN-y to
establish the protective role, like granule-mediated cy-
totoxicity or Fas-FasL pathway. Further studies will
evaluate the phenotype of IFN-y producing cells in dif-
ferent stages of L. amazonensis infection.

In conclusion, our results show that the early con-
trol of L. amazonensis infection by C57B1/6 mice is
independent of IFN-y, whereas an IFN-y-dependent Th1
response possibly involving IL-12 and TNF-a may con-
tribute to the late control of infection.
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