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Summary: Leishmania major infections induce the development of a CD4þ

T-helper 1 (Th1) response that not only controls the primary infection
but also results in life-long immunity to reinfection. How that immunity
is maintained is unknown, although because of the existence of infection-
induced immunity, there has been an assumption that the development of
a vaccine against leishmaniasis would be relatively easy. This has turned
out not to be the case. One problem has been the finding that a large part
of the immunity induced by a primary infection depends upon the
presence of persistent parasites. Nevertheless, there are ample situations
where immunologic memory persists without the continued presence of
antigen, providing the prospect that a non-live vaccine for leishmaniasis
can be developed. To do so will require an understanding of the events
involved in the development of an effective protective T-cell response
and, more importantly, an understanding of how to maintain that
response. Here, we review work from our laboratory, describing how
Th1 cells develop in L. major-infected mice, the nature of the memory T
cells that provide protection to reinfection, and how that information may
be utilized in the development of vaccines.

Introduction

Leishmania major is a favorite parasite for study by immunolo-

gists; not only is the human disease associated with divergent

clinical presentations depending upon the immune response to

the parasite, but also experimental studies in mice with these

organisms have helped delineate how the immune response

develops and is regulated. For the last 15 years, the focus of

these studies has been on understanding how T-helper 1 (Th1)

and Th2 cells develop, as resistance is associated with Th1

cells, while susceptibility has been linked with Th2 cells (1–

3). Of particular note was the in vivo demonstration that inter-

leukin (IL)-12 and IL-4 are critical for Th1- and Th2-cell

development, respectively (4–6). More recent studies indicate

that this model will also provide insights into how regulatory

T cells associated with infection are activated and control
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immunity (2). Thus, it was shown that regulatory T cells are

present during L. major infection in resistant mice and that they

contribute to the low-level persistence of parasites after reso-

lution of a primary infection (7). However, in spite of our

broad understanding of the immune responses associated with

leishmaniasis, there remains no vaccine for use against human

leishmaniasis, which may be because of our poor understand-

ing of CD4þ T-cell memory. Here, we review studies from our

laboratory that focus on how a protective immune response

develops to L. major, how memory T cells maintain that

response, and implications for the development of a leishma-

nial vaccine.

Leishmania are intracellular protozoa that primarily infect

macrophages and dendritic cells (DCs). While there are a

large number of Leishmania species, they are all transmitted by

a sandfly vector that contains the flagellated promastigote form

of the parasite. Upon deposition of these promastigotes in a

mammalian host, they are taken up by macrophages or DCs,

where they transform to and replicate as amastigotes. Similar

to Mycobacterium or Salmonella, but unlike Trypanosoma cruzi or

Toxoplasma gondii, Leishmania amastigotes survive within the pha-

golysosome of the infected cell. After several asexual divisions,

the amastigotes rupture the cell, are released, and are rapidly

taken up by other macrophages. Some parasites remain in the

skin and cause cutaneous lesions, while others visceralize to

the liver, spleen, and bone marrow. The life cycle is completed

when a sandfly ingests the amastigotes, which in the sandfly

transform back to promastigotes (Fig. 1).

While the vast majority of experimental studies with leish-

maniasis has been done in mice, much of the fascination with

these parasites stems from the divergent clinical outcomes seen

in patients. This divergence is the result of differences in both

host and parasite genetics (8). Thus, some species, such as

L. donovani or L. infantum, are primarily associated with a visceral

leishmaniasis; once this disease develops, it is often fatal with-

out chemotherapeutic intervention (reviewed by Dr Paul Kaye

and Drs Diane McMahonn-Pratt and James Alexander in this

volume). There are many species, such as L. major, L. mexicana,

and L. amazonensis, which are primarily associated with cuta-

neous infections. However, there is a wide divergence in the

clinical presentation, even with the same species of Leishmania.

For example, several species of Leishmania found in South and

Central America cause a cutaneous lesion at the initial site of

infection that heals over several months, but in some patients

it can be associated with prolonged chronic disease (9, 10).

The differences in the clinical picture are believed to be in part

due to the ability of the patient to mount a Th1 cell-mediated

immune response. Thus, those who do exhibit Th1 responses

are able to eliminate most of the parasites and often heal. In

contrast, the inability to mount Th1 cell-mediated immunity can

lead to a severe chronic infection, such as is seen in diffuse

cutaneous leishmaniasis or fatal visceral disease. Chronic disease

can also be associated with an exaggerated immune response,

where most of the parasites are eliminated but a continuing

inflammatory response causes severe pathology; the classic

example of this type of infection is mucocutaneous leishmaniasis,

Fig. 1. Leishmania life cycle. While taking a blood meal, dermal
macrophages infected with amastigotes, the aflagellated mammalian form
of the parasite, are ingested by the sandfly (1). The parasites then migrate
to the sandfly midgut where they differentiate into procyclic
promastigotes and attach to the midgut surface via lipophosphoglycan
(LPG), the parasite’s major surface molecule. As the blood meal is
digested, the parasites transform into infective metacyclic promastigotes,
a stage characterized by morphological and biochemical changes in the
parasite, such as a thin, elongated cellular morphology, an increase in the
number of phosphorylated disaccharide repeat units, and a decrease in
the number of side-chain oligosaccharides on the LPG backbone. These
biochemical changes allow the parasite to detach from the midgut of the
sandfly and migrate to the vector mouthparts, and transmission to the
vertebrate host occurs when the sandfly takes its next blood meal (2).
Once a new host is infected, the parasite is taken up by epidermal
macrophages and dendritic cells and resides in a phagolysosome, where it
transforms back into the amastigote form (3). The amastigotes replicate,
eventually rupture the macrophage, and reinvade other cells. Control of
parasite replication is mediated through the activation of leishmanicidal
mechanisms in infected macrophages that is dependent upon interferon
(IFN)-g production by Th1 cells (4). IFN-g-mediated macrophage nitric
oxide (NO) production is required for parasite killing (5).
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which leads to the destruction of the nasal septum and associated

mucosal tissues (9). Owing to the wide spectrum of clinical

presentations, which are due in part to the differences in the

immune response, leishmaniasis is considered a spectral disease,

similar to tuberculosis or leprosy (11).

Experimental infections in mice with various Leishmania

species can mimic several forms of human cutaneous leish-

maniasis. Some strains of mice, such as BALB/c, are highly

susceptible to L. major infection and fail to develop a Th1

response to the parasite. As these animals develop metastatic

cutaneous lesions, they are often considered as a model for

diffuse cutaneous leishmaniasis. In contrast, other strains of

mice, such as C3H and C57BL/6, develop self-healing lesions

associated with strong cell-mediated immunity (1–3). The

course of infection in these animals is similar to that observed

in patients with self-healing lesions. Murine infections with

other species of Leishmania may lead to a somewhat different

pattern of resistance and susceptibility. For example, inbred

mouse strains that would be resistant to L. major (such as C3H

or C57BL/6) develop non-healing lesions following infection

with L. amazonensis or L. mexicana (12–15), suggesting that

parasite-specific factors have an important role to play in

disease outcome (reviewed by Drs Diane McMahon-Pratt &

James Alexander in this volume). These infections may be

similar to chronic or recurrent infections seen in patients

with cutaneous leishmaniasis in South and Central America.

Finally, an infection of mice with L. donovani results in a

controlled infection, although the degree of the parasite

burden differs among inbred mouse strains (16). In contrast

to mice, hamsters infected with L. donovani develop a fatal

infection that mimics human visceral leishmanial disease.

The immune responses associated with healing involve the

production of interferon (IFN)-g, leading to the activation of

macrophages, the production of nitric oxide, and the destruc-

tion of the intracellular parasites; there is no protective role for

antibody (1–3). CD4þ T cells that make IFN-g (Th1 cells) are

absolutely required for resistance, and CD8þ T cells can play an

important ancillary role in the development and maintenance of

resistance (17–19). This finding has led our laboratory and

many others to focus on defining the mechanisms responsible

for the development of Th1 cells in L. major infections.

The development and regulation of protective CD4+

Th1 cells in leishmaniasis

Experimental L. major infections in mice is a superb model to

study Th cell subset development and regulation, as resistance

is due to the development of CD4þ Th1 cells while suscept-

ibility is mediated in large part by the preferential develop-

ment of CD4þ Th2 cells. This determination was discovered by

examining the cytokine profile of resistant and susceptible

mice and by adoptive transfer of Th1 or Th2 cell lines or

clones (4, 20, 21); Th1 cells conferred resistance, while Th2

cells promoted susceptibility in naı̈ve mice that were subse-

quently challenged with L. major (20, 21). The overarching

question in this field has been how T cells decide to become

Th1 or Th2 cells, as naı̈ve T cells can become either after

exposure to antigen (22). While several in vitro systems with

model antigens and T-cell receptor (TCR)-transgenic T cells

were developed to investigate this issue, the in vivo studies

have largely relied upon experimental infections of mice

with L. major.

The early immune response to L. major

To define factors that are involved in the initial development of

Th1 and Th2 cells following infection with L. major, we char-

acterized the early immune response in resistant C3H and

C57BL/6 mice and susceptible BALB/c mice. Surprisingly,

three distinct patterns of immune responses were observed.

The extremely susceptible BALB/c mouse exhibited a substan-

tial immune response in the draining lymph node within the

first 3 days of infection. This response was characterized by an

increase in the lymph node size, T-cell proliferation, and the

production of IL-4 (and in some cases IFN-g as well) (23).

A unique T-cell population that recognizes the leishmanial

antigen termed Leishmania homolog of mammalian receptor

for activated C kinase (LACK)–and bears a Va8,Vb4 TCR–

contributes to the early production of IL-4 in BALB/c mice,

and numerous studies have been done to characterize this

response (24–29). Once this Th2 response is initiated in

BALB/c mice, it is very difficult to reverse, which has been

taken as an indication that once Th1 and Th2 responses are

established there are cross-regulatory mechanisms that ensure

the maintenance of the response. However, as discussed

below, the T-cell response may be more flexible than

previously imagined.

L. major also induces a rapid immune response in C3H mice,

but in this case the response is associated with the production

of high levels of IFN-g and no IL-4. By 3 days, a substantial

natural killer (NK) cell response can be detected in the drain-

ing lymph nodes, and NK cells are the primary early source of

IFN-g (30). This early production of IFN-g plays a role in the

rapid development of Th1 cells. Thus, NK-cell-depleted C3H

mice exhibit enhanced susceptibility to L. major, although

within a few weeks they develop a Th1 response and resolve
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their infections, indicating that NK cells are not an absolute

requirement for disease resolution. In contrast to BALB/c and

C3H mice, C57BL/6 mice take several weeks to develop a

robust immune response. Paradoxically, while these animals

eventually heal a L. major infection, their initial (albeit weak)

immune response is characterized by IL-4 production, which

wanes by 2 weeks and is replaced by an IFN-g response. Thus,

while both C3H and C57BL/6 mice eventually heal, their early

immune responses are quite distinct.

The critical cytokine for the development of Th1-mediated

resistance to L. major is IL-12. Normally resistant mice depleted

of IL-12 by genetic means or antibody neutralization become

susceptible to L. major, while BALB/c mice treated with IL-12

develop a Th1 response and resistance (5, 6, 31). Surprisingly,

macrophages make very little IL-12 in response to Leishmania,

and infected macrophages are inhibited in their ability to make

IL-12 in response to other stimuli (32). Several laboratories

have shown that DCs are the source of IL-12 early after infec-

tion (33–37). This production occurs quite rapidly and, in the

case of C3H mice, is responsible for the NK cell response

observed at 3 days (38). This early production of IL-12 is

also required for the production of chemokines involved in

migration of cells to the lymph nodes (39). The host and

parasite components involved in the IL-12 response are not

completely understood. It has been proposed that parasite

products, such as the lipophosphoglycan (LPG) that cover

the surface of the promastigotes, may stimulate IL-12 produc-

tion (40). Interestingly, LPG has been shown to activate cells

in a myeloid differentiation factor 88 (MyD88)-dependent

manner, and C57BL/6 MyD88-deficient mice are susceptible

to L. major (41–43). It remains to be determined what recep-

tors are used, although recent studies indicate that Toll-like

receptors may be involved (42, 44). Consistent with this

indication, our studies have identified an important role for

nuclear factor (NF)-kB, a key Toll-like receptor and MyD88

downstream transcription factor, in immunity to leishmaniasis

(see below). It is likely, however, that parasite molecules aside

from LPG contribute to the innate immune response, as amas-

tigotes, which lack LPG, are still able to promote a Th1

response. Furthermore, the stimulation of IL-12 production by

DCs probably requires more than one signal, and there are

several host components that could contribute to the IL-12

response. For example, CD40–CD40L interactions enhance IL-

12 production, and mice lacking this pathway are susceptible to

cutaneous leishmaniasis (45–47). Other interactions between T

cells and DCs may also contribute to IL-12 production in

leishmaniasis. Thus, following low-dose infections, CD40-defi-

cient mice can still be resistant, but this resistance is dependent

upon tumor necrosis factor (TNF)-related activation-induced

cytokine (TRANCE)-receptor activator of NK-kB (RANK) inter-

actions that also can stimulate IL-12 production (48).

While IL-12 is the essential cytokine in the development of

Th1 responses in leishmaniasis, under certain circumstances

other cytokines, such as IL-1a, migration-inhibitory factor

(MIF), type 1 IFNs, IL-18, and TNF also contribute to the

development of resistance (49–55). We were particularly

interested in determining the role of the IL-12-related cyto-

kine IL-27, a heterodimeric cytokine composed of EBI3 (an IL-

12p40-related protein) and p28 (an IL-12p35-related protein)

(56). The receptor for IL-27 is composed of the class I cyto-

kine receptor WSX-1, which has structural and functional

homology to the IL-6/IL-12 receptor family and gp130

(56–59). The similarities between IL-12/IL-12R and IL-27/

WSX-1 predicted a role for the latter pathway in the differ-

entiation of CD4þ Th1 cells. Supporting this hypothesis,

WSX-1 signaling induces signal transducer and activator of

transcription (STAT)-1-dependent expression of T-bet and

primes naı̈ve CD4þ T cells for IL-12-dependent IFN-g produc-

tion (56, 60), while WSX-1–/– mice have defects in IFN-g
production (58, 59). Moreover, studies indicated that WSX-1-

deficient C57BL/6 mice were susceptible to L. major infection

(59). When we examined the course of L. major infection in

WSX-1 knockout (KO) mice, we found that they initially

developed a dominant Th2 response, but that this response

waned by 6 weeks (61). We also found that although WSX-1

KO mice exhibited extremely large lesions, they were even-

tually able to heal. Moreover, studies with EBI3-deficient mice

have yielded similar results (Dr E. von Stebut, University of

Mainz, in preparation). Therefore, susceptibility to leishma-

niasis in WSX-1–/– mice was restricted to the early stages of

infection, coincident with the production of Leishmania-specific

IL-4. When IL-4 was neutralized by anti-IL-4 monoclonal

antibody (mAb), the requirement for WSX-1 to develop an

early IFN-g response and for the early control of infection was

lost. These results demonstrate that the requirement for IL-27

for Th1-cell development is conditional and depends upon the

presence of IL-4. Interestingly, infection of WSX-1 with other

protozoal parasites (Toxoplasma gondii and Trypanosoma cruzi) leads

to an exaggerated IFN-g response, indicating that IL-27 may

have multiple roles in the immune response (62, 63).

Mechanisms responsible for susceptibility to experimental

cutaneous leishmaniasis

An analysis of the mechanisms operating to block Th1

responses in BALB/c mice can be informative in understanding
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how a protective immune response can be subverted, although

the extreme susceptibility of BALB/c mice to L. major may not

directly correlate with many non-healing forms of human

leishmaniasis. The widespread presumption has been that

early IL-4 production in BALB/c mice leads to the preferential

development of Th2 cells (1–3). However, differences in IL-4

production alone cannot explain the susceptibility seen in

these mice, as there are several situations where early IL-4

production does not lead to a stable Th2 response or suscept-

ibility. Thus, the early IL-4 response seen in C57BL/6 mice

does not lead to a susceptible phenotype, although in this case

one could argue that the magnitude of this response is less

than that observed in BALB/c mice. In addition, we found that

L. major-infected C3H mice treated with anti-IL-12 develop a

very strong Th2 response but nevertheless are able to control

their infection once the anti-IL-12 antibody treatment is

terminated (64). Similarly, in the absence of WSX-1,

C57BL/6 mice develop a Th2 response but are still able to

resolve their infection (61). The dissociation of IL-4 and

susceptibility was demonstrated most dramatically in IL-4 KO

mice, where it was found that IL-4-deficient BALB/c mice

were still susceptible to L. major (65). At first, this result was

poorly understood, as it conflicted with previous studies

where IL-4 depletion using neutralizing mAb or genetic dele-

tion led to resistance (4, 66). However, this difference appears

to be related to the L. major parasites that were used for the

experiments (67, 68). Infection of BALB/c IL-4 KO mice with

some L. major strains led to resistance, while other strains

induced a chronic disease. In addition to IL-4, IL-13 can

contribute to susceptibility (69, 70). Thus, IL-13-transgenic

mice are more susceptible to L. major, while IL-13-deficient

mice are more resistant to L. major (69). The above results

demonstrate unequivocally that IL-4 is not always required

for L. major susceptibility in BALB/c mice and also indicate

that substantial differences in L. major strains exist that here-

tofore had not been recognized.

IL-10 has been shown to regulate immune responses in both

susceptible and resistant mice (68, 71), although how that

relates to the predisposition of BALB/c mice to develop uncon-

trolled L. major infections is not yet defined. Two sources of

IL-10 may be important in leishmaniasis, T-regulatory cells

(Treg) and macrophages. A role for Treg cells in leishmaniasis

was demonstrated by the finding that Treg cells are a large

percentage of the CD4þ T cells in chronic lesions (7, Dr David

Sacks’ article, this volume). These Treg cells appear to function

in large part through the production of IL-10, and BALB/c IL-

10-deficient mice are relatively resistant to L. major infection

(68, 71), although this resistance is dramatically improved

when both IL-4 receptor and IL-10 are absent (68). However,

Treg cells may not be the only important source of IL-10 in

leishmaniasis. For example, susceptibility to L. major could be

promoted by mice expressing an IL-10 transgene under a class

II promoter but not when the transgene was expressed in T

cells (72, 73). One mechanism to account for increased IL-10

production by macrophages may involve ligation of the Fcg
receptor (FcgR) (71). Interestingly, both FcgR-deficient and

JHD BALB/c mice, which are immunoglobulin G deficient, can

control L. major to a much greater extent than wildtype mice

(Dr Jay Farrell, University of Pennsylvania; Dr David Mosser,

University of Maryland; personal communications). These

observations indicate that antibody may play a critical role in

the enforcement of a Th2 response once it is initiated. Simi-

larly, in both L. pifanoi and L. mexicana infections, antibodies have

been implicated in blocking the development of a Th1

response (74, Drs L. Buxbaum and P. Scott, submitted for

publication). While these studies clearly demonstrate that

depletion of IL-10 promotes a resistant phenotype, whether

the enhanced resistance observed in the absence of IL-10 is

owing to the loss of a natural regulatory pathway that operates

in all mice or is the determining factor in susceptibility is

unknown. The finding that IL-10-deficient C57BL/6 mice

are able to completely clear their parasites when given a low

dose of L. major suggests that this pathway is a natural regula-

tory pathway associated with immune responses (7).

As the development of resistance to leishmaniasis is depend-

ent upon the production of IL-12, one might predict that

differences in the amount of IL-12 produced might be respon-

sible for susceptibility and resistance. However, it is difficult to

observe this difference in vivo, and it was found that IL-12

production does not differ between DCs from resistant and

susceptible strains (75), suggesting that intrinsic differences in

DCs may not determine susceptibility. Indeed, we have found

that DCs from BALB/c and C3H mice have an equal ability to

promote Th1 cells (F. Esquivel and P. Scott, in preparation),

although it has also been reported that DCs from BALB/c and

B10.D2 differ in their ability to prime Th1 and Th2 cells (76).

Interestingly, it was recently found that there may be higher

levels of the IL-12p40 homodimer in BALB/c mice, which

can antagonize IL-12 (E. von Stebut, University of Mainz, in

preparation). An alternative mechanism to account for sus-

ceptibility was proposed, when it was shown that T cells from

BALB/c mice were deficient in their expression of IL-12Rb2

(77, 78). Thus, during the development of a Th1 response in

resistant mice, IL-12Rb2 is upregulated and IL-12 receptor

expression is maintained, while BALB/c mice fail to maintain

IL-12 receptor expression (79, 80). If IL-12 promotes the
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expansion of T cells that already produce IFN-g (81), then

suboptimal IL-12 receptor expression by T cells from BALB/c

mice would lead to a dominant Th2 response. Yet, two experi-

ments complicate this interpretation. Firstly, BALB/c mice trea-

ted with IL-12 become resistant, suggesting that there is

sufficient IL-12 receptor expression to respond to IL-12. How-

ever, the exogenous administration of IL-12 may lead to non-

physiologic levels of IL-12. In addition, this treatment has to

occur at the initiation of infection (5, 6, 82), which may

activate NK cells, leading to increased levels of IFN-g, which

via STAT-1 and T-bet lead to the maintenance of IL-12 receptor

expression (81, 83, 84). Secondly, when BALB/c mice were

created that constitutively expressed the IL-12Rb2, they turned

out to be just as susceptible as wildtype mice (85). However,

this outcome could be predicted, if one assumes that the pri-

mary role of IL-12 is to expand T cells rather than dictate their

phenotype (81, 84). Thus, if BALB/c mice exhibit a bias

towards Th2-cell development prior to and independent of

the expression of the IL-12Rb2, then the forced expression of

the IL12-receptor would not lead to resistance and might

exacerbate infection. In fact, when BALB/c mice expressing

the IL-12Rb2 transgene were treated with IL-12, they devel-

oped a more severe disease (85).

The prevailing view has been that innate immune responses,

and specifically early innate immune responses, dictate the

nature of the subsequent adaptive immune response, but a

closer evaluation of the immune responses observed in L. major-

infected mice suggests that this is not the case. Early IL-4 and

IL-10 may promote Th2-cell development, but as discussed

above, these cytokines can be present in mice that heal (early

IL-4 production in C57BL/6, WSX-1–/– C57BL/6, and anti-

IL-12-treated C3H mice, and IL-10/Treg cells in C57BL/6

mice). These observations suggest that susceptibility to leish-

maniasis may be dependent upon two stages. Firstly, there are

early components that either promote the development of a

Th2 response, such as IL-4, or block the generation of a Th1

response, such as IL-10. Subsequently, there are the factors

that enforce the Th2 response, or maintain the block in Th1-

cell development. The evidence is that IL-10 is a major factor,

probably through its ability to inhibit IL-12 production. Both

Treg and Th2 cells can be a source for IL-10, although macro-

phages may also contribute to the levels of IL-10 through the

ability of FcgR signaling to stimulate IL-10 production by

macrophages (71). Similarly, other factors are known to con-

tribute to susceptibility, including transforming growth factor

(TGF)-b and prostaglandin E2 (PgE2) (86–88). These factors

have in common the capacity to modulate either IL-12 pro-

duction or IL-12 receptor expression. It is likely that the

presence of a large number of parasites also contributes to

maintenance of a Th2 response, possibly through the contin-

ued stimulation of IL-10, TGF-b, or PgE2, as reversal of an

established Th2 response in BALB/c mice requires not only

IL-12 administration but also chemotherapy to reduce the

parasite burden (82). This view of the development of immun-

ity to L. major is quite different from one where only the initial

events are important in determining the outcome, and it

suggests that the dominant Th2 response seen in BALB/c

mice involves several components acting at various stages of

the immune response. Similarly, resistance requires more than

just an early IL-12 response, as discussed in more detail below,

the ability of resistant mice to maintain their Th1 response is

totally dependent on the continued production of IL-12 (89).

Thus, a combination of different cytokines and cell types

contribute at different stages of infection to susceptibility to

Leishmania, which is consistent with the fact that genetic

analysis of susceptibility to L. major indicates that multiple

genes are involved (90) (Fig. 2).

The role of parasite load on the development of T-helper 1

cells

The development of CD4þ Th1 and Th2 cells is influenced by

antigen dose, but some reports suggest that high and low

antigen doses promote Th1 and Th2 responses, respectively,

while others suggest the opposite. Many in vitro results indicate

that lower antigen doses favor a Th2 response, while higher

doses favor a Th1 response (91–93). While some in vivo studies

indicate that low antigen doses favor a Th2 response, several

others suggest the opposite (94). A classic experiment that

addressed antigen dose found that daily injections of flagellin

in rats was associated with the dose-dependent development

of either delayed-type hypersensitivity (DTH) or antibody

responses, with high doses favoring antibody responses and

lower doses favoring a DTH response (94). Furthermore, it

was found that while BALB/c mice given high doses of L. major

are susceptible, low doses of parasites promoted resistance and

a Th1 response (95). One explanation for these discrepant

results may be that the in vitro studies measured the response

of isolated CD4þ T cells, while the in vivo response was assessed

in the presence of cells (such as NK cells, CD8þ T cells, etc.)

that might modulate the response.

In order to investigate this issue, we compared the immune

responses in C57BL/6 mice given low and high doses of

parasites. While both the high- and low-dose L. major infec-

tions will lead to healing, at 3 weeks of infection C57BL/6

mice given a high dose of parasites exhibited a strong IFN-g
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response, but cells from mice given a low dose of parasites

produced substantially more IL-4 (96). We found that there

was an equivalent CD8þ T-cell response to infection with both

parasite doses. In contrast to CD4þ T cells, CD8þ T cells have

been thought to play only a secondary role in resistance to

L. major (17, 18). However, it was recently found that in the

absence of CD8þ T cells, C57BL/6 mice are unable to heal

following low-dose L. major infection (19). We found that the

dependence on CD8þ T cells was only observed at low parasite

doses, indicating that their role might be to modulate the Th2

response. Further, adoptive transfer experiments demonstrated

that only CD8þ T cells capable of making IFN-g were able to

restore a healing phenotype in CD8 KO mice infected with low

doses of parasites (96). Thus, our results unveil an important

role for CD8þ T cells as regulators of CD4þ Th1-cell develop-

ment, suggesting that low antigen doses may preferentially

promote a CD4þ Th2 response in vivo, but in situations where

CD8þ T cells are concomitantly activated, this Th2 response

might be masked. Of course this raises the question of why

BALB/c mice given a high dose of parasites fail to heal, which

may be due to the preferential IL-4 response by LACK-reactive

T cells (Va8,Vb4) that we described above (Fig. 3).

CD8þ T-cell-derived IFN-g could influence Th1-cell devel-

opment indirectly via enhancement of IL-12 production by

DCs (97) or through the production of proinflammatory che-

mokines (98, 99). Another effect of CD8þ T-cell-derived IFN-

g in augmenting the Th1 response could involve increased

STAT-1 activation in CD4þ T cells, leading to increased T-bet,

IFN-g, and IL-12 receptor expression (81, 83). Consistent

with this role for IFN-g were findings in an immunization

model, suggesting that CD8þ T-cell-derived IFN-g was impor-

tant in maintaining IL-12 receptor expression (100). We favor

this role for CD8-derived IFN-g, as increased IL-12 signaling

would not only enhance the IFN-g response but also might

lead to the preferential expansion of Th1 cells in response to

IL-12, contributing to the shift in the Th cell response from a

Th2 to a Th1 response over time.

There are several important aspects to these observations

that bear on vaccination. Firstly, the injection of high doses

of antigen may promote, in most instances, the induction of a

Th1 response. While there may be some individuals given a

high dose of antigen who might respond like a BALB/c mouse,

a vaccine against leishmaniasis would optimally contain

immunomodulatory adjuvants, such as IL-12 or an IL-12-

inducing component, that promote a Th1 response at any

dose. Thus, the decision of what dose to use in a vaccine can

be made based upon that which optimally induces the mem-

ory T cells needed to maintain immunity. Secondly, the induc-

tion of CD8þ T cells may provide an important additional

component that augments Th1 responses. This finding is true

in the case of early CD4þ Th1-cell development as well as at

later stages of infection and in vaccine-induced immunity

(17–19, 100–103).

Fig. 2. Initiation and enforcement of T-helper cell responses in

Leishmania major. Interleukin (IL)-12 and IL-4 promote the expansion of
Th1 and Th2 cells, respectively. However, the development of a stable
Th1 or Th2 cell population following infection with L. major is dependent
upon additional cytokines that enforce the maintenance of the polarized
T cells. In BALB/c mice, the presence of IL-10 plays this role and
transforming growth factor (TGF)-b and prostaglandin E2 (PgE2)
contribute, while in C3H mice, the continued production of IL-12
maintains the Th1 response. Mice that initially exhibit an IL-4 response
(C57BL/6, WSX-1–/–, and anti-IL-12-treated C3H mice) do not maintain
the Th2 response, presumably because of lower levels of IL-10, TGF-b,
and PgE2, and/or the production of IL-12.

B6

Parasite dose Parasite dose Parasite dose

CD8 KO B6 BALB/c

Fig. 3. Effects of parasite dose on T helper 1 (Th1)- and Th2-cell
development. A comparison of the course of infection in C57BL/6 (B6)
and B6 mice lacking CD8þ T cells (CD8 knockout) indicates that low
parasite doses are associated with the eventual expansion of protective
Th1 cells from naı̈ve T cells (Tn) because of the presence of CD8þ T cells,
while high parasite doses induce a population of Th1 cells independent of
CD8þ T cells (96). In BALB/c mice, low parasite doses have been
associated with Th1 responses, which we propose will require CD8þ T
cells. However, in contrast to C57BL/6 mice, high parasite doses given to
BALB/c mice promote the development of a Th2 response. This response
is most likely because of the concomitant activation of Leishmania homolog
of mammalian receptor for activated C kinase (LACK)-responsive,
interleukin-4-producing, Vb4,Va8 T cells (Vb4).
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The role of nuclear factor-kB in regulating resistance and

susceptibility to leishmaniasis

One of the earliest signals alerting the host to infection with a

broad range of pathogens is the activation of NF-kB. This

family of transcription factors is composed of NF-kB1 (p50),

NF-kB2 (p52), RelA, RelB, and c-Rel, and regulates expression

of a wide range of immune response genes including antigen

presentation machinery, cytokines, chemokines, and adhesion

molecules (reviewed in 104, 105). Following infection in

resistant mouse strains with L. major, NF-kB activation is

observed in the first few days (106, 107) (Fig. 4), and deletion

of specific NF-kB family members results in enhanced suscept-

ibility to infection. Interestingly, our recent studies have

defined several non-overlapping roles for NF-kB in the devel-

opment of Th1 and Th2 cells, following infection with L. major

(See N. Mason, D. Artis, and C. Hunter in this volume for

more detailed discussion).

Normally resistant mice deficient in NF-kB1 were unable to

resolve L. major infection, and enhanced susceptibility was

associated with a defect in CD4þ T-cell proliferation (107).

Innate responses, including IL-12 production and the ability of

macrophages to kill L. major, were intact in NF-kB1–/– mice.

However, defective T-cell proliferation was associated with

impaired IL-2R expression that resulted in reduced expansion

of L. major-specific Th1 cells producing IFNg (107). Interest-

ingly, IL-4 responses were also defective in L. major-infected

NF-kB–/– T cells, supporting a role for this family member in

regulating a broad range of CD4þ T-cell functions.

Similar to NF-kB1–/– mice, NF-kB2-deficient mice on a

C57BL/6 background were also unable to resolve L. major

infection. This inability to heal was associated with a deficit

in the development of Th1 cells following infection with

L. major, quite similar to what was seen with NF-kB1–/– mice

(106). However, the mechanism responsible for the absence

of a protective Th1 response was not because of deficient

T-cell proliferation. In fact, upon in vitro stimulation naı̈ve

T cells from NF-kB2–/– mice were able to proliferate and

differentiate into Th1 or Th2 cells as well as wildtype T cells.

Thus, the defect was not intrinsic to T cells. Rather, we found

that accessory cells, specifically macrophages, from NF-kB2–/–

mice were deficient in the production of IL-12 in response to

CD40, which is required for resistance to L. major (45–47).

Supporting a role for NF-kB2 in regulating the function of

non-T cell lineages, we were able to show that NF-kB2–/– T

cells provided protection to recombination-activating gene

(RAG)–/– mice following infection with L. major. In addition,

administration of recombinant IL-12 to NF-kB2–/– mice led to

resistance (106). The restricted expression of NF-kB2 to pre-

dominantly myeloid cell lineages (108) is consistent with a

role for this family member in innate responses following

L. major infection. c-Rel has also been shown to be important

in regulating immunity to L. major. Although there was no

analysis of T-cell functions in these mice, susceptibility was

due in part to a defect in nitric oxide production and parasite

killing by macrophages (109).

IL-4 responses were also reduced in L. major-infected

NF-kB1–/–C57BL/6 mice (107). Consistent with these obser-

vations, we and others have shown that NF-kB1 regulates type

2-mediated responses in other model systems (110, 111). To

address whether NF-kB1 regulates IL-4 responses and suscept-

ibility to L. major, we recently generated NF-kB1–/–BALB/c
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Fig. 4. A critical role for nuclear factor (NF)-kB in immunity to

Leishmania major. B6 WT mice were infected in the footpad with 2� 106

L. major. Draining lymph node cells were isolated at four, 16, and 72 h
post-infection, nuclear extracts prepared, and kB-binding activity
determined by electrophoretic mobility shift assay (EMSA) (A). Two
dominant bands were identified (arrows), and supershift analysis with
anti-p50 antibody confirmed NF-kB1 (p50) was a dominant component
of NF-kB activity (A). Following infection with L. major, C57BL/6 NF-
kB1 knockout mice developed larger lesions (B) and with higher parasite
loads, demonstrating a role for NF-kB1 in expression of host protective
immunity to L. major.
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mice. While wildtype mice developed progressive cutaneous

lesions, NF-kB–/–BALB/c mice were able to control infection

and developed significantly smaller lesions. In contrast to

observations on a C57BL/6 genetic background, BALB/c NF-

kB–/–CD4þ T cells did not exhibit defects in proliferation, but

Th2-cell differentiation was specifically impaired. Critically,

our studies suggest that NF-kB1 regulates DC function in the

context of type 2 responses. Therefore, while NF-kB1–/– DCs

can promote Leishmania-specific Th1-cell differentiation, they

are unable to deliver signals required for the development of

parasite-specific Th2 responses (D. Artis and P. Scott, unpub-

lished observations). The ability of the BALB/c NF-kB1–/–

mice to control infection and resolve lesions is likely because

of a failure of NF-kB1–/– DCs to promote Th2 responses. These

results provide the first evidence of a transcription factor that

may specifically control the capacity of DCs to promote Th2

responses.

These studies have identified critical and non-overlapping

functions for three NF-kB family members in regulating

immunity to L. major. In susceptible BALB/c mice, NF-kB1

appears critical in regulating the ability of DCs to drive Th2

responses. In contrast, NF-kB1, NF-kB2, and c-Rel are all

critical in regulating host resistance in C57BL/6 mice. While

NF-kB1 regulates CD4þ T-cell proliferation and expansion,

NF-kB2 expression is critical for optimal IL-12 production,

and c-Rel has been proposed to regulate leishmanicidal activity

of macrophages. Understanding how NF-kB regulates immun-

ity to L. major could have important implications for vaccine

design and delivery. For instance, the most potent adjuvant

currently used in experimental vaccine trials are CpG-containing

oligodeoxynucleotides, well-characterized Toll-like receptor

ligands that induces NF-kB activation (112, 113). A better

understanding of how adjuvants can utilize NF-kB-dependent

pathways may be useful in promoting effective and prolonged

immunity (see below).

Immunologic memory in leishmaniasis

A vaccine for leishmaniasis would be very valuable, both for

preventing disfiguring forms of cutaneous leishmaniasis and

avoiding fatal visceral leishmaniasis. However, although there

are numerous experimental vaccines that have been tested in

mice, there is no vaccine for human leishmaniasis. This deficit

is particularly striking, as it is known that resolution of a

primary infection with Leishmania is associated with life-long

immunity to reinfection. Indeed, prevention of disfiguring

cutaneous leishmanial lesions has been avoided for centuries

by actively infecting people with low numbers of live parasites

in an inconspicuous location – a process known as leishman-

ization. Furthermore, as outlined above, we know a great deal

about the immune response needed for resistance to Leishmania,

which should aid in vaccine development. Nevertheless, the

vaccines that have been tested so far in humans have yielded

disappointing results (114, 115). To a large extent, this

failure may be because we lack an understanding of how

CD4þ memory Th1 cells develop and critically how they are

maintained.

The role of interleukin-12 in maintaining cell-mediated

immunity

The importance of IL-12 in resistance to leishmaniasis is not

confined to it role in the initiation of cell-mediated immunity.

Several studies have shown that IL-12 is also required to

maintain immunity (116, 117). This role was shown by

reconstituting IL-12 KO mice with recombinant IL-12 during

the initial stages of infection, and then discontinuing the

treatment and following the course of infection. We found

that L. major-infected IL-12p40-deficient C57BL/6 mice that

received IL-12 for 2 or 4 weeks were able to initially control a

primary infection. Associated with this resistance was the

development of an anti-leishmanial-specific Th1 response.

However, in contrast to wildtype mice, when these IL-12-

deficient mice were challenged at 8 weeks, they exhibited no

evidence of resistance (116). In fact, IL-12-deficient mice

transiently treated with IL-12 eventually developed progressive

lesions at the primary site of infection without rechallenge.

Susceptibility was associated with a loss of the Th1 response

and evidence of a Th2 response.

The experimental approach described above leaves open the

possibility that exogenous administration of IL-12 was able to

promote short-term resistance, but that bona fide Th1 cells had

not developed. To partly address this issue, we reconstituted

naı̈ve C57BL/6 mice, RAG-deficient mice, and IL-12-deficient

mice with Th1 cells obtained from a C57BL/6 mouse that had

healed from a primary L. major infection (89). These Th1 cells

were able to promote increased resistance in C57BL/6 and

RAG-deficient mice, but not in IL-12 deficient mice, further

arguing that IL-12 is required not only to induce a Th1

response but also to maintain a Th1 response.

These results contradict previous studies using neutralizing

anti-IL-12 mAbs (118). The easiest way to explain the diver-

gent results between mAb neutralization and IL-12-deficient

mice is to assume that a single injection of the mAb failed to

neutralize all endogenous IL-12. In fact, when anti-IL-12 mAb

was continuously administered to L. major-healed C57BL/6
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mice, there was a dramatic increase in parasite numbers

(25-fold), although this increase was still substantially less

than that observed with anti-IFN-g treatment (117).

All of the published studies examining the role of IL-12 in

maintaining immunity have been done with either anti-IL-

12p40 mAb or IL-12p40-deficient mice. As the molecule

p19 can pair with IL-12p40 to create a cytokine with distinct

biological properties, designated IL-23, the possibility that

some of these effects might be because of IL-23 exists. The

importance of IL-23 in the development and maintenance of

cell-mediated immunity has yet to be fully characterized,

although it has been suggested that IL-23 may be particularly

important for the activation of memory cells (119). As IL-23

utilizes the p40 subunit of IL-12, IL-12p40-deficient mice will

lack the activities of both IL-12 and IL-23. To differentiate

between the effects of these two cytokines on immunity, we

have repeated our experiments with L. major using IL-12p35-

deficient mice and have obtained identical results to those we

obtained with IL-12p40-deficient mice (89). Thus, while IL-

23 may have a role to play in memory T-cell activation, there

remains a requirement for IL-12 to maintain Th1-cell

responses following infection with Leishmania.

There are several possible explanations as to why IL-12 may

be necessary to maintain an established Th1 response. IL-12

may be required for optimal proliferation of Th cells or for

optimal IFN-g production (120). Proliferation and IFN-g pro-

duction by Th1-cell clones is significantly enhanced in the

presence of IL-12, although several studies using Th1 clones

have shown that in the absence of IL-12, Th1 clones are still

capable of producing IFN-g (121, 122). Alternatively, IL-12

could be acting to ensure Th1-cell survival. IL-12 enhances

CD4þ and CD8þ T-cell survival by preventing apoptotic cell

death (123–127). As Th1 cells have been characterized to be

more vulnerable to Fas-mediated death (128), IL-12 may be

especially important for maintaining Th1-cell survival. Simi-

larly, IL-12 may function as a tonic survival signal for Th1 cells

in the same way as IL-15 has been shown to maintain CD8þ T

cells in vivo (129). Another intriguing possibility is that IL-12

may be required to prevent Th2-cell development and replen-

ish the Th1-cell pool from naı̈ve or uncommitted Th0 cells.

Despite the ability of Leishmania-infected IL-12p40-deficient

mice to initially make a polarized Th1 response after IL-12

treatment, we found that these mice developed a Th2 response

several weeks after cessation of treatment (116). Our observa-

tions suggest that IFN-g alone is insufficient to suppress Th2

development and fails to sustain a Th1 response as seen in

other studies (130, 131). Thus, in the absence of IL-12,

leishmanial-specific naı̈ve cells or uncommitted Th0 cells

may become Th2 cells. In fact, Mocci and Coffman (132,

133) have observed that within a polarized Th1-cell popula-

tion from L. major-infected mice, CD62Lhigh T cells can differ-

entiate into either Th1 or Th2 cells; these T cells may be

analogous to central memory T cells, which are described

below. Thus, IL-12 may be important in the continuous

renewal of Th1 cells from central memory T cells. Overall,

any one or combination of these possibilities for how IL-12 is

involved in sustaining Th1 responses may apply, and add-

itional studies will be required to resolve this issue.

The nature of the T cells that mediate infection-induced

resistance

T-cell memory characterized by a stronger and quicker

response against a previously encountered pathogen is a crit-

ical component of the adaptive immune response and the basis

for the design of vaccines against infectious organisms.

Although much is known concerning the development of

primary effector T-cell responses to L. major, how memory T

cells are generated and maintained remains unclear. Recent

studies suggest that memory T cells are heterogeneous, con-

taining subsets that migrate through lymph nodes (central

memory T cells) and those that migrate to tissues and make

effector cytokines (effector memory T cells) (134–138).

However, how these subsets develop and their requirements

for survival are still poorly understood. For example, it has

been suggested that central memory T cells develop from T

cells that fail to differentiate into effector T cells or alterna-

tively that central memory T cells are derived from an effector

(or effector memory) T-cell population (135, 139). Addi-

tional issues, such as the lifespan of memory T-cell subsets,

whether differences exist between CD4þ and CD8þ memory T

cells, and critically whether either memory T-cell subset

requires persistent antigen to be maintained, are yet to be

fully resolved.

Understanding how memory T cells are generated is a

crucial issue in the development of a vaccine for leishmaniasis.

To date, experimental vaccines can induce an effector Th1

response and transient protection to Leishmania, but long-term

immunity is limited (140, 141). Furthermore, the immunity

observed in mice that have controlled a primary infection

appears to depend upon persistent parasites (142, 143).

These results have been used to argue that leishmanial infec-

tions, and possibly other infectious diseases, are not associated

with the development of a memory response, and that resist-

ance reflects the continued presence of effector T cells because

of the presence of low numbers of infectious organisms (144).
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If this is the case, then vaccines will have to do better than

natural infections. However, while these results suggest that

the maintenance of protective cell-mediated immunity

requires the continued presence of antigenic stimulation

(145), it has also been shown that memory T cells can persist

in the absence of antigen (146, 147), and in the case of CD8þ

T cells, pathogen clearance may be a prerequisite for the

development of immunological memory (139, 148).

As mice that have healed a primary infection exhibit sub-

stantial immunity to reinfection, we characterized the T cells

that mediate this protection. Purified CD4þ T cells from mice

that have resolved an infection with L. major can transfer

protection to naı̈ve mice, and by adoptively transferring car-

boxyfluorescein diacetate succinamidyl ester (CFSE)-labeled

CD4þ T cells from Thy1-disparate mice, we were able to

track the protective T cells following a challenge infection in

the recipients (C. Zaph, J. Uzonna, S. Beverley, and P. Scott,

submitted for publication). We found that protective T cells

from immune mice were composed of two populations. One

subset of cells had the characteristics of effector cells; these

cells were CD62Llow, mediated DTH, produced IFN-g, and did

not migrate to the draining lymph node to mediate their

function. More importantly, we found that another T-cell

subset existed in immune mice. Thus, upon transfer of

immune T cells to naı̈ve mice that were subsequently infected

with L. major, a significant number of donor T cells migrated to

the draining lymph node and proliferated (Fig. 5). The extent

of proliferation in the draining lymph node by donor cells

from immune mice was much greater than that observed by

cells from naı̈ve mice. These cells had the characteristics of

central memory cells: they were lymph node homing

(CD62Lhigh), produced IL-2 but not IFN-g, and upon chal-

lenge proliferated in the draining lymph node. Moreover, this

proliferation was associated with the downregulation of

CD62L expression, the capacity to produce IFN-g, and the

migration of these cells to the tissues.

In order to determine if these subsets could provide protec-

tion to L. major, the immune CD4þ T cells were sorted into

CD62Lhigh and CD62Llow populations and adoptively trans-

ferred to naı̈ve mice that were subsequently challenged. Sev-

eral weeks later, protection was assessed by quantitating

parasites within the lesions. Both populations of T cells pro-

vided protection, although, not surprisingly, the protection

mediated by effector T cells was evident sooner (C. Zaph,

J. Uzonna, S. Beverley, and P. Scott, submitted). The ability of

central memory T cells (CD62Lhigh) to provide protection was

consistent with our findings that upon secondary challenge

these cells migrate to the draining lymph nodes, proliferate,

gain the capacity to produce IFN-g, and migrate to the site of

infection. These findings indicate that following infection with

L. major, there is an expansion of lymph node-homing T cells

that provide a reserve of antigen-reactive T cells that upon

secondary infection can expand and become effector T cells.

Central memory T cells were first described as T cells that

proliferated in response to antigen without developing an

effector phenotype (149, 150), and cytotoxic T-lymphocyte

antigen 4 (CTLA4) has been linked with cessation of the

proliferation by such cells (151). In our studies, we found

that proliferation by itself does not dictate whether cells

become central memory T cells. Thus, proliferation of

immune CD4þ T cells in the draining lymph node was

associated with downregulation of CD62L, but a CD62Lhigh

population was maintained as well. We believe these

CD62Lhigh T cells leave the draining lymph node and circulate

through other lymph nodes. Consistent with this hypothesis,

CD62Lhigh cells that had proliferated in response to infection

could be detected in non-draining lymph nodes and when

transferred to naı̈ve recipients could provide a significant

degree of protection. How these cells maintain a central
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Fig. 5. Lymph node-homing central memory CD4þ T cells develop

during Leishmania major infection. Carboxyfluorescein diacetate
succinamidyl ester (CFSE)-labeled CD4þ T cells from immune B6 mice
were transferred into naı̈ve B6 Thy1-disparate recipients; transfer of
purified CD4þ T cells from immune mice provides protection in naı̈ve
recipients. These mice were subsequently challenged with L. major, and
the proliferative response of the donor T cells in the draining popliteal
lymph node (dLN) was assessed. Donor T cells from both naı̈ve and
immune mice were found to proliferate in the dLN following challenge.
However, as might be expected in a memory T-cell population,
proliferation by immune T cells was substantially greater than naı̈ve T
cells. Proliferation of donor T cells from immune mice was evident in the
dLN as early as 3 days post-challenge infection and was found to increase
over time, while proliferation of T cells from naı̈ve donors was not
evident until day 14. These data indicate that an expanded population of
antigen-reactive CD4þ T cells persists in immune mice that, based upon
their LN-homing capacity, possess the primary attribute of central
memory T cells.
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memory T-cell phenotype after stimulation is unknown, but it

has been postulated that they may represent a pool of cells that

are able to consistently regenerate effector T cells (152). Thus,

we propose that in immune mice, two populations are pre-

sent: one is an effector T-cell population that responds rapidly,

migrating to sites of infection and mediating DTH, and the

other is a central memory T-cell population that homes to the

draining lymph node, proliferates, and generates effector T

cells that can maintain the effector response (Fig. 6).

Our studies also indicate that in contrast to studies during

viral or bacterial infections, where pathogen clearance appears

to be a prerequisite for the development of CD8þ central

memory T cells (139, 148), the generation of central memory

CD4þ T cells can occur in the presence of parasites. This

finding would be consistent with studies by Coffman and

colleagues (132, 133) mentioned above, who demonstrated

that C57BL/6 mice infected with L. major contained a popula-

tion of antigen-reactive CD62Lhigh T cells that were able to

become either Th1 or Th2 cells, a characteristic of central

memory T cells. Recent studies indicate that IFN-g-producing

T cells have a short lifespan (153, 154), and thus a population

of central memory T cells might be required not only for

memory but even during a primary response to constantly

replenish the effector pool.

The role of persistent parasites in maintaining resistance

As resolution of a primary infection with Leishmania is believed

to induce life-long immunity, it was thought that the devel-

opment of a vaccine to mimic that immunity would be rela-

tively easy. However, the challenge is to induce long-term

immunity without the continued antigenic stimulation pro-

vided by persistent parasites. Some have argued that memory

T cells fail to develop when pathogens (or antigens) persist

(139, 155), while others suggest that memory requires the

continuous presence of pathogens (144, 145). If the latter is

correct, it presents a substantial hurdle in the development of a

vaccine for leishmaniasis.

In order to address this issue, we infected C57BL/6 mice

with parasites that only survive in vivo for a few weeks. These

were parasites lacking dihydrofolate reductase-thymidylate

synthase (dhfr-ts-), which rendered them unable to scavenge

thymidine (156). Following infection in mice, the parasites

are present for 6 to 8 weeks and then can no longer be

recovered (156). We found that infection of mice with dhfr-ts-

parasites stimulated an immune response characterized by the

development of DTH and IFN-g production by leishmanial

antigen-stimulated cells that was evident at 4 weeks of infec-

tion (C. Zaph, Uzonna, S. Beverley, and P. Scott, submitted).

To determine if immunity could be maintained once the

parasites were lost, we waited 25 weeks and challenged the

mice with virulent L. major. An analysis of the immune

responses in these mice at 25 weeks indicated that with the

loss of persistent parasites effector responses were no longer

evident; cells from these animals did not produce IFN-g in

response to leishmanial antigens nor did these mice exhibit a

DTH response to Leishmania. Interestingly, a significant level of

protection was observed, albeit not as great as that present in

animals that maintained persistent parasites. Central memory

T cells (CD62Lhigh) mediated this protection (C. Zaph,

J. Uzonna, S. Beverley, and P. Scott, submitted). These results

indicate that effector T-cell responses are lost if parasites are

Fig. 6. Model of infection-induced

immunity. After resolution of a primary
infection with Leishmania major, a mixed
population of immune CD4þ T cells is
present (1). One population is composed of
effector CD4þ T cells (2) that are short-lived,
activated (CD62Llow), tissue-homing,
produce interferon (IFN)-g rapidly after
antigenic stimulation and mediate delayed-
type hypersensitivity (DTH) responses.
Another population is composed of central
memory CD4þ T cells (3) that are long-lived,
CD62Lhigh, lymph node-homing, and do not
produce IFN-g immediately after antigen
restimulation. Central memory CD4þ T cells
can acquire an effector phenotype after
proliferation in the dLN in order to replenish
the effector pool and mediate protective
immunity (4), or they can migrate to other
peripheral lymph nodes to maintain an
expanded pool of antigen-reactive T cells (5).
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eliminated, but central memory T cells are maintained that can

develop into effector T cells and provide protection. The best

correlate of immunity for leishmaniasis is considered to be

IFN-g, but if the heightened level of IFN-g only reflects the

presence of an effector T-cell population that is short-lived, it

may not be the most appropriate measure of the success of

immunization. In contrast, central memory T cells, rather than

short-lived effector T cells, might be a better target for vaccines

against infectious diseases requiring cell-mediated immunity.

The challenge will be to identify the mechanisms involved in

generating this subset of central memory T cells.

Two previous studies indicate that infection-induced

resistance to L. major can only be maintained with persistent

parasites (142, 143). Our results are consistent with these

studies in that effector responses were completely dependent

upon the continued presence of parasites. However, we could

uncover a population of central memory T cells that provided

protection. In both prior studies, the initial infection dose was

very low relative to that used in our studies, and it is possible

that the magnitude of the initial CD4þ T-cell response influ-

ences the generation of central memory T cells. In one study,

mice were deficient in IL-10-producing CD4þCD25þ Treg

cells (143), and whether the central memory T-cell population

was reduced in these mice needs to be determined. However,

the result raises the interesting possibility that Treg cells, by

regulating T-effector cell generation, may contribute to the

generation of central memory T cells. Our studies, combining

adoptive transfer and analysis of cell proliferation and CD62L

expression, provide a way to directly measure the central

memory T cells generated in these mice, which will help

define the conditions under which central memory T cells

develop.

Vaccines for leishmaniasis

Many leishmanial antigens have been tested for their ability to

induce protection against leishmaniasis, and several may turn

out to be viable vaccine candidates (157–159). However, even

with the most appropriate antigen, the critical issue is how that

antigen is presented to the immune system. The understanding

of how Th1 and Th2 cells develop provided the opportunity to

rationally construct vaccines so that they stimulate the appro-

priate immune response. In light of these studies, adjuvants,

originally intended to increase antigen immunogenicity and

the magnitude of the immune response, are now also designed

to direct the nature of the immune response. However, just as

the development and maintenance of Th cell responses during

infection of mice with L. major may depend upon two stages,

successful vaccines need to not only initiate the appropriate

immune response but also to maintain that response. Both the

initiation and maintenance involves IL-12, although IL-12 by

itself may not be enough, as several studies indicate that

optimal protection may depend upon parasite persistence.

Such results suggest that a re-evaluation of attenuated parasites

as vaccine candidates should be considered, and the ability of

an attenuated L. major to provide protection is discussed below.

Interleukin-12 as an adjuvant in a vaccine for leishmaniasis

When it was discovered that IL-12 promotes both human and

murine Th1-cell development in vitro (160–162), it was logical

to assume that IL-12 might be able to promote Th1-cell

development as a component of a vaccine. While, immuniza-

tion of BALB/c mice with soluble leishmanial antigen (SLA)

failed to induce any protection, when IL-12 was included as

an adjuvant substantial protection was induced (140). This

protection was associated with the rapid activation of IFN-g-

producing NK cells and the subsequent expansion of a protec-

tive CD4þ Th1-cell population.

In order to further demonstrate the efficacy of IL-12 as an

adjuvant, we immunized vervet monkeys with autoclaved

L. major (ALM) with and without IL-12 (163). Peripheral

blood lymphocytes from monkeys vaccinated with ALM plus

IL-12 secreted amounts of IFN-g that were comparable to those

produced in L. major self-cured monkeys (which are immune to

rechallenge), while cells from monkeys vaccinated with ALM

or IL-12 alone failed to produce IFN-g in response to leishma-

nial antigen. These data indicated that inclusion of IL-12 was

able to promote a Th1 response in this vaccine. However,

while our results demonstrate that IL-12 can augment immu-

nological parameters of cell-mediated immunity, and in parti-

cular IFN-g production, we found that these animals were not

protected when challenged. As IL-12 induced an IFN-g
response but failed to promote immunity, these studies

indicate that there are other critical requirements for vaccine-

induced immunity. One particularly important component of

a vaccine is the ability to induce long-term memory, which

has been difficult to achieve with non-live leishmanial vaccines

and may be part of the problem with the vervet vaccine trial.

Thus, while mice were protected by SLA and IL-12, when they

were challenged soon after immunization, a delay of 12 weeks

resulted in the loss of immunity (141). These observations are

consistent with the findings that much of the immunity asso-

ciated with a primary infection is lost if parasites are elimi-

nated and further highlights the importance of developing a

better understanding of memory T-cell development and

maintenance.
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Live attenuated vaccines

As the optimal protection to leishmaniasis is seen following

resolution of a primary infection, a modified live vaccine

might be the most successful way to control leishmaniasis.

However, while several approaches have been used to generate

live-attenuated organisms that can persist after infection,

including long-term in vitro passage (164, 165) and targeted

deletion of parasite essential and/or virulence genes (156,

166, 167), these organisms have not gained acceptance as

potential vaccine candidates. This denial is because attenuated

organisms can revert to virulence, and targeted deletion of

essential or virulence genes results either in complete parasite

destruction (156) or mutants that induce only a delay in lesion

development (166, 167). For example, BALB/c mice infected

with an L. mexicana mutant lacking cysteine proteinases induced

only a delay in lesion development when the animals were

challenged with virulent parasites (167). Another L. major

mutant was generated by deleting the LPG1 gene, which

encodes a putative galactofuranosyl transferase involved in

the biosynthesis of the LPG core glycan (168, 169). However,

while these parasites are attenuated, they can still generate

virulent amastigotes (166), precluding their use as vaccine

candidates.

Recently, Spath et al. (170) generated L. major mutants lacking

the LPG2 gene, which encodes the enzyme involved in the

transport of guanosine diphosphate (GDP) mannose to the

Golgi for the assembly of disaccharide-phosphate repeats of

LPG and other PG-containing molecules (171, 172). As a

result, lpg2- parasites fail to synthesize LPG and other surface

and secreted phosphoglycans, are highly attenuated in vitro, and

in contrast to lpg1- mutants persist for several months in

infected mice without causing any overt cutaneous lesion

(170). As optimal protection is obtained in the presence of

persistent parasites, we investigated the host immune response

following infection with lpg2- mutants and asked whether

these mutants can confer protection against virulent L. major

challenge. When BALB/c mice previously infected for 10

weeks with lpg2- parasites as well as naı̈ve control mice were

challenged with virulent L. major, control mice developed

progressive disease and had to be euthanized after 8 weeks.

In contrast, BALB/c mice previously infected with lpg2- para-

sites were resistant (173). Thus, infection of BALB/c mice

with a parasite that can persist without causing pathology

provides significant protection to L. major, which reinforces

the notion that optimal protection is obtained when parasites

persist. Overall, these findings suggest that attenuated parasites

may be a viable alternative to non-live vaccines. Similarly,

recent studies indicate that administration of oligodeoxynu-

cleotide CpGs with live L. major blocks the development of

pathology but stimulates substantial resistance to reinfection

(174). Administration of CpGs with lpg2- parasites might

further improve the immunity induced by these mutants.

Our initial assumption was that lpg2- parasites provided

protection to virulent L. major by inducing the same immune

responses seen, following a primary infection with virulent

parasites. However, a closer look indicates that the situation

may be more complex. Following infection of BALB/c mice

with lpg2- parasites, no significant recall response to leishman-

ial antigens was observed after 10 weeks, in spite of the fact

that the animals were resistant to challenge (173). Thus, the

protection induced by lpg2-L. major did not correlate with a

strong IFN-g response, as has been reported in other vaccine

models. Furthermore, when lpg2-infected mice were chal-

lenged with virulent parasites they failed to exhibit DTH,

another immune parameter commonly associated with protec-

tion against Leishmania. This finding leaves open the interesting

question of how lpg2- L. major-induced immunity is main-

tained. One possibility is that because of the fact that the

lpg2- parasites are extremely attenuated, they may be multi-

plying at such a low rate that they fail to continually stimulate

an effector T-cell response but are able to prime the generation

of central memory T cells that are responsible for immunity.

Further studies will be required to test this possibility.

The future for non-live vaccines

We do not yet know what components are involved in main-

taining memory, but there are experimental vaccines that have

demonstrated relatively long-term protection. For example,

immunization with leishmanial DNA vaccines has been

shown to confer effective protection that lasts for 12 weeks

in BALB/c mice (103). Particularly striking are results using

CpG oligodeoxynucleotides and ALM in C57BL/6 mice, where

protection was maintained for at least 6 months (113).

Whether this protection is because of the generation of central

memory T cells, effector memory T cells, or both is not

known. However, the protection was associated with an IFN-

g recall response to leishmanial antigens, suggesting that this

method of immunization may have induced a long-lived

effector population (effector memory T cells?) that may not

be induced by natural infection; thus, the inability of leishman-

ial infection to induce long-lived effector T cells may not mean

that this cannot be done with the appropriate stimulation.

However, as the requirement of a non-live vaccine is that it

will stimulate the development of long-lived memory cells

that upon restimulation will become effector Th1 cells, there
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is no need, and it potentially might be detrimental, to con-

tinually maintain a large effector T-cell pool. Our results with

the dhfr-ts- parasites suggest that while effector T cells require

persistent parasites, central memory T cells may not. While the

magnitude of that protection was less than what was observed

when effector T cells are present, vaccine strategies may be

devised that target central memory T cells for greater expan-

sion.

Conclusions

Experimental studies in mice with Leishmania have provided and

continue to provide insights into how the immune system

works. Much of the focus of the last 10 years has been on

the initial interactions between the immune system and

Leishmania, which has been directed at understanding how the

innate immune system influences the adaptive immune

response. The findings that IL-12 can promote the develop-

ment of Th1 cells (160–162) and act as an adjuvant in a

leishmanial vaccine (140) have been followed up by numer-

ous studies testing IL-12 as an adjuvant in several experimental

vaccines, and the finding that other molecules capable of

inducing IL-12 production (such as the TLR ligand, CpG) are

effective adjuvants. Nevertheless, there are still many questions

to be answered about the early interactions between the host

and Leishmania parasites. For example, how do DCs dictate the

nature of the immune response? While IL-12 is required for

Th1-cell development in leishmaniasis, recent studies demon-

strate that the IL-12 does not have to come from the DCs that

are acting as antigen-presenting cells (175); if not, how is the

IL-12 being induced? What are the critical parasite molecules

that elicit the innate immune response? What cells do these

molecules interact with? Why is L. major infection associated

with the development of either a Th1 or Th2 response, while

other protozoal pathogens (such as Toxoplasma) fail to elicit a

Th2 response, even in the absence of IL-12? Why do other

species of Leishmania fail to induce a Th1 response in strains of

mice that can resolve an infection with L. major? What is the

role of Treg cells in moderating early immune responses to

Leishmania? The answers to these questions will not only refine

our understanding of the initial immune responses to Leishmania

but also on how memory T cells develop.

Defining the mechanisms that are involved in the mainten-

ance of immunity, and specifically understanding the nature

of memory T cells, is the next challenge in leishmaniasis.

Fundamental questions remain unanswered in this area. Even

Fig. 7. Two types of vaccines for leishmaniasis. Leishmania major infection
is associated with the presence of a population of central memory CD4þ

T cells and effector T cells. Effector T cells provide excellent protection
but are dependent upon continuous stimulation, while central memory
T cells can persist without antigen but are not present in sufficient
numbers to provide substantial protection after a natural infection. Thus,
a vaccine depending on effector T cells (Teff vaccine) might involve
infection with live parasites, a procedure known as leishmanization.
Alternatively, attenuated parasites that persist, or continuous boosting
with leishmanial antigen, could maintain an effector T-cell pool (1).

Upon rechallenge, these cells would mediate rapid resistance (2). We
predict that some central memory T cells would also be present, which
would proliferate and increase the effector T-cell pool (3). However, as
central memory T cells are maintained without persistent parasites, a
vaccine that targets these cells (Tcm vaccine) would not require
continuous antigen stimulation (4). Such a vaccine might induce both
effector T cells and central memory T cells, but the effector T cells would
not persist. Upon rechallenge, these central memory T cells would
expand and become effector T cells that can mediate resistance (5). How
these cells can be specifically expanded requires future study.
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the most basic question, whether memory exists in leishman-

iasis in the absence of persistent parasites, has been debatable,

although as we have discussed here, there are memory T cells

that persist after elimination of the parasite. We now need to

know how to elicit and expand these cells in a vaccine. As

persistent antigenic stimulation is required to maintain opti-

mal immunity following infection with L. major, under certain

conditions active infections (leishmanization) have been con-

sidered as an approach for controlling leishmaniasis. However,

widespread use of leishmanization has obvious problems, and

an alternative approach may be to generate attenuated mutants

that persist without causing disease; lpg2- may be a candidate

for such a vaccine. A vaccine that involved frequent boosting

may also provide sufficient stimulation to maintain a pool of

protective effector T cells. On the other hand, if a vaccine

could target a central memory T-cell population, immunity

might be longer lasting, as these cells survive in the absence of

persistent antigen, although how and whether this is possible

is not clear (Fig. 7). These are questions that have relevance for

a large number of infectious diseases that require cell-

mediated immunity. Basic research will be directed at answer-

ing many of the questions posed above, but in parallel, there

will continue to be studies directed at defining new leishman-

ial antigens and adjuvants that can provide immunity. There

are many vaccines being tested in experimental models (158,

159, 176), and as our understanding of the mechanisms

associated with the maintenance of immunity increases, such

information can be incorporated into these ongoing vaccine

studies.

We know how to induce a Th1 response, and we are

beginning to define some of the components that will be

critical for maintenance of that response. Such information

will help design vaccines not only for leishmaniasis but may

also provide insights useful for the design of vaccines against

other infectious diseases that require a Th1 cell-mediated

immune response.
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