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Abstract Despite a plethora of publications on the murine model of cutaneous leish-

maniasis and their contribution to our understanding of the factors that regulate the

development of CD4+ T cell immunity in vivo, there is still no effective vaccine against

the human disease. While recovery from natural or experimental infection with Leishmania
major, the causative agent of human cutaneous leishmaniasis, results in persistence of

parasites at the primary infection site and the development of long-lasting immunity to

reinfection, vaccination with killed parasites or recombinant proteins induces only short-

term protection. The reasons for the difference in protective immunity following recovery

from live infection and vaccination with heat-killed parasites are not known. This may in

part be related to persistence of live parasites following healing of primary cutaneous

lesions, because complete clearance of parasites leads to rapid loss of infection-induced

immunity. Recent reports indicate that in addition to persistent parasites, IL-10-producing

natural regulatory T cells may also play critical roles in the maintenance and loss of

infection-induced immunity. This review focuses on current understanding of the factors

that regulate the development, maintenance and loss of anti-Leishmania memory responses

and highlights the role of persistent parasites and regulatory T cells in this process.

Understanding these factors is crucial for designing effective vaccines and vaccination

strategies against cutaneous leishmaniasis.
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Introduction

Immunologic memory is the capacity of the immune system to respond faster and better

(both in quality and quantity) to a secondary antigenic challenge than the first encounter

with the same antigen [1–3]. This is one of the hallmarks of the adaptive immunity and is
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the basis for vaccination against infectious diseases. There are mounting and undisputable

evidence showing that strong memory responses develop following most viral and some

bacterial infections [4–6]. In contrast, there is a continuing controversy about the nature

and extent of immunologic memory that develops following parasitic infections.

Although there is clear evidence that certain parasitic infections, such as leishmaniasis

and toxoplasmosis, are known to induce excellent protection against a secondary chal-

lenge, some researchers believe that this is due to concomitant immunity rather than true

memory [7]. Complicating this issue is the fact that most parasitic infections are chronic

in nature resulting in continuous release of antigens and the consequent chronic stimu-

lation of the immune system. Such chronic stimulation is known to favor the maintenance

of effector cells and to impair their transition into memory cells [8–10]. Leishmania
major infections in both human and mice result in persistence of parasites at the primary

site of infection and solid immunity to reinfection. This observation is the basis for

leishmanization, a practice that involves deliberate inoculation of live organisms to

hidden parts of the body with the idea that healing from the resulting lesion provides

solid protection against subsequent natural infections. Studies in mice indicate that

memory CD4+ T cells mediate this infection-induced immunity. In this review, we focus

on the role of persistent parasites and regulatory T cells in the maintenance and loss of

anti-Leishmania memory cells, and discuss their implications in vaccination strategies

against cutaneous leishmaniasis.

Cutaneous leishmaniasis: the disease

Leishmaniasis is a globally widespread group of parasitic diseases caused by different

species of parasite in the genus Leishmania. The parasite is transmitted by the bite of

infected female Phlebotomine sand fly. Most leishmaniases are zoonotic (animal to human

transmission) and are transmitted to humans who are accidentally exposed to the natural

transmission cycle. In the anthroponotic form (human to human transmission) humans are

the sole reservoir. The disease is endemic in 88 countries: 72 are developing countries out

of which 13 are among the least developed countries of the world [11]. Currently, it is

estimated that about 12 million people are afflicted with the disease worldwide with

350 million people at risk [12, 13]. About 1.5–2 million new cases occur annually all over

the world with majority of them occurring in the tropics and subtropics.

Leishmania infections can produce diverse symptoms in the mammalian host,

depending on the species of the parasites and the host genetic makeup. L. donovani and L.
infantum cause visceral leishmaniasis, the most severe form of the disease [11, 14]. L.
braziliensis causes mucocutaneous leishmaniasis, infecting the mucous membranes of the

host [11, 14, 15]. Lastly, L. tropica, L. major, and L. mexicana cause cutaneous leish-

maniasis producing skin ulcers, which is the most common type of the disease. Cutaneous

leishmaniasis can present as localized skin ulcers on the exposed parts of the body, (simple

cutaneous leishmaniasis), or serious widespread lesions and ulcers all over the body

(diffuse cutaneous leishmaniasis). While the simple cutaneous form is self-limiting

(healing with strong immunity to reinfection), the diffuse cutaneous form never heals and

tends to relapse after treatment. These differences in clinical disease presentation are

related to the nature of the host immune response. A strong cell-mediated immune response

is able to contain parasite proliferation resulting in healing, whereas non-healing disease

progression and visceralization are related to inability to mount a strong cell-mediated

immunity.
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Primary immunity to Leishmania major

Resistance or susceptibility to L. major infections in mice is dependent on the type of

CD4+ helper T cell (Th) subset that is induced [16–18]. Healing in resistant mice infected

with L. major is associated with the development of IFN-c-producing CD4+ Th1 cells.

These cells activate macrophages to produce nitric oxide, an effector molecule for killing

intracellular Leishmania parasites [16, 19–21]. In contrast, cells from susceptible mice

produce early IL-4 that promotes the development and expansion of CD4+ Th2 cells. The

expanded and activated Th2 cells produce IL-4 and IL-10, cytokines that deactivate

macrophages and inhibit intracellular parasite killing [16, 20, 21]. A key factor that

determines resistance or susceptibility to L. major in mice is the production of (and

responsiveness) to IL-12 [22–24]. The highly susceptible BALB/c produce less and

respond poorly to IL-12 due to downregulation of IL-12 receptor b chain [24–26]. In

contrast, resistant mice produce more and maintain their IL-12 responsiveness [24, 26].

Another cytokine that regulates disease outcome is IL-10. IL-10 gene deficient mice are

highly resistant to L. major [27], and over expression of IL-10 renders resistant mice

susceptible [28]. In addition to deactivating macrophages and inhibiting intracellular

parasite killing, IL-10 also directly inhibits the development of Th1 cells and their pro-

duction of IFN-c [29, 30]. Recently, IL-10 produced by natural CD4+CD25+ regulatory T

cells has been shown to play an important role in disease chronicity [31, 32]. For com-

prehensive information on the factors that regulate the outcome of primary L. major
infection, the reader is referred to the following current and detailed reviews [33–36].

Infection-induced immunity in leishmaniasis

It has since been known that recovery from active infection in humans and mice is

associated with the development of strong and durable immunity to rechallenge infection.

This is referred to as infection-induced immunity and is the first strong indication that

memory T cells develop after recovery from Leishmaniasis. This realization that solid

immunity develops after recovery from natural or experimental infection is the funda-

mental principle underlying leishmanization, a practice in which individuals are infected

with live organisms to protect against more serious ulcers after natural infection [37, 38].

Leishmanization has been employed for centuries and is still currently practiced in some

countries including Uzbekistan, Afghanistan, Iraq, and Iran [39–41]. Due to complications

and lack of standardization (some 5–10% develop severe disease), there are calls for the

practice to be discontinued, although there are recent efforts to standardize it and make it a

useful tool for rapidly assessing the efficacy of new vaccines [41]. Understanding the

factors that regulate and mediate infection-induced resistance is critically important for

designing an effective vaccine and vaccination strategies against leishmaniasis.

Depletion and adoptive transfer studies indicate that IFN-c-producing CD4+ T cells

mediate infection-induced resistance in mice. For instance, depletion of CD4+ T cells or

treatment with anti-IFN-c neutralizing mAb abolishes this immunity [42, 43]. Similar to

immunity after primary infection, the production of IFN-c by memory CD4+ T cells and

maintenance of cell-mediated immunity against L. major is dependent on IL-12 production

by antigen presenting cells [44, 45]. Thus, the highly susceptible IL-12 deficient mice

treated with rIL-12 develop Th1 response and resolve their lesion. However, in contrast to

wild-type mice, these rIL-12-treated IL-12 deficient mice develop progressive disease and

uncontrolled parasite replication upon rechallenge infection [44, 46]. In fact, lesion
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recrudescence (disease reactivation) occurred at the primary site of infection in most

healed IL-12-deficient mice prior to secondary challenge, suggesting that exogenous

administration of rIL-12 was able to promote only short-term resistance. Furthermore,

while immune cells from healed wild-type mice protected RAG deficient and naı̈ve wild-

type mice from L. major challenge, cells from healed IL-12 deficient mice failed to confer

protection to naı̈ve IL-12 deficient mice although they perfectly protected naı̈ve wild-type

mice [44, 46]. Taken together, these studies indicate that IL-12 is necessary both for the

development and maintenance of both anti-Leishmania effector and memory cells in vivo.

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

infection-induced resistance and anti-Leishmania memory responses. IL-12 may be

required for optimal proliferation and differentiation of memory CD4+ T into IFN-c-

producing effector cells. Alternatively, IL-12 could be acting to enhance the development

and survival of Leishmania-specific effector memory cells. These sub-populations of

memory cells are important for mediating rapid secondary anti-Leishmania immunity [47–

49] (Uzonna et al., unpublished data).

Under certain conditions, infection-induced immunity can be lost and previously

immune animals become highly susceptible to rechallenge infections. This loss of resis-

tance has been linked to complete parasite clearance [32, 50], suggesting that persistent

parasites are important for the maintenance of anti-Leishmania memory responses (see

below). Recent studies from our group show that infection-induced immunity can also be

lost despite the presence of persistent parasites. Injection of autoclaved or freeze-thawed

(killed) parasites into B6 mice that have healed their primary L. major infection results in

rapid loss of infection-induced immunity. These mice (unlike those given PBS) became

highly susceptible to virulent L. major challenge (Okwor et al., submitted). This loss of

infection-induced immunity was associated with rapid expansion of IL-10-producing

CD4+CD25+ regulatory T cells in the draining lymph nodes. Depletion of CD25+ cells

or blockade of IL-10 signaling with anti-IL-10R mAb abolished this loss of immunity,

strongly suggesting that these cells are responsible for this phenomenon. These regulatory

cells have previously been shown to enhance disease in infected mice and to mediate

reactivation of latent leishmaniasis [51]. Interestingly, this striking loss of immunity is not

observed if healed mice were injected with avirulent (genetically attenuated) live parasites,

suggesting that antigens from killed and live parasites may be presented differently to T

cells, particularly CD4+CD25+ regulatory T cells.

Leishmaniasis and immunologic memory

The importance of immunologic memory to the development of vaccines cannot be over

emphasized. An understanding of how immunologic memory is generated, maintained and

lost is essential for the development of effective vaccines and vaccination strategies against

infectious agents and their diseases. Since resistance to cutaneous leishmaniasis is pri-

marily mediated by cell-mediated immunity (T cells), it is reasonable to assume that

memory T cells mediate secondary anti-Leishmania immunity.

Memory T cells arise from the expansion and differentiation of antigen-specific T cells

upon interaction with their cognate antigen in the secondary lymphoid organs. They confer

protective immunity in peripheral tissues and mediate recall responses in secondary

lymphoid organs. In order to provide efficient and effective protection, memory T cells

must rapidly home to the lymph node draining the challenge site, proliferate and then

migrate to the site of antigenic challenge in the periphery to mediate their effector function.
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This proliferation in the lymph node is important because the frequency of antigen-specific

T cells in the memory pool, although higher than naı̈ve cells, is not high enough to provide

rapid protection against pathogens [2, 52]. Furthermore, pathogen-specific effector T cells

may be short-lived and hence need to be continuously replenished from the memory T cell

pool [53].

On the basis of their homing characteristics and effector function, two types of memory

T cells have been distinguished in humans [54, 55]. Central memory T cells (Tcm) express

high levels of CCR7 and CD62L, molecules that are important for extravasation of T cells

through the high endothelial venules and homing to the secondary lymphoid organs [56,

57]. In contrast, effector memory T cells (Tem) do not express significant levels of these

molecules and home preferentially to non-lymphoid tissue where they exert effector

functions [56, 57]. Upon antigenic recall stimulation, Tcm cells produce only IL-2 and do

not make effector cytokines such as IFN-c. In contrast, tissue homing Tem cells produce

copious amounts of effector cytokines (IL-4 and IFN-c) upon antigenic challenge and may

constitutively express other cytotoxic effector molecules such as perforins and granzymes

(CD8+ cells). As in humans, several reports in mice have corroborated these findings and

further suggest that the memory T cell pool is heterogeneous, containing cells with dif-

ferent migratory and effector capacities [1, 58–60].

The relative contributions of these subsets of memory cells in secondary immunity to

Leishmania major is still poorly defined but is a subject of intense investigation by many

labs including ours (see below). We found that in healed C57BL/6 mice, Leishmania-

specific memory cells proliferating in response to secondary challenge differentially express

CD62L depending on their location [47]. In the draining lymph node, most of the prolif-

erating cells expressed high levels of CD62L whereas in the footpad, 98% of the

proliferating cells were CD62L low [47]. This dichotomy in phenotype was also reflected in

their effector function such that CD62L high cells produced predominantly IL-2 while

CD62L low cells in the periphery (footpad) produced high levels of IL-2 and IFN-c [47].

Functional studies revealed that although both subsets of anti-Leishmania memory cells are

protective, their efficiency of protection is dramatically different. The CD62L low (Tem)

cells mediate rapid protection (within 2 weeks), whereas the protection mediated by CD62L

high (Tcm) cells is delayed (C6 weeks for observable significant protection) [47]. Thus, as

seen in other systems, both Tcm and Tem cells develop in Leishmania-infected mice.

Parasite persistence and maintenance of immunologic memory in Leishmaniasis

Following recovery from natural or deliberate infection with Leishmania sp, a small

number of viable parasites persist in the immune host at the primary site of infection and its

draining lymph node [61, 62]. This has led to the dogma that Leishmania organisms persist

forever and are never completely eliminated from infected host. Under certain conditions

including malnutrition and immunosuppression, recrudescence (reactivation leishmaniasis)

can occur from persisting parasites. Indeed, reactivation leishmaniasis is a major com-

plication of AIDS in the sub-Saharan Africa and India [63–65].

It has been debated whether ‘‘reactivation disease’’ is due to a new infection or truly a

reactivation of persistent parasites. The same strain of parasite that caused initial disease

was isolated from 50% of individuals with recurrent cutaneous leishmaniasis due to L.
braziliensis [66]. However, one might argue that this may have been from a new infection

with the same strain. The strongest evidence linking persistent parasites to reactivation

disease comes from murine studies. Healed mice treated with L-NIL, the competitive
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inhibitor of nitric oxide synthase (important for nitric oxide production), develop recru-

descence and progressive disease [67]. Similarly, adoptive transfer of CD4+CD25+ cells

isolated from infected mice into healed mice also led to recrudescence at the primary site

of infection [51, 68]. Furthermore, administration of rIL-12 to IL-12 deficient mice pro-

motes control of L. major but recrudescence occurs following cessation of cytokine

treatment [44]. We have also found that administration of anti-IFN-c to healed mice results

in reactivation disease (Uzonna, unpublished data). Collectively, these murine studies

suggest that some cases of reactivation disease in humans could arise from persistent

parasites.

The factors and conditions that favor parasite persistence are not clearly understood

but are intensely investigated by many labs. We showed that the generation of an

exclusive Th1 immune response (with no detectable Th2 component) in BALB/c mice

leads to resistance that is associated with complete parasite clearance [50, 69]. In this

model, parasite persistence occurred in an infection initiated with intermediate dose,

which results in the development of weak protective immune response with a substantial

Th2 component. Others have shown that the extent of IL-10 production during infection

influences parasite persistence. For instance, IL-10 receptor deficient mice or healed WT

mice treated with anti-IL-10R mAb mount strong Th1 response and completely clear

parasite [32]. In this model, natural CD4+CD25+Foxp3+ regulatory T cells were

implicated as the major source of IL-10 and hence the key cells that mediate parasite

persistence in mice [51, 68]. Unlike murine studies, the factors responsible for parasite

persistence and development of subclinical disease in humans are not known and have

not been properly investigated. Given that CD4+CD25+ T cells isolated from lesions of

infected patients mediate suppressive activities in vitro [70], and the presence of high

levels of IL-10 in the plasma of human patients [71, 72], it is conceivable that as in mice,

both CD4+CD25+ T cells and IL-10 may also play important roles in the persistence of

parasites in humans.

Why few hundreds to thousand parasites persist at the primary site of infection when

such mouse can control a secondary challenge with millions of parasites injected at

different site is still unknown. One plausible explanation is that persistent parasites

reside in cells that are resistant to IFN-c-mediated activation for parasite killing. These

so-called ‘‘safe heavens’’ [73] would allow minimal parasite replication without eliciting

significant inflammatory responses, and upon lysis would release parasites that can infect

permissive macrophages. Another mechanism may involve the role of local IL-10-pro-

ducing regulatory T cells that act to downregulate the effect of IFN-c at the infection

site. Consistent with this, depletion of CD4+CD25+ T cells in healed mice prevented

reactivation disease caused by secondary challenge, whereas transfer of CD4+CD25+ T

cells purified from infected mice lead to disease recrudescence [51, 68]. Interestingly,

healed and resistant mice manipulated to completely clear parasites also lost their

immunity suggesting that persistent live parasites are required for the maintenance of

anti-Leishmania memory [32, 50]. Thus, persistence of parasites may have provided an

evolutionary balance and advantage for both the host and the parasite; providing a

source of continuous antigenic stimuli required for maintaining protective memory cells

while permitting a readily available pool of parasites for transmission by the vector to a

new host.

The findings that complete parasite clearance results in loss of established immunity is

surprising given that several reports show that memory cells can persist in the absence of

their cognate antigens [2, 74, 75]. However, this is consistent with other reports that show

the requirement of persistent antigens for the maintenance of immunologic memory [53,
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76, 77]. If immunity induced by live parasites is lost upon parasite clearance, it might

imply that as with other parasitic infections [9], true memory cells do not develop fol-

lowing Leishmania infection. This might be particularly an attractive proposal since

leishmaniasis is a chronic disease and some studies suggest that continued antigenic

stimulation inhibits memory T cell development [1, 78]. In this regard, several investi-

gators suggest that concomitant immunity and not true memory cells is responsible for

secondary anti-parasitic immunity [7, 79–82]. Consistent with this, infected mice pre-

senting non-healing lesion in one foot or ear have been shown to resist virulent

contralateral challenges [83]. Recently, the induction of local natural regulatory T cells has

been suggested to be responsible for this inability to clear parasites at the primary infection

site [32, 51].

We do not think that concomitant immunity is totally responsible for secondary anti-

Leishmania immunity because we recently showed that both effector and central memory

T cells are induced following L. major infection in mice [47–49]. These cells mediate

protection against secondary L. major challenge when adoptively transferred into naı̈ve

mice [47]. Interestingly, we also found that while Leishmania-specific effector memory

cells decline in the absence of parasites, the maintenance of central memory cells appears

to be independent of live parasites [47–49]. A closer look at the reports that showed

complete loss of immunity following clearance of parasites reveal that these studies were

performed using ultra low dose (100–1,000 parasites) infection of BALB/c [50] or IL-10R

deficient C57BL/6 [32] mice. It is possible that the low dose infection used in these studies

was insufficient to generate a strong pathogen-independent memory T cell population since

it is known that antigen dose influences both the quantity (magnitude) and quality of T cell

memory response [78]. Furthermore, in the absence of IL-10, activated antigen-specific T

cells may progress to become Tem cells, and thus fail to generate any Tcm cells whose

maintenance are independent of parasites [47].

To circumvent these problems, we have used a high dose infection with a mutant

parasite to investigate the influence of persistent parasite on the maintenance of anti-

Leishmania memory cells. Leishmania major parasites lacking the gene dihydrofolate

reductase-thymidilate synthetase (termed dhfr-ts), which is important for the synthesis of

thymidine, are non pathogenic in mice and are completely cleared by 8 weeks post-

infection [84]. Mice infected with high dose dhfr-ts parasites show early immune response

that is comparable in quality to those infected with wild-type parasites, and are resistant to

early virulent challenge (Uzonna et al., submitted). However, from 12 weeks post-infec-

tion (when dhfr-ts are completely cleared), cells from dhfr-ts-infected mice (unlike those

from WT) failed to proliferate or produce IFN-c upon short-term (72 h) in vitro stimulated

with SLA. Furthermore, dhfr-ts-infected mice did not exhibit antigen-specific delayed type

hypersensitivity (DTH) response upon rechallenge and were unable to rapidly control

parasite proliferation after secondary challenge. Interestingly, these mice showed delayed

but significant protection over their naı̈ve age-matched controls [47]. These results indicate

that anti-Leishmania memory cells develop after infection and are maintained in the

absence of live parasites. However, they strongly suggest that the nature and quality of

memory cells maintained in the presence and absence of live parasites are different. These

findings, if shown to be true in humans, must be considered in vaccine designs and

strategies against leishmaniasis.

Recently, we showed that vaccination of BALB/c mice with a mutant parasite induces

striking protection in the absence of a DTH and significant IFN-c production [85].

Leishmania major parasites with targeted deletion of the gene involved in transporting

GDP-mannose into the Golgi for synthesis of glycophosphate conjugate repeats, termed
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lpg2-, are unable to make lipophosphoglycan (LPG) and other phosphoglycans and are

highly attenuated in vivo [73]. Remarkably, these parasites persist in BALB/c mice

without causing any pathology [73] and do not induce significant effector T cell responses

several weeks after infection. Nevertheless, when challenged with virulent L. major, lpg2-
infected mice were resistant [85]. We speculate that the protective immune cells bear the

hallmarks of Tcm cells we described in mice infected with high dose dhfr-ts L. major. If it

is shown to be true, these studies strongly suggest that Tcm cells might exist in infected

mice even in the face of persistent parasites, and further corroborate our findings that both

Tem and Tcm cells are induced following L. major infection, but the requirements of these

different memory T cell subsets are different [48, 49].

Vaccines and vaccination strategies

Although the factors that regulate the development of protective immune response in

Leishmaniasis are very well known, there is still no effective vaccine against the disease.

Several vaccination trials have been conducted in several parts of the world using heat-

killed whole Leishmania promastigotes as immunogen [86–90]. In some trials, these crude

antigen preparations have been used with or without Bacillus Calmette Guerin (BCG) [91–

93]. Overall, these trials have yielded very poor and disappointing results. This is pre-

dictable given that similar murine studies show that although heat-killed Leishmania or

recombinant Leishmania immunogens induces an early Th1 response and protection, this

immunity is not sustained and wanes with time [22, 94, 95]. Like heat-killed vaccines,

immunization with purified parasite fractions [96, 97] or recombinant proteins [98–100]

also do not induce significant and reproducible protection against virulent challenges in

humans.

In contrast to vaccination with killed parasites or purified Leishmania proteins, recovery

from deliberate (leishmanization in humans) or active infections in both human and mice is

associated with life-long immunity. These results strongly suggest that there are funda-

mental differences in memory responses induced by killed or recombinant proteins and live

infections. We hypothesize that the failure of heat-killed or protein-based vaccines to

induce long-term immunity may be related to their failure to induce sustained effector-like

memory cells, which mediate DTH response and rapid anti-Leishmania immunity fol-

lowing secondary challenge. If this is the case, it implies that an effective anti-Leishmania
vaccine must be able to induce both population of memory T cells, akin to what is seen

following healing of live infections [47]. In this regard, we recently found that repeated

injection (boosting) of killed parasites into naı̈ve mice lead to the induction of both Tem

and Tcm cells resulting in prolonged (9 months after the last boost) protection against

virulent challenge (Okwor and Uzonna, unpublished data).

Implications for vaccine designs and vaccination strategies

Both Tem and Tcm cells develop in mice infected with L. major. While Tem cells mediate

DTH response and rapid secondary anti-Leishmania immunity, the protection mediated by

Tcm cells is delayed and weak. These findings have important implications for vaccine

development and effective vaccination strategy against leishmaniasis and perhaps other

chronic infectious diseases caused by intracellular pathogens. Mice with persistent para-

sites have fast-responding effector memory cells that mediate rapid secondary immunity.
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However, these mice develop huge inflammatory DTH response upon secondary challenge

and under adverse conditions such as immunosuppression, aging, malnutrition, etc., may

develop reactivation leishmaniasis [61, 64, 101]. In contrast, mice that completely clear

parasite have memory cells, which do not elicit DTH response but are capable of mediating

delayed and weak but appreciably significant protection against secondary challenge. It is

not yet known whether complete parasite clearance occurs in humans, and what impact

such clearance would have on resistance. If it is shown that the maintenance of fast-acting

effector memory cells in humans (as in mice) requires persistent parasites while central

memory cells do not, these must be considered in vaccination strategies against cutaneous

leishmaniasis. Due to their replicating nature, it is conceivable that live parasite-based

vaccines would preferentially induce both effector and central memory cells [47]. In

contrast, subunit and killed parasites-based vaccines may preferentially induce central

memory cells. Thus, determining the factors induced by live parasites that drive the

generation of fast-protecting effector memory cells is necessary in order to enhance the

immunity induced by killed antigens.

Should we therefore aim to generate, by vaccination, a state leading to persistent

infection or complete parasite elimination? Given the potential hazard associated with

persistent infection (i.e., reactivation disease), we would favor the generation of a response

that can completely eliminate the pathogen or the attenuated pathogen employed for

vaccination, with the maintenance of the appropriate resistance by natural exposure to

parasites and/or deliberate booster immunizations.

Concluding remarks

The immune response to Leishmania is complex. The outcome of infection is a product of

many factors, including the host genetics and the infecting specie. Resolution of primary

infection with Leishmania results in solid immunity to reinfection. Both Tem and Tcm

CD4+ T cells mediate this infection-induced immunity. The requirement of persistent

parasites for the maintenance of these sub-populations of memory cells is different: Tem

cells are rapidly lost in the absence of live parasites while the maintenance of Tcm cells is

independent of live parasites. Understanding the factors that regulate parasite persistent

and its role in maintenance of immunologic memory in leishmaniasis is critical for proper

design and development of effective vaccine and vaccination strategies against the disease.

The promising results (protection) obtained in mice vaccinated with mutant parasites like

lpg2 KO [85, 102] and dhfr-ts KO [84, 103] suggest the development of an anti-Leish-
mania vaccine is feasible. However, some questions still remain unanswered. Are

persistent parasites required to maintain anti-Leishmania immunity in humans? If so, are

there differences (function, phenotype, and migratory properties) in CD4+ (Tcm and Tem)

memory cell population following infection with Leishmania or vaccination in humans?

How long can Tcm cells persist in the absence of live parasites? Can non-replicating

parasites maintain memory (Tcm and Tem) cells induced by vaccination with non-repli-

cating avirulent live parasites? What is the nature of memory T cell subsets induced

following vaccination with heat-killed Leishmania vaccine? How do Tcm cells mediate

secondary anti-Leishmania immunity? Do they have to first convert to Tem? Does different

Leishmania sp require different conditions for memory cell maintenance? A good anti-

Leishmania vaccine should protect against most of the human infection by the different

Leishmania species in the absence of persisting parasites in order to reduce the risk of

reactivation leishmaniasis.
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