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Abstract

After transmission of Leishmania parasites by sandflies, disease manifestation of the infection requires mechanisms
which allow the parasites to replicate in the mammalian host and to resist, at least initially, its innate and acquired
antileishmanial defence. Likewise, lifelong persistence of Leishmania parasites, as it occurs even in cases of clinical
healing of the infection, points to the existence of strategies which enable the parasite to partially circumvent the
protective adaptive immune response of the host. In this review we will discuss the mechanisms which can be invoked
to contribute to the initial, as well as long-term, survival of Leishmania parasites in the host organism. These include
the passive protection of the parasite against antileishmanial products and the retreat into “safe target cells”, the active
suppression of the synthesis of reactive oxygen or nitrogen intermediates, the modulation of the host cytokine response,
the inhibition of antigen-presentation and T cell-stimulation, and the induction and expansion of counterprotective T
helper cells. It is probable that none of these mechanisms alone is sufficient to guarantee the survival of Leishmania, but
together they might provide the safe environment which protects the parasite from elimination. © 1998 Australian
Society for Parasitology. Published by Elsevier Science Ltd.
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1. Introduction

Close to the 100th anniversary of the first descrip-
tion of the complete clinical course of Leishmania
tropica infections by Peter Borovsky [l], para-
sitologists and immunologists have assembled a
detailed picture of the different developmental
stages, the transmission, the pathogenicity and of
the control of Leishmania parasites by the immune
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system. Parasitologists, on the one hand side, have
unravelled important changes which take place on
the parasite surface during its development to
highly infective, flagellated promastigote forms
(“‘metacyclics™) in the midgut of the sandfly vectors
[2]. They identified parasite molecules, such as the
lipophosphoglycan (LPG) and the 63-kDa major
surface protease (gp63), which act as ligands for
mammalian cells after transmission to the host
organism [3]. Furthermore, they have characterised
the extracellular, promastigote and the intra-
cellular, amastigote stage of Leishmania by cloning
of differentially expressed genes (e.g., the gene B,
the A2 gene), which await further functional
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characterisation [4-7]. Finally, the isolation of nat-
urally occurring or the genetic engineering of
Leishmania mutants (e.g., deficient for LPG, gp63,
dihydrofolate reductase-thymidylate synthase or
leishmanial cysteine proteases), the availability of
antisense-vectors, as well as the purification of para-
site products have allowed researchers to directly
probe the function of certain genes in the host-
parasite interaction and to define virulence factors
of Leishmania [8-18].

From immunologists, on the other hand, we have
learned that macrophages, dendritic cells, CD4*
type 1 T helper lymphocytes (Th1), cytokines such
as interferon-y (IFN-y), interleukin-12 (IL-12) and
tumour necrosis factor-a (TNF-x)., and tran-
scription factors such as interferon-regulatory-fac-
tor-1 (IRF-1), are crucial for the resolution of
infections with all species of Leishmania parasites
and for a long-lasting protective immunity [19-30].
They identified nitric oxide (NO), which is pro-
duced by the inducible isoform of nitric oxide syn-
thase (iNOS, NOS-2) of macrophages, and reactive
oxygen intermediates (O3, H,0,), which are gen-
erated by the NADPH oxidase and superoxide dis-
mutase of phagocytes, as potent effector molecules
against extra- and intracellular Leishmania [31-35].
In addition, they demonstrated that non-healing
Leishmania infections are commonly associated
with the expansion of type T helper lymphocytes
(Th2) [36], which release IL-4 and IL-5, but no IFN-
¥, and the presence of an exuberant amount of
macrophage-deactivating factors (e.g., trans-
forming growth factor-$, prostaglandin E,) [33, 37—
39]. Finally, due to the joint efforts of para-
sitologists and immunologists we are now familiar
with a number of Leishmania products, which at
least in vitro interfere with various components and
pathways of the host defence system (see below).

These achievements, however, should not blind
us to the fact that we are only beginning to com-
prehend the multiple interactions between Leish-
mania and the immune system of the host. Thus,
we are still lacking a molecularly defined and highly
efficient anti-Leishmania vaccine. We still do not
know why Leishmania major usually causes
cutaneous lesions, whereas Leishmania donovani
leads to visceral leishmaniasis and Leishmania bra-
ziliensis has the potential to produce mucosal

disease. We can only speculate on the route and on
the cell type(s), which carry the parasite from the
site of inoculation to the various lymphatic organs.
We also do not understand how Leishmania man-
age to evade the immune defence in vive and to
persist lifelong, even in immunocompetent hosts.
Below we shall address the latter issue and compile
the experimental evidence for mechanisms which
appear to be relevant for the initial survival and
long-term persistence of Leishmania in vivo (Table

1.

2. Protection against antileishmanial products of
the host organism

2.1. Evasion of the host complement system

Extracellular, non-infective (procyclic) Lei-
shmania promastigotes are sensitive to direct lysis
by the serum complement system, even in the
absence of anti-Leishmania antibodies. The met-
acyclic promastigotes, in contrast, which are highly
infective and transmitted by the sandflies, are rela-
tively resistant to direct serum killing. This was
explained by the spontaneous release of C5b-C9-
complexes from the parasite surface [40], which
might be causally linked to the elongation of the
phosphoglycan chain of the surface LPG [2]. In
addition, leishmanial protein kinases, the
expression of which increases from the logarithmic
to the stationary growth phase and is highest in
metacyclic promastigotes, have been reported to
phosphorylate several components of the comp-
lement system (C3, C5 and C9) with subsequent
inhibition of the classical and alternative comp-
lement pathway [41, 42]. The 63-kDa surface met-
alloproteinase (gp63), which is also more abundant
in the metacyclic than in the procyclic stage of the
parasite, is likewise involved in the resistance to
complement-mediated lysis. A gp63-deficient clone
of Leishmania amazonensis transfected with func-
tional wild-type gp63 fixed only small amounts of
the terminal complement components and
remained viable in the presence of 20% serum, in
contrast to transfectants with mutated gp63 lacking
the proteolytic activity. Furthermore, wild-type
gp63 accelerated the conversion of C3b to a C3bi-
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Table 1

Evasion strategies of Leishmania parasites (for references see text)

Strategy

Mechanism

Example

Alteration of the host
complement system

Protection against
antileishmanial products

Suppression of the synthesis
of anti-leishmanial products

Cytokine modulation

Inhibition of antigen-
presentation and T cell
stimulation

Alteration of T cell
differentiation/function

Inactivation of complement components by
phosphorylation (C3, CS5, C9)

Shedding of the lytic membrane attack complex
(C5b-C9)

Protease-catalysed conversion of C3b to C3bi on
the parasite surface — parasite uptake by
macrophages via CR3

Invasion of host cells lacking leishmanicidal
effector mechanisms (““safe targets™)

Inhibition of phagolysosomal fusion

Inhibition of degrading phagolysosomal enzymes
Scavenging of reactive oxygen intermediates
Transformation into amastigotes

Inhibition of oxidative burst (abnormal PKC
activation)
Inhibition of iNOS expression or activity

Induction of cytokines inhibiting/deactivating
macrophages

Suppression or lack of induction of activating
cytokines

Suppression of MHC class 11 expression
Internalization and degradation of MHC class 11
expression

Downregulation or lack of induction of B7-1
Inhibition of antigen processing/peptide loading
of MHC molecules

Sequestration of Leishmania amastigote antigens
from presentation

Induction of a disease exacerbating T cell response
(Th2)

Leishmanial protein kinases (LPK-1, c-1pk2)
(L. amazonensis, L. major)
L. major promastigotes

gp63 metalloproteinase

Immature or stromal macrophages, Langerhans
cells, dermal or lymph node fibroblasts

L. donovani LPG

gp63

LPG; leishmanial superoxide dismutase
Enhanced resistance against low pH, H,0, NO,
lysosomal enzymes

All Leishmania spp., LPG; gp63

L. major parasites; GIPLs; phosphoglycan; KMP-
11?

Upregulation of TGF-§ by L. braziliensis;
differential induction of IL-10 by DCL and LCL
L. aethiopica

Impaired I1L-1/TNF-x production by L. donovani-
infected macrophages; lack of I1L-12 expression in
L. major infected macrophages

L. donovani

L. amazonensis

L. donovani
L. donovani, L. major, L. amazonensis

L. major, L. pifanoi, L. mexicana
Induction of an early IL-4 peak by the L. major

LACK antigen; counter-protective T cell epitopes
(L. major, L. amazonensis)

like molecule [43]. C3bi functions as an opsonin for
Leishmania and facilitates its binding to the type 3
complement receptor (CR3) of macrophages, the
predominant receptor for the uptake of metacyclics
[43a). Importantly, crosslinking of complement
receptors (either CR3 or CR1) did not elicit an
oxidative burst in human monocytes [44, 44a], and
fixation of C3 by the parasite increased the intra-
cellular survival of L. major in murine-resident
macrophages [45]. Thus, it appears that Leishmania
not only avoid activation of the lytic membrane

attack complex (C5b-C9), but instead exploit C3
for “silent” invasion of host macrophages (Fig. 1).

2.2. Invasion of host cells lacking leishmanicidal
effector mechanisms

Leishmania are prototypic intracellular parasites.
Shortly after inoculation in the dermis by the bite
of a sandfly (Lutzmoyia spp. , Phlebotomus spp.)
the metycyclic promastigotes are thought to infect
macrophages and/or dendritic cells of the skin
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Fig. 1. Interaction of macrophages, complement and Leishmania parasites. Leishmania protect themselves against complement lysis via
(1) shedding of the membrane attack complex (C5b—C9), (2) inactivation of complement factors (e.g., C3, C5, C9) after phosphorylation
by leishmanial protein kinases, or (3) via gp63-catalysed conversion of C3b to C3bi, which is an efficient ligand for CR3. Phagocytosis
of Leishmania promastigotes occurs via multiple receptor-ligand interactions. Leishmania surface molecules (gp63, LPG) interact with
macrophage receptors either directly (2, 4) or indirectly (1, 3, S5) after binding of opsonins (C3, CRP, Fn). CR1(3)=type 1(3)
complement receptor; CRP = C-reactive-protein; CRP-R = receptor for C-reactive protein; Fn =fibronectin; FnR =fibronectin receptor;
gp63 =metalloproteinase (63 kDa); LPG=lipophosphoglycan; m¢ =macrophage; MFR =mannose-fucose-receptor; PM =pro-

mastigote.

(Langerhans cells) [46, 47], where they transform
into amastigotes and might protect their host cell
from apoptosis [48]. Multiple host cell receptors
(complement receptor type 1 and type 3 (CRI,
CR3), mannose-fucose-receptor, fibronectin recep-
tor, macrophage receptor for advanced gly-
cosylation endproducts) and several parasite
surface molecules (e.g., LPG, gp63) appear to be
responsible for attachment and uptake of pro-
mastigotes. The interaction between the parasite
ligands and the host-cell receptors can be both via
direct binding, or indirectly via parasite-associated
host-derived serum molecules (e.g., complement
C3b/C3bi, fibronectin, C-reactive protein) [3, 43,
49-51].

The ease and multiple receptor systems with

which Leishmania are taken up by host cells, suggest
that these cells might form a protective environment
for the parasite, at least during the initial phase of
infection in the skin. Indeed, it has been dem-
onstrated that epidermal Langerhans cells in vitro
neither allow the replication of intracellular para-
sites nor cause rapid parasite killing. This might be
due to the absence of inducible nitric oxide synthase
(NOS-2, iNOS) in these cells even after activation
by cytokines [52]. In the L. major mouse model, a
“‘safe target” function [53] has also been assigned
to peripheral blood monocytes and immature mac-
rophages, which in one study (but not in several
others [54]) were reported to be incapable of killing
L. major amastigotes in vitro after activation by
cytokines [55]. Furthermore, cutaneous lesions of
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non-healing BALB/c mice contain a larger number
of immature (i.e. newly recruited inflammatory)
macrophages (positive for the marker MRP14 and
negative for F4/80) than the infiltrates in the skin
of resistant C57BL/6 mice [56]. The situation, how-
ever, appears to be strikingly different in L. dono-
vani infections, where blood monocytes are very
efficient in killing promastigotes in response to
IFN-y [57].

After clinical healing of an infection with L.
major, small numbers of parasites were found to
persist lifelong in the lymphoid tissue of resistant
mice [58]. In situ analysis revealed that the majority
of the parasites colocalised with a cell population,
which was negative for all classical macrophage and
dendritic cell markers as well as for the NOS-2
protein [59]. The definitive identity of these cells is
not yet known, but immunohistological analysis
argues strongly for reticular fibroblasts (data not
shown). The function of these cells as putative safe
habitats in vivo is currently being investigated. In a
murine Leishmania infantum model, sialoadhesin-
or macrosialin-positive stromal macrophages were
identified as host cells for the parasites in the bone
marrow and are discussed as long-lived “safe tar-
gets” lacking leishmanicidal effector mechanisms
[60].

2.3. Mechanisms of survival in the phagosome and
phagolysosome

For establishment of an infection in the mam-
malian host, Leishmania must survive the process
of phagocytosis and later resist the acidic and pro-
tease-rich milieu in the phagolysosome. Diverse
families of molecules (e.g., LPG, 63 kDa gly-
coprotein  (gp63), glycoinositolphospholipids
(GIPLs), non-inositol containing glycosphingo-
lipids (GSLs)) are differentially expressed on the
surface of pro- and amastigote Leishmania and
seem to contribute to their intraphagosomal and
intraphagolysosomal survival.

Promastigotes first end up in a parasitophorous
vacuole (phagosome). LPG, which is much more
strongly expressed on the surface of promastigotes
than of amastigotes, was previously shown to be
essential for the survival of L. donovani pro-
mastigotes within mouse or human macrophages

[8, 61}]. LPG inhibits phagosome—endosome fusion
[16] and efficiently scavenges hydroxyl radicals and
superoxide anions [62], which are rapidly released
after activation of NADPH oxidase during phago-
cytosis. The LPG-mediated inhibition of phag-
olysosomal biogenesis can be viewed as a means of
the parasite to gain time for transformation into
the amastigote form, which is considered to be more
resistant to the enzymes and the acidic pH of the
phagolysosome.

In addition to LPG, promastigotes of all Lei-
shmania species express the gp63 metalloproteinase
on their surface. In amastigotes, a gp63-related pro-
tein is found in lysosomes and within the flagellar
pocket, whereas the surface expression of mem-
brane gp63 is very weak. Depending on the substr-
ate, the proteolytic activity of this enzyme is optimal
at neutral or acidic pH [63, 64]. The protease
activity of gp63 has been shown to protect the para-
sites from intraphagolysosomal cytolysis and
degradation [65] and is required for in vivo virulence
[17].

A recently described pore-forming activity in
pro- and amastigotes of Leishmania might be
involved in the spreading of the parasite from one
host cell to another, but its role for the survival of
Leishmania has not yet been formally established
[66]. The same is true for the non-inositol con-
taining GSLs, which comprise between 30% and
80% of the total cell-associated glycolipid pool in
all leishmanial amastigotes (reviewed in {67]), for
the family of cysteine proteases cloned from Lei-
shmania mexicana [15], for Leishmania superoxide
dismutase [68] and acid phosphatases (reviewed in
[69]), and for a group of highly unusual pro-
teophosphoglycans from various Leishmania spec-
ies, which can be secreted by amastigotes in large
amounts into the parasitophorous vacuoles of the
host cell [70, 71].

3. Suppression of the synthesis of anti-leishmanial
molecules

The two main antimicrobial effector mechanisms
active against Leishmania parasites are the release
of superoxide (O;) by neutrophils and macro-
phages via the NADPH oxidase complex, and the
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synthesis of nitric oxide (NO) from L-arginine and
molecular oxygen catalysed by NOS-2 (iNOS) as
it occurs in macrophages. Leishmania are able to
interfere with both pathways (Fig. 2). Infection of
mouse or human macrophages with L. major or L.
donovani drastically reduced the production of O3
or H,0, in response to phorbol esters [72-74]. Pur-
ified L. donovani LPG was shown to mimic the effect
of complete parasites and to inhibit the activity of
protein kinase C (PKC) in intact cells or in cell-free
assays. Fragmentation of the LPG revealed that the
1-O-alkylglycerol portion of the molecule is pri-
marily responsible for the inhibitory activity, but

the carbohydrate portion (phosphoglycan) still sup-
pressed the PKC activity by 50% (reviewed in [75]).
Activation of PKC with translocation of the
enzyme from the cytosol to the inner layer of the
plasma membrane is a key requirement for the oxi-
dative burst. Although during phagocytosis para-
site LPG is thought to interact with the outer layer
of the host cell plasma membrane and therefore not
directly with the PKC, experiments with pho-
spholipid vesicles provided good evidence that LPG
can inhibit PKC across the lipid bilayer [76]. The
mechanism of action of LPG is not yet clear, but
depending on the parasite stage (promastigotes ver-
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Fig. 2. Reported modulation of macrophage effector functions and cytokine response by intact Leishmania and Leishmania products.
Intact Leishmania promastigotes or amastigotes and purified leishmanial surface molecules inhibit the cytokine production or the
release of toxic nitrogen and oxygen intermediates by macrophages. In addition, LPG and gp63 protect the intracellular parasites from
killing by scavenging of radicals or proteolytic inactivation of degrading phagolysosomal enzymes, or indirectly by blocking the

phagolysosomal fusion.
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sus amastigotes) both reduction of the cytosol-to-
membrane translocation of PKC and inhibition of
the ability of PKC to phosphorylate various protein
substrates have been reported [75].

In addition to LPG, gp63 has been associated
with suppressing the oxidative burst of human neu-
trophils and monocytes in response to opsonized
zymosan [77]. GIPLs, a group of glycolipids related
to LPG and abundantly expressed on the surface of
pro- and amastigotes of Leishmania, also decrease
PKC activity [78], but have not been found to affect
the oxidative burst of human monocytes after
stimulation with streptococci and histones [79].
However, L. major GIPLs turned out to be strongly
inhibitory on the induction of NOS-2 in mouse
macrophages, when added to the cells 4-18 h prior
to stimulation with IFN-y and lipopolysaccharide.
A similar effect was also achieved with the pho-
sphoglycan portion of LPG or with intact L. major
promastigotes. Importantly, when added together
with IFN-y, all compounds (GIPLs, LPG, pho-
sphoglycan) synergised with IFN-y for the induc-
tion of NOS-2 [80, 81]. Thus, suppression of the
nitric oxide synthase pathway by Leishmania is
likely to occur only in the early phase of infection,
when T cell-derived cytokines such IFN-y stimulate
already infected host cells.

Although LPG, gp63 and GIPLs are the most
abundant molecules on the surface of Leishmania,
they are probably not the only modulators of the
host defence machinery. The products of gene B
and the A2 gene await functional analysis in this
respect. Several proteins are associated with LPG,
one of which is the kinetoplastid membrane pro-
tein-11. At position 45, this protein carries a N°-
monomethyl-L-arginine, which is a known inhibitor
of NOS-2 activity due to its structural homology
with the NOS-2 substrate L-arginine. Thus, it is
possible, but not yet shown that short peptides
derived from KMP-11 downregulate the activity of
NOS-2 in infected host cells [82].

4. Modulation of the cytokine and T cell response
of the host

The induction of antigen-specific, IFN-y pro-
ducing CD4* T helper lymphocytes (Thl) and the

subsequent activation of macrophages for the kill-
ing of intracellular amastigotes are key require-
ments for the control of any Leishmania infection.
Not surprisingly, Leishmania are able to interfere
with various steps of this process, which might delay
or even block the development of a protective
Immune response.

5. Modulation of cytokine production

Macrophage-derived cytokines, which inhibit the
killing of intracellular Leishmania, include trans-
forming growth factor-f (TGF-f) and interleukin-
10 (IL-10). Leishmania braziliensis, L. mexicana and
L. major have been shown to trigger the production
of TGF- in vitro (in mouse peritoneal macro-
phages) or in vivo (after intracutaneous infection).
The expression of TGF-f was increased in the
lesions of patients with chronic cutancous leish-
maniosis [82a]. In mice, intralesional application
of TGF-f enhanced the lesion growth, whereas
neutralisation of TGF-f activity arrested the lesion
development [33, 37, 38, 83]. The presence of
increased amounts of endogenous TGF-§ cor-
related with a delayed appearance of NOS-2 in the
skin lesions and a reduced activity of natural killer
cells in the draining lymph nodes [33, 84]. Thus, the
effect of TGF-$ in vivo is likely to be due to its
ability to suppress NK cell and macrophage effector
functions (parasite killing via production of NO
and superoxide), an activity which is also shared by
IL-10. At least ir vitro, L. major promastigotes (in
particular procyclic forms) stimulate macrophages
for the production of IL-10 {85, 85a]. A recent study
suggests that the induction of 1L-10 by Leishmania
might vary between different clinical isolates of one
species. Incubation of peripheral blood mono-
nuclear cells with Leishmania aethiopica derived
from patients with persistent, diffuse cutaneous
leishmaniasis (DCL) led to the expression of 1L-10
rather than IFN-y, whereas L. aethiopica isolates
from patients with the self-healing, localised form
of the disease (LCL) stimulated the same cells for
the production of IFN-y, but not of IL-10 [86]. A
related study described a differential expression of
chemokines in the lesions of L. mexicana-infected
patients with LCL (lesions contain more mac-






