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Abstract
Cellular immune responses directed against protozoan parasites are key for controlling pathogen
replication and disease resolution. However, an uncontrolled, or improperly controlled, response
can be deleterious to the host in terms of both allowing for the establishment of pathology, as well
as less effective establishment of memory responses. Human cutaneous leishmaniasis is a disease
caused by the infection with Leishmania spp. following a bite from the sandfly, the natural vector
of this disease. Tens of millions worldwide are currently infected with Leishmania and no
effective vaccines have been developed to date. In the face of the complexity presented by the
interaction between a host (humans) with the parasite, Leishmania, and the fact that this parasite is
inoculated by another complex, biologically active, vector, the sandfly, it is clearly important to
study the immunoregulatory mechanisms that are induced in humans naturally infected by this
parasite if we hope to develop effective vaccines and immunotherapeutic treatments in the future.
Our laboratory has focused over the years on the study of the local and systemic T cell response
during the first episode of cutaneous leishmaniasis suffered by individuals before they undergo
antimony treatment. The goal of this review is to briefly outline our findings with hopes of putting
our most recent studies concerning the dichotomy between alpha/beta TCR and gamma/delta TCR
expressing, CD4- CD8- (double negative-DN) T cells in the context of a balanced immune
response against Leishmania and to discuss the implications of these findings toward our
understanding of human leishmaniasis.
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Human leishmaniasis- a complex disease resulting from the host-parasite-
vector interaction

Human leishmaniasis is caused by the infection with the obligate intracellular protozoan
parasite, Leishmania, and is expressed as one or more of several possible clinical forms
including principally the visceral and tegumentary diseases (localized cutaneous, mucosal or
disseminated) (1). Several factors influence the progression of an infected individual into
these clinical forms of disease including, but not limited to, host genetics (protective and
susceptibility factors), host environment and previous immunological experience, parasite
genetics (unique species and sub-strain characteristics leading to tropism differences,
different virulence factors and immunogenicity differences), and the influence of the vector,
phlebotomine sandflies. Obviously, the elucidation of the role that all of these factors have
on the progression of disease is a daunting task requiring the work of specialists in many
fields of research, and here we will focus our discussion on the immune response of
individuals infected with Leishmania braziliensis and presenting with cutaneous disease.
The majority of the results we discuss were obtained by studying peripheral blood
mononuclear cells (PBMC) or lesions from individuals during their first manifestations of
cutaneous disease as identified by the presence of an ulcerated lesion. The choice to study
this clinical form is several fold, based on both practical considerations and on scientific
grounds. Practically, it is the most prevalent clinical form in Brazil and scientifically, it is
the clinical form that, amongst the clinical forms caused by L. braziliensis infection, is the
most benign and leads to a fairly high rate of cure and subsequent immunologic protection
amongst the population (2, 3) (4). Thus, by studying individuals with this clinical form, we
can have an idea as to the nature of the immune response that leads to the formation of a
lesion, followed by control of the infection, and long lived immunity in a high percentage of
individuals.

Protection vs. Pathology vs. Memory…a three-way balancing act
The study of the cellular immune response and determination of cytokine profiles in both
murine models and in humans has been determined over the years through the application of
a number of quantitative and semi-quantitative methodologies. These methods have ranged
from single-cell cytoplasmic staining of cytokines within specific cell populations to ELISA
from culture supernatants or body fluids, and quantitative PCR. In tissues investigators have
used in situ detection of cytokines by confocal or fluorescent microscopy and cytokine
specific probes. For quite some time it has been known that a biased Th1 response in animal
models of Leishmania major infection lead to control of parasite replication and cure of the
animal, while a biased Th2 response leads to an exacerbated infection (5) (6) (7). This
picture has grown in complexity over the years and we now appreciate nuances of the model
including the important role of IL-10 in regulating the response (8, 9). Over the years,
dozens of studies in animal models have helped to elucidate the cellular and molecular
mechanisms involved during the immune response against Leishmania spp, and have
pointed to the importance of many factors that influence the progression of disease
following infection with Leishmania (10–14). These factors vary from the strain of the
infecting parasite, to the method of inoculation, and host genetics, to name a few. Thus,
these models continue to provide insights towards understanding basic mechanisms of
immunity and memory, as well as clarify factors involved in complex interactions between
host and pathogen. However, interpretation and extrapolations of results obtained from
animal models to the human realm should be performed carefully due to complex
differences between the systems.

It has recently been demonstrated in a number of animal models that cellular immune
responses resulting in a sterile cure of Leishmania major infection, lead to poor long term
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protection or memory responses (11, 15, 16). Moreover, in human cutaneous disease caused
by L. braziliensis infection, we have found that an exacerbated, Th1 response (determined
using flow cytometry, ELISA, and confocal microscopy) is associated with severe pathology
in mucosal disease (17–19), and even in relatively controlled responses in cutaneous disease,
higher frequencies of IFN-gamma producing CD4+ T cells, as determined using flow
cytometry, are associated with larger lesions (20). Thus, it seems likely that a balance
between responses that induce leishmaniacidal activities, those that could induce pathology,
and those that maintain persistence, may be the most desirable response in the natural human
response directed against L. braziliensis infection (Figure 1).

Using single cell cytokine staining to identify directly subpopulations of lymphocytes
producing immunoregulatory cytokines in human cutaneous disease caused by L.
braziliensis, we demonstrated that indeed, CD4+ Th1 cells are the major source of IFN-
gamma with very little to undetectable CD4+ T cells producing IL-4 or IL-5. In this same
study we also identified CD4+ T cells and monocytes as important sources of IL-10 (21)
(Figure 1). Interestingly, however, upon further study we found that IL-10 production by
lymphocytes was not associated with lower frequencies of TNF-alpha or IFN-gamma
producing T cells, but rather, the two were positively correlated, indicating a coordinate
regulation in the frequency of CD4+ T cells producing cytokines capable of activating
leishmaniacidal activities (IFN-gamma and TNF-alpha) and those producing the down
regulatory cytokine, IL-10 (22). This finding points to an active immunoregulation of cells
with protective and potentially pathogenic potentials, together with IL-10 producing T cells.
The immediate biological activity of Leishmania antigen specific T cells to produce IL-10
with down-modulatory activities on host monocytes was also demonstrated, and thus, while
there is not a direct correlation between higher frequencies of IL-10 producing lymphocytes
and lower frequencies of IFN-gamma producing T cells, there is a greater decrease in
monocyte activation (as measured by TNF-alpha production) in individuals with higher
frequencies of antigen specific, IL-10 producing lymphocytes (22). Interestingly, it was
recently suggested that a lower IFN-gamma/IL-10 ratio could be associated with a more
favorable prognosis amongst individuals infected with L. braziliensis (23). Thus, co-
production of IL-10 could be critical for both controlling pathology, as well as regulation of
an “over-active” Th1 response. As mentioned above, the failure to regulate the Th1 response
could lead to the poor formation of long lived, effective memory. Whether in the human
disease these cells producing IFN-gamma and IL-10 are the same cell population, or
different cells, has not yet been determined. As pointed out in our study, it has been
recognized for many years that human Th1 cells can also produce IL-10 as described by
Sornasse et al. (24), and it now appears that mouse T cells can do the same as recently
shown following L. major infection (25) (26). Thus, it seems clear that active human
cutaneous leishmaniasis is associated with a multifaceted regulated Th1 type response with
components that will aid in the activation of host macrophages for activation of
leishmaniacidal activities, as well as cytokines that aid in the control of this response (Figure
1). Many other cell types and cytokines not discussed in this review could clearly play an
important role in the immunoregulation of human cutaneous disease including Th17 cells,
Treg and Th3 populations, some of which have been investigated in human and animal
models of disease (10, 27). The future elucidation of the role that these populations play in
protection and pathology is clearly important to understanding the overall regulatory
mechanisms of human leishmaniasis.

While CD4+ T cells are clearly an important source of cytokines for activation of
leishmaniacidal activities, it is equally clear that several other cell types play an important
role in establishment of the overall cytokine microenvironments important for both initiation
and differentiation of effective T cell immune responses, as well as for local immune
responses at the site of infection (18). On this note, when studying the cellular sources of
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immunoregulatory cytokines from cutaneous leishmaniasis patients, we found that the
second most prevalent cell type responsible for IFN-gamma production were lymphocytes
negative for both CD4 and CD8 (21). Based on this finding, further studies were carried out
to determine the possible role of these cells in immunity and pathology (28).

CD4- CD8- (double negative-DN) T cells in human cutaneous leishmaniasis:
alpha/beta DN T cells likely have a role in protection and pathology, while
gamma/delta DN T cells could play a more important role in negative
regulation

In addition to classic CD4+ and CD8+ T cells, there is a minority subpopulation of T cells
that express neither CD4 nor CD8, thus termed double negative (DN) T cells. Within this
DN T cell population several subpopulations can be found. In the broad sense, they contain
T cells expressing either the gamma/delta or alpha/beta TCR, and within each of these
populations, several subpopulations can be defined. Amungst the alpha/beta TCR DN T
cells in humans, studies have identified cells of both negative-regulatory nature (29) (30), as
well as associated with several autoimmune disorders (31–33). Of further interest are the
alpha/beta TCR+ DN T cells that are restricted to CD1 presented antigens, of which some
express a restricted TCR and often recognize lipid antigens presented by one of the CD1
family of molecules. These T cells often express a restricted, or invariant, TCR, and have
been classified by many as invariant NK T cells. These are of particular interest due to their
potent cytokine producing activity and highly activated profile as reviewed by others (34–
37). In particular, CD1 restricted NK T cells were recently implicated in the host immune
response to Leishmania (38) and a MHC class II restricted subset of DN T cells in protection
to mycobacteria infection in mice (39).

In our work by Bottrel et al., we determined that DN lymphocytes were the second most
prevalent cell type producing IFN-gamma in human cutaneous leishmaniasis, and that this
IFN-gamma production was seen after short term cultures with media alone, as well as after
stimulation with soluble Leishmania antigen (SLA) (21). Given the fact that we identified
these cells solely on their positioning within the lymphocyte gate and their lack of
expression of CD4 and CD8, further studies were required to determine if they were in fact
T cells, and if so, determine what TCR they expressed, either alpha/beta or gamma/delta. In
non-infected individuals, earlier studies had demonstrated that over 80% of peripheral blood
DN T cells expressed the gamma/delta TCR. Moreover, several studies in human
leishmaniasis had been performed that demonstrated a possible role for gamma/delta T cells
(40–42). Strikingly, our findings published by Antonelli et al. (28) first identified that the
great majority of DN T cells in the circulation from cutaneous leishmaniasis patients express
the alpha/beta TCR. In fact, this population makes up approximately 75% of the DN T cells
in cutaneous leishmaniasis patients, with the remainder expressing the gamma/delta TCR. In
contrast, as had been shown earlier, we also observed that non-infected controls, have an
inverted ratio with alpha/beta TCR expressing DN T cells making up at most 20% of the DN
T cells in the circulation, and the great majority express the gamma/delta TCR. Upon
studying the activation state of the DN T cells, it became clear that they express a hyper-
activated ex vivo profile based on the expression of CD69 and the expression of IFN-gamma
and TNF-alpha after 20 hour culture with media alone. This profile of hyper-activation ex
vivo, coupled with cytokine production in the absence of exogenously added antigen, adds
to the concept that these cells could be highly involved in an active response following
infection by Leishmania, and may play an important role in the innate response as well.
Moreover, this profile is different from what is seen for both CD4 or CD8 cells, where we
see antigen induced activation and cytokine production, but very little production ex vivo or
after media alone cultures (21). Thus, the DN T cell subpopulation, and in particular, the
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alpha/beta DN T cell subpopulation seems to fit into a highly activated T cell subpopulation
producing biologically relevant cytokines for the activation of monocytes and macrophages.

As a means of determining their physiologic role we further characterized the cytokine
profiles of the alpha/beta and the gamma/delta DN T cells and demonstrated that the alpha/
beta DN T cell subpopulation expresses high IFN-gamma or TNF-alpha to IL-10 ratios
(approximately 20 and 10, respectively) after stimulation with SLA. Interestingly, these
ratios are approximately twelve to fifty times higher than that seen for the gamma/delta DN
T cell subpopulation for IFN-gamma/IL-10 and TNF-alpha/IL-10, respectively. Thus, the
role of the alpha/beta DN T cells is likely skewed toward activation of leishmaniacidal
activity and possibly in pathology (if not regulated), while the gamma/delta DN T cells
would be more active as negative regulators of this activity (Figure 2). Finally, it is
noteworthy that in media alone, the alpha/beta DN T cells display a more balanced cytokine
profile with a diminished IFN-gamma/IL-10 ratio. Thus, it is possible that different
subpopulations of alpha/beta DN T cells are being activated in the conditions of ex vivo and
media alone as compared to after stimulation with SLA. It is clear that DN NKT cells will
be contained within the alpha/beta DN T cell population and further studies are being carried
out to determine their role in the overall profile we have identified.

Clearly, the identification of what antigen presenting molecule(s) and antigen(s) are
responsible for activation of the DN T cells in human leishmaniasis is an important step for
understanding the role these cells play in induction of protective or pathogenic immune
responses, as well as their possible role in the maintenance and generation of memory
responses.
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Figure 1. CD4+ T lymphocyte balance and activation of macrophages for control of Leishmania
Classically, Th1 and Th2 CD4+ T cell subsets act to control the leishmaniacidal activity of
host monocytes and macrophages. While this model still explains many aspects of the
cellular immune response in human and mouse models of leishmaniasis, several other
subpopulations are also involved in the regulation of effective leishmaniacidal immune
responses. They cytokines on the left are important for differentiation of the given cell
populations and the cytokines to the right of each T cell subset are key immunoregulatory
cytokines that can be produced by the given subset. Importantly, IL-10, a down modulatory
cytokine, can be produced by several T cell subpopulations (Th2, Th1, Treg and Th3), as
well as by infected or activated macrophages. The same is true for TNF-alpha which can be
produced by both T cells and activated macrophages. In addition, it is clear that these
responses must be controlled for the limitation of pathology and likely to allow persistence
and thus, maintenance of an effective memory response. The possible role of Th17 cells in
the induction of pathology or protection in human leishmaniasis has not been determined,
but represents another possibly important population in the dynamics of the response
following Leishmania infection. Several cellular sources of important immunoregulatory
cytokines exist, including not only subpopulations of CD4+ T cell, but also the macrophage
itself and other leukocytes and granulocyte populations not highlighted in this figure.
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Figure 2. αβ+ D.N. T cells contribute to a leishmaniacidal immune environment while, γδ+ D.N.
T cells appear to contribute more towards a down regulatory environment in human cutaneous
leishmaniasis caused by L. braziliensis
Several cellular sources contribute to the overall immune environment in human cutaneous
leishmaniasis. Depending on the dynamics of the interaction between these cell populations,
their relative frequency, and the timing of their appearance and activation, each cell type
could not only influence the effector cellular immune response, but also shape the cytokine
microenvironment necessary for subsequent T cell differentiation. IFN-gamma and TNF-
alpha are both key for optimal macrophage activation and for creating a microenvironment
beneficial for driving Th1 cell development. Both CD4+ Th1 cells and αβ+ D.N. T cells are
important sources of these cytokines in cutaneous disease. IL-10 is an important cytokine for
down regulation of inflammatory responses and controlling macrophage activation. It comes
from several sources in human cutaneous disease including CD4+ T cells, D.N. T cells (the
balance in γδ+ D.N. T cells is skewed toward IL-10 as compared to the αβ+ D.N. T cells)
and monocytes/macrophages. For several years it has been known that IL-10 is a poor
indicator of Th1 and Th2 subsets in humans, and in cutaneous disease we see a co-regulation
of IL-10 production along with IFN-gamma or TNF-alpha. The overall balance of these cell
types and the cytokines they produce will determine if an immune response is effective at
controlling the parasite and limiting pathology, while allowing for some degree of
persistence which may be important for long lived and effective memory. The diagram is
based on work by our group and represents the balance between subpopulations taken from
PBMC of infected cutaneous leishmaniasis patients.
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