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6.1 GENERALITIES ON LEISHMANIASIS

Leishmaniasis has been known for many hundreds of years,
with one of the first clinical descriptions made in 1756 by
Alexander Russell and called Aleppo boil. Many names cor-
respond to this group of diseases: kala-azar, Dum-dum fever,
white leprosy, espundia, pian bois, and so on. Leishmaniases
are parasitic diseases spread by the bite of the infected female
phlebotomine sand fly (Fig. 6.1). Leishmaniases are caused by
approximately 20 species, pathogenic for humans, belonging
to the genus Leishmania (kinetoplastids order, Honigberg,
1963) and within 500 known phlebotomine species, of
which only some 30 have been positively identified as vectors
of these pathogenic species.

6.1.1 Geographic Distribution

Human leishmaniases are found on all continents, except
Antarctic and Australia. However, cutaneous leishmaniasis was
[296].

Approximately 350 million people live in endemic areas,

recently revealed in Australian red kangaroos

thereby comprising populations at risk, and annual incidence
is estimated at 1-1.5 million cases of cutaneous leishmaniasis
plus 500,000 cases of visceral leishmaniasis; overall prevalence
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is 12 million people. Most of the affected countries are in the
tropics and subtropics: more than 90% of the world’s cases of
visceral leishmaniasis are in India, Bangladesh, Nepal, Sudan,
and Brazil (Fig. 6.2), 90% of all cases of mucocutaneous leish-
maniasis (Fig. 6.3) occur in Bolivia, Brazil, and Peru, where-
as 90% of all cases of cutaneous leishmaniasis (Fig. 6.3) occur
in Afghanistan, Brazil, Iran, Peru, Saudi Arabia, and Syria (for
further detail, see http://www.who.int/leishmaniasis/en/).

6.1.2 The Players in Leishmaniasis

Leishmania parasites are responsible for cutaneous forms as
well as visceral forms of the disease. Healing or progression of
this infection is related to the genetic and immune status of
the host, the virulence and pathogenicity of different species
and strains of Leishmania, and the vector involved. The hosts
can be humans but also rodents, dogs, and other mammals
[16,307], and great diversity of immune response exists
depending on the host considered (see Section 6.4 for
details). Similarly, within 500 known phlebotomine species,
only 31 have been positively identified as vectors of the
Leishmania pathogenic species and 43 as probable vectors
[181]. Among them, some vectors such as Phlebotomus
Phlebotomus papatasi and P. Paraphlebotomus sergenti can only be
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Fig. 6.1. Phlebotomus argentipes, the vector of kala-azar in India and
neighbouring countries, engorged. (Photo taken by Edgar D.
Rowton, all rights reserved.)

infected by one Leishmania species, whereas Lutzomyia longi-
palpis is a permissive vector, able to transmit different
Leishmania species (see Section 6.2 for details). Finally, the 20
species described as pathogenic for humans belong to the
Leishmania genus (Ross, 1903). They are divided into two
subgenera (Leishmania in the Old World (Saf’Janova, 1983)
and Viannia in the New World (Lainson and Shaw, 1987)), the
Leishmania subgenus is composed of several species or species
complexes (Leishmania donovani complex, L. mexicana com-
plex, L. major, L. tropica, etc.) and the Viannia subgenus con-
tains species of the L. braziliensis complex (L. braziliensis
(Viannia, 1911), L. peruviana (Velez, 1913), and the L. guya-
nensis complex (L. guyanensis (Floch, 1954), L. panamensis
(Lainson and Shaw, 1972)), L. lainsoni, etc.). These Leishmania
species are associated with different diseases (see Section 6.3
for details). For example, infections by Leishmania donovani
complex species are associated with visceral leishmaniasis and
L. braziliensis infections are responsible for mucocutaneous

Fig. 6.2. Distribution of visceral leishmaniasis (WHO website:
http://www.who.int/leishmaniasis/leishmaniasis_maps/en/index.

heml).

Fig. 6.3. Distribution of cutaneous leishmaniasis (WHO website:
http://www.who.int/leishmaniasis/leishmaniasis_maps/en/
index.html).

leishmaniasis. However, the first species complex is able to
generate benign cutaneous lesions, and L. braziliensis has been
isolated from simple cutaneous lesions but also from visceral
forms. It is clear that the clinical outcome of infection depends on
a multifaceted association of factors among the three main players
involved: hosts, parasites, and vectors.

6.1.3 The Life Cycle of the Leishmania Parasite

Leishmania parasites are transmitted to their host by the bite of
an infected female phlebotomine sand fly (Psychodidae fami-
ly, Phlebotominae subfamily), which needs a blood meal to
produce its eggs (Fig. 6.4). The sand fly vectors are primarily
infected when feeding on the blood of an infected individual
or a vertebrate reservoir host. Many mammal species could
act as a reservoir host, for example, rodents or dogs [16,307].

During feeding, host macrophages, containing amastigotes
(Fig. 6.5), are ingested by the vector. These parasite forms,
round and nonmotile (3—7 pwm in diameter), are released into
the posterior abdominal midgut of the insect, where they
transform into promastigotes to begin their extracellular life
cycle in the vector. This form is motile, elongated (10-20
pm), and flagellated (Fig. 6.6).

The promastigotes then migrate to the anterior part of the
alimentary tract of the sand fly where they multiply by bina-
ry fission. Approximately 7 days after feeding, the promastig-
otes undergo metacyclogenesis and become infectious
(metacyclic promastigotes). They are released into the host
together with saliva when the sand fly lacerates the skin with
its proboscis during feeding. The sand flies usually feed at
night while the host is asleep.

These metacyclic promastigotes are taken up by host
macrophage, where they metamorphose into the amastigote
form. They increase in number by binary fission within the
phagolysosome until the cell eventually bursts, then infect
other phagocytic cells and continue the cycle. In cases of vis-
ceral leishmaniasis, all organs, containing macrophages and
phagocytes, can be infected, especially the lymph nodes,
spleen, liver, and bone marrow.
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Fig. 6.4. Leishmania life cycle (WHO website: http://www.who.int/tdr/diseases/leish/leish.htm).

6.1.4 Symptoms

A high rate of infected people remain asymptomatic, but for
others, the infection by Leishmania can produce very different
clinical symptoms. Indeed, several forms of leishmaniasis exist:
cutaneous leishmaniasis and mucocutaneous leishmaniasis,
which cause skin sores, and visceral leishmaniasis, which
affects some of the internal organs of the body (e.g., spleen,
liver, bone marrow). People with cutaneous leishmaniasis usu-
ally develop skin sores a few weeks (sometimes as long as
months) after being bitten, whereas people with visceral leish-
maniasis usually become sick within several weeks or months
(rarely as long as years).

The most severe form of the disease is visceral leishmani-
asis (VL) (Fig. 6.7), which has a mortality rate of almost 100%
if untreated. It is characterized by irregular bouts of fever,
substantial weight loss, swelling of the spleen and liver, and
anemia. Leishmania species responsible for this form mainly
belong to the Leishmania donovani complex. VL caused by
L. infantum especially aftects children. Other symptoms, called
post-kala-azar dermal leishmaniasis (PKDL), can appear sev-
eral months (or years) after VL treatment. This complication
of VL is characterized by a macular, maculopapular, and

Fig. 6.5. Two human macrophages infected by L. donovani amastig-
otes, all rights reserved.

nodular rash in a patient who has recovered from VL and who
is otherwise well [400].

Mucocutaneous leishmaniasis (MCL) (Fig. 6.8.), mainly
caused by L. braziliensis and more rarely by the L. guyanensis
complex, produces lesions that can lead to extensive and dis-
figuring destruction of mucous tissues of the nose, mouth,
and body, including the face, arms, and legs, causing serious
disability.

The cutaneous leishmaniases (CL) (Fig. 6.9) are the most
common and represent 50-75% of all new cases. CL also
result in a variety of clinical manifestations, in terms of the
number of lesions (up to 200 on the exposed part of the
body) and with selfhealing lesions compared with lesions
requiring specific anti-Leishmania treatment. The lesion 1is
localized at the site of the sand fly bite and satellite lesions in
the vicinity of the original lesion can sometimes be observed.
CL are mainly attributable to L. amazonensis, L. braziliensis, L.

Fig. 6.6. L. infantum promastigotes, all rights reserved.
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Fig. 6.7. Visceral leishmaniasis. (Photo taken by Philippe Desjeux.
WHO  website: http://www.who.int/leishmaniasis/disease_
epidemiology/en/index.html.)

guyanensis, L. mexicana (Biagi, 1953), L. panamensis, L. naiffi,
L. venezuelensis, L. lainsoni, and L. shawi in the New World and
L. major (Yakimoff and Schockor, 1914), L. aethiopica (Ashford
and Bray, 1973), L. tropica (Wright, 1903), L. arabica, and L. ger-
billi (Wang, Qu, and Guan, 1964) in the Old World, even if
other species such as L. donovani (Laveran and Mesnil, 1903),
L. infantum (Nicolle, 1908) have also been isolated from cuta-
neous lesions. Diftuse CL, mainly caused by L. amazonensis
and L. aethiopica, never heals spontaneously and tends to
relapse after treatment. This form is characterized by dissem-
inated nodular lesions that resemble lepromatous leprosy.
Finally, these diseases have not only been found in devel-
oping countries since 1985, when the first co-infected patient
was detected [93], even if the Leishmania—HIV co-infection
cases are decreasing in Europe (introduction of Highly Active

Fig. 6.8. Mucocutaneous leishmaniasis. (Photo taken by Philippe
Desjeux. WHO website: http://www.who.int/leishmaniasis/disease_
epidemiology/en/index.html.)

Fig. 6.9. Cutaneous leishmaniasis. (Photo taken by Philippe
Desjeux. WHO website: http://www.who.int/leishmaniasis/disease_
epidemiology/en/index.html.)

Antiretroviral Therapy (HAART)). These cases are mostly
localized in Europe where intravenous drug users have been
identified as the main population at risk. In this case, the
immunological status of these people creates a favorable
ground for the Leishmania parasite.

6.1.5 Prevention, Diagnosis, and Treatments
Leishmaniases are a diverse and complex group of disorders.
Unfortunately, strict rules cannot be applied for a type of
Leishmania causing a typical disease, as even subtle changes in
host immunity, the environment, and the parasite itself might
result in completely different clinical manifestations; there-
fore, various approaches to disease control are necessary.
Hence, prevention, diagnosis, and treatments depend on
Leishmania species diagnostics and on the disease form; they
differ for CL,VL, and MCL.

6.1.5.1 Prevention of leishmaniases

6.1.5.1.1 Zoonotic cutaneous leishmaniasis (ZCL) In the
Old World, identification and control of animal reservoirs (small
rodents) consist of deep plowing to destroy the burrows (breed-
ing and resting sites) and plant (Chenopodiacae) sources of food
for the rodents. Poisoning is no longer used, as it is considered
too dangerous for other animals. In New World, especially in
Latin America, large mammals living in forests or around hous-
es can help contain the disease. In recent years, there has been
an increase in the incidence of ZCL attributable to urbaniza-
tion and deforestation, leading to domestication of transmission
cycles, and the building of dams and new irrigation schemes,
which have increased the population of animal reservoirs.
Because populations living close to or at the edge of forests are
particularly vulnerable, such habitats should be moved away
from the forests. Limited clearance of peridomestic forest can
reduce the risk of intradomiciliary transmission [101,102].
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6.1.5.1.2 Anthroponotic ~ cutaneous  leishmaniasis
Anthroponotic cutaneous leishmaniasis (ACL) is confined to
urban or suburban areas of the Old World. Early diagnosis and
treatment of recurring cases are necessary to avoid an increase in
transmission risk, as they reduce morbidity, mortality, and trans-
mission (reduction of human reservoir). The best prevention for
ACL is the use of long-lasting impregnated bed nets in order to
prevent infected sand flies from infecting healthy people and
reduce untreated cases that continue infecting sand flies.
Residual insecticide house spraying is another important pre-
vention and intervention strategy. Mosquito repellents can be
combined with pyrethroid-impregnated clothes (e.g., uniforms
for military personnel) for individual protection [78,99].
Mosquito coils and the electrically heated fumigation mats con-
taining pyrethroids are also helpful in protection.

6.1.5.1.3 Zoonotic visceral leishmaniasis In zoonotic
visceral leishmaniasis (ZVL) endemic areas, the dog is a major
reservoir. Several preventive measures are advocated: insecti-
cide-impregnated dog collars, vaccination of pets against
leishmaniasis, and elimination of infected stray dogs can
decrease the incidence of infection. Canine and indirectly
human leishmaniasis (because dogs are the Leishmania reser-
voir) is prevented by using deltamethrin-treated collars to
protect dogs against L. infantum infection [127].

6.1.5.1.4 Anthroponotic visceral leishmaniasis (AVL)
Elimination of the human reservoir by early diagnosis and
treatment of PKDL and VL can reduce the transmission
effectively. Furthermore, in anthroponotic foci, vector control
through residual insecticide spray and improvement of the
environment to control the growth of sand flies are the major
tools for prevention.

6.1.5.2 Diagnosis of leishmaniases

6.1.5.2.1 Visceral leishmaniasis Typical clinical features
of VL such as fever followed by splenomegaly (enlargement of
the spleen) and lymphadenopathy (swelling of the lymph nodes) in
a patient living in the endemic area should arouse suspicion of
VL. Presence of antileishmanial antibodies, detected through
conventional ELISA, IFAT, or DAT or the popular rapid rK39
strip test, indicates infection [2,12,20,117,149,331,354,385].
This is usually confirmed through demonstration of amastig-
otes in tissue smears mostly from the spleen, bone marrow, or
lymph nodes. Polymerase chain reaction (PCR) is employed
for demonstration of parasitic DNA in peripheral blood for
diagnosis [249,309].

In India, a rapid strip test based on rK39 antigen has
become available and should improve the diagnostic situa-
tion [42,136,250,353,354,375,401]. However, there is a
need to develop a diagnostic test that has a high degree of
specificity for active disease. Detection of antigen in urine
(KAtex) is a promising tool, provided its format is improved
[17,116,150, 279,312,345]. DNA detection by PCR is
another powerful tool that could be established at several
nodal centers in endemic areas serving the entire endemic
region for diagnosis and evaluation of cure [214,248,249,

265, 308,327,394]. Both KAtex and PCR correlate well
with disease activity and thus have a clear edge over tools
based on antibody detection.

6.1.5.2.2. Cutaneous leishmaniasis In areas of endemic-
ity without sufficient laboratory infrastructure, CL is often
diagnosed on the basis of clinical characteristics of the lesions.
However, parasitological confirmation is important, because
clinical manifestations may be mimicked by other infections
and granulomatous diseases: lupus vulgaris, leprosy, and so on.
Species identification may be important in predicting the course of the
disease and selecting therapy.

Leishmania may be isolated in up to 80% of sores during
the first half of their natural course [273]. Parasites seem to be
particularly difficult to isolate from sores caused by L.
braziliensis, responsible for the vast majority of cases in Brazil.
Touch preparations from biopsies and histopathology usually
have a low sensitivity [81,389]. Slit-skin smears taken from
the nodular edge of the lesion, or scrapings from within the
ulcer [273] examined microscopically are positive in
32.7-84% [242,389]. Culture of fine needle aspiration mate-
rial has been reported to be the most sensitive method
[242,389]. Mucocutaneous leishmaniasis (MCL) is more dif-
ficult to diagnose parasitologically; even hamster inoculation
only brings the yield up to 50% [389].

PCR introduced to determine the parasite species is used
increasingly for diagnosis, greatly improving the diagnostic
rates for CL and MCL [92,203]. For CL in Ecuador, using cul-
ture as standard, PCR was 97% sensitive as compared with
microscopy (42%) and histology (33%) [18],whereas in Brazil,
71% of MCL cases were detected by PCR compared to 17%
detected by conventional method [203]. Clinically, species
identification may be important for epidemiological and ther-
apeutic reasons, for example to identify the dominant species
in a CL focus in Brazil [91]. Isoenzyme methods [283] and
monoclonal antibodies [15,158] have been employed for
species typing as well as analysis of amplified minicircle kine-
toplast DNA (kDNA), by choosing primers from variable
regions of different Leishmania species KDNA minicircle [327].

6.1.5.3 Leishmaniasis treatments Treatment of leish-
maniases has centered around pentavalent antimonials (Sb" for
six decades except in North Bihar, India, where large-scale
antimony resistance is emerging and where SbY, even with
the higher doses, is able to cure only 35-50% of patients
[342,352,356,359,360]. In the Old World (L. major, L. tropi-
ca, and L. donovani complex) and the New World (L. mexi-
cana and L. braziliensis complexes), CL and PKDL are
commonly treated with SbY. A species-based approach to
treatment has been advocated, especially in countries where
several species may cause CL [245,295]. Intralesional SbY has
been used with encouraging results in the Old World
selthealing CL [5,371].

A second-line drug, pentamidine isethionate, is expensive and
toxic, beacuse it can be responsible for irreversible insulin-
dependent diabetes mellitus and death. It was used to treat
SbV-refractory patients with VL, but its efficacy has declined
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and its use for VL has been abandoned [160,162,164]. During
the late 1980s and the early 1990s, many Indian patients died
for want of treatment after failing therapy with SbY and pen-
tamidine. Though for some forms of CL, pentamidine is still
attractive because very few doses are needed [9,335].

Due to increasing SbV-unresponsive VL, especially in India
over the last decade, amphotericin B has become the drug of
choice [230]. However, it is toxic and requires close monitor-
ing. Though the cure rate with amphotericin B is approxi-
mately 100% and relapses are rare, the need for hospitalization
lasting 5-6 weeks, infusion reactions, occasional serious
adverse reactions such as hypokalemia, myocarditis, and death
precludes its widespread application in peripheral health posts
where monitoring facilities are limited. Thus, a large number
of patients have to wait several weeks to months for hospital-
ization and treatment [132,229,230,361]. In South America,
many regard amphotericin as the drug of choice for MCL,
because of the low relapse rate [80,291]. The introduction of
lipid-associated amphotericin, i.e., liposomal amphotericin B
(AmBisome), amphotericin B lipid complex (ABLC; Abelcet) and
amphotericin B colloidal dispersion (Amphocil), has been one of the
most important developments in the chemotherapy of leish-
maniasis. In these formulations, deoxycholate has been
replaced by other lipids that mask amphotericin B from sus-
ceptible tissues, thus reducing toxicity, and are preferentially
taken up by reticuloendothelial cells, thus targeting drug deliv-
ery to the parasite and increasing efficacy. Three lipid formu-
lations are commercially available, but their cost is prohibitive
[88,89,106,188,227,351]. In India, all three formulations, with
comparable efficacy, have been used, with AmBisome being
the safest [89,105,188,343,344,346,348,349,351].

Paromomycin, an aminoglycoside, is well tolerated and
effective for VL, but less so for CL [74,76,163]. Topical paro-
momycin ointment has been used for the treatment of CL
[187,252,305]. The search for an effective oral antileishma-
nial drug spans two decades. Allopurinol, the azoles,
rifampicin, and atovaquone showed activity in experimental
systems, but proved disappointing in clinical trials. Oral mil-
tefosine, an alkyllysophospholipid, originally developed as an
anti-cancer agent, is now approved for the treatment of VL
in India [347]. In several clinical trials, miltefosine cured
more than 90% of patients with only minor gastrointestinal
side effects such as vomiting in about half of the patients and
less commonly diarrhea [165,347,350,355]. An asympto-
matic transient rise in hepatic transaminases occurs during
the second week of treatment, returning back to baseline
values on continued treatment. It induces rapid cure, with a
majority of patients becoming afebrile within the first week,
quick regression of spleen, and recovery of blood counts.
However, due to the risk of teratogenicity, Miltefosine
should not be given to child-bearing age women except if
contraception can be secured during and after treatment.
Oral sitamaquine, an 8-aminoquinoline derivative, has been
shown to have clinically significant antileishmanial activity.
This effective oral antileishmanial compound has been test-
ed in Kenya, Brazil, and India [104,161,325,387].

6.1.5.4 Vaccines?

form of leishmaniasis for prophylaxis. Control of leishmani-

There is no vaccine available against any

asis remains a source of grave concern worldwide. As most
of the available methods for leishmaniasis treatment and
control are of limited effectiveness, there is now an urgent
need for new low-cost drugs and/or new therapeutic inter-
ventions such as a vaccine, which would be the most practi-
cal and efficient tool for the control of these parasitic
diseases [90].

Although considerable progress has been made over the
last decade in understanding the immune mechanisms under-
lying protective responses, identifying potential candidate
antigens, and implementing these principles in animal mod-
els, very few candidate vaccines have progressed beyond the
experimental stage.

In recent years, great interest has been focused on the
development of vaccines against localized cutaneous disease.
Comparatively, VL has received limited attention. Indeed,
only studies to identify the immunological factors of VL
patients after chemotherapy and in asymptomatic subjects
have been reported so far [231]. In regions where VL is
endemic, such as the Mediterranean area, severe disease only
occurs in a small population of around 10-33%, whereas the
majority of infected individuals show no clinical symptoms
and a significant part have self-resolving infection [21].
Furthermore, patients who have recovered from kala-azar are
usually immune to reinfection, suggesting that wvaccination
against VL should be possible. The fact that a large proportion of
the people living in endemic areas has self-resolving subclini-
cal infections and the immunological mechanisms that control
parasite multiplication in asymptomatic subjects are not well
defined provides a rationale for designing immunoprophylac-
tic strategies against VL.

Historically, “leishmanization” with live organisms was
used to protect against disfiguring CL, because of the knowl-
edge that individuals whose skin lesions had healed were
immune. Knowledge of pathogenesis fortified by immuno-
logical understanding and genetic sequencing studies have
gradually led to rational approaches toward the induction of
protective immunity to Leishmania in animal models. Thus
far, attempts at human vaccination have been unsuccessful,
but several promising candidate vaccines are being explored
in mouse models and in dogs.

In humans, measurement of cytokines in culture super-
natants of Leishmania antigen-activated PBMCs and T-cell
clone analysis support the view that (i) cell-mediated immuni-
ty, regulated by Th1 CD4* lymphocytes, was required for the
destruction of Leishmania parasites in macrophage phagolyso-
somes [179]; (ii) control of infection in asymptomatic subjects
was partially associated with the expansion of parasite-specific
CD8* lymphocytes [211]; and (iii) these measurements
revealed a coexistence of Th1 and Th2 responses in kala-azar
patients as well as in cured individuals [253]. Therefore, even in
humans, it is difficult to demarcate the responses leading to
either visceral disease (“‘susceptible”) or protective immunity
(“resistance”) against Leishmania parasites. Successful resistance
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is probably the result of cooperation between the various arms
of the immune system.

Recently, a vaccine against canine VL involving Leishmania
excreted—secreted antigen has been developed (L/ESAp)
[226]. It proved efficient in both experimentally and natural-
ly L. infantum-exposed dogs in southern France [147,194]. In
dogs, the vaccine-induced protection correlates with an early
production of IFN—y by a Th1 subset of CD4* T cells, which
activate macrophages to destroy intracellular amastigotes
through NO production. This was demonstrated by anti-
LiESAp 1gG2 reactivity, LIESAp-specific lymphocyte prolif-
eration assays, and enhanced NO-mediated anti-leishmanial
activity of canine monocyte-derived macrophages (CM-DM).
In vaccinated dogs, NO-mediated Leishmania killing was
associated with higher IFN-y production by T cells when
L. infantum-infected CM-DMs were co-cultured with autol-
ogous lymphocytes [147,194]. The main scientific issues in
the design of a Leishmania vaccine are no different from those
for any other vaccine. On a positive note, there is currently
rapid progress in our understanding of the molecular
nature of potential vaccine candidates and the mechanisms
that determine infection-preventing immune responses.
Multidisciplinary approaches integrating studies on parasite
and host factors would facilitate our understanding of the
disease and help in the design of a vaccine against human VL.

6.1.6 Why an Integrated Approach?

Even if we can generalize the life cycle of Leishmania
because it always contains one vector, one parasite, and one
host, the outcome of transmission, infection, and disease are
dependent on the intrinsic characteristics of these three
players. Indeed, the epidemiology of leishmaniasis will be reflec-
tive of the particular combination of interactions among all players:
parasite, vector, reservoir host, and environmental conditions. In
many endemic areas, the exact role of these players and their
relations to human infections are unknown and it is difficult
to generalize. Integrated analysis of both parasite genetics,
parasite virulence factors, host immune responses, vector
competence, host genetics, socioeconomic, and environ-
mental risk factors is necessary for a better understanding
of the interplay between these different factors and the risk
of developing leishmaniasis. This approach could also pro-
vide information on the critical biological pathways
involved in the host resistance or susceptibility to leishma-
niasis and therefore help in orienting new therapeutic
or vaccine strategies. Indeed, factors determining the
host resistant/susceptible status are complex and largely
unknown. Environmental factors acting on the phle-
botomine and/or animal reservoir populations could mod-
ulate exposure of the human host to infected sand fly bites.
Moreover, it has been suggested that the host immune
response may also depend on the parasite strain, and differ-
ent parasitic factors directly or indirectly responsible for the
disease outcome have been described. Factors affecting the
patient immune competence such as HIV infection or mal-
nutrition have also been described to mediate susceptibility

to VL. Immunity in leishmaniasis is considered mainly T-cell
mediated, but more and more nonspecific factors acting in
the early stage of infection are now considered as important
for either the progression or control of the disease.
Therefore, we will first expose the advances in the identifi-
cation of the factors involved, due to the vector (Section
6.2), parasite (Section 6.3), and host (Section 6.4), and in
the interactions between these players. The last section will
focus on kala-azar in India, and we will demonstrate the
necessity of this integrated approach to better understand
this complex epidemiologic focus.

6.2 IMPACT OF SAND FLY VECTORS
ON LEISHMANIASIS

Phlebotomine sand flies belong to the order Diptera, subor-
der Nymatocera, and family Psychodidae. They are small,
about 3 mm in length, hairy flies characterized by a “hop-
ping” flight and wings that remain erect above the abdomen
when at rest. Sand flies are widely distributed and occupy
tropical, subtropical, and temperate biotopes [4].

Phlebotomine sand flies are biological vectors of
Leishmania in which the parasites undergo a complex devel-
opmental cycle beginning with ingested amastigotes and ter-
minating with transmission of infective metacyclic
promastigotes. Not all sand fly species transmit Leishmania
parasites, however, with the genera Phlebotomus (Old World)
and Lutzomyia (New World) accounting for all incriminated
vectors to date. The bite of an infective sand fly vector is the
only means by which any Leishmania species can be transmit-
ted at a sustained and significant level. Importantly, the impact
of sand flies on the establishment and spread of leishmaniasis
extends beyond the transmission of Leishmania parasites to a
direct effect on the host response to infection. In this section,
the complexity of sand fly—Leishmania and sand fly—
mammalian host interactions is outlined.

6.2.1 The Life Cycle of Leishmania

in a Competent Sand Fly Vector

The life cycle of Leishmania parasites is contained within the
digestive tract of the sand fly and begins with the ingestion of an
infected blood meal containing amastigotes. Around
4 h after blood feeding, a chitinous peritrophic matrix (PM) is
secreted, surrounding the blood meal within 24 h. The
PM acts as a barrier that slows the diffusion of digestive enzymes
secreted by the sand fly in response to blood ingestion and indi-
rectly protects the parasites from the harmful effects of the
enzymes [260]. This provides the opportunity for amastigotes to
differentiate into sluggishly dividing procyclics, and by day 2 into
large flagellated nectomonads (Fig.6.10). The blood meal is
digested around 3—4 days after feeding. At this point, the PM
breaks down, permitting escape of nectomonads and their attach-
ment to the midgut epithelium. The degradation of the PM was
initially attributed in full to the secretion of chitinases by
Leishmania parasites [315]. Recently, however, Ramalho-Ortigao
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Fig. 6.10. Life cycle of Leishmania in a competent sand fly vector. See color plates.

et al. [272] showed that sand flies secrete their own chitinases after
induction by the bloodmeal. The activity of sand fly chitinases
peaks at about 48 h post blood feeding, coinciding with the time
of the escape of nectomonads from the confinement of the PM
[269]. Once in the gut lumen, attachment to the epithelium
allows the nectomonads to persist in the midgut and prevents
their expulsion with remnants of the undigested blood meal.
Thereafter, nectomonads differentiate into leptomonads that
divide rapidly as they migrate anteriorly to the thoracic part of
the midgut [135,293]. Around day 7 after feeding, leptomonads
give rise to infective metacyclics that accumulate in the anterior
midgut below the stomodeal valve [135,293]. Metacyclics are
characterized morphologically by their small cell body and long
flagellum, and functionally by their free and rapid motility [311].
Simultaneously, haptomonads, highly specialized forms that
adhere to each other and to the stomodeal valve, form a concen-
tric parasite plug that blocks the opening of the valve (Fig. 6.10).
With such a complex life cycle, the parasites have to over-
come several adverse conditions before they can successfully
complete their development in the fly [180,299]. Such obsta-
cles include digestive enzymes secreted by the sand fly
[50,108,270], midgut lectins [381,382, 384|, excretion of
bloodmeal remnants [182,261], and sand fly innate immune
responses [51,271]. As a result, different species of Leishmania
closely evolved to fit distinct sand fly species, overcoming these
obstacles and giving rise to the term “vector competence.”

6.2.2 Vector Competence

A major determinant of vector competence is the ability of
parasites to attach to the midgut epithelium of the sand fly to
avoid expulsion with the blood meal remnants. Numerous

studies, some involving mutants specifically deficient in
lipophosphoglycan (LPG), a large and abundant molecule on the
surface of Leishmania promastigotes, have implicated LPG as
the ligand that mediates this attachment [62,262,302,303].
LPG is a tripartite GPI-anchored molecule with a backbone
of conserved disaccharide repeats consisting of phosphorylat-
ed galactose-mannose sugars —6Galf3 1, 4Mana 1-PO ~ capped
with a neutral sugar. The LPG of difterent Leishmania species
is highly polymorphic where the backbone can be unsubsti-
tuted (L. donovani, Sudan; and L. chagasi), partially substituted
(L. donovani, India), or completely substituted (L. major and
L. tropica) by side chains varying in the number and nature of
their sugar residues [206,216,217,332,368] (Fig. 6.11A). The
driving force for the observed LPG side chain substitutions is
thought to be dependent on the complexity of the receptor
present on the midgut epithelium of the targeted sand fly vec-
tor. Experimental infections showed that some sand fly
species, such as Lutzomyia longipalpis and Phlebotomus argentipes,
developed mature transmissible infections when infected with
several foreign Leishmania species [168,261,294,304]. These
species were termed permissive vectors. Others, including
P, papatasi and P sergenti, can only support the growth of the
Leishmania species they are found infected with in nature
(L. major and L. tropica, respectively) [168,261]; as such, they
are considered restricted vectors. It is important to note that this
species-restricted vectorial competence can also be strain spe-
cific. Certain natural variants of L. major, such as the West
African Seidman strain, which lacks galactose side chains, do
not maintain infection in P papatasi but do maintain infection
in another, closely related species P duboscqi [206]. The strain-
specific variability of LPG galactosylation in L. major was
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Fig. 6.11. Mlustration of (A) Leishmania major (completely substituted) and L. donovani “Sudan”
(unsubstituted) LPGs and (B) the changes during metacyclogenesis of L. major LPG.

attributed to the differential expression of a family of six genes
encoding L. major galactosyltransferases that vary in their expres-
sion and activity [110]. Additionally, in the north of Israel, a
strain of L. fropica whose LPG terminates with galactose
instead of glucose residues, known to decorate the LPG of
previously characterized L. tropica, was isolated from P arabicus
and not the classical vector P sergenti [332]. As for sand fly
midgut receptors, the first and only identified receptor to date
is PpGalec, a tandem repeat galectin responsible for the
observed specificity of P papatasi for L. major [169].

Though appropriate LPG polymorphisms are necessary,
vector competence has also been associated with the ability
of certain Leishmania species to overcome other adverse con-
ditions in the midgut of their respective competent vectors.
For example, Leishmania species are able to overcome the
harmful effects of digestive enzymes in a competent vector,
but not in a foreign sand fly species, by specifically inhibiting
or retarding the peak activity of these enzymes [50,107,316].
Secreted glycoconjugates, a family of LPG-related molecules
characteristic of Leishmania, were implicated in this protec-
tion [302,317], highlighting the degree of adaptation neces-
sary for parasite survival in competent vectors.

6.2.3 Metacyclogenesis and Transmission

Transmission of the parasites from the sand fly to the mam-
malian host requires detachment of the parasites from the
midgut epithelium. This event is again mediated by LPG,
which undergoes stage-specific modifications involving elongation
of the molecule and/or changes to the nature of sugar residues
on its side chains or neutral cap [206,217,262,301,303]. For
example, during metacyclogenesis, the LPG of L. major elon-
gates to approximately twice its procyclic length, and the
majority of terminal galactose sugars get capped by arabinose

residues (Fig. 6.11B). This modified LPG cannot bind to
PpGalec, the midgut receptor for L. major procyclic LPG in
P papatasi [169]. In L. chagasi, metacyclics downregulate the
glucose substitutions in their LPG, which, in contrast to pro-
cyclic parasites and procyclic LPG, becomes unable to bind to
the midgut of its natural vector L. longipalpis [333]. This
detachment frees the metacyclics and ensures their availability
for transmission to the mammalian host. The trigger that
initiates metacyclogenesis is not well understood. The only
available evidence to date is a negative regulation by tetrahy-
drobiopterin, a byproduct of pteridine metabolism, whose lev-
els are high following a bloodmeal and decline with time
elevating metacyclogenesis [84].

To further enhance their chances for successful transmis-
sion, Leishmania parasites evolved the haptomonad stage,
whose specific function is to block the stomodeal valve sepa-
rating the midgut from the foregut. These parasites are non-
motile and adhere to the chitinous lining of the valve. The
physical blockage of the valve is compounded by the secretion
by the parasites of a proteophosphoglycan-rich gel termed the
promastigote secretory gel (PSG) [156,340]. Both act in concert
to obstruct the intake of blood during feeding, requiring more
bites and a longer period to feed, and promoting regurgitation
of metacyclics into the skin of the mammalian host
[33,183,294]. In addition, parasite chitinases destroy the chiti-
nous lining of the stomodeal valve, further contributing to the
defective feeding mechanism in infected flies [314,380].
Another aspect of sand fly feeding that promotes transmission
is sand fly probing. Due to their small mouth parts, sand flies
need to lacerate multiple skin-surface capillaries to create the
pool of blood upon which they feed [277,278]. Beach et al.
[32] have shown that infected sand flies can transmit
Leishmania parasites while probing. Moreover, infected flies
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with mature infections and a stomodeal valve destroyed by
chitinases and blocked by haptomonads and PSG probe
longer in their efforts to feed [33,293,314], thus further pro-
moting transmission. Based on a pool of 50 flies, the number
of metacyclics egested into a membrane feeder by an infected
sand fly was averaged at 1000 parasites [294]. However, con-
sidering the modification of feeding behavior mentioned
above, the full potential of transmission in infected sand flies
has yet to be accurately defined.

6.24 Sand Fly Modulation of the Mammalian
Host Inmune Response

6.2.4.1 Sand fly saliva During the act of probing and
feeding, sand flies salivate into the wound. Consequently,
Leishmania metacyclics are always egested in the presence of
saliva. Sand fly saliva consists of a complex mixture of phar-
macologically active compounds such as vasodilators, antico-
agulants, and platelet inhibitors [166,278,372], as well as a
number of immunogenic proteins of unknown function
[72,246,373]. Numerous studies have shown that sand fly sali-
va enhances Leishmania infections and has the ability to modulate
the host immune response (reviewed in [131,166,299]).
Moreover, preexposure to saliva protected mice against infec-
tion with L. major [37,167]. Therefore, salivary molecules
identified as disease enhancing or immunogenic may be tar-
gets for vaccine development. Maxadilan, a vasodilatory pep-
tide identified from Lu. longipalpis [195], and SP15, a salivary
molecule of unknown function identified from P papatasi
[373], both protected mice against infection with L. major
[235,373]. Currently, salivary proteins of various sand fly vec-
tor species are being evaluated for their ability to protect
against the Leishmania species they transmit in nature. This is
made possible by the development of a high-throughput
approach to DNA plasmid production combined with an
immunization strategy that accelerates the identification of
salivary molecules producing a cellular response, an antibody
response, or a combination of both [246].

6.2.4.2 Promastigote secretory gel PSG is produced by
leptomonad forms of Leishmania and accumulates at the ante-
rior midgut region of an infected sand fly where it is egested
with metacyclics during transmission by bite [31,293].
Filamentous proteophosphoglycan (fPPG), a component of PSG,
was found to enhance L. mexicana infection in mice, causing
long-term disease exacerbation [294]. Again, an intimate
adaptation of Leishmania parasites to their vectors is rein-
forced, where molecules of parasitic origin and delivered by
the fly insure the successful transmission of Leishmania and its
establishment in its mammalian host.

6.2.4.3 Conclusions The role played by phlebotomine
sand fly vectors in the development of Leishmania parasites,
their successful transmission, and the outcome of disease is
substantial. The complexity of the life cycle of Leishmania
parasites in the digestive tract of the sand fly, from surviving

the onslaught of digestive enzymes and immune molecules to
attaching to receptors on midgut epithelial cells, exerts a
powerful evolutionary pressure that restricts the species of
Leishmania that can be successfully transmitted by a particu-
lar species of sand flies. In some instances, as for L. major and
P, papatasi, the specificity of this vector—parasite association is
so reliable as to enable the identification of the vector fol-
lowing characterization of the Leishmania species circulating
in a focus of disease. Appreciation of the full significance of
sand flies as vectors of leishmaniasis came with the demon-
stration of their influence on the progress and outcome of
disease in the mammalian host that extends beyond their
delivery of parasites. Sand flies can alter the immune response
of the mammalian host through the modulatory effect of
molecules they inject into the skin. These include salivary
molecules and/or molecules of parasite origin, such as PSG.
Some of the most exciting fields of research today pertain to
an integrated approach in the search for an effective anti-
Leishmania vaccine that combines protective salivary mole-
cules with Leishmania antigens. Taking all of the above into
consideration, further research is needed to identify the key
molecules involved in Leishmania — sand fly interactions, from
those important to the survival of the parasite within the
digestive tract of the vector to those influencing their trans-
mission and establishment in the mammalian host.

6.3 BIODIVERSITY AND GENETICS
OF PARASITES: IMPLICATIONS IN VIRULENCE
AND PATHOGENICITY IN HUMANS

6.3.1 Leishmania Species and Epidemiological
Diversity

The Leishmania (Ross, 1903) parasites are protozoa belonging
to the Kinetoplastida order (Honigberg, 1963) and to the
Leishmania genus. Kinetoplastida have a unique mitochondria-
like organelle called the kinetoplast, an appendix of their single
mitochondrion, located near the basal body of the flagellum.
As described above, this genus is characterized by ecological,
epidemiological, and clinical complexity. The presence of these
organisms throughout the world, except Antarctica, and their
capacity to infect a large range of vertebrate hosts and sand fly
species shows that Leishmania spp. have the ability to adapt and
survive in very diverse environments. The hypothesis based on
epidemiological data is that almost all Leishmania hosts are
adapted to these environments, and the infections remain inap-
parent [189]. On the contrary, within animals that are less well
adapted, such as humans, infections can produce a wide range
of diversified pathologies, from asymptomatic carriers and
benign cutaneous lesions to more serious cases such as the vis-
ceral form (see Section 6.1.4. for details). Indeed, when
humans are bitten by a sand fly, the parasite inoculation can
lead to the development of leishmaniasis but can also have no
incidence on humans. The rate of asymptomatic carriers
(infected individuals without clinical manifestations) is not
accurately known, but different studies have revealed that it
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seems to be higher than expected. For example, on the
Balearic Islands, L. infantum was amplified by PCR in 22% of
blood donors [280] and asymptomatic carriers were also
revealed in Brazil [77], southern France [192], and India [323].

This great phenotypic variability is also expressed by the
high number of Leishmania species described in the literature.
A large part of these species has been defined on the basis of
epidemiological, clinical, geographical, and biological data,
for example, L. guyanensis (isolated in Guyana), L. peruviana
(isolated in Peru), L. infantum (isolated from a child in
Tunisia), L. gerbilli (isolated from gerbils), and so on. These
extrinsic characteristics were first used to determine the
species because morphological characteristics cannot be used
for species identification. Even if differences in length have
been observed among Leishmania spp. [125,174], the different
species are indistinguishable in morphology in both the pro-
mastigote and amastigote stages. The development of genetic
and phenotypic tools has provided means to reconsider the
Leishmania taxonomy more rigorously. The first problem
noted was that these organisms could not be defined on the basis of
the biological concept of species [215]. Indeed, the studies of pop-
ulation genetics published show a basic clonal population
structure in different species [25,23,362,364,365]. However,
this model is not as simple as it appears because these organ-
isms have been shown to use different multiplication strate-
gies, with several hybridization events between species
evidenced in the literature [24,41,112,120,175]. For exam-
ple, in the New World, hybrids between L. braziliensis and L.
peruviana, and L. guyanensis and L. braziliensis were described
[24,112], and in the Old World, hybrids have been shown
between L. major and L. arabica [120]. However, these recom-
bination events do not seem frequent enough to disturb the
clonal propagation of clones stable in space and time. Thus, the
species definition of these “agamospecies” (a group of individ-
uals in which reproduction is almost exclusively done by asexual
means) still remains arbitrary and is based on a mix of intrin-
sic and extrinsic characteristics considered together. In this
framework, different analyses clearly showed that the species
status of some taxa was not taxonomically valid or question-
able [23,26,85,137,212,213,283,396].

It must be kept in mind that there is a need for a rigorous
and clear nomenclature for efficient communication between
the scientific and medical professions. Indeed, first the vari-
ous Leishmania species require different medical posologies to
treat patients (see Section 6.1.5.3 for details) and second,
clinical data suggest a close association between the clinical outcome
of the disease in humans and the species responsible for the infection.
Concerning the second point, for examples, (i) the L. donovani
complex is mainly responsible for visceral forms; (ii) mucos-
al lesions are generally associated with L. braziliensis; (iii)
L. major, L. tropica, L. mexicana, L. guyanensis, and L. peruviana
produce a variety of Leishmania skin lesions in humans; and
(iv) L. amazonensis is generally associated with diffuse cuta-
neous leishmaniasis. But once again, the clinical picture is
more complex since at an intraspecific level, we can observe
different disease outcomes: for example, L. amazonensis was

isolated from six patients, three with cutaneous lesions, one
with mucosal lesions, and two with diffuse cutaneous forms
[205]; L. infantum can cause both cutaneous and visceral
forms; and L. braziliensis produces cutaneous lesions and in
around 10% of cases metastasizes.

Other points complicate the clinical picture: the existence
of hybrids (see above) and mixed infections with different
Leishmania strains. Concerning hybrids, L. braziliensis can pro-
duce cutaneous or mucocutaneous lesions in humans requir-
ing care, whereas L. peruviana is responsible for dry benign
cutaneous lesions that heal spontaneously. The hybrids
between these two species found in Peru were isolated from
patients either with mucocutaneous lesions or with benign
lesions typical of the L. peruviana species [112]. These strains
are thus capable of producing the different pathologies found
in each species. Concerning mixed infections by different
Leishmania species, few cases have been described in the New
and Old World in the literature [13,30,154,210,341].
However, the molecular epidemiology studies evidenced that
many foci exist in which several species circulate simultane-
ously [205]. It is hypothesized that the number of mixed
infections is underestimated because of a selection problem
during the parasite culture required by molecular techniques.
This is confirmed by a study conducted in Bolivia [30] and
also presents a problem for Leishmania diagnosis, prognosis,
and for the understanding of the real role of parasites in path-
ogenicity in humans.

Moreover, it seems important to note and to consider the
cases of co-infection of Leishmania with other pathogens. This
is relatively frequent according to the literature and various
pathogens in association with Leishmania such as Mycobacterium
tuberculosis [94,386], Tiypanosoma cruzi [30], Salmonella and
Schistosoma [109], and of course HIV (for reviews see
[97,103,234,268]) have been studied. Furthermore, in some
cases, these co-infections can produce unusual clinical forms of
leishmaniasis [66,75].

Another aspect of the incredible environmental adaptation
of Leishmania parasites is their ability to become drug resist-
ant. Indeed, drug and multidrug resistance has emerged as a
major problem in treating both VL and CL. In particular, the
appearance of antimonial resistance has changed the pattern
of leishmaniasis treatment in the world. Indeed, pentavalent
antimony has long been the cornerstone of anti-Leishmania
chemotherapy, but resistance to this drug class is so high in
some parts of the world, particularly in northeast India (see
Section 6.1.3 for details), that it is quickly becoming obsolete
[251,352]. There are many factors that can influence the effi-
cacy of drugs in the treatment of leishmaniasis. These include
both an intrinsic variation in the sensitivity of Leishmania
species, described for pentavalent antimonials, but also paro-
momycin, azoles, and other drugs that have reached clinical
trials, as well as acquired drug resistance to antimonials [79].
Thus, the understanding of the molecular mechanisms that the par-
asite adopts or may adopt in the future is of high clinical relevance.
We know that the parasite is able to adapt itself to become
resistant. For example, some results on glibenclamide-resistant
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Leishmania parasites suggest that drug resistance involves a
metabolic adaptation that promotes a stage-dependent mod-
ulation of energy substrate uptake and use as a physiological
response to the challenge imposed by drug pressure [370].
Resistance of Leishmania species, in many instances, is due to
overexpressed efflux pumps belonging to the superfamily of
ABC (ATP-binding cassette) transporters [193].

6.3.2 Different Pathogenic Potential of Species
and Within Species: Experimental Data

From all these data, it seems clear that the clinical outcome
of the disease in humans is multifactorial. However, despite
the complex clinical picture, the parasites play an important role
in human pathology and are not a passive organism.

The animal models are largely used for immunobiology
studies to understand and characterize the host—parasite
interactions during infections. The fact that different
human parasite isolates produce different infection patterns
in a given mouse model suggests that parasite-related factors
play an important role in the resistant versus susceptibility
status and in the type of immune response elicited by the
infected host [173]. The studies showed that animal models
such as mice, hamsters, or nonhuman primates respond dif-
ferently depending on the Leishmania species used
[220,392]. For example, the Leishmania (Viannia) subgenus
(which are predominant in Latin America), fail to reliably
infect mice [220]. Moreover, different experimental data
also showed that at an intraspecific level (within species),
different strains can have different levels of virulence or dif-
ferent pathogenic properties. Indeed, it was demonstrated in
BALB/c IL-4-deficient mice that a particular L. major strain
induced a non-healing infection, whereas a different
L. major strain induced a healing infection [186,244] and
thus different L. major strains can induce somewhat differ-
ent host immunologic responses [151] in mice. Another
example was based on the comparisons of infection in both
mouse and hamster models using L. tropica metacyclics puri-
fied from dermotropic and visceral isolates [200]. They
found differences in disease progression that may reflect the
parasite tissue tropism and pathogenic potentialities dis-
played by these strains in their human hosts. The authors
suggested a role for parasite-related determinants in the
clinical spectrum of disease. Thus, it was shown that in addi-
tion to the host factors, parasites also influence susceptibility
and immune response following infection.

6.3.3 Genetic Markers and Parasitic Factors
Involved in Pathogenicity in Humans
Since the development of molecular tools, scientists have
attempted (i) to determine whether there is a Leishmania
phenotypic or genetic association with virulence of strains
and/or with pathogenicity observed in humans and (i) to
identify the markers involved directly or indirectly in the
clinical outcome of the disease.

Different direct and indirect parasitic factors influencing
disease outcome have been described. These factors were

classified into three types: (1) indirect genetic markers of patho-
genicity, (ii) factors called invasive/evasive determinants by Chang
and McGwire [71], and (iii) factors called pathoantigenic deter-
minants [71]. It should be noted that the distinction between
the different groups is somewhat unclear and must not be
considered inflexible. Indeed, this classification depends on
knowledge acquired on each type of marker and thus it could
be questioned in the future.

6.3.3.1 Indirect genetic markers Indirect genetic markers
regroup genes or loci not directly involved in virulence or
pathogenicity; they have been and continue to be widely
explored. Different molecular tools such as multilocus enzyme
electrophoresis (MLEE), which is the gold standard method
for species identification [283], random amplified polymor-
phic DNA (RAPD)[82,157]. Pulse field gel electrophoresis
(PFGE) [113,139], restriction fragment length polymorphism
(RFLP) on various gene [82,377], and recently microsatellites
[60,159,298] and real-time PCR [267,320], were used and the
data were compared with clinical and epidemiological data.
This kind of comparison is justified because of the clonal
model (see Section 6.3.1 for details) of these organisms [363].
Indeed, the frequency of genetic exchanges (absent or rare for
clonal species and frequent or obligatory at each generation
for sexual species) conditions the interest of these genes or
locus as epidemiological or clinical markers. The clonality
implied linkage disequilibrium (nonrandom reassortment of
genotypes occurring at different loci) and thus, correlation
between independent genetic and phenotypic markers, sug-
gesting strongly the possibility to find some genotypes associ-
ated with clinical or biological phenotypes [226]. Genetic
markers are numerous to distinguish the different species but
only a few of them were found to be associated with various
clinical phenotypes at the intraspecies level. For example,
within L. peruviana, we found a link between MLEE data and
severity of lesions in patients [23,111,114]; for L. infantum,
some zymodemes (all the stocks pertaining to a zymodeme
have the same MLEE patterns) were associated exclusively
with dermotropic strains and others with strains mainly iso-
lated from visceral forms of the disease [14,142,282]. Other
investigations studying different genetic markers showed also
a correlation between clinical polymorphism and genetic data
in L. infantum [139] and in L. braziliensis [319]. But finally,
these correlations remain weak and do not allow us to under-
stand the role of parasites in the outcome of the disease and
to use these tools as prognosis markers.

6.3.3.2 Invasive/evasive  determinants Chang and
McGwire [71] have identified a second group of markers
called invasive/evasive determinants. They belong to parasitic
mechanisms that are necessary to establish leishmaniasis such
as (i) Leishmania—macrophage attachment; (i) the entry of
Leishmania into macrophages; (iii) intramacrophage survival;
and (iv) differentiation and intracellular multiplication of
Leishmania amastigotes, but these invasive/evasive determinants
are not responsible for the symptoms of the disease. Thus, they refer
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to all determinants that help successfully establish Leishmania
infection in the host such as glycosylphosphatidylinositol (GPI),
glycosylphospholipid (GIPL), lipophosphoglycan (LPG), leish-
manolysin (GP63), cysteine proteases (CPs), among others. These
molecules have been widely studied, especially LPG, GP63,
and CPs. LPG is the dominant surface molecule of pro-
mastigotes involved in (i) binding, migration, and release of
the parasite in the sand fly midgut but also in (ii) the modu-
lation of resistance to lysis by the host’s complement. It is
almost completely absent from amastigotes [83,217,247,262].
LPG is not involved in virulence within all Leishmania species.
For example, it is not required for infection by L. mexicana
[155], whereas it is needed for L. donovani and L. major infec-
tion [221,337]. Its structure varies between Leishmania species
and also differs between procyclic and metacyclic promastig-
otes (see Section 6.2.2 for details). Some analyses showed, in
addition to stage-specific and interspecies variability, an
intraspecies polymorphism in lipophosphoglycan structure
[206]. This diversity may be linked to the Leishmania adapta-
tion to the sand fly species rather than related to the clinical
diversity observed in humans.

Another important surface molecule, GP63,is an ecto-met-
alloprotease particularly abundant in promastigotes and also
released by this stage of Leishmania [219]. Like LPG, GP63 is
downregulated in the amastigote form [318]. These molecules
may be involved in the evasion from humoral lytic factors and
in the attachment of parasites to macrophages followed by their
intracellular entry into these phagocytes [395]. GP63 protein is
encoded by a multigene family repeated in tandem. Genetic
and structural diversity was extensively studied and showed a
high polymorphism at both inter- and intraspecific levels
[119,140,289,339,376]. Like LPG, this protein seems to be
subjected to strong host-selection pressure by the vector as well
as by the vertebrate host [141]. But no link was found between
the genetic or phenotypic diversity of GP63 and the
intraspecies clinical polymorphism of strains [139].

Scientists have also shown increased interest in cysteine pro-
teases because of the key roles some of them play in infection
and expression of the disease, making them potential drug tar-
gets or vaccinal antigen. In L. major, a total of 65 CPs may
exist, many of which are likely to play crucial roles in host-
parasite interactions, particularly in facilitating survival and
growth of parasites in mammals by destruction of host pro-
teins, nutrition, evasion of the host immune response, and
Leishmania survival within host macrophages [4,237,240,297].
The functional studies of the most widely studied CPs, CPB,
allowed to explore the ways in which these molecules influ-
ence the interactions between parasite and mammalian host
(see reviews [4,237,240,297] for details). Indeed, the genera-
tion of Leishmania cp-deficient mutants and inoculation on
mice showed the involvement of these proteins in virulence
and pathogenicity. For example, the L. mexicana strain defi-
cient in the ¢b array reduced virulence in BALB/c mice
[4,238]. As for the gp63 array, the genetic studies showed a
high level of polymorphism, among species as well as within
species. Nevertheless, only one publication showed a statisti-

cal correlation between gene organization of ¢b in the L.
infantum population and the strain tropism (cutaneous versus
visceral) [67].

This list is far from exhaustive: other molecules such as
PSA (GP46), an abundant surface glycoprotein of the pro-
mastigote form [35,357], or A2 protein, shown to have an
influence on the outcome of the disease [398], appear to play
an important role in the invasive/evasive phases of the
Leishmania cycle. For example, A2 is an important gene for
L. donovani virulence but is not expressed in L. major
[397,398]. Nevertheless, we can note once again the high
level of heterogeneity depending on the considered species.

6.3.3.3 Pathoantigenic determinants The third group of
factors comprises Leishmania pathoantigenic determinants [71].
This group includes all the molecules described in the literature capa-
ble of inducing host immunopathology as the principal cause of clini-
cal symptoms. Thus, all Leishmania antigens eliciting antibodies
at high titers compared to antibody titers against the other
determinants (invasive/evasive determinants) can be classified
in this category. These pathoantigenic determinants are all
conserved structural or soluble cytoplasmic proteins, which
are often complexed with other molecules to form subcellu-
lar particles [71]. Moreover, they have been found to contain
immunogenic B-cell epitopes. The list of candidate molecules
is based on data obtained from kala-azar patients (the visceral
form of the disease as described above) [276]; thus, they clear-
ly differ from those obtained from cutaneous leishmaniasis.
For example, the unique 117-basepair repeat, encoding for a
39-amino acid peptide (recombinant products = rK39) in the
Leishmania kinesin-like gene, is expressed by the amastigotes
of visceralizing Leishmania (L. donovani, L. chagasi) and not by
dermotropic species (L. major, L. amazonensis, and L. brazilien-
sis) [61]. Indeed, sera from kala-azar patients contains antibod-
ies specific to this 39-amino acid peptide called anti-rK39 at
high titers [331]. It is interesting to note that this antigen has
been successfully used for serodiagnosis of active kala-azar
cases.

To date, the interactions between these molecules and the
human immune system as well as activation of specific anti-
bodies production remain unknown. All these molecules are
localized in amastigote cytoplasm and are thus beyond the
reach of their specific antibodies [71]. However, their potential
contributions to immunopathology are apparent. In a study on
protective immunity in Leishmania [266], Chang and McGwire
[71] suggest that some Leishmania-specific T-cell epitopes may
also exist and cause additional immunopathology.

6.3.3.4 Conclusions In summary, all the experimental
and epidemiological data show that the identity of the para-
site responsible for infection plays a fundamental role in the
clinical diversity observed in humans, as it does when we con-
sider the different species as different parasites of a single
species. As described above, factors or factor groups from the
Leishmania parasite could clearly be involved in this clinical diversi-
ty at both interspecific and intraspecific levels.
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Unfortunately, their true roles and the biological pathways
in which they participate remain unknown because of the
immunopathological complexity involved. All these studies
are based mainly on the comparison of strains responsible for
different degrees of pathogenicity. Nevertheless, it seems that
the majority of infections remain inapparent in natural pop-
ulations considering all the vertebrate hosts, but this is also
true in humans, as described in the literature [77,209,
255,280]. Although it is known that leishmaniasis is the result
of a complex association of host and parasite factors, we do
not know what occurs in asymptomatic carriers. We do not
know whether strains from patients and from asymptomatic
carriers are genetically different. To explore the pathogenic
potential of strains and identify the parasite factors involved
in pathogenicity, it is fundamental to compare isolates from
asymptomatic carriers with parasites from patients.

As described above, leishmaniasis results from apparently
multiple factors of Leishmania origin but also host and envi-
ronmental origin combined (see the other parts of this
review for details). Thus, all these data illustrate the value of
mechanistic approaches focusing on both parasite and host
defense pathways in dissecting the specific biological roles of
the different complex virulence factors and pathoantigenic
determinants [338].

6.4 THE IMMUNE RESPONSE AND GENETIC
FACTORS FROM THE MAMMALIAN HOST

In endemic area populations, it is striking to observe, for a
given parasite species, a wide range of interindividual variabil-
ity in susceptibility/resistance to disease. Furthermore, epi-
demiological studies have shown that infection by Leishmania
parasites remains asymptomatic in most cases [21,57,146,399].
These subjects (detected either by a positive serology, the
Leishmanin skin test, or detection of parasite by PCR [330])
are either able to clear infection or can remain asymptomatic
carriers for years (as evidenced by the development of leish-
maniasis in immunosuppressed patients several years after their
last stay in endemic areas). Other subjects, however, are unable
to control parasite dissemination and/or multiplication and
develop clinical symptoms of diverse severity. Malnutrition,
immunosuppression (AIDS, malignancy), pregnancy, age, as
well as immunological capacities and genetic factors are risk
factors associated with the development of leishmaniasis.
Malnutrition alters the immune response and leads to increased
parasite visceralization during Leishmania donovani infection
[11,143]. Leishmaniasis in HIV-infected individuals is often the
consequence of a reactivation of a latent infection. Accelerate
multiplication of parasites and the invasion of multiple visceral
sites stems from progressive T-cell immunosuppression [6,393].
Leishmania-HIV co-infections appear to be accompanied by
changing nonpathogenic into pathogenic strains, and der-
motropic strains are seen to induce viscerotropic behavior [7].

Although the general state of health and physiological con-
ditions of the host can and do influence disease progression,

genetic predisposition indubitably plays a major role in deter-
mining disease outcomes. Thus, the aim of this section is to
analyze how the host response to parasite infection mediates
susceptibility/resistance to leishmaniasis. First, the different
host immunological responses to infection and their relation
to susceptibility/resistance to disease will be presented, and
then we will focus on how these observed response differ-
ences are related to genetic factors from the mammalian host.

6.41 The Host Inmune Response

to Leishmania

In their mammalian host, Leishmania species are obligate
intracellular parasites of hematopoietic cells of the mono-
cyte/macrophage lineage. As such they infect and multiply
within cells having a central role in the host immune
response, as they are both involved in innate immunity (as anti-
Leishmania effector cells) and in presenting parasite antigens
to lymphocytes, and thus in initiating the acquired immune
response [95,96,300,334] (Fig. 6.12).

6.4.1.1 Early events On infection, Leishmania parasites
are first confronted with the host’s innate immune response (see
Fig. 6.12). Mechanisms of the innate response leading to the
control of infection are mediated by the intrinsic capacity of
macrophages [133] to become infected by promastigotes and
then by amastigotes and to activate on infection to limit par-
asite multiplication. The ability of macrophages and dendritic
cells [40] to produce interleukin-12 (IL-12) and other pro-
inflammatory cytokines (tumor necrosis factor-a [TNF-a,
IL-1) early during the course of infection is also a critical step
[358,366,367]. IL-12 has a key role in the development of
cell-mediated immunity through the induction of naive
T cells to differentiate into Th1 cells (see acquired immunity
below) and through the activation of NK cells to secrete
interferon-y (IFN-vy) [36,313]. IFN-y and TNF-a are
cytokines involved in the activation of infected macrophages,
which is characterized by an increased production of radical
oxygen and nitric oxide (NO), which are potent anti-
Leishmania molecules [49,121,122,148,196,241]. Intramac-
rophagic radical oxygen (ROS) is produced by the NADPH
oxidase complex, whereas NO is produced by the inducible
nitric oxide synthase (iINOS).

However, in no way can the parasite be seen as a passive
partner in the establishment of the immune response. Indeed,
several studies on macrophage gene expression have shown
that the pattern of gene expression in infected macrophages
is profoundly modified upon infection [54,73,292]: a number
of genes encoding molecules involved in the macrophage
anti-microbial response are down-modulated [53,68,100,
144,259,275,369,388], whereas fewer genes coding immuno-
suppressive molecules such as TGF-$3, IL-10, IL-10R, are
selectively up-regulated [29,48,59,123,138,383].

6.4.1.2  Acquired immunity Acquired response develops with
the surface parasite peptide-presentation by infected macrophages and
dendritic cells (see Fig. 6.12). These peptides are the result of
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Fig. 6.12. Immunological determinants influencing parasite multiplication. During blood meal infected
sand flies transmit metacyclic promastigotes to the vertebrate host, which convert to the amastigote
form on entering macrophages and dendritic cells. IL-12 production from infected cells induces NK
cells activation, CD4+ T helper cell differentiation, activation of CD8+ cytotoxic T-cells and INF-g
production. INF-g stimulates iNOS expression and NO production in the macrophage, which mediates
parasite killing. Failure to produce IL-12, to respond to INF-g or alternatively IL-4/IL-13 production
results in unregulated parasite replication within the infected cells facilitated by host cell IL-10 produc-
tion. IL-10 production by CD4+ CD25+ regulatory T-cells can both facilitate disease development as
well as maintaining latent infection and concomitant immunity. See color plates.

intracellular processing of Leishmania antigens and are present-
ed to T-cell receptors by the major histocompatibility complex
(MHC) molecules [185,402]. Depending on the peptide pre-
sented and the cytokine context (i.e., presence of IL-12 or
IL-4), this will lead or not to the activation and proliferation of
CD8* cytotoxic T cells and to the differentiation of naive
CD4" T helper (Th) cells into Th1 or Th2 subtypes
[98,184,236]. Th1 cells secrete cytokines usually associated with
inflammation such as IL-2, IFN-vy, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) and induce Leishmania
cell-mediated immune responses (induction of macrophage micro-
bicide activities and activation of cytotoxic T cells). In contrast,
Th2 cells help in the development of the humoral response (pro-
duction of antibodies by B cells) and produce cytokines (IL-4,
IL-5, IL-10, IL-13, etc.) that inhibit both development of Th1
responses and macrophage activation [274].

Other T-cell populations were shown to be involved in
long-term protection. IFN-y producing CD8" T cells or
CD8™ T cytotoxic cells play a role in immunity to reinfection
[39,86,239]. More recently, CD4" CD25" regulatory T cells
[306, 326] (Tieg cells) were proved to mediate persistence of L.
major parasites at a low level in healed cutaneous lesions [38].
Thus, Treg cells seem to suppress the ability of the immune

response to completely eliminate parasite infection. This might
reflect a Leishmania parasite adaptive strategy to maintain its
transmission cycle in nature; such persistence can lead to dis-
ease reactivation; however, it could also contribute to the main-
tenance of a lifelong immunity against reinfection [38,225].

6.4.1.3 Anti-Leishmania immunity in different
Leishmania species and hosts The fact that resistant
inbreed strains of mice (self-resolution of lesions) develop a
Th1 response, whereas susceptible strains (progressive non-
healing lesions) develop a Th2 response upon experimental
infection by L. major provides an exquisite demonstration that
Th1l and Th2 subsets can influence the course of disease
toward opposite poles [145,152,191,202,321] (Fig. 6.12). In
humans, (i) the observation of a strong humoral response
(characterized by high anti-Leishmania antibody titers) during
the course of disease; (i1) the fact that a delayed-type hyper-
sensitivity (DTH; detected by the leishmanin skin test)
response, which is a marker of cellular immunity, develops in
cured patients; and (ii1) the fact that DTH positivity is also
detected in exposed healthy subjects (asymptomatic infection)
are also compatible with the Th1/Th2 model of resistance/
susceptibility established in mice infected by L. major.
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However, in mice and other animal models, the importance
of the Th1/Th2 dichotomy in determining the course of
infection is less clear when animals are experimentally infect-
ed with other Leishmania species such as the “visceralizing”
species of the L. donovani complex [28,197,228]. Similar to
L. major infection, resistant mouse strains such as C57BL/6
develop a Th1 response with CD4* cells, producing IFN-y
and IL-2 during L. donovani or L. infantum infections, whereas
susceptible strains (BALB/C) exhibit a decrease in IFN-y pro-
duction. In contrast to L. major infection, the IL-12 effect is
delayed for 4 weeks after infection. Furthermore, susceptible
strains lack Th2 immune response despite disease progression
[172,224,228]. Thus, in “visceralizing” Leishmania infection,
Th1 response is not suppressed by Th2 response, in contrast to
L. major infection.

Mice have also been used to evaluate the immune response
directed toward other New World Leishmania spp. (L. mexi-
cana, L. amazonensis) causing cutaneous leishmaniasis and it
revealed striking differences with the L. major model. Overall,
although a protective response is quite clearly Th1 mediated
in all species studied to date, it has become apparent that the
relevant importance of the specific Th2 response in disease
progression is clearly Leishmania species dependent. Old World
species (L. major and L. donovani) diverged from the New
World species some 40—80 million years ago. It is therefore
not surprising that these different parasite species have devel-
oped different strategies to survive within different tissue sites
and/or a different range of mammalian hosts [220].

It is worth noting that even susceptible mice experimental-
ly infected, for example, by L. donovani complex parasites, are
able to finally resolve infection spontaneously, which make
them a better model of subclinical infection rather than pro-
gressive disease. In contrast, hamsters infected by
L. donovani develop progressive disease that mimics human vis-
ceral leishmaniasis more closely [87,129,130,290,374].
Surprisingly, there are significant amounts of Th1 cytokines
expressed in the spleen of hamsters, although little or substan-
tial amount of IL-4 and IL-10 is present. Instead, susceptibility
to L. donovani in hamster seems more to be mediated by a defect
of NO production by iNOS in infected macrophages rather
than the development of a Th2 response [224]. In dog also, a
natural reservoir of L. infantum, studies done so far have not
been able to clearly establish the existence of a Th1/Th2
dichotomy in susceptibility to canine leishmaniasis
[8,68,243,263]. Although resistance is associated with aTh1 response
(production of IL-2, TNF-a, and IFN-y able to stimulate
macrophage leishmanicidal activity [254,263,310], susceptibility
has not been shown to be associated with a Th2 response [70,264].

6.4.1.4 The immune vesponse in human leishimaniasis
In humans as in experimental models, different patterns of
immunological response are observed according to the clinical
manifestation and exposure to the different Leishmania species.
Indeed, different T-cell type responses are observed among the
different cutaneous forms of leishmaniasis. An absence of a Th1
response (rather than presence of Th2) is seen in diftuse cuta-

neous leishmaniasis, whereas patients with self-healing lesions
develop a Th1 response [1,65,176,177]. High IFN-y levels are
also detected in chronic lesions and mucocutaneous leishma-
niasis, which are rather characterized by a mixed Th1/Th2
response [19,69,204,223]. In the case of the immune response
directed against visceralizing Leishmania spp., it was shown that
peripheral blood mononuclear cells (PBMCs) from individuals
with asymptomatic or subclinical infection respond to
Leishmania antigens with proliferation and production of IL-2,
IFN-y, and IL-12. However, visceral leishmaniasis displays a
cytokine profile of mixed Th1/Th2 characteristics such as
[FN-y along with IL-10 readily detected [128,170,179].
Furthermore, both Th1 and Th2 clones producing IFN-y and
IL-4 have been isolated from cured patients [178]. Thus, it has
not been possible to clearly associate a Th2 polarity with non-
healing, systemic, or reactivation forms of leishmaniasis.
Overall, IFN-y-producing cells or mRINA remain readily
detectable in patients with visceral leishmaniasis, PKDL [126],
or chronic cutaneous leishmaniasis, and the opposing cytokine
most commonly found in these clinical settings is not IL4 as in
mice but IL-10 [10]. Interestingly, IL-10 is not a “pure” Th2
cytokine, as it can also be produced by alternatively activated
macrophages and, as shown recently in mice, by Treg cells that
also produce IFN-y. In contrast to IL-4, which inhibits Th1l
expansion, IL-10 action serves more to down-regulate the acti-
vation of macrophage microbicidal activity by IFN-y produc-
ing cells. The role of Treg cells has been proposed to be both
to control the severity of inflammation (which occurs within
Thil-type responses and can be harmful to the host) and to
promote long-term low parasite persistence in order to main-
tain a memory pool necessary to resist reinfection [38].

6.4.1.5 Conclusions Although the control of infection
is almost always associated with the development of a Thl
response, mechanisms promoting disease susceptibility are not
yet fully understood and determinants other than the Th2
cell subset are likely involved depending on the parasite
species. Although macrophages are the primary host cell for
Leishmania, the role of these cells has not been well charac-
terized either in disease prevention or in disease progression.
The effector functions of macrophages have always been
described in a T-cell-dependent manner and the fate of
infected macrophages in the pre-T-cell phase is not well
known. It is also obvious that the parasites modulate the
macrophage in terms of their antigen-presenting and intra-
cellular signaling capacity. In this regard, intramacrophagic
interaction (which needs to be further explored) between
host and parasite molecules could regulate the capacity of
macrophage to respond to IFN-vy (possibly through the
secretion of IL-10 or other mechanisms) and explain the
progression of disease in the context of a Thl response.

6.42 Host Genetic Factors in Resistance/
Susceptibility to Leishmaniasis

As stated above, immunological studies in experimental
models of infection and in endemic area populations have
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associated certain clinical manifestations with qualitative or
quantitative changes in the host-specific immune response
to Leishmania. Although these studies identified several
immunological components that are markers of disease ver-
sus asymptomatic or subclinical infections, these studies did
not identify the primary effects causing the observed com-
plex immunological phenotypes. Growing evidence from
mouse and human studies suggests that they are in part relat-
ed to the genetic make-up of the host. This raises the hope
that the analysis of host genetic susceptibility will help in
identifying these defects and in demonstrating the causal link
between immunological phenotypes and clinical diseases.

6.4.2.1 Genetic studies in mouse The existence of
genetic host factors involved in resistance/susceptibility was
first suggested by the fact that genetically distinct inbreed
strains of mice exhibited substantial differences in the infec-
tion outcome in experimental infection by a single strain of
Leishmania. The possibility of intercrossing or backcrossing
between resistant and sensitive inbreed strains of mice has
made it possible to start unraveling the basis of genetic sus-
ceptibility to leishmaniasis in these experimental models of
infection. The control of the early stages of L. donovani infec-
tion (innate immunity) is associated with a mutation in the
transmembrane domain of Nramp1 (Natural resistance-asso-
ciated macrophage protein 1) [52,378]. This gene, now
renamed SI11al, codes for a macrophage-restricted divalent
cation transporter that is recruited to the phagosome upon
phagocytosis [322]. Although the mechanisms by which this
transporter limits the replication of intracellular pathogens is
not yet fully understood, it could be through the alteration
of the phagolysosome environment, especially iron concen-
tration, which is critical for the generation of oxygen-free
radicals [43,46,390]. Furthermore, late control of L. donovani
infection in susceptible mouse strains, concomitant with the
development of acquired immunity, has been associated with
alleles at the MHC locus [44].

It is worth noting that genetic determinants of murine cuta-
neous leishmaniasis (L. major) map to different regions of the
mouse genome and appear to be more complex because 10-15
loci were implicated in the control of diverse clinical or
immunological phenotypes [34,134,199,284,285,288,379].
Although the causative genes in these regions remain to be iden-
tified, they pointed to interesting positional candidate genes: (i)
a susceptibility locus encoding a number of Th2 cytokines on
mouse chromosome 11 is syntenic with human 5q31-33, which
was shown to influence infection levels by Schistosoma mansoni
[207], Plasmodium falciparum [124,281], and susceptibility to asth-
ma [208]; other loci include genes encoding (ii) other cytokines
or cytokine receptors (Ifug, Ifngr1, etc.); (iil) macrophage effectors
(Nos2); (iv) transcription factors (Stat6); and so on.

Analysis of genetic susceptibility (control of lesion growth)
of mice to infection by L. mexicana (causing human cutaneous
leishmaniasis), also revealed important differences with L. major
because it was mapped to a single locus on mouse chromo-
some 4 [287]. On the contrary, in L. mexicana infections,

visceralization seems to be influenced by the Nramp1 and H2
loci (MHC) [286], as in L. donovani, whereas with L. major this
phenotype is controlled by different genes (which remain to be
identified) located on chromosomes 2 and 11. In mice, suscep-
tibility to disease caused by different Leishmania species thus
appears to be regulated by multiple, distinct genetic loci; there-
fore, it is not surprising that the immune regulation of disease
and healing to each species also differs.

Infection of BALB/c-susceptible and C57BL/6-resistant
mice by L. major has been extensively used to study the
immunological determinants of a Th2 versus Th1 response. This
huge body of work led to the widely admitted idea that Th1 is
protective in leishmaniasis, whereas Th2 is associated with susceptibili-
ty. However, it is not yet clear how the association occurs: does
the host control the parasite because it develops a Th1 response or is it
because parasite multiplication is controlled that a Th1 response eventu-
ally develops? Genetic dissection in mice of clinical, immunolog-
ical, or infection phenotypes [198] will help answer this
question. Interestingly, in C57BL/6 and BALB/c mice con-
genic for three L. major susceptibility loci, the cytokine profile
(Th1/Th2) correlated with the parental genetic background
(C57BL/6 or BALB/c) but not with disease severity [118].

Experimental infection in inbreed strains of mice has made
it possible to characterize the host immune response directed
against Leishmania parasites and to identify genetic determi-
nants responsible for the differences in resistance versus sus-
ceptibility. In mice, resistance/susceptibility was found to be
controlled by different sets of genes according to the parasite
species involved. Moreover, experimental infection by a given
parasite species was found to elicit different immune respons-
es according to the animal model under scrutiny. The ques-
tion now is to validate these experimental observations in
humans living in endemic areas, because experimental condi-
tions of infection in mice are very far from natural infection
in which only a few promastigotes are delivered in the host
derma along with Phlebotomus salivary antigens.

6.4.2.2 Human  genetic factors involved in
resistance/susceptibility Evidence is now emerging that
host genetic factors also influence the outcome of human infection by
Leishmania. Epidemiological studies have shown familial
aggregation of clinical phenotypes that are consistent with the
existence of inherited factors in susceptibility to CL andVL in
humans [58,63,399]. Furthermore, some studies indicated that
the distribution of disease phenotypes (CL or VL) in extend-
ed pedigrees living in endemic areas are statistically best
explained by the segregation of one or two major susceptibility loci
[3,256,324]. Together with the observation of profound eth-
nic differences in the ratio of asymptomatic to symptomatic
infections [58,153], these epidemiological observations
strongly suggest that human susceptibility to cutaneous or
visceral leishmaniasis is mediated by host genetic factors.

6.4.2.3 The candidate gene approach Identification
of genes or genetic loci in mice accounting for the differ-
ences in susceptibility/resistance among the different
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inbreed strains of mice opened the way to a mouse-to-man
strategy to identify human susceptibility/ resistance genes
[45]. Thus, early attempts to identify genetic factors in
human leishmaniasis have first focused on polymorphisms
in candidate genes tested by means of either case—control
studies (association) or family-based studies (transmission
disequilibrium test [TdT] or linkage analysis). Associations
have been reported between some HLA alleles and the
diverse forms of cutaneous leishmaniasis (CL and MCL)
[27,190,258]. In contradiction with the mouse model, how-
ever, all attempts to demonstrate such an association with
visceral leishmaniasis — in Brazil [45,257], India [329],
Sudan [57], and the Mediterranean area [222] — have failed,
pointing out the existence of important differences between
humans and mice. Polymorphisms in the TNFA and TNFB
genes in the MHC class III region, which encode TNF-a
and lymphotoxin-a, respectively, have been associated with
mucocutaneous leishmaniasis [64] (some of the promoter
polymorphisms such as the TNEA-308 SNP were shown to
be associated with cerebral malaria [218] and/or to drive
higher transcription of the gene [391]). Polymorphisms of

the TNFA promoter were also examined in asymptomatic
L. chagasi infection and patients with visceral leishmaniasis
[171]. Interestingly, in this study, genetic association was
observed with the development of Leishmania-specific cellu-
lar immunity rather than disease itself. This suggests that
although TNFA polymorphisms may be a risk factor forVL,
they cannot alone explain the development of disease.

6.4.2.4 Genetic control of visceral leishmaniasis in two
populations of eastern sudan Two recent studies have
started to study the genetic control of visceral leishmaniasis
in Eastern Sudan, an area endemic for L. donovani and where
an upsurge of cases has occurred over the last decade. One of
the studies was carried out during an outbreak (1995-2000)
that caused infection in almost all inhabitants of a village
of the Sudanese—Ethiopian border (Fig. 6.13). Though more
than 90% of the villagers showed immunological evidence of
infection, 25% developed visceral disease. Substantial differ-
ences in disease prevalence were observed between ethnic
groups living in sympatry (the Haoussa and Fellata having a
decreased risk of developing VL compared to the Aringa), and

A- Ethnic differences

O Aringa

From 1985 to 2000 this village was severely affected by an outbreak of VL. Although
exposure to infection was high and homogenous in the population important differences were
observed between the different ethnic groups of the village (A). Analysis of the Aringa families
showed important aggregation of VL cases in some extended families or siblings (B). A
genome-wide scan linkage analysis (including 400 microsatellite markers spread over the
human chromosomes) was performed on Aringa multicase families. Highly significant linkage
was obtained on chromesome 22q12-g13 indicating the presence of a major VL susceptibility
gene at this locus (C). Most obvious candidate genes at this locus are indicated in underlined.

B- Familial clustering of VL in the Aringa families
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Fig. 6.13. The influence of host factors in an outbreak of VL in the village of Barbar El Fugarra

(Eastern Sudan).
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certain families among the Aringa ethnic group were more
affected than others, suggesting the existence of a familial
component in susceptibility toVL [57,58,115]. An attempt to
demonstrate that this familial component was attributable to
a major gene segregating in the Aringa pedigree was unsuc-
cessful, indicating that the hypothesis of a single major locus
is probably not tenable. However, a linkage study carried out
on affected sib-pairs, a strategy that accommodates a multi-
genic control and scanning the entire genome, showed that
one locus (chromosome 22q12, p = 3.107°) and possibly
another one (chromosome 2q22-q23, p = 0.0006) controlled
susceptibility to disease in the Aringa population [55]. The
two loci identified by this study do not contain classically
tested candidate genes in leishmaniasis and therefore allow
the formulation of a new hypothesis on susceptibility/resistance
genes important in human infection by L. donovani.
Identification of these genes is now required to characterize
the critical steps in the pathological process involved in this
lethal disease. Several interesting genes are present at 22q12,
such as CSF2RB, encoding the B chain of the granulocyte-
macrophage stimulating factor (GM-CSF) receptor, and
NCF4, encoding the soluble P40-PHOX subunit of the
NADPH oxidase complex involved in the generation of
superoxide in phagocytic cells. Another gene, IL2RB, encod-
ing the IL-2 receptor B chain, could also be involved in sus-
ceptibility through the modulation the T-cell response by
IL-2. However, it is not yet known if a single gene or sever-
al genes at the 22ql12 locus contribute to the linkage
observed in the frame of this study. It is interesting to note
that two other genes, NMI (N-myc interactor; OMIM
603525) and STAM?2 (signal transducing adapter molecule 2;
OMIM 606244), located in the 2q22-q23 region, are also
coding proteins, involved in modulating signal transduction
downstream of the IL-2 receptor, reinforcing the hypothesis
that the IL-2 signaling pathway plays an important role in
determining susceptibility to VL. Furthermore, the study car-
ried out in this village population also suggests that host
genetics might play an important role in outbreaks deter-
mining to a large extent which subjects are at risk of severe
disease. The reduction in the number of susceptible subjects,
due to patient death and to the induction of protective
immunity in cured patients, has probably played a significant
role in the termination of the outbreak. Furthermore, the
arrival of genetically susceptible immigrants and children
born after the outbreak from cured susceptible parents could
create the conditions of a new outbreak and account for the
periodic occurrence of KA outbreaks in this region of Sudan.
In this regard, the Haoussa and Fellata, who first settled in this
village in the 1940s, had experienced an outbreak of KA
before the one documented in this study and were less affect-
ed by the present outbreak than the Aringa who had immi-
grated to the village more recently.

The other study was carried out in an area located 70 km
away from the area covered by the above-described study and
involved KA patients from the Massalit ethnic group (a group
closely related to the Aringa in that they originate from the

same geographic area in Western Sudan and Chad). Only a
candidate gene approach was reported from this study [47].
Suggestive linkage (Lodscore = 1.8, p = 0.002) and signifi-
cant association withVL (TdT, p = 0.008) were obtained with
an intragenic microsatellite of the IL4 gene in the 5q31-33
region (syntenic with the locus controlling visceralization of
L. major on mouse chromosome 11). These results are consis-
tent with a functional polymorphism in the close vicinity of
the IL4 gene controlling susceptibility to VL in the Massalit
tribe. Another microsatellite marker in the IFNGR1 locus
indicated a possible implication of this gene (Linkage:
Lodscore = 0.73, p = 0.035;TdT, p = 0.007) in the develop-
ment of PKDL, although a larger sample size is required to
confirm this result [232]. Interestingly, the 5q31-33 region and
the IFNGR1 locus showed no linkage in the Aringa study
[57]. The reason for this may be that (i) although the Aringa
and Massalit are a closely related ethnic group, subtle genetic
differences may exist between these two groups; or that (ii) the
expression of genetic susceptibility at the population level will
depend on the environment, that is, transmission intensity or
parasite diversity. In this regard, we can note that the Aringa
were submitted to particularly high transmission levels during
the Barbar El Fugarra outbreak, which may have driven high-
er infection rates compared to the Massalit.

Both studies in Sudan tested linkage with SL11A1
(NRAMP1) polymorphisms. Suggestive linkage (Lodscore =
1.29) was observed in the Aringa [57], linkage was confirmed
in the Massalit tribe (Lodscore = 1.41), and involvement of
the NRAMP1 gene was further confirmed by transmission
disequilibrium test analysis [233]. Thus, the gene encoding
NRAMPI, or a closely linked gene, is involved in determin-
ing genetic susceptibility to VL. Given the large body of lit-
erature on the role of NRAMP1 in both mouse and human
susceptibility to diverse intracellular pathogens [46], these
results are consistent with a role of NRAMP1 in susceptibil-
ity to VL. However, given the low strength of genetic linkage
or association at this locus, its role in determining the infec-
tion outcome in humans is minor compared to the strong
effect observed in mice.

6.4.2.5 Conclusions Overall studies in mice and in
populations living in endemic areas suggest that the risk of
clinical leishmaniasis (CL, MCL, and VL) is markedly
increased by allelic variants at specific genetic loci. Loci asso-
ciated or linked with human leishmaniasis are summarized in
Table 6.1. Some loci seem specific to particular clinical man-
ifestations such as HLA/cutaneous leishmaniasis (CL, MCL)
or NRAMP1/VL, whereas others may act across different
clinical presentations (cytokines and cytokine receptor
genes). Additional work in distinct populations is required to
definitively establish the involvement of certain of these
genes in susceptibility/resistance to leishmaniasis. It is worth
noting that different ethnic groups display different suscepti-
bilities to disease, which seems a common feature and should
be carefully taken into account in order to avoid type I errors
(false-positive associations) due to population admixture.
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TABLE 6.1. Unraveling Human Genetic Susceptibility to Leishmaniasis: a Review of the Literature

Genetic
Phenotype Candidate association/
Country Population (Leishmania sp.) Locus genes or alleles linkage References
Candidate gene
approach
French Guyana Hmong refugees CL (L. guyanensis) 6p21 HLA + [27]
Venezuela CL (L. braziliensis) 6p21 HLA + [190]
Brazil MCL (L. braziliensis) 6p21 HLA + [258]
Brazil, India VL (L. donovani complex) 6p21 HLA - [47,56,222,
257,329]
Sudan, Mediterranea
Venezuela MCL (L. braziliensis) 6p21 TNFA/TNFB + [64]
Brazil DTH+ (L. chagasi) 6p21 TNFA + [171]
Sudan Aringa, Massalit VL (L. donovani) 2935 NRAMP1 + [397,398]
Massalit VL (L. donovani) 5q31 IL3, IL4, IL5, 119, + [397,398]
IL12p40, IRFT,
CSF2, CSF1IR
Aringa VL (L. donovani) 5q31 IL3, IL4, IL5, 1L9, — [56]
IL12p40, IRF1,
CSF2, CSFIR
Massalit PKDL (L. donovani) 6923 IFNGR1 + [232]
Genome-wide
approach
Sudan Aringa VL (L. donovani) 22q12 IL2RB, CSF2RB, ++ [55]
NCF4(P40-phox)
2923-q24 NMI, STAM2 + [55]

Results of human genetic studies carried out on diverse populations of the world exposed to diverse Leishmania species. Studies are ordered by
genetic loci and approaches (candidate gene testing vs. genome-wide analysis). Positive results are given in bold and negative results are in italics.

As evidenced by the genome-wide scan described above,
the candidate gene approach, relying heavily on the results
obtained in experimental models, is likely to miss important
genes specific to natural infection in humans. Other such glob-
al approaches on different populations (linkage genome-wide
analysis, microarray transcriptom analysis, etc.) in which no
hypotheses are made on the genes involved will be required in
the future and constitute the first step toward their identifica-
tion. High-throughput genotyping methods are now becom-
ing available that make it possible to characterize individual
genotypes at thousands of polymorphic sites in the human
genome in a very short time. Although the related cost of such
approaches are today too high to be used extensively (especial-
ly for the limited budgets in infectious disease research), we
hope that these will become increasingly available in the com-
ing years and help analysis of human susceptibility to leishma-
niasis on a global scale. However, the possibility of genotyping
hundreds of subjects for thousands of genetic markers should
not override the fact that the selection of the population sam-
ple to be used in the analysis is the most critical step.

As we have stated earlier in this chapter, not only genetic fac-
tors from the host are involved in determining susceptibility/
resistance to leishmaniasis. The possibility of integrating other

risk factors (from the environment or the parasite) at the
individual level should thus help select leishmaniasis patients
for whom genetic susceptibility is the most likely and in turn
increase the power to detect and identify host genetic effects.
The asymptomatic phenotype is also probably quite hetero-
geneous, with subjects being asymptomatic carriers, those
developing unnoticed subclinical disease, and others clearing
infection totally. Characterization of the quality of the
immune response, demonstration and quantification of the
parasite in these “asymptomatic” individuals could help split
this complex phenotype into more homogeneous sub-phe-
notypes for genetic analysis.

In summary, genetics of the host could provide critical
information for the discovery of key steps in the pathogenesis
of Leishmania infections and allow the identification of new
targets (targeted on the host response rather than the parasite)
for chemotherapy and vaccination. We can also hope that
genetic studies will allow the identification of subjects at high
risk of severe disease. Such subjects could benefit from target-
ed prophylactic measures; they will also be evaluated carefully
in drug and vaccine trials, as different proportions of suscepti-
ble/resistant subjects in the vaccinated or placebo group could
be important confounding factors in the analysis.
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Fig. 6.14. Transmission of kala-azar in Bihar, India.

6.5 THE NEED FOR AN INTEGRATED
APPROACH: THE KALA-AZAR EXAMPLE IN INDIA

In all the previous sections, we have detailed the difterent
known factors involved in leishmaniasis. In this last section,
we will focus on the need for an integrated approach con-
sidering parasite, vector, and host involvement with the
example of Indian VL.

In India, millions are at risk; the state of Bihar accounts
for nearly one-fifth of worldwide cases (Fig. 6.14). The cur-
rent episode of leishmaniasis in India is unique: the disease
started in the early 1970s, and for more than 30 years there
has been incessant transmission spreading in all directions.
There have been efforts to control the disease, mostly knee-
jerk reactions, and this has hardly had an impact on trans-
mission. Affected populations (Fig. 6.15) are among the
poorest in the world and are not much informed on exist-
ing preventive measures. Furthermore, misuse of the first-
line drugs in these communities is widespread [342], and the
lack of response to pentavalent antimonials has been increas-
ing sharply over the last few years in India, up to more than
50% of the patients in the hyperendemic areas of Bihar
[201,328,352].

In these hyperendemic areas, it is now well established that
most exposed individuals are asymptomatic [22,336,399]. A
multidisciplinary approach, combining parasite, host, and vec-
tor studies, could help (i) to understand why in an endemic
area in Bihar different clinical outcomes (asymptomatic/pau-
cisymptomatic vs severe visceral disease) result from infection
by L. donovani and (ii) to identify factors determining resist-
ance or susceptibility to the disease. The integrated analysis

of parasite genetics, parasite virulence factors, host immune
responses, host genetics, as well as socioeconomic and envi-
ronmental risk factors will provide a better understanding of
the interplay between these different factors and the risk of

Fig. 6.15. Children with Indian kala-azar with burn marks on the
abdomen in an effort to cure by traditional healers (all rights reserved).
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developing VL, the critical biological pathways involved in
host resistance or susceptibility to VL, and therefore help ori-
ent new therapeutic or vaccine strategies.

Vector control should include not only insecticide spray-
ing but also household vector control measures such as insec-
ticide-impregnated bed nets and curtains, sanitation
improvement, and elimination of the sand fly breeding sites.
There is an absolute lack of awareness regarding the etiology,
transmission, and factors favoring growth of sand flies. Thus,
the piecemeal efforts are not likely to succeed. A well-coor-
dinated effort with a combined IEC (information, education,
and communication) approach, multipronged vector-control
measures, including elimination of breeding sites, personal
protection, and insecticide spraying, early diagnosis and effec-
tive treatment accessible to all, either free or at a subsidized
cost, can only make a favorable impact on transmission.

Nevertheless, to be efficient, these measures require an
accurate knowledge of the vector’s ecology (geographical dis-
tribution, species involved, habitat, transmission rate).

Lack of a vaccine is one of the strongest drawbacks in
controlling VL in India and other endemic regions. Intensive
efforts toward vaccine development with fast-track clinical
development and approval are crucial. Exact immunological
aberration in VL has yet to be unraveled, and continued
research in human VL can improve the understanding of the
disease and provide important clues toward immunotherapy
as well as vaccine development. Concerning a VL vaccine,
evaluation of the different players’ involvement is a critical
step in a phase III vaccine evaluation trial. Indeed, inclusion
in the vaccinated and placebo groups of different propor-
tions of resistant and susceptible subjects could seriously
impair the results of the study. Concerning this last point, a
multidisciplinary approach would help in identyfing resistant
and susceptible populations in a given endemic area.
Moreover, the study of the vaccine antigen-specific antibod-
ies and the cellular immune responses induced ex vivo in T-
cell stimulation assays in VL patients before and after
treatment and in asymptomatic subjects will provide the
identification of a number of immunologic parameters in
subjects exhibiting patterns of progressive disease or appar-
ent resistance. This is a fundamental prerequisite to identify-
ing the interactions between various cell types that are
involved both in processing and effector responses. This
would facilitate our understanding of the disease and help in
the design of a vaccine against VL.

6.6 CONCLUSION

In this chapter, we attempted to demonstrate the multifacto-
rial aspect of leishmaniasis. The exact involvement of hosts,
vectors and parasites, and interactions among them in the
outcome of the disease remains unknown. Although we
know that all of them have an impact on the manifestation of
the disease: (i) there is a strong vector—parasite specificity;
(i) Leishmania species are statistically associated with certain

clinical forms and some factors have been described as
associated with clinical diversity; and (iii) the risk of leishmani-
asis is markedly increased by allelic variants at specific host
genetic loci — it is necessary to study all of these factors in a popula-
tion of a single focus and it is especially important to cross the results.
The integrated analysis on the same subjects (epidemiological,
parasitological, immunological, and genetic studies) would
therefore provide a clear picture of the interplay between envi-
ronmental, parasitic, and host factors in the development of the
disease. For example, in the case of the Indian focus, an inte-
grated approach could help us to better understand (i) the
increasingly worrying problem of drug resistance (Is it due
evolution of the host-parasite system? What are the biochemi-
cal mechanisms involved?) and (ii) asymptomatic carriers (Are
these people infected by a “particular” parasite and/or are they
able to contain the infection by themselves? In both cases, what
are the molecular processes involved?
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ABBREVIATIONS

ACL: Anthroponotic cutaneous leishmaniasis
AIDS: Acquired Immune Deficiency Syndrome
ATP: Adenosine triphosphate

AVL: Anthroponotic visceral leishmaniasis

CL: Cutaneous leishmaniasis

CM-DM: Canine monocyte-derived macrophages
CP: Cysteine protease

DAT: Direct antigenemia test

DNA: Deoxyribonucleic acid

DTH: Delayed-type hypersensitivity

ELISA:  Enzyme-linked immunosorbent assay

ESA: Excreted-secreted antigen

PPG: Filamentous proteophosphoglycan
GM-CSF: Granulocyte-macrophage stimulating factor

GPo63: Glycoprotein 63

GPIL: Glycosylphosphatidylinositol
HAART: Highly Active Antiretroviral Therapy
HIV: Human immunodeficiency virus
HLA: Human leukocyte antigen

[FAT: Immunofluorescence antibody detection test
IFN: Interferon

Ig: Immunoglobulin

IL: Interleukin

iNOS: Inducible nitric oxide synthase

KA: Kala-azar

LPG: Lipophosphoglycan

MCL: Mucocutaneous leishmaniasis
MHC: Major histocompatibility complex
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MLEE:  Multilocus enzyme electrophoresis

mRNA:  Messenger ribonucleic acid

NADPH: Nicotinamide adenine dinucleotide phosphate
reduced

NK: Natural killer

NMI: N-myc interactor

NO: Nitric oxyde

Nramp:  Natural resistance-associated macrophage protein

PBMC:  Peripheral blood mononuclear cell

PCR: Polymerase chain reaction

PFGE: Pulse field gel electrophoresis

PHOX:  Phagocyte oxidase

PKDL: Post-kala-azar leishmaniasis

PM: Peritrophic matrix

PSA: Protein surface antigen

PSG: Promastigote secretory gel

RAPD:  Random amplified polymorphic DNA
RFLP: Restriction fragment length polymorphism
SbY: Stibogluconate (pentavalent antimonials)
SNP: Single nucleotide polymorphism
STAM:  Signal transducing adapter molecule
TdT: Transmission disequilibrium test

TGF: Transforming growth factor

Treg: Regulatory T cells

Th: T helper cells

TNEF: Tumor necrosis factor

VL: Visceral leishmaniasis

ZCL: Zoonotic cutaneous leishmaniasis

ZVL: Zoonotic visceral leishmaniasis
GLOSSARY

Acquired immune response: Immunity mediated by lympho-
cytes and characterized by antigen specificity and memory. It
is a specific, inducible immune response to pathogens.

Alffected sib-pair study: This is the most familiar form of non-
parametric linkage analysis. This is observed if affected sibling
pairs inherit the same marker allele from their parents more
frequently than would be expected by chance.

Allele: An allele is a variant of a single gene, inherited at a
particular genetic locus; it is a particular sequence of
nucleotides, coding for messenger RNA.

Antibodies: Any of numerous molecules of immunoglobulin
superfamily produced by the B cells as a primary immune
defense in response to specific proteins (antigens).

Antigen: Any substance recognized by the body as being
foreign, that stimulates the production of antibodies. These
antigens produce an immune response by the organism in
response to their presence.

Biological concept of species: 1t defines species in terms of inter-
breeding. For instance, Ernst Mayr defined a species as fol-
lows: “species are groups of interbreeding natural populations

that are reproductively isolated from other such groups.” The
biological species concept explains why the members of a
species resemble one another, that is, form phenetic clusters,
and differ from other species.

Case—control studies: They are based on the comparison of
genotypes or allele frequencies between affected cases and
unaffected controls groups.

Chemotherapy: The treatment of disease by means of
chemicals that have a specific toxic effect on the disease-
producing microorganisms (e.g., antibiotics) or that selec-
tively destroy cancerous tissue (anticancer therapy).

Clone, clonal, clonality: From a genetic point of view, this term
refers to all cases in which the daughter cells are genetically
identical to the parental cell, whatever the actual mating
system.

Cytokines: Small proteins or biological factors (in the range of
8-30 kDa) that are released by cells and have specific effects
on cell-cell interaction, communication, and behavior of
other cells.

Endemic disease: Present or usually prevalent in a population
or geographical area at all times.

Epidemiology: The study of the distribution and determinants
of health-related states and events in populations and the
control of health problems.

Genetic association: It is related to observing if a particular
gene polymorphism is statistically associated with disease, it
can be carried out by different methods (case—control studies
or family-based association tests).

Genetic locus: The site in a linkage map or on a chromosome
where the gene for a particular trait is located. Any one of the
alleles of a gene may be present at this site.

Glycoconjugates: Carbohydrates covalently linked to a non-
sugar moiety (lipids or proteins). The major glycoconjugates
are glycoproteins, glycopeptides, peptidoglycans, glycolipids,
and lipopolysaccharides.

Immune response: Alteration in the reactivity of an organism
immune system in response to an antigen; in vertebrates, this
may involve antibody production, induction of cell-mediated
immunity, complement activation or development of
immunological tolerance.

Immunization: The act of inducing antibody formation lead-
Ing to immunity.
Immunogenic: Producing immunity, evoking an immune

response.

Immunosuppression: This occurs when T and/or B lympho-
cytes are depleted in size or suppressed in their reactivity,
expansion, or differentiation.

Incidence: The frequency of new infections during a
designated time period expressed.
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Innate immunity: Early nonspecific immune response to
pathogens. Also called natural immunity, it is immediate first line
of defense, including the complement system, natural killer cells
and phagocytic cells (e.g., macrophages, dendritic cells).

Kinetoplast: Mass of mitochondrial DNA, usually adjacent to the
flagellar basal body, in flagellate protozoa (these microorganisms
belong to the group of kinetoplastids (Kinetoplastida order).

Leishmanization: An ancient practice of immunization to pro-
tect against infection to Leishmania by inoculating live parasites.

Linkage analysis: A mean for determining the localization in the
genome of an unknown susceptibility gene with respect to posi-
tionally known genetic markers. This is based on the tendency
for closely positioned sequenced to be inherited together.

Lodscore: It represents the intensity of linkage between two
markers on the genome (the logarithm of the likelihood ratio
for the odds in favor of linkage over no linkage). It provides
a statistical test of the null hypothesis of free recombination
(no linkage) over the alternative hypothesis of linkage.

Lutzomyia: A genus of New World sand flies or bloodsuck-
ing midges (family Psychodidae) that serve as vectors of leish-
maniasis and Oroyo fever; formerly combined with the Old
World sand fly genus Phlebotomus.

Major histocompatibility complex (MHC): The set of gene loci
specifying major histocompatibility antigens. The MHC
molecules display antigenic peptides to T lymphocyte recep-
tors and initiate the specific immunity.

Metacyclogenesis: Process by which noninfective procyclic pro-
mastigotes are transformed into metacyclic promastigotes, the
infectious form. This process is characterized by morphological
changes of the parasite and also biochemical transformations.

Multilocus  Enzyme  Electrophoresis (MLEE): Protein extracts
from given samples, for example various pathogen stocks, are
separated by electrophoresis. The gel is then subjected to a his-
tochemical reaction involving the specific substrate of a given
enzyme, and the zone of activity of this enzyme is specifically
stained. The same enzyme from different samples may migrate
at different rates. These different electrophoretic forms of the
same enzyme are referred to as isoenzymes or isozymes.

Pathogenicity: The ability of a pathogen to inflict damage on
the host.

Pedigree: A multigenerational family health history dia-
grammed with a set of international symbols to indicate the
individuals in the family, their relationships to one another,
those with a disease, and so on.

Phagocytosis: Phagocytosis involves the ingestion and diges-
tion by phagocyte cells of microorganisms, insoluble parti-
cles, damaged or dead host cells, cell debris or activated
clotting factors. The principal phagocytes include the neu-
trophils and monocytes (types of white blood cells).

Phenotype: The observable characteristics of an organism, the
expression of gene alleles (genotype) as an observable physi-
cal or biochemical trait. It is the result from interaction
between the genotype and the environment.

Phlebotomus: A genus of psychodidae that functions as the
vector of a number of pathogenic organisms, including
Leishmania.

Polymerase chain reaction (PCR): A technique to amplify a
specific region of double-stranded DNA. An excess of two
amplimers, oligonucleotide primers complementary to two
sequences that flank the region to be amplified, are annealed
to denatured DNA and subsequently elongated, usually by a
heat-stable DNA polymerase from Thermus aquaticus (Taq
polymerase).

Prevalence: The proportion of individuals in a population
having a disease.

Promastigote: Term now generally used instead of “lep-
tomonad” or “leptomonad stage,” to avoid confusion with
the flagellate genus Leptomonas. It denotes the flagellate
stage of a trypanosomatid protozoan in which the flagellum
arises from a kinetoplast in front of the nucleus and emerges
from the anterior end of the organism; usually an extracel-
lular phase, as in the insect intermediate host (or in culture)
of Leishmania parasites.

Prophylaxis: The administration of chemicals or drugs to
members of a community to reduce the number of carri-
ers of a disease and to prevent others contracting the
disease.

Reservoir host: A reservoir is the source of an infecting
microorganism. It serves as a source from which other indi-
viduals can be infected. For example, a zoonosis is a commu-
nicable disease that is transmitted from a nonhuman animal
(reservoir) to a human.

Sib-pairs: See affected sib-pair study.

Taxonomy: The theory and practice of biological classifica-
tion. The theories and techniques of naming, describing, and
classifying organisms, the study of the relationships of taxa,
including positional changes that do not involve changes in
the names of taxa.

Transmission disequilibrium Test (TdT): It is a family-based
association test. In this case, only cases and their parents
are included in the analysis. The TdT is used to look
for bias in transmission of alleles from heterozygous par-
ents to affected offspring (different from 0.5 if there is
association).

Vector: An agent, usually an animal or an insect, that transmits
a pathogen form one host to another.

Zymodeme: Regroups all the Leishmania strains that have the
same MLEE patterns for all the loci.
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