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Abstract

CD8+ T lymphocytes are components of the adaptive immune response and play an important role 

in protection against many viral and bacterial infections. However, their role in parasitic infections 

is less well understood. In leishmaniasis, a disease caused by intracellular protozoan parasites of 

the genus Leishmania, CD8+ T cells have been shown to be protective. However, increasing 

evidence indicates that CD8+ T cells may also exacerbate disease. In this review, we will describe 

the situations where CD8+ T cells are either good or bad for the outcome of the infection, and 

attempt to reconcile the dual role played by CD8+ T cells in cutaneous leishmaniasis.
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Introduction

CD8+ T lymphocytes play two main roles in the adaptive immune response. Most often 

CD8+ T cells are associated with a lytic function–hence they are also known as cytolytic T 

cells. Upon TCR recognition of a cell expressing peptides bound to MHC Class I, granules 

containing perforin and granzymes are released at the immunologic synapse, leading to lysis 

of the target cell. These responses are essential in eliminating some viral infections, as well 

as contributing to control of tumors (3). However, CD8+ T cells also produce cytokines and 

chemokines, which can enhance immunity to pathogens. The most important of these is 

IFN-γ, which promotes a strong type 1 immune response. While individual CD8+ T cell can 

be both cytolytic and produce IFN-γ, at times their effector function can be restricted (4–6). 

How these distinct functions lead to protection against viral and bacterial infections is fairly 

well understood, however how they function in protozoal infections is less clear. For 

example, following infection with the intracellular protozoan parasite Leishmania, CD8+ T 

cells are activated, but the effector functions they exhibit, and whether they are protective, 

pathologic or irrelevant, depends upon several factors that are just beginning to be defined. 
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Understanding these factors will be critical in considering how CD8+ T cells might be 

targeted for a leishmanial vaccine, or alternatively for immunotherapy to lessen CD8+ T 

cell-induced pathology. In this review, we explore the role CD8+ T cells play in different 

clinical manifestations of cutaneous leishmaniasis and discuss the circumstances where 

CD8+ T cells are good or bad for disease.

Immunity to cutaneous leishmaniasis

Leishmaniasis is caused by protozoan parasites of the genus Leishmania that are delivered 

into the skin by the bite of an infected sand fly. Subsequently, several phagocytic innate 

cells, including macrophages, inflammatory monocytes, dendritic cells and neutrophils, take 

up the flagellated forms of the parasite, called promastigotes, which then differentiate into 

non-flagellated forms called amastigotes (8). What happens to the parasite following 

phagocytosis depends upon the host cell, since early uptake by neutrophils may protect the 

parasites (10), while inflammatory monocytes are leishmanicidal (11). Macrophages 

predominantly support parasite maintenance, since it is in these cells that parasites survive 

and replicate within the phagolysosome. Depending upon the species of Leishmania, the 

parasites may primarily be limited to the skin, causing a cutaneous disease that exhibits 

varying degrees of severity, or visceralize leading to a potentially fatal infection (see Box 1). 

The life cycle is completed when a sand fly takes a blood meal from an infected host.

A protective immune response requires the generation of Leishmania-specific CD4+ T cells 

that make IFN-γ to control parasite burden, although low numbers of parasites appear to 

persist following resolution of the disease (12). L. major infections induce the expansion of 

distinct CD4+ T cell subsets in resistant and susceptible mouse strains, and extensive studies 

by immunologists have led to a fairly clear understanding of the role CD4+ T cells play in 

leishmaniasis. Thus, experimental infections in mice with Leishmania major showed that 

IFN-γ-secreting CD4+ Th1 cells, which develop in the presence of IL-12, are critical in 

controlling the parasites (13, 14). While Leishmania survives and replicates in resting 

macrophages, macrophages that are activated by IFN-γ are able to kill the parasites. In the 

mouse, the primary macrophage effector mechanism for killing Leishmania is the 

production of nitric oxide, although reactive oxygen species also contribute to parasite 

control (15). However, nitric oxide is much less important in humans, and reactive oxygen 

species appear to be the major mediators of parasite killing (16).

In contrast to the protective role of CD4+ Th1 cells, experimental murine studies found that 

CD4+ Th2 cells, which make high levels of IL-4, as well as CD4+ T cells making IL-10 

(both Tr1 and Treg cells), promote parasite growth and susceptibility (17–20). BALB/c mice 

are normally highly susceptible to L. major, but they are able to resolve their lesions in the 

absence of IL-4 or IL-10 (21, 22), and even in resistant mice (e.g. C57BL/6 mice) IL-10 

plays an important role. Thus, C57BL/6 mice lacking IL-10 resolve their infections much 

faster, and following low dose infections can eliminate all of the parasites (23). 

Interestingly, at high parasite doses IL-10 deficient mice also control the parasites much 

better than controls, but develop increased pathology due to the development of a CD4+ 

Th17 cell population (24). While the role of IL-4 in promoting susceptibility is less clear in 

human patients, IL-10 is strongly linked to lack of parasite control in visceral leishmaniasis 
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(25). Elevated levels of IL-17 in L. braziliensis patients, particularly those with mucosal 

disease, suggest that IL-17 may be pathologic in cutaneous leishmaniasis (26–28), although 

in visceral leishmaniasis the presence of IL-17 has been correlated with resistance (29–31).

Several other cells contribute to the outcome of infection with Leishmania. For example, NK 

cells respond soon after L. major infection, and promote increased resistance, apparently due 

to their production of IFN-γ (32, 33). Neutrophils may play the most controversial role, 

since in some studies they are essential for initiating an infection with L. major, while in 

other studies they promote parasite killing (10, 34–36). Several studies have examined the 

role of B cells and antibodies in leishmaniasis, which taken together suggest that antibodies 

play no role in protection, although in some situations antibodies may be detrimental (22, 

37, 38). Finally, while CD4+ Th1 cells are essential for resistance to Leishmania, CD8+ T 

cells also provide a level of control through their production of IFN-γ. Thus, for some 

Leishmania species, such as L. major, CD8+ T cells contribute to resistance against primary 

and secondary infection. However, recent studies show that CD8+ T cells may paradoxically 

increase pathology. It is this dual role that CD8+ T cells play in cutaneous leishmaniasis that 

is covered in depth below.

Leishmania recognition by CD8+ T cells

CD8+ T lymphocytes recognize peptides bound to MHC class I molecules, which are 

classically loaded in the endoplasmic reticulum with proteasome-generated peptides that 

were transported from the cytoplasm by the transporter associated with antigen processing 

(TAP). However, since Leishmania is not present in the cytoplasm, other mechanisms must 

be involved in MHC I loading of leishmanial peptides. One possibility is that phagosomes 

are self-sufficient to present exogenous antigens, which has been shown in other models 

(39). Another possibility is that parasite antigens or peptides escape into the cytoplasm, 

processed by the proteasome, and presented by the classical pathway. Consistent with this 

idea, a study revealed that recognition of the Leishmania antigen GP46/M-2 by CD8+ T cells 

interacting with L. amazonensis infected cells is proteasome-dependent (40). However, in 

another study L. major antigen presentation to CD8+ T cells was found to be purely 

phagosomal, and CD8+ T cell activation occurred in a TAP independent manner (41). 

Because peptide generation in phagosome-restricted and TAP-independent MHC I loading 

is less efficient than the classical cytosolic/proteasome dependent pathway, it was suggested 

that this is a strategy used by L. major to minimize CD8+ T cell activation in vivo (41). 

However, another possibility is that this is a host strategy to control exuberant CD8+ T cell 

responses that might lead to severe disease in certain circumstances, as we will discuss later.

Currently there are no well-defined Leishmania CD8+ T cell epitopes, which has made it 

difficult to investigate how CD8+ T cell activation occurs in leishmaniasis. Once such 

epitopes are defined, and the tools to study them are developed, we should be able to answer 

several questions related to CD8+ T cell function in leishmaniasis, including which DC 

subsets cross-present Leishmania antigen, whether individual Leishmania species can 

promote or block MHC I loading of leishmanial peptides, and if similar mechanisms occur 

within human antigen presenting cells. Answering these questions will be critical for future 

therapeutic design approaches to promote or inhibit CD8+ T cell activation in leishmaniasis.
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CD8+ T cell effector mechanisms in leishmaniasis

Following infection with Leishmania CD8+ T cells respond to the MHC I-peptide 

complexes by proliferating, leading to a population of Leishmania-specific T cells. As 

discussed above, it is not fully understood how CD8+ T cells get activated in leishmaniasis, 

but it is clear that they do respond during Leishmania infection. Thus, the critical question is 

what CD8+ T cells do once they are activated. However, the answer turns out to be 

complicated, as CD8+ T cell effector function seems to depend on the Leishmania species 

and/or mouse model employed, as well as their location in the host.

The good CD8+ T cells

The first few studies to address the importance of CD8+ T cells in leishmaniasis suggested 

that CD8+ T cells had no role in protection, as CD8-deficient mice, as well as β2-

microglobulin deficient mice, resolved infections with L. major or L. mexicana as well as 

wild-type mice (42–44). This was somewhat surprising, since at that time CD8+ T cells were 

known to play a major role in the control of other intracellular parasites, such as 

Trypanosoma cruzi (45). However, in 1998, a new mouse model for the study of 

leishmaniasis was established, in which injection of lower doses of parasites (100–1,000 

infective stage promastigotes) and intradermal inoculation (the ear dermis), better mimicked 

a natural infection (46). In contrast to previous studies, newer studies utilizing the more 

physiologic infection conditions revealed that CD8+ T cells do indeed play a role in 

protection (46, 47). Later, a comparative study between high and low doses of L. major 

found that the requirement for CD8+ T cells was limited to low infection doses. As has been 

observed in other models, low doses of parasites (or peptide) appear to favor the generation 

of Th2 responses, whereas high doses favor Th1 cell development (48). This bias towards a 

Th2 response at low doses was overcome when IFN-γ producing CD8+ T cells were present 

in intact animals (47). Thus, when CD8-deficient mice were infected with low doses of L. 

major they developed a Th2 response and uncontrolled disease. However, adoptive transfer 

of CD8+ T cells, but not IFN-γ deficient CD8+ T cells, into these mice resulted in the 

development of a Th1 response and resistance. Thus, following experimental infection with 

physiological doses of L. major, IFN-γ production by CD8+ T cells blocks the development 

of Th2 cells, thus promoting the development of protective Th1 responses (Fig. 1).

Mice that have resolved a primary infection with L. major are highly resistant to reinfection, 

and several studies have shown that CD8+ T cells contribute to this immunity (49, 50). As 

with a primary infection, this protective role is due to the ability of CD8+ T cells to produce 

high levels of IFN-γ. Consistent with this function, CD8+ T cells from cured mice were able 

to adoptively transfer delayed-type hypersensitivity to recipient mice challenged with L. 

major (50). CD8+ T cells have been reported to exhibit cytotoxic activity in a secondary 

infection (51), although it is unclear if such cytolysis is protective in a natural secondary 

infection. However, since perforin-deficient mice are as resistant as wild-type mice to 

reinfection with L. major, it would seem that cytolysis plays little role in protection in 

secondary infections (52).

Since CD8+ T cells are protective in mice that have resolved a primary infection with L. 

major, they have been targeted for vaccine development. As indicated above, this is most 
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likely due to their ability to proliferate and produce large amounts of IFN-γ very rapidly 

after challenge, thereby eliminating the majority of parasites before lesions develop (53). 

Indeed, many studies indicate that CD8+ T cells are essential for vaccine-induced immunity. 

For example, DNA vaccination with a Leishmania antigen, LACK, leads to a CD8+ T cell-

dependent protection against challenge with L. major (54). Other vaccine strategies for 

cutaneous leishmaniasis also demonstrated a critical role for CD8+ T cells in protection 

against challenge with live parasites, as depletion of CD8+ T cells abrogated protection 

induced by vaccination (55, 56). While most studies examining the role of CD8+ T cells in 

vaccines indicate that their protective capacity is due IFN-γ production, one study showed 

that the production of both perforin and IFN-γ by CD8+ T cells was crucial for vaccine-

induced immunity to L. amazonensis (57).

There is similarly strong evidence that CD8+ T cells are essential for the control of primary 

and secondary infection in visceral leishmaniasis (reviewed by (58)). In mouse models of 

visceral leishmaniasis, CD8+ T cells are activated, produce chemokines and are a source of 

IFN-γ (59–61). CD8+ T cells also help with the formation of granulomas and parasite 

control, and are involved in the control of visceral leishmaniasis after therapy (59–62). 

Immunization of mice with A2, a virulence factor in Leishmania, reduced the number of 

parasites in the spleen and liver after subsequent challenge with L. donovani. Protection in 

vaccinated mice was associated with the production of IFN-γ by CD8+ T lymphocytes and 

their ability to induce lysis of A2 pulsed targets in vivo (63). Hence, it is clear from mouse 

studies that CD8+ T cells play an essential protective role during visceral leishmaniasis by 

reducing parasite burden.

The bad CD8+ T cells

The development of cutaneous leishmaniasis is promoted by replicating parasites in the skin, 

as well as by the host immune response to infection. Activation of T cells leads to a robust 

inflammatory response, which promotes the development of cutaneous lesions. The critical 

requirement for T cells in lesion development in leishmaniasis is strikingly apparent in 

immunodeficient mice. Specifically, RAG knockout (KO) mice, which lack both B and T 

cells, infected with L. major develop lesions at a much slower rate than do wild-type mice 

(46) and minimal lesions are observed following infection with either L. braziliensis or L. 

amazonensis (64, 65), despite the fact that they have impaired parasite control. The lack of 

pathology combined with high numbers of parasites in infected RAG KO mice demonstrates 

that adaptive immunity is not only essential for the control of Leishmania parasites in the 

skin, but also promotes lesion development. Thus, when RAG KO mice are reconstituted 

with a combination of both CD4+ and CD8+ T cells and infected with either L. major, L. 

braziliensis or L. amazonensis, both parasite control and lesion development are restored 

(46, 64, 65). Most interestingly, while the reconstitution of RAG KO mice with CD4+ T 

cells alone is protective, RAG KO mice that received CD8+ T cells alone developed severe 

pathology (46, 64). This increased pathology was unrelated to parasite numbers, as similar 

numbers were observed in unreconstituted RAG KO mice and RAG KO mice that received 

CD8+ T cells. Enhanced lesion size promoted by CD8+ T is not limited to adoptive transfer 

studies of RAG KO mice, as MHC I-deficient mice that are unable to mount a CD8+ T cell 

response develop smaller lesions than do MHC I sufficient mice following infection with L. 
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amazonensis (65). Furthermore, in contrast to CD8+ T cell depletion studies in L. major 

infections, depletion of CD8+ T cells in BALB/c mice infected with L. braziliensis resulted 

in reduced lesion size (64). This difference in lesion development was independent of 

parasite load, as CD8-depleted and control mice had similar levels of L. braziliensis in the 

skin (64). Taken together, these results indicate that CD8+ T cells alone cannot eliminate 

Leishmania, and that under certain circumstances CD8+ T cells promote increased pathology 

during infection with Leishmania.

Some of the most severe lesions in cutaneous leishmaniasis are found in patients infected 

with L. braziliensis, and there is substantial evidence for a pathogenic role for CD8+ T cells 

in these patients. For example, as disease progresses from small nodules to large skin ulcers 

in these patients, there is an increase in the frequency of CD8+ T cells and a decrease in 

CD4+ T cells in the skin (66). Surprisingly, while CD4+ T cells obtained from lesions of L. 

braziliensis infected humans made both IFN-γ mRNA and protein, CD8+ T cells did not 

(67–69). The lack of IFN-γ production by CD8+ T cells that have migrated to the skin was 

also observed in mice infected with either L. major or L. braziliensis (70)(Novais et al., 

unpublished observations). In contrast, CD8+ T cells isolated from the skin of patients 

exhibit markers of granule-dependent cytotoxicity, including perforin and granzymes, and 

the levels of CD8+ T cells expressing granzyme A were higher in patients with large skin 

ulcers than those with nodular lesions (66). A genome wide transcriptional analysis that 

compared cutaneous lesions from L. braziliensis patients with normal skin also found that 

cytotoxicity is a main signature of the disease (64), and transcriptional profiling that 

compared lesions from L. braziliensis patients with cutaneous leishmaniasis and the more 

severe form of the disease, mucosal leishmaniasis, showed greater mRNA levels for 

cytolytic markers in mucosal patients (71). Furthermore, CD8+ T cells from the lesions of L. 

braziliensis patients were degranulating within lesions, as assessed by expression of CD107a 

on the cell surface (64, 68). This correlation between cytotoxicity and disease severity was 

also seen in mice, where susceptible mice expressed more cytotoxicity markers in the skin in 

comparison to resistant mice (72)(Novais et al., unpublished observations). Taken together, 

these observations suggest that cytolytic activity of CD8+ T cells promotes disease 

progression, a pathologic mechanism first suggested by Brodskyn and collaborators in 1997 

(73).

While studies in L. braziliensis patients strongly suggested that cytolytic activity of CD8+ T 

cells promotes disease, it remained possible that the observed cytolysis was a consequence 

of severe disease, rather than its cause. To address this question, the course of L. braziliensis 

infection in RAG KO mice reconstituted with either wild-type or perforin KO CD8+ T cells 

was compared (64). While wild-type CD8+ T cells induced severe pathology in infected 

RAG KO mice, there was minimal pathology in RAG KO mice that received perforin KO 

CD8+ T cells (64). In contrast, when CD8+ T cells deficient in either IFN-γ or IL-17 were 

transferred to L. braziliensis infected RAG KO mice, the animals still developed severe 

pathology. While these experiments demonstrated that cytolytic CD8+ T cells are 

pathologic, they surprisingly showed that CD8+ T cells also promote metastatic lesion 

development. Thus, in addition to promoting severe pathology at the primary infection site, 

RAG KO mice reconstituted with wild-type CD8+ T cells developed lesions in distant 
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cutaneous sites, including the nose, tail, footpad and contra-lateral ear, which were absent in 

RAG KO mice reconstituted with perforin KO CD8+ T cells. These results suggest that 

CD8+ T cell-mediated cytotoxicity is involved in the development of more severe forms of 

leishmaniasis, such as mucosal and disseminated leishmaniasis. While the mechanism by 

which metastasis occurs is still unclear, one possibility is that parasites metastasize 

independent of CD8+ T cells, but lesions only become visible when CD8+ T cells are 

recruited to these sites, thereby initiating cell death and tissue damage.

A question that remains is how cytolytic CD8+ T cells mediate such severe pathology. Some 

insights into this question came from a transcriptional analysis that identified key pathways 

induced in L. braziliensis lesions compared to normal skin (74). In addition to a cytotoxic 

gene signature, the lesions from L. braziliensis patients were abundant in genes associated 

with the immunoproteasome, mRNA for T cell-recruiting chemokines, such as CXCL9 and 

CXCL10, as well as inflammasome-related genes. Together, this information suggested a 

hypothetical model of immunopathology in cutaneous leishmaniasis (74). In this model, 

CCXCL9 and CXCL10 help to recruit CD8+ T cells that, once in the skin, adopt a cytolytic 

profile after activation by antigens processed through the immunoproteasome. CD8+ T cell-

mediated cytolysis of infected cells would then release damage-associated molecular 

patterns (DAMPs), which amplify the inflammatory response by activating the 

inflammasome and promoting release of IL-1β (75), an inflammatory cytokine present in 

high levels in lesions from L. braziliensis patients. Besides activating the inflammasome, 

DAMPs can also provide a positive feedback loop for CD8+ T cell cytolytic activity (76) 

(Fig. 2).

Collectively, these observations show that CD8+ T cell induced cytotoxicity is extremely 

detrimental in L. braziliensis infected lesions, and that targeting these bad CD8+ T cells 

should be considered for immunotherapy. It remains to be determined if this is unique to the 

disease caused by L. braziliensis in humans, or if other species of Leishmania promote 

severe disease by a similar mechanism. For L. major infection, cytotoxicity has only been 

evaluated in the peripheral blood mononuclear cells from patients, and has been associated 

with protection (77). However, systemic responses do not necessarily reflect what is 

occurring at effector sites such as the skin, as differences in the frequency and phenotype of 

CD8+ T cells in the blood and lesion can be observed (64, 78, 79). In order to determine if 

cytotoxicity is a conserved mechanism promoting pathology in cutaneous leishmaniasis, 

additional studies with other Leishmania species need to be performed.

The ugly CD8+ T cells

Both effector and memory T cells are recruited to sites of inflammation independent of their 

specificity. Thus, it may not be surprising that CD8+ T cells isolated from leishmanial 

lesions of L. braziliensis patients who were seropositive for Toxoplasma contained both 

leishmanial- and Toxoplasma-specific T cells (80). However, the role that potentially large 

numbers of bystander T cells play in modulating disease, if any, is unclear. Our group has 

recently addressed this question experimentally, and found that recruitment of bystander 

CD8+ T cells to the skin exacerbated lesion development after L. major infection (70). For 

these studies, mice were infected with an acute strain of lymphocytic choriomeningitis virus 
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(LCMV), which leads to the development of a large memory CD8+ T cell pool that remains 

once the virus has cleared. When the mice were challenged with L. major several weeks 

following viral clearance, a large number of LCMV-specific CD8+ T cells were recruited to 

the L. major infected skin. Furthermore, the LCMV immune mice developed substantially 

larger lesions compared to mice that were infected with L. major alone, although the number 

of parasites was the same between groups. Importantly, depletion of CD8+ T cells was 

sufficient to protect LCMV immune mice from developing larger leishmanial lesions than 

controls, indicating that bystander CD8+ T cells are detrimental in leishmaniasis.

Because LCMV-specific CD8+ T cells are unable to recognize Leishmania, it remains 

unclear how bystander CD8+ T cells modulate disease. When the LCMV-specific CD8+ T 

cells in the lesions were characterized, they were clearly activated, exhibiting high levels of 

granzyme B, but low levels of IFN-γ, similar to what has been observed in patients (67–69). 

Furthermore, some of them expressed CD107a, showing that they are degranulating within 

the lesions, and suggesting that they may be promoting disease by their cytolytic function. 

Thus, these bystander CD8+ T cells exhibited the same effector functions as leishmanial-

specific CD8+ T cells in RAG KO mice (46, 64). However, how LCMV-specific bystander 

CD8+ T cells were activated in mice that had cleared the virus remained puzzling until it 

was discovered that they expressed NKG2D (70). NKG2D is an activation receptor found on 

NK cells and CD8+ T cells that can act as a costimulatory molecule and also mediate target 

cell lysis. Importantly, one of the ligands for NKG2D, Rae1γ, was expressed in a large 

number of the cells within the L. major infected lesions. These observations suggested that 

NKG2D-dependent cytolysis of Rae1γ expressing cells promotes pathology. In support, in 

vivo blockade of NKG2D in L. major infected LCMV-immune mice prevents cytolysis and 

lesion development (70) (Fig. 2). Thus, like Leishmania-specific CD8+ T cells, memory 

CD8+ T cells that recognize an irrelevant epitope can participate in the development of 

severe disease in leishmaniasis.

Concluding remarks

The relative ability of CD8+ T cells to contribute to protective or pathologic mechanisms in 

cutaneous leishmaniasis is directly related to their effector functions. CD8+ T cells are 

protective when they produce IFN-γ, but promote pathology when they are cytolytic. Thus, 

in a primary infection CD8+ T cells in the draining lymph nodes make IFN-γ critical for 

CD4+ Th1 cell development and inducing macrophage activation for parasite killing. In 

contrast, CD8+ T cells that migrate to the lesions in a primary infection make little IFN-γ, 

and instead exhibit a cytolytic phenotype that increases cell death, leading to an exaggerated 

inflammatory response that further promotes tissue damage. Therefore, vaccines that target 

IFN-γ -producing CD8+ T cell should be protective, whereas immunotherapies that dampen 

CD8+ T cell cytotoxicity or its downstream mediators are a promising strategy to lessen 

disease. Why the CD8+ T cells in the skin develop a cytolytic profile (which is not evident 

in the draining lymph node), and why they make little IFN-γ, is unknown. In order to 

successfully target CD8+ T cells it will be important to address these issues and define the 

factors that determine effector CD8+ T cell function during the development of cutaneous 

leishmaniasis.

Novais and Scott Page 8

Semin Immunopathol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgements

The authors wish to Dr. Leslie King for critical comments on the manuscript and Deborah Argento for assistance in 
preparation of the figures. This work was partially supported by the NIH grants AI106842 and AI088650.

Abbreviations

DCs dendritic cells

MHC major histocompatibility complex

TCR T cell receptor

Th T helper

References

1. Carvalho LP, Passos S, Schriefer A, Carvalho EM. Protective and pathologic immune responses in 
human tegumentary leishmaniasis. Front Immunol. 2012; 3:301. [PubMed: 23060880] 

2. Turetz ML, Machado PR, Ko AI, Alves F, Bittencourt A, Almeida RP, Mobashery N, Johnson WD 
Jr, Carvalho EM. Disseminated leishmaniasis: a new and emerging form of leishmaniasis observed 
in northeastern Brazil. J Infect Dis. 2002; 186:1829–1834. [PubMed: 12447770] 

3. Thiery J, Lieberman J. Perforin: a key pore-forming protein for immune control of viruses and 
cancer. Subcell Biochem. 2014; 80:197–220. [PubMed: 24798013] 

4. Johnson BJ, Costelloe EO, Fitzpatrick DR, Haanen JB, Schumacher TN, Brown LE, Kelso A. 
Single-cell perforin and granzyme expression reveals the anatomical localization of effector CD8+ 
T cells in influenza virus-infected mice. Proc Natl Acad Sci U S A. 2003; 100:2657–2662. 
[PubMed: 12601154] 

5. Marzo AL, Yagita H, Lefrancois L. Cutting edge: migration to nonlymphoid tissues results in 
functional conversion of central to effector memory CD8 T cells. J Immunol. 2007; 179:36–40. 
[PubMed: 17579018] 

6. Varadarajan N, Julg B, Yamanaka YJ, Chen H, Ogunniyi AO, McAndrew E, Porter LC, Piechocka-
Trocha A, Hill BJ, Douek DC, Pereyra F, Walker BD, Love JC. A high-throughput single-cell 
analysis of human CD8(+) T cell functions reveals discordance for cytokine secretion and cytolysis. 
J Clin Invest. 2011; 121:4322–4331. [PubMed: 21965332] 

7. Barral A, Costa JM, Bittencourt AL, Barral-Netto M, Carvalho EM. Polar and subpolar diffuse 
cutaneous leishmaniasis in Brazil: clinical and immunopathologic aspects. Int J Dermatol. 1995; 
34:474–479. [PubMed: 7591410] 

8. Kaye P, Scott P. Leishmaniasis: complexity at the host-pathogen interface. Nat Rev Microbiol. 
2011; 9:604–615. [PubMed: 21747391] 

9. Roatt BM, Aguiar-Soares RD, Coura-Vital W, Ker HG, Moreira N, Vitoriano-Souza J, Giunchetti 
RC, Carneiro CM, Reis AB. Immunotherapy and Immunochemotherapy in Visceral Leishmaniasis: 
Promising Treatments for this Neglected Disease. Front Immunol. 2014; 5:272. [PubMed: 
24982655] 

10. Peters NC, Egen JG, Secundino N, Debrabant A, Kimblin N, Kamhawi S, Lawyer P, Fay MP, 
Germain RN, Sacks D. In vivo imaging reveals an essential role for neutrophils in leishmaniasis 
transmitted by sand flies. Science. 2008; 321:970–974. [PubMed: 18703742] 

11. Goncalves R, Zhang X, Cohen H, Debrabant A, Mosser DM. Platelet activation attracts a 
subpopulation of effector monocytes to sites of Leishmania major infection. J Exp Med. 2011; 
208:1253–1265. [PubMed: 21606505] 

12. Aebischer T, Moody SF, Handman E. Persistence of virulent Leishmania major in murine 
cutaneous leishmaniasis: a possible hazard for the host. Infect Immun. 1993; 61:220–226. 
[PubMed: 8093358] 

13. Heinzel FP, Schoenhaut DS, Rerko RM, Rosser LE, Gately MK. Recombinant interleukin 12 cures 
mice infected with Leishmania major. J Exp Med. 1993; 177:1505–1509. [PubMed: 8097524] 

Novais and Scott Page 9

Semin Immunopathol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Sypek JP, Chung CL, Mayor SE, Subramanyam JM, Goldman SJ, Sieburth DS, Wolf SF, Schaub 
RG. Resolution of cutaneous leishmaniasis: interleukin 12 initiates a protective T helper type 1 
immune response. J Exp Med. 1993; 177:1797–1802. [PubMed: 8098733] 

15. Bogdan C, Rollinghoff M, Diefenbach A. The role of nitric oxide in innate immunity. Immunol 
Rev. 2000; 173:17–26. [PubMed: 10719664] 

16. Novais FO, Nguyen BT, Beiting DP, Carvalho LP, Glennie ND, Passos S, Carvalho EM, Scott P. 
Human classical monocytes control the intracellular stage of Leishmania braziliensis by reactive 
oxygen species. J Infect Dis. 2014; 209:1288–1296. [PubMed: 24403561] 

17. Heinzel FP, Sadick MD, Holaday BJ, Coffman RL, Locksley RM. Reciprocal expression of 
interferon gamma or interleukin 4 during the resolution or progression of murine leishmaniasis. 
Evidence for expansion of distinct helper T cell subsets. J Exp Med. 1989; 169:59–72. [PubMed: 
2521244] 

18. Scott P, Natovitz P, Coffman RL, Pearce E, Sher A. Immunoregulation of cutaneous leishmaniasis. 
T cell lines that transfer protective immunity or exacerbation belong to different T helper subsets 
and respond to distinct parasite antigens. J Exp Med. 1988; 168:1675–1684. [PubMed: 2903212] 

19. Mendez S, Reckling SK, Piccirillo CA, Sacks D, Belkaid Y. Role for CD4(+) CD25(+) regulatory 
T cells in reactivation of persistent leishmaniasis and control of concomitant immunity. J Exp 
Med. 2004; 200:201–210. [PubMed: 15263027] 

20. Anderson CF, Oukka M, Kuchroo VJ, Sacks D. CD4(+)CD25(−)Foxp3(−) Th1 cells are the source 
of IL-10-mediated immune suppression in chronic cutaneous leishmaniasis. J Exp Med. 2007; 
204:285–297. [PubMed: 17283207] 

21. Sadick MD, Heinzel FP, Holaday BJ, Pu RT, Dawkins RS, Locksley RM. Cure of murine 
leishmaniasis with anti-interleukin 4 monoclonal antibody. Evidence for a T cell-dependent, 
interferon gamma-independent mechanism. J Exp Med. 1990; 171:115–127. [PubMed: 2104918] 

22. Kane MM, Mosser DM. The role of IL-10 in promoting disease progression in leishmaniasis. J 
Immunol. 2001; 166:1141–1147. [PubMed: 11145695] 

23. Belkaid Y, Piccirillo CA, Mendez S, Shevach EM, Sacks DL. CD4+CD25+ regulatory T cells 
control Leishmania major persistence and immunity. Nature. 2002; 420:502–507. [PubMed: 
12466842] 

24. Gonzalez-Lombana C, Gimblet C, Bacellar O, Oliveira WW, Passos S, Carvalho LP, Goldschmidt 
M, Carvalho EM, Scott P. IL-17 mediates immunopathology in the absence of IL-10 following 
Leishmania major infection. PLoS Pathog. 2013; 9:e1003243. [PubMed: 23555256] 

25. Nylen S, Sacks D. Interleukin-10 and the pathogenesis of human visceral leishmaniasis. Trends 
Immunol. 2007; 28:378–384. [PubMed: 17689290] 

26. Novoa R, Bacellar O, Nascimento M, Cardoso TM, Ramasawmy R, Oliveira WN, Schriefer A, 
Carvalho EM. IL-17 and Regulatory Cytokines (IL-10 and IL-27) in L. braziliensis Infection. 
Parasite Immunol. 2011; 33:132–136. [PubMed: 21226726] 

27. Boaventura VS, Santos CS, Cardoso CR, de Andrade J, Dos Santos WL, Clarencio J, Silva JS, 
Borges VM, Barral-Netto M, Brodskyn CI, Barral A. Human mucosal leishmaniasis: neutrophils 
infiltrate areas of tissue damage that express high levels of Th17-related cytokines. Eur J Immunol. 
2010; 40:2830–2836. [PubMed: 20812234] 

28. Bacellar O, Faria D, Nascimento M, Cardoso TM, Gollob KJ, Dutra WO, Scott P, Carvalho EM. 
Interleukin 17 production among patients with American cutaneous leishmaniasis. J Infect Dis. 
2009; 200:75–78. [PubMed: 19476435] 

29. Pitta MG, Romano A, Cabantous S, Henri S, Hammad A, Kouriba B, Argiro L, el Kheir M, 
Bucheton B, Mary C, El-Safi SH, Dessein A. IL-17 and IL-22 are associated with protection 
against human kala azar caused by Leishmania donovani. J Clin Invest. 2009; 119:2379–2387. 
[PubMed: 19620772] 

30. Nascimento MS, Carregaro V, Lima-Junior DS, Costa DL, Ryffel B, Duthie MS, de Jesus A, de 
Almeida RP, da Silva JS. Interleukin 17A Acts Synergistically With Interferon gamma to Promote 
Protection Against Leishmania infantum Infection. J Infect Dis. 2014

31. Ghosh K, Sharma G, Saha A, Kar S, Das PK, Ukil A. Successful therapy of visceral leishmaniasis 
with curdlan involves T-helper 17 cytokines. J Infect Dis. 2013; 207:1016–1025. [PubMed: 
23255562] 

Novais and Scott Page 10

Semin Immunopathol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



32. Scharton TM, Scott P. Natural killer cells are a source of interferon gamma that drives 
differentiation of CD4+ T cell subsets and induces early resistance to Leishmania major in mice. J 
Exp Med. 1993; 178:567–577. [PubMed: 8101861] 

33. Laskay T, Rollinghoff M, Solbach W. Natural killer cells participate in the early defense against 
Leishmania major infection in mice. Eur J Immunol. 1993; 23:2237–2241. [PubMed: 8370404] 

34. Novais FO, Santiago RC, Bafica A, Khouri R, Afonso L, Borges VM, Brodskyn C, Barral-Netto 
M, Barral A, de Oliveira CI. Neutrophils and macrophages cooperate in host resistance against 
Leishmania braziliensis infection. J Immunol. 2009; 183:8088–8098. [PubMed: 19923470] 

35. Guimaraes-Costa AB, Nascimento MT, Froment GS, Soares RP, Morgado FN, Conceicao-Silva F, 
Saraiva EM. Leishmania amazonensis promastigotes induce and are killed by neutrophil 
extracellular traps. Proc Natl Acad Sci U S A. 2009; 106:6748–6753. [PubMed: 19346483] 

36. Afonso L, Borges VM, Cruz H, Ribeiro-Gomes FL, DosReis GA, Dutra AN, Clarencio J, de 
Oliveira CI, Barral A, Barral-Netto M, Brodskyn CI. Interactions with apoptotic but not with 
necrotic neutrophils increase parasite burden in human macrophages infected with Leishmania 
amazonensis. J Leukoc Biol. 2008; 84:389–396. [PubMed: 18483206] 

37. Buxbaum LU, Scott P. Interleukin 10- and Fcgamma receptor-deficient mice resolve Leishmania 
mexicana lesions. Infect Immun. 2005; 73:2101–2108. [PubMed: 15784551] 

38. Kima PE, Constant SL, Hannum L, Colmenares M, Lee KS, Haberman AM, Shlomchik MJ, 
McMahon-Pratt D. Internalization of Leishmania mexicana complex amastigotes via the Fc 
receptor is required to sustain infection in murine cutaneous leishmaniasis. J Exp Med. 2000; 
191:1063–1068. [PubMed: 10727468] 

39. Houde M, Bertholet S, Gagnon E, Brunet S, Goyette G, Laplante A, Princiotta MF, Thibault P, 
Sacks D, Desjardins M. Phagosomes are competent organelles for antigen cross-presentation. 
Nature. 2003; 425:402–406. [PubMed: 14508490] 

40. Kima PE, Ruddle NH, McMahon-Pratt D. Presentation via the class I pathway by Leishmania 
amazonensis-infected macrophages of an endogenous leishmanial antigen to CD8+ T cells. J 
Immunol. 1997; 159:1828–1834. [PubMed: 9257846] 

41. Bertholet S, Goldszmid R, Morrot A, Debrabant A, Afrin F, Collazo-Custodio C, Houde M, 
Desjardins M, Sher A, Sacks D. Leishmania antigens are presented to CD8+ T cells by a 
transporter associated with antigen processing-independent pathway in vitro and in vivo. J 
Immunol. 2006; 177:3525–3533. [PubMed: 16951311] 

42. Wang ZE, Reiner SL, Hatam F, Heinzel FP, Bouvier J, Turck CW, Locksley RM. Targeted 
activation of CD8 cells and infection of beta 2-microglobulin-deficient mice fail to confirm a 
primary protective role for CD8 cells in experimental leishmaniasis. J Immunol. 1993; 151:2077–
2086. [PubMed: 8102158] 

43. Overath P, Harbecke D. Course of Leishmania infection in beta 2-microglobulin-deficient mice. 
Immunol Lett. 1993; 37:13–17. [PubMed: 7901152] 

44. Huber M, Timms E, Mak TW, Rollinghoff M, Lohoff M. Effective and long-lasting immunity 
against the parasite Leishmania major in CD8-deficient mice. Infect Immun. 1998; 66:3968–3970. 
[PubMed: 9673288] 

45. Tarleton RL, Koller BH, Latour A, Postan M. Susceptibility of beta 2-microglobulin-deficient mice 
to Trypanosoma cruzi infection. Nature. 1992; 356:338–340. [PubMed: 1549177] 

46. Belkaid Y, Von Stebut E, Mendez S, Lira R, Caler E, Bertholet S, Udey MC, Sacks D. CD8+ T 
cells are required for primary immunity in C57BL/6 mice following low-dose, intradermal 
challenge with Leishmania major. J Immunol. 2002; 168:3992–4000. [PubMed: 11937556] 

47. Uzonna JE, Joyce KL, Scott P. Low dose Leishmania major promotes a transient T helper cell type 
2 response that is down-regulated by interferon gamma-producing CD8+ T cells. J Exp Med. 
2004; 199:1559–1566. [PubMed: 15184505] 

48. Hosken NA, Shibuya K, Heath AW, Murphy KM, O'Garra A. The effect of antigen dose on CD4+ 
T helper cell phenotype development in a T cell receptor-alpha beta-transgenic model. J Exp Med. 
1995; 182:1579–1584. [PubMed: 7595228] 

49. Muller I, Kropf P, Etges RJ, Louis JA. Gamma interferon response in secondary Leishmania major 
infection: role of CD8+ T cells. Infect Immun. 1993; 61:3730–3738. [PubMed: 8359894] 

Novais and Scott Page 11

Semin Immunopathol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



50. Muller I, Kropf P, Louis JA, Milon G. Expansion of gamma interferon-producing CD8+ T cells 
following secondary infection of mice immune to Leishmania major. Infect Immun. 1994; 
62:2575–2581. [PubMed: 8188380] 

51. da Conceicao-Silva F, Perlaza BL, Louis JA, Romero P. Leishmania major infection in mice 
primes for specific major histocompatibility complex class I-restricted CD8+ cytotoxic T cell 
responses. Eur J Immunol. 1994; 24:2813–2817. [PubMed: 7957573] 

52. Conceicao-Silva F, Hahne M, Schroter M, Louis J, Tschopp J. The resolution of lesions induced by 
Leishmania major in mice requires a functional Fas (APO-1, CD95) pathway of cytotoxicity. Eur J 
Immunol. 1998; 28:237–245. [PubMed: 9485203] 

53. Bertholet S, Debrabant A, Afrin F, Caler E, Mendez S, Tabbara KS, Belkaid Y, Sacks DL. Antigen 
requirements for efficient priming of CD8+ T cells by Leishmania major-infected dendritic cells. 
Infect Immun. 2005; 73:6620–6628. [PubMed: 16177338] 

54. Gurunathan S, Sacks DL, Brown DR, Reiner SL, Charest H, Glaichenhaus N, Seder RA. 
Vaccination with DNA encoding the immunodominant LACK parasite antigen confers protective 
immunity to mice infected with Leishmania major. J Exp Med. 1997; 186:1137–1147. [PubMed: 
9314562] 

55. Jayakumar A, Castilho TM, Park E, Goldsmith-Pestana K, Blackwell JM, McMahon-Pratt D. 
TLR1/2 activation during heterologous prime-boost vaccination (DNA-MVA) enhances CD8+ T 
Cell responses providing protection against Leishmania (Viannia). PLoS neglected tropical 
diseases. 2011; 5:e1204. [PubMed: 21695103] 

56. Rhee EG, Mendez S, Shah JA, Wu CY, Kirman JR, Turon TN, Davey DF, Davis H, Klinman DM, 
Coler RN, Sacks DL, Seder RA. Vaccination with heat-killed leishmania antigen or recombinant 
leishmanial protein and CpG oligodeoxynucleotides induces long-term memory CD4+ and CD8+ 
T cell responses and protection against leishmania major infection. J Exp Med. 2002; 195:1565–
1573. [PubMed: 12070284] 

57. Colmenares M, Kima PE, Samoff E, Soong L, McMahon-Pratt D. Perforin and gamma interferon 
are critical CD8+ T-cell-mediated responses in vaccine-induced immunity against Leishmania 
amazonensis infection. Infect Immun. 2003; 71:3172–3182. [PubMed: 12761096] 

58. Stager S, Rafati S. CD8(+) T cells in leishmania infections: friends or foes? Front Immunol. 2012; 
3:5. [PubMed: 22566891] 

59. Stern JJ, Oca MJ, Rubin BY, Anderson SL, Murray HW. Role of L3T4+ and LyT-2+ cells in 
experimental visceral leishmaniasis. J Immunol. 1988; 140:3971–3977. [PubMed: 3131421] 

60. Tsagozis P, Karagouni E, Dotsika E. CD8(+) T cells with parasite-specific cytotoxic activity and a 
Tc1 profile of cytokine and chemokine secretion develop in experimental visceral leishmaniasis. 
Parasite Immunol. 2003; 25:569–579. [PubMed: 15053778] 

61. Tsagozis P, Karagouni E, Dotsika E. Function of CD8+ T lymphocytes in a self-curing mouse 
model of visceral leishmaniasis. Parasitol Int. 2005; 54:139–146. [PubMed: 15866476] 

62. Murray HW, Mitchell-Flack M, Zheng H, Ma X. Granzyme-Mediated Regulation of Host Defense 
in the Liver in Experimental Leishmania donovani Infection. Infect Immun. 2015; 83:702–712. 
[PubMed: 25452549] 

63. Resende DM, Caetano BC, Dutra MS, Penido ML, Abrantes CF, Verly RM, Resende JM, Pilo-
Veloso D, Rezende SA, Bruna-Romero O, Fernandes AP, Gazzinelli RT. Epitope mapping and 
protective immunity elicited by adenovirus expressing the Leishmania amastigote specific A2 
antigen: correlation with IFN-gamma and cytolytic activity by CD8+ T cells. Vaccine. 2008; 
26:4585–4593. [PubMed: 18588933] 

64. Novais FO, Carvalho LP, Graff JW, Beiting DP, Ruthel G, Roos DS, Betts MR, Goldschmidt MH, 
Wilson ME, de Oliveira CI, Scott P. Cytotoxic T cells mediate pathology and metastasis in 
cutaneous leishmaniasis. PLoS Pathog. 2013; 9:e1003504. [PubMed: 23874205] 

65. Soong L, Chang CH, Sun J, Longley BJ Jr, Ruddle NH, Flavell RA, McMahon-Pratt D. Role of 
CD4+ T cells in pathogenesis associated with Leishmania amazonensis infection. J Immunol. 
1997; 158:5374–5383. [PubMed: 9164958] 

66. Faria DR, Souza PE, Duraes FV, Carvalho EM, Gollob KJ, Machado PR, Dutra WO. Recruitment 
of CD8(+) T cells expressing granzyme A is associated with lesion progression in human 
cutaneous leishmaniasis. Parasite Immunol. 2009; 31:432–439. [PubMed: 19646207] 

Novais and Scott Page 12

Semin Immunopathol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



67. Cardoso TM, Machado A, Costa DL, Carvalho LP, Queiroz A, Machado P, Scott P, Carvalho EM, 
Bacellar O. Protective and pathological functions of CD8+ T cells in Leishmania braziliensis 
infection. Infect Immun. 2014

68. Santos Cda S, Boaventura V, Ribeiro Cardoso C, Tavares N, Lordelo MJ, Noronha A, Costa J, 
Borges VM, de Oliveira CI, Van Weyenbergh J, Barral A, Barral-Netto M, Brodskyn CI. CD8(+) 
granzyme B(+)-mediated tissue injury vs. CD4(+)IFNgamma(+)-mediated parasite killing in 
human cutaneous leishmaniasis. J Invest Dermatol. 2013; 133:1533–1540. [PubMed: 23321919] 

69. Uyemura K, Pirmez C, Sieling PA, Kiene K, Paes-Oliveira M, Modlin RL. CD4+ type 1 and CD8+ 
type 2 T cell subsets in human leishmaniasis have distinct T cell receptor repertoires. J Immunol. 
1993; 151:7095–7104. [PubMed: 7903101] 

70. Crosby EJ, Goldschmidt MH, Wherry EJ, Scott P. Engagement of NKG2D on bystander memory 
CD8 T cells promotes increased immunopathology following Leishmania major infection. PLoS 
Pathog. 2014; 10:e1003970. [PubMed: 24586170] 

71. Maretti-Mira AC, Bittner J, Oliveira-Neto MP, Liu M, Kang D, Li H, Pirmez C, Craft N. 
Transcriptome patterns from primary cutaneous Leishmania braziliensis infections associate with 
eventual development of mucosal disease in humans. PLoS Negl Trop Dis. 2012; 6:e1816. 
[PubMed: 23029578] 

72. Moll H, Muller C, Gillitzer R, Fuchs H, Rollinghoff M, Simon MM, Kramer MD. Expression of T-
cell-associated serine proteinase 1 during murine Leishmania major infection correlates with 
susceptibility to disease. Infect Immun. 1991; 59:4701–4705. [PubMed: 1937831] 

73. Brodskyn CI, Barral A, Boaventura V, Carvalho E, Barral-Netto M. Parasite-driven in vitro human 
lymphocyte cytotoxicity against autologous infected macrophages from mucosal leishmaniasis. J 
Immunol. 1997; 159:4467–4473. [PubMed: 9379046] 

74. Novais FO, Carvalho LP, Passos S, Roos DS, Carvalho EM, Scott P, Beiting DP. Genomic 
Profiling of Human Leishmania braziliensis Lesions Identifies Transcriptional Modules 
Associated with Cutaneous Immunopathology. J Invest Dermatol. 2014

75. Strowig T, Henao-Mejia J, Elinav E, Flavell R. Inflammasomes in health and disease. Nature. 
2012; 481:278–286. [PubMed: 22258606] 

76. Bonilla WV, Frohlich A, Senn K, Kallert S, Fernandez M, Johnson S, Kreutzfeldt M, Hegazy AN, 
Schrick C, Fallon PG, Klemenz R, Nakae S, Adler H, Merkler D, Lohning M, Pinschewer DD. 
The alarmin interleukin-33 drives protective antiviral CD8(+) T cell responses. Science. 2012; 
335:984–989. [PubMed: 22323740] 

77. Bousoffara T, Louzir H, Ben Salah A, Dellagi K. Analysis of granzyme B activity as a surrogate 
marker of Leishmania-specific cell-mediated cytotoxicity in zoonotic cutaneous leishmaniasis. J 
Infect Dis. 2004; 189:1265–1273. [PubMed: 15031796] 

78. Da-Cruz AM, Bertho AL, Oliveira-Neto MP, Coutinho SG. Flow cytometric analysis of cellular 
infiltrate from American tegumentary leishmaniasis lesions. Br J Dermatol. 2005; 153:537–543. 
[PubMed: 16120139] 

79. Gaafar A, Veress B, Permin H, Kharazmi A, Theander TG, el Hassan AM. Characterization of the 
local and systemic immune responses in patients with cutaneous leishmaniasis due to Leishmania 
major. Clin Immunol. 1999; 91:314–320. [PubMed: 10370377] 

80. Da-Cruz AM, Oliveira-Neto MP, Bertho AL, Mendes-Aguiar CO, Coutinho SG. T cells specific to 
leishmania and other nonrelated microbial antigens can migrate to human leishmaniasis skin 
lesions. J Invest Dermatol. 2010; 130:1329–1336. [PubMed: 20107484] 

Novais and Scott Page 13

Semin Immunopathol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Disease manifestation in leishmaniasis

Leishmaniasis is a disease with three major clinical manifestations: cutaneous, mucosal 

and visceral leishmaniasis. Generally, cutaneous leishmaniasis patients develop skin 

ulcers with elevated borders and a necrotic center. In the Americas, cutaneous 

leishmaniasis is caused by a variety of species and among the most common etiological 

agents are L. braziliensis, L. mexicana, L. panamensis, L. amazonensis and L. 

guyanensis, while in the Old World, the species implicated in cutaneous leishmaniasis 

disease are L. major, L. aethiopica and L. tropica.

Cutaneous leishmaniasis can manifest as a single ulcer in the skin, named localized 

cutaneous leishmaniasis, or in rare cases by large numbers of lesions, called disseminated 

leishmaniasis (1). Disseminated leishmaniasis has only been described in L. braziliensis 

infected patients (2). In the lesions of patients with disseminated leishmaniasis, parasites 

are rarely found and a strong immune response is present. Another form of severe 

cutaneous leishmaniasis is diffuse cutaneous leishmaniasis. In contrast to disseminated 

leishmaniasis, the diffuse lesions are nodular and consist of macrophages containing 

many parasites without other immune cells (7). Diffuse cutaneous leishmaniasis has been 

described in patients infected with L. amazonensis, L. mexicana and L. aethiopica. In 

some cutaneous leishmaniasis cases, parasites metastasize to the nasal-pharyngeal 

mucosa, causing a severe form of leishmaniasis called mucosal leishmaniasis, which can 

occur in a small percentage of patients infected with L. braziliensis, L. amazonensis, L. 

guyanensis and L. panamensis (1).

Visceral leishmaniasis or kala azar is caused by L. donovani or L. infantum (L. chagasi in 

the New World). The parasite replicates in the spleen, liver and bone marrow, and in the 

absence of drug treatment the disease is fatal (9).
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Figure 1. Protective CD8+ T cells in leishmaniasis
CD8+ T cells producing IFN-γ activate macrophages, leading to parasite clearance. In 

addition, the IFN-γ produced by CD8+ T cells promotes increased production of IL-12, 

which amplifies the development of protective CD4+ Th1 cells. With low doses of parasites, 

CD8+ T cells are essential for blocking CD4 Th2 cells development.
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Figure 2. Pathologic CD8+ T cells in leishmaniasis
Leishmania-specific CD8+ T cells migrate to leishmanial lesions and lyse infected cells, 

leading to the release of proinflammatory molecules, including molecules with damage-

associated molecular patterns (DAMPS). Lysis of infected cells leads to release of parasites, 

which may promote increased metastasis of the parasites. Memory CD8+ T cells generated 

from prior non-leishmanial infections are also recruited to leishmanial lesions. Leishmania 

infection leads to upregulation of ligands for NKG2D, such as Rae1γ, and thus if the 
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recruited CD8+ T cells express NKG2D they lyse target cells, also leading to cell death and 

increased inflammation.
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