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The extracellular promastigote stage of Leishmania
spp. is transmitted to mammals by a sand fly vector.
Leishmania promastigotes ligate host macrophage
receptors, triggering phagocytosis and subsequent in-
ternalization, a crucial step for survival. Parasites trans-
form intracellularly to the amastigote stage. Many
studies document different receptors detecting pro-
mastigotes and amastigotes, but the relative impor-
tance of each interaction is ill-defined. Recent studies
suggest that the macrophage receptors utilized during
phagocytosis impact the intracellular fate of the para-
site. Thisreview summarizes the receptorsimplicatedin
Leishmania phagocytosis over the past 30 years. It then
proceeds to weigh the evidence for or against their
potential roles in intracellular parasite trafficking.

Macrophage receptors implicated in Leishmania
phagocytosis

More than 20 species of Leishmania cause symptomatic
leishmaniasis in over 12 million people, with disease se-
verity ranging from cutaneous ulcerations to fatal visceral
infections [1]. Leishmania are found in several mammalian
cells, but the majority of parasites reside in macrophages
[2,3]. The promastigote stage of Leishmania ligates mac-
rophage surface receptors that trigger phagocytosis. This is
followed by parasite transformation to the obligate intra-
cellular amastigote stage. Receptors reported to facilitate
Leishmania internalization include the third complement
receptor (CR3) (see Glossary), first complement receptor
(CR1), mannose receptor (MR), Fc gamma receptors
(FcyRs, in particular FeyRII-B2), and fibronectin receptors
(FnRs) (Table 1) [4-8]. A definitive understanding of the
roles of various receptors in parasite survival during nat-
ural infection has remained elusive [9,10]. The mechanism
of macrophage entry reflects, in part, the dynamic nature of
the parasite surface. The most abundant surface mem-
brane components differ between the extracellular pro-
mastigote form found in insects and the intracellular
amastigote form found in mammals [11]. Metacyclogen-
esis, the developmental process leading promastigotes to
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Glossary

Amastigote: the aflagellated form of Leishmania spp. parasites that resides
intracellularly within vertebrate host cells.

COS cells: an African green monkey kidney cell line, with the name derived
from ‘being CV-1 in origin’, carrying portions of the SV40 genome.

DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing
nonintegrin): a receptor for mannosylated glycoconjugates that is found on
macrophages and mature dendritic cells. DC-SIGN has been implicated in
pathogen recognition as well as leukocyte adhesion via attachment to
intercellular adhesion molecules (ICAM)-2 and -3.

Fc gamma receptors: receptors on the surface of phagocytes, including
macrophages and neutrophils, that bind to the Fc fragment of immunoglobulin
G and stimulate the phagocytosis of particles attached to the antibodies.
Fibronectin receptors: integrins on the surface of a variety of cell types, such as
phagocytes and fibroblasts, which bind to fibronectin, an abundant glycopro-
tein in the extracellular matrix that mediates tissue connectivity.

CR1 (first complement receptor): a receptor on the surface of phagocytes,
including macrophages and neutrophils, that bind predominantly to C3b and
C4b proteins of the complement cascade, facilitating clearance of particles
opsonized by these proteins via phagocytosis.

GP63 (glycoprotein 63): the major metalloprotease that is abundantly
expressed on the surface of virulent Leishmania promastigotes. When
promastigotes are opsonized by C3b, GP63 cleaves this to iC3b, which
facilitates promastigote recognition by CR3. GP63 is also called leishmanoly-
sin, PSP (promastigote surface protease) or MSP (major surface protease).
Ligate/ligation: specific binding of receptors on the host cell with their
appropriate antigen on the surface of pathogens.

Lipophosphoglycan (LPG): a Leishmania surface antigen that densely coats the
surface of promastigotes. LPG is attached to the parasite surface by a
glycoinositide anchor. A phosphodiester bond links to the anchor an extended
polysaccharide backbone, ‘capped’ by terminal sugar residues that vary
between different Leishmania spp.

Mannose receptor (MR): a C-type lectin carbohydrate binding protein that
serves as a broad-range pattern recognition receptor via detection of mannose
on the surface of pathogens. MR is predominantly expressed in macrophages
but is also found on neutrophils and dendritic cells.

Metacyclic promastigotes: the virulent form of Leishmania promastigotes that
arise following metacyclogenesis, a developmental process that occurs as the
parasites move progressively from the midgut to the foregut and proboscis of
the sand fly insect vector.

Opsonin: proteins or protein complexes that bind to antigens on the surface of
foreign particles. Opsonins form part of the innate immune response of the
host. Receptors on immune cells then bind to opsonins, resulting in indirect
detection of pathogens.

Phagolysosome: a pathogen-containing compartment that develops within
phagosomes following a series of fusion events with endosomal and
lysosomal organelles. A fully mature phagolysosome is a hostile environment
for intracellular organisms that are unfit to evade the parasitophorous vacuole.
Promastigote: the flagellated form of Leishmania that exists extracellularly in
the sand fly insect vector.

Pseudopod: protrusions of the macrophage membrane that is the result of
extensions of actin filaments near the edges of the cell.

Third complement receptor (CR3): an integrin on the surface of phagocytes,
including macrophages and neutrophils that primarily detect iC3b during
pathogen recognition. The role of CR3 is varied, and encompasses particle
clearance, leukocyte adherence, and actin reassembly.

U937 cells: an immortalized monocyte-like cell line of human origin. U937 cells
can be stimulated to differentiate
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Table 1. Receptors for Leishmania phagocytosis

Receptor, host cell type® Life stages® Binding mechanism® Functional consequences®

CR3 [6,11,31,34,35,42]
(CD11b/CD18)
Primary M®:

BMM, MDM, MPM

Cell lines: J774A.1, THP-1,

COS + CR3, 293 + CR3
Other:
PMN

CR1 [5,44]

(CD35)

Primary M®:

MDM

Cell lines:

CHO + CR1

MR [4,9,10,34]
(CD206)

Primary M®:
BMM, MDM, MPM

FnRs [8,49,50]
(CD49d.CD29,
CD49e/CD29,
CD41/CD61)
Primary M®:
MDM, MPM,
Human monocytes
Cell lines:

CHO + a4 subunit

FcyRs [6,11,60-62]
(CD64, CD32, CD16)
Primary M®: BMM
Dendritic cells: MDDC
Cell lines:

COS +

FcyRII-B2

DC-SIGN [64,65]
(CD209) Dendritic
cells: MDDC

Cell lines:

K562 + DC-SIGN

CR1 [44]

L. major

MR [10,34]

L. donovani

L. i. chagasi
FnRs [49,55,56]
L. amazonensis
FcyRs [6]

L. mexicana

CR3 [44]
L. major

CR3 [10,34]
L. donovani

CR3 [49,55,56]
L. amazonensis
L. major

L. infantum

CR3 [6]
L. mexicana

Unknown

Avirulent PM:
L. amazonensis
L. i. chagasi

L. donovani

L. infantum

L. major

L. Mexicana
Metacyclic PM:
L. i. chagasi

L. infantum

L. major
Amastigote:

L. amazonensis
L. donovani

L. major

L. mexicana
Avirulent PM:
L. amazonensis
L. major
Metacyclic PM:
L. major

Avirulent PM:
L. i. chagasi
L. donovani

Avirulent PM:
L. amazonensis
L. major

L. infantum
Amastigotes:

L. amazonensis

Amastigotes:
L. amazonensis
L. major

L. Mexicana

L. pifanoi

Avirulent PM:
L. donovani

L. infantum

L. pifanoi
Metacyclic PM:
L. infantum

L. pifanoi
Amastigotes:
L. infantum

L. pifanoi
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Direct:

Unknown ligand binds alternate lectin-like
binding site of CR3 (L. infantum) [4,7,34]
PSA-2 binds CD11b subunit

(L. infantum)

[35]

iC3b-mediated:

Opsonized C3b from serum is converted
by CR1 and factor | into iC3b, a

CR3 a-chain ligand (all spp.)
[4,31,33,34,44]

C3b-mediated:

Opsonized C3 from serum is cleaved by
GP63 into C3b, the natural ligand for
CR1 (L. major) [24]

Direct:

Mannan-capped LPG backbone and side
chains possibly bind the CRD4 and CRD5
domains of MR (L. chagasi, L. donovani)
[26,27,78]

Virulent parasites avoid MR ligation

(L. chagasi, L. donovani, L. major) [9,10,48]

Direct:

a4 subunit of ‘fibroblast-origin” FnR binds
to a non-RGDS motif of GP63

(L. amazonensis) [49,52]
Fibronectin-mediated:

Nonspecific opsonization by serum
fibronectin allows FnRs to detect RGDS
and EILDV motifs

(L. amazonensis) [49,87]

IgG-mediated:

Circulating 1gG following initial infection
bind to amastigotes (L. major) [6,11,60]
FcyRl, II, and Ill bind to amastigotes
opsonized by IgG (L. amazonensis,

L. mexicana, L. pifanoi) [11,61]

Direct:

Unknown ligand binds to an unknown
region of DC-SIGN [64]

Binding is independent of LPG

(L. donovani, L. infantum, L. pifanoi) [65]

CR3-mediated phagocytosis
recruits Rho GTPase for
cytoskeletal rearrangement [67]
Ligation of CR3 by iC3b inhibits
IFN-y mediated proinflammatory
signaling, downregulating

H,0, and IL-12 production [69]
PVs formed after CR3-mediated
uptake are tight fitting [2]
Phagolysosome maturation is
delayed. LAMP-1 and cathepsin-D
accumulation is impaired [10,28]

CR1 likely functions to enhance
CR3 ligation [44,71] CR1 signaling
by Leishmania spp. may not
trigger respiratory burst [5]

Signaling depends on M@
activation state [78,79,83]

MR can trigger synthesis of
TNF-a, O, and lysosomal
enzymes [80-82]

Lysosomal fusion can be
prevented by inhibiting tyrosine
kinase Hck recruitment [84]

MR inhibits IL-12 production [85]
Internalization via FnRs requires
intact 1 subunit [49]

Activation of CR3 by FnR is
required for CR3-bound particle
ingestion [38]

FnR-mediated phagocytosis
generates O, [51]

PM can shed membrane bound
to fibronectin to evade
intracellular lysis [50]
FcyR-mediated phagocytosis
recruits Rac GTPase for
cytoskeletal rearrangement

Rac activates NADPH oxidase
PVs formed after FcyR-mediated
uptake are spacious [67]

DC-SIGN-mediated uptake
into immature MDDCs does
not stimulate maturation [66]

2Surface receptors that ligate Leishmania are written in bold font. The host cell type on which the receptors are expressed are divided into primary macrophages (primary
M®), neutrophils (PMNs), dendritic cells, and cell lines. Cell lines that have undergone transfection to express receptors are designated ‘cell line name + receptor name’.

PReceptors that have been shown to cooperate with the receptor mentioned in the left column in ‘coligating’ Leishmania are written in bold font. Parasite species
demonstrated to ‘coligate’ these receptors are listed below.

°Leishmania life stages that ligate each receptor are separated into nonmetacyclic promastigotes (avirulent PM), metacyclic promastigotes (metacyclic PM), and

amastigotes.

9Direct or opsonin-mediated mechanisms of binding to receptors are briefly outlined, with the parasite species studied listed in parentheses.

°Immunological consequences of the host cell entry via each receptor are briefly outlined.Abbreviations: AM, amastigote; BMM, bone marrow macrophage; CR1, first
complement receptor; CR3, third complement receptor; CRD, carbohydrate recognition domain; DC-SIGN, dendritic cell-specific intercellular adhesion molecule-3-grabbing
nonintegrin; FcyRs, Fc gamma receptors; FnRs, fibronectin receptors; 1gG, immunoglobulin G; LAMP-1, lysosome associated membrane protein-1; LPG, lipopho-
sphoglycan; MDDC, monocyte-derived dendritic cell;, MDM, monocyte-derived macrophage; MPM, murine peritoneal macrophage; MR, mannose receptor; M®,
macrophage; PM, promastigote; PMN, neutrophil; PV, parasitophorous vacuole.
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transform into a virulent form in the sand fly gut, is
characterized by further modifications in surface proteins
and other glycoconjugates [12,13]. Different sources of
macrophages and different Leishmania spp. vary in their
surface molecule composition, leading to unique parasite—
host receptor interactions for each species—cell pair [2,14].

Variations in promastigote surface antigen composition
The ability to differentiate from avirulent promastigotes to
metacyclic forms has led scientists to appreciate the tre-
mendous molecular complexity in the Leishmania spp.
stages. Amastigotes in the blood meal develop first to
procyclic promastigotes, which differentiate into motile
nectomonad promastigotes and traverse to the anterior
midgut of the sand fly, where they attach to the epithelial
wall. At the stomodeal valve, the parasites develop into
leptomonad, haptomonad, and finally metacyclic promas-
tigotes, the highly infectious form regurgitated into host
skin during feeding [15].

In liquid culture, promastigotes undergo developmental
changes that mimic metacyclogenesis. Logarithmically
growing promastigotes have been used as a model of
procyclic promastigotes, and stationary phase promasti-
gotes as a model of an unpurified metacyclic-containing
population. Purification of the metacyclic subpopulation
can be accomplished according to their low buoyant density
or the glycosylation of lipophosphoglycan (LPG) [16,17].
BALB/c mice injected with in vitro-isolated metacyclic
Leishmania major or Leishmania infantum chagasi pro-
mastigotes develop larger lesions or harbor more parasites
in the visceral organs, respectively, than those inoculated
with unpurified stationary phase cultures [18,19].

Characteristics contributing to increased virulence of
metacyclics include resistance to lysis by serum comple-
ment due to upregulation of crucial virulence factors [19].
The third complement protein C3 is associated with in-
creased promastigote virulence [20]. Several reports docu-
ment covalent binding of C3b to the surface
metalloprotease, GP63 [also called MSP (major surface
protease), leishmanolysin, or PSP (promastigote surface
protease)], and to LPG [21,22]. GP63 is expressed more
abundantly in metacyclic than procyclic promastigotes
[13,23] and serves a special role in that it converts comple-
ment component C3b to the cleavage product iC3b (inacti-
vated form of C3b), which in turn mediates the opsonic
recognition of promastigotes by macrophage CR3 [24].

Metacyclogenesis is also marked by doubling of the
phosphorylated disaccharide backbone repeats and addi-
tion of terminal arabinose to LPG oligosaccharide side
chains [25]. This could serve to bypass broad-range pattern
recognition receptors such as MR. Direct binding of either
the high-mannose oligosaccharides on GP63 or procyclic
LPG to MR has not been reported. Nonetheless, there are
exposed mannose residues on the terminus of LPG of
procyclic L. major and Leishmania donovani [26], and
purified LPG from L. major and Leishmania mexicana
can be targeted by serum mannan-binding protein [27].

The LPG of L. major, L. donovani, L. mexicana, and
Leishmania amazonensis differ in structure [26]. As such,
promastigotes from different growth phases and also of
different species vary in the abundance of GP63 versus
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LPG and cannot be considered identical when determining
the mechanism of host cell association.

Differential receptor ligation by promastigote stages

L. i. chagasi promastigotes isolated from different growth
phases ligate different receptors on human monocyte-de-
rived macrophages (MDMs). Avirulent promastigotes in
logarithmic growth enter parasitophorous vacuoles (PVs)
lined with CR3 and MR, whereas PVs surrounding density-
purified metacyclics contained only CR3 [10]. CR3, but not
MR, clusters in cholesterol- and caveolin-containing micro-
domains, which were previously characterized as entry
portals that direct L. i. chagasi promastigotes into a path-
way that leads to a 24- to 48-h delay in lysosomal fusion
and promotes intracellular survival [28]. Consistently,
metacyclics that enter via PVs lined with caveolin and
CR3 replicate better than their avirulent counterparts for
up to 96 h following entry. This leads us to hypothesize that
PVs containing CR3 but excluding MR may constitute a
‘safe’ route of phagocytosis, associated with delayed lyso-
somal fusion.

As an added variable to all studies of receptor utiliza-
tion, parasites enter macrophages from different sources
via dissimilar mechanisms. For instance, metacyclic L.
donovani or L. amazonensis promastigotes first contact
the surface of bone marrow macrophages (BMMs) via
the flagellar tip on the anterior end of the parasite, and
then reorient to enter via the posterior end as macrophage
pseudopods encircle the cell body [29,30]. Anchoring via
the flagellum has been recapitulated in L. i. chagasi pro-
mastigotes, which attach to the MDM surface via their
anterior ends and become surrounded by symmetrical
pseudopod extensions [2]. By contrast, attachment to the
human monocytic U937 cells is not directional, and para-
sites are taken up through ‘coiling’ layers of pseudopods.
These observations correlated with differences in surface
receptor expression (i.e., U937 cells were negative for
surface CR3) and intracellular survival. Although U937
cells are not as representative of a natural infection as
primary macrophages, these data illustrate a connection
between differential surface receptor ligation between cell
types and the subsequent intracellular fate of the parasite
[2].

Receptors mediating binding and phagocytosis of
Leishmania promastigotes

The third complement receptor

Long-standing evidence suggests that Leishmania promas-
tigotes ligate CR3 both directly and through opsonized
iC3b. This comes from the observation that L. major or
L. donovani promastigote entry into murine peritoneal
macrophages (MPMs) is inhibited by the M1/70 blocking
monoclonal antibody (mAb) to the CR3 a-chain [7] or by
5C6 mAb, which hinders binding to the iC3b recognition
site of CR3 [31]. M1/70 was observed to inhibit macrophage
binding by either promastigotes that were opsonized with
fresh serum or promastigotes in the absence of added
serum opsonins [4]. This and other reports of serum-
independent binding of Leishmania promastigotes to CR3
seem to indicate that parasites can ligate the lectin-binding
site on CR3. However, macrophages in culture synthesize
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small amounts of complement proteins and opsonize nearby
particles or cells. Illustrating this, C3 has been visualized on
the surface of L. donovani promastigotes or amastigotes
incubated with MPMs without serum pretreatment [32].
Consistently, anti-C3 Fab Dblocked the attachment of
nonopsonized L. donovani to macrophages by 80% [33].
Thus, ‘nonopsonized’ promastigotes are never truly free of
complement during coculture with macrophages.

There is, nonetheless, evidence that Leishmania binds
both the complement-binding and the lectin-binding sites of
CR3 in MDMs. In one study, mAb clone OKM1, which blocks
the CR3 iC3b binding site, reduced the serum-free attach-
ment of stationary phase L. donovani promastigotes to
MDMs by over 60%. mAb clone OKM10, specific for the
lectin-like binding site on CR3, demonstrated an inhibitory
effect 0of 18% [34]. Furthermore, the L. infantum recombinant
surface glycoprotein PSA-2 may attach directly to the CD11b
subunit of CR3 on the human monocytic THP-1 cell line and
on human kidney 293 cells transfected with CR3 [35].

In both nature and in vitro culture, the proportion of
metacyclics increases as promastigotes grow from logarith-
mic to stationary phase. Promastigote growth also influ-
ences interactions with macrophage receptors. Using
confocal microscopy, both CR3 and MR were documented
in the PVs of MDMs after phagocytosis of logarithmic
promastigotes, which contain a low proportion of metacyc-
lics. By contrast, vacuoles surrounding serum-opsonized
purified metacyclic L. i. chagasi promastigotes contained
CR3 but excluded MR [10]. The amount of C3 deposition
onto the surface of L. donovani promastigotes increases as
parasites develop to stationary phase in culture, presum-
ably due to the increased metacyclic content [36]. Indeed,
stationary phase L. major, L. amazonensis, and L. dono-
vani promastigotes all bind immobilized purified human
CR3 following incubation in exogenous serum [37]. GP63 is
the major C3 acceptor molecule on L. mexicana promasti-
gotes according to coimmunoprecipitation studies [22].
Consistent with the increased C3 binding, there is increas-
ing expression of GP63 on the surface of several Leishman-
ia spp. during growth to stationary phase in culture
[13,23]. The relative roles of the CR3 lectin-like domain
and locally secreted opsonizing C3 in natural infection
remain ill-defined, but the preponderance of evidence sug-
gests that CR3 is a common pathway for the entry of
several Leishmania spp. into macrophages.

During natural infection, it is likely that Leishmania
simultaneously ligate more than one host cell receptor
and that all receptors contribute to subsequent intracellular
events. CR3 alone is incapable of triggering phagocytosis of
iC3b-coated sheep erythrocytes and requires the assistance
of a second receptor such as the FnR to initiate phagocytosis
[38]. Both CR3 and MR are required for optimal binding of
unpurified L. donovani promastigotes to macrophages,
which implies corecognition by more than one receptor
[4,34]. Owing to this, the independent effect of CR3 ligation
on parasite survival is difficult to prove. Nonetheless, there
is evidence that CR3 ligation channels promastigotes
towards a pathway leading to enhanced survival in the
macrophage. Leishmania spp. promastigotes are susceptible
to the microbicidal activity of Oy~ and H505 [39]. At least
some promastigotes must enter through a route that offers
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protection against the macrophage microbicidal machinery,
and it is possible that CR3 ligation itself could provide this
survival advantage (Box 1). Consistent with a noninflam-
matory effect of CR3, serum-opsonized L. major promasti-
gotes stimulate a less vigorous MPM respiratory burst than
nonopsonized promastigotes and survive better intracellu-
larly [20].

Recently, neutrophils (PMNs) have been found to be
either the most, or one of the most predominant cell types
that become parasitized by Leishmania immediately fol-
lowing inoculation into mammalian skin [3]. Neutrophils
housing parasites are then quiescently phagocytosed into
either macrophages or dendritic cells (DCs) via PMNs
serving as their ‘Trojan horse’ (Box 2) [40,41]. CR3 also
plays an important role in this pathway, as Leishmania
undergo an opsonin-dependent uptake into PMNs via this
receptor. mAb M1/70, but not mannan-binding lectin, has
been shown to significantly reduce internalization of L.
major promastigotes in vitro [42].

The first complement receptor

L. major haslongbeen the only species in which a prominent
role for binding to CR1 has been documented. However,
L. amazonensis stationary phase promastigotes were re-
cently characterized to bind to MDMs in part via CR1
[43]. Attachment of serum-opsonized metacyclic L. major
promastigotes to MDMs was reduced by 65% in the presence

Box 1. The third complement receptor (CR3) and the first
complement receptor (CR1)

CR3 (CD18/CD11b) is an integrin expressed on the surface of
neutrophils (PMNs) and mononuclear phagocytes that plays
significant roles in immune defense. In addition to detecting iC3b
and pathogen ligands, it is an adhesion factor during phagocyte
migration, a coreceptor for actin cytoskeletal rearrangement, and an
initiator of kinase signaling cascades [67]. CR3 has two binding sites:
one for particles opsonized with the inactivated form of C3b (iC3b)
and a complement-independent lectin-binding domain. iC3b-coated
sheep erythrocytes binding to human monocyte and PMN CR3 does
not induce H,0, formation, whereas FcyR ligation by IgG-coated
erythrocytes does [68]. Furthermore, CR3 activation either with an
agonistic mAb recognizing the functional domain of human CD11b
or with iC3b-coated erythrocytes downregulated the interferon-y
(IFN-y)-mediated release of IL-12 [69]. These observations suggest
that CR3 does not induce inflammatory signals.

Different members of the Rho family of GTPases are activated by
phagocytic receptors, with consequences for subsequent oxidant
generation and cytoskeletal rearrangement. Phagocytosis via FcyR
leads to activation of Rac GTPases and Cdc42 which in turn activate
the phagocyte NADPH oxidase, whereas CR3-mediated phagocyto-
sis leads to activation of Rho [67]. Particle phagocytosis via FcyRs
creates spacious phagosomes, whereas entry via CR3 leads to tight-
fitting phagosomes. The avidity of L. mexicana and L. amazonensis
for FcyR over CR3 could partially explain their residence in large,
communal vacuoles [11,29,70]. By contrast, promastigotes of L. i.
chagasi and other species that prefer CR3 reside in tight, individual
compartments in human and murine macrophages [2].

CR1 on the surface of monocytes, macrophages, and PMNs
primarily recognizes C3b and C4b [38]. CR1 also binds iC3b, but at a
100-fold weaker affinity than C3b. CR1 is one of several factor |
cofactors, binding C3b and facilitating its cleavage to iC3b through
factor | serine protease activity [71]. CR1 and CR3 can cooperate and
mediate stable rosetting of C3b-coated sheep erythrocytes, a finding
that can be explained by initial interaction of C3b with CR1, factor I-
mediated cleavage to iC3b, and then high-affinity interaction
between iC3b and CR3 on the erythrocyte surface [71].
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Box 2. Intracellular trafficking of Leishmania following phagocytosis

Phagocytosis of virulent L. donovani promastigotes proceeds through
an endocytic pathway and phagolysosome maturation is delayed for
several hours after phagocytosis. Incoming phagosomes surrounding
any particle undergo sequential interactions with endocytic orga-
nelles during maturation, in which a series of transient fusion (kiss)
and fission (run) events deposits membrane proteins and delivers
degradative enzymes into the phagosome lumen. This process was
dubbed the ‘kiss and run’ hypothesis [72]. Phagocytosis of Leishma-
nia into Rabb5-positive early endosomes occurs readily, but shedding
of Rabb and acquisition of the later markers Rab7 and LAMP-1 is
delayed in parasites that express the full length LPG on their surface
[73]. A longer delay for lysosome fusion was observed, i.e., 24-48 h,
after phagocytosis of L. i. chagasi [10,28], coinciding with the
conversion to amastigotes [74].

The kinetics of phagolysosome maturation differs between parasite
species and host cell type. Metacyclic L. amazonensis promastigotes,
unlike their L. donovani counterpart, reside in spacious, communal
PVs that fuse with Rab7 and cathepsin D, but not EEA-1, as early as
0.5h in BMMs. This process was even faster in L. amazonensis
amastigotes, implicating stage- and species-specific discrepancies in
PV biogenesis [29]. Real time microscopy also visualized the rapid
accumulation of lysosomes to PVs containing metacyclic L. donovani
promastigotes. During phagocytosis, the flagellae ‘wounded’ the host
cell and released lysosomes from the damaged plasma membrane.
The PV then underwent a refractory period, during which there was
an absence of further recruitment of these organelles [30]. These
authors’ observations challenge the aforementioned model for

of 1B4, a blocking mAb specific for CR1, but not by two
antibodies to CR3 [5]. Similar to CR3 studies, blocking CR1
never eliminated parasite attachment, underscoring the
presence of a coreceptor. Cooperation between CR1 and
CR3wasclarified in a study using mAbs to block attachment
to CHO cells expressing CR1, CR3, or both. The authors
showed that, in the absence of factor I, serum-opsonized
metacyclic L. major promastigotes bind CR1 but not CR3. By
contrast, the addition of factor I allows parasites to prefer-
entially attach via CR3. CR1 is a cofactor allowing the factor
I serine protease to generate iC3b from C3b [44]. These
studies delineate a cooperative model in which CR1 is
required for cofactor I to generate iC3b from C3b, leading
to high-affinity binding with CR3. Signaling events initiated
by CR1 or CR3 ligation do not trigger a respiratory burst [5].
Thus, L. major appears to be ultimately guided into the cell
via a CR3-mediated pathway, evading the generation of
oxidant radicals as described above.

Mannose receptor

There is evidence that Leishmania spp. ligate MR on
MPMs and on MDMs. The soluble MR ligand mannan
inhibits binding of L. donovani promastigotes by 60% or
70% in different respective reports [4,45]. Soluble mannan
and blocking anti-CR3 mAb synergistically inhibit promas-
tigote binding to MDMs but not MPMs, suggesting recep-
tor cooperation. Both attachment and phagocytosis by
MDMs are inhibited with mAb to CR3 and mannosylated
BSA (bovine serum albumin), a more defined MR inhibitor
[34]. Amastigote binding to MPMs was affected to a lesser
degree than promastigotes (30%) [4], but the role of MR in
amastigote binding to MDMs was not examined. These
data suggest that both MR and CR3 coordinate attachment
of L. donovani promastigotes to murine and human macro-
phages, although the importance of the receptors may
differ between the two cell types (Box 3).

phagolysosome maturation delay, although they concur that the
inconsistencies could be due to differences in experimentation.

Developments in the past 10 years have focused on the exploitation
of PMNs as a ‘Trojan horse’ for L. major entry into macrophages. Up to
90% of metacyclic L. major promastigotes were initially phagocytosed
by PMNs at the bite wound site in B57BL/6 mice, with few instances of
entering macrophages or DCs directly [3]. Virulent inoculums of
L. major contain phosphatidylserine-positive apoptotic populations,
presumably silencing the inflammatory functions of PMNs as parasites
are taken up by means for apoptotic clearance [75]. Entry into
macrophages occurs while parasites still reside in PMNs or following
PMN apoptosis, which can become accelerated following Leishmania
infection [40]. PMNs harboring Leishmania secrete MIP-1B3, a chemoat-
tractant for macrophages [41] and, furthermore, demonstrate a higher
propensity to be taken up by DCs than uninfected cells [76].

The trafficking of metacyclic L. donovani promastigotes inside
PMNs was shown to occur via traditional phagolysosomes, as well as
alternative lysosome-independent compartments. The latter PVs
stained positive for glucose-6-phosphate and calnexin, components
of the host endoplasmic reticulum, and encircled tightly around the
parasites. Virulent promastigotes followed this route and were
protected from degradation, whereas LPG-deficient avirulent pro-
mastigotes were more likely to encounter a lytic environment [77].
The use of short-lived granulocytes as a vector presents a novel
means by which Leishmania ensures quiescent entry into their final
host cell. Receptors for triggering ‘safe’ uptake into PMNs have yet to
be identified.

Given the above findings, studies of leishmaniasis in
MR-knockout (KO) mice led to surprising results. Intro-
duction of metacyclic L. major promastigotes into either
wild type or MR-KO C56BL/6 mice resulted in lesions that
did not differ in the rates of formation or resolution, with
nearly identical tumor necrosis factor-a (TNF-a) and in-
terleukin-12 (IL-12) production from splenocytes. Together
with the observation that mannan had no effect on the
internalization of L. donovani or L. major by murine
BMMs from wild type or control mice, these results chal-
lenged the necessity of MR for successfully establishing
murine leishmaniasis [9].

A potential explanation for this contradiction is that
early experiments were performed with either logarithmic
or unpurified stationary phase promastigote cultures,
whereas recent studies utilized purified metacyclics.
One likely L. i. chagasi ligand for MR is GP63, a high
mannose glycoconjugate [46]. In the case of L. major, GP63
is masked by the metacyclic form of LPG, leaving other
surface molecules inaccessible [47]. Thus, GP63 might
only interact with MR in nonmetacyclic L. major promas-
tigotes. Indeed, confocal studies of CR3 and MR showed
that avirulent logarithmic L. i. chagasi promastigotes
were three times more likely to engage MR on MDMs than
metacyclics during the first 60 min after phagocytosis,
indicating that MR is important only for the phagocytosis
of nonmetacyclic promastigotes [10]; similar observations
were reported for MPMs, i.e., internalization of L. dono-
vani promastigotes that were attenuated by repeated
passage in liquid culture was inhibited by mannosylated
BSA twice as efficiently as virulent promastigotes that
were freshly isolated from BALB/c mice. Downregulation
or upregulation of MR expression on MPMs by H;O4 or
dexamethasone, respectively, affected the uptake of
attenuated promastigotes more than that of virulent
L. donovani [48].
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Box 3. Mannose receptor (MR)

MR is a well-studied lectin which serves as a phagocytic receptor in
primary macrophages and myeloid DCs but not in monocytes. It is a
C-type lectin that has eight tandem carbohydrate recognition
domains (CRDs), of which CRD4 and CRD5 demonstrate carbohy-
drate-binding ability [78]. MR is a microbial pattern recognition
receptor capable of MR binding the terminal sugar residue of
microbial surface oligosaccharides with the affinity: L.-fucose > b-
mannose > p-N-acetyl-glucosamine >>> b-galactose [79]. Because
of its preferential detection of branched oligo-mannoses and the fact
that Leishmania spp. display abundant high-mannose type N-linked
oligosaccharides but not complex N-linked oligosaccharides [34],
MR is a logical candidate receptor for Leishmania promastigotes.

Several reports suggest that MR ligation leads to proinflammatory
gene expression in macrophages: (i) control MPMs generate O~
generation after phagocytosis of serum-opsonized zymosan; how-
ever, MPMs depleted of MR utilize CR3 for opsonized zymosan
phagocytosis, eliminating O,™ generation [80]. (ii) Ligation of MR on
rabbit alveolar macrophages with the synthetic neoglycoprotein
mannosylated-BSA leads to the release of lysosomal enzymes [81].
(iii) Exposure of MR to mannan isolated from Candida albicans
increases TNF-a production by murine alveolar macrophages [82].
Considering these promicrobicidal properties of the MR, it could be
hypothesized that highly infectious metacyclic population of
Leishmania promastigotes evolved a sophisticated form of LPG-
masking MR ligands in part to avoid ligation of MR.

Conflicting with the above evidence, however, MR ligation has
also been associated with noninflammatory phagocyte polarization.
Expression of MR is upregulated during M2a (alternative) macro-
phage activation [83]. Phagocytosis of zymosan by MDMs, a particle
that ligates the MR, does not stimulate the release of O, or
phagosome-lysosome fusion, possibly due to a failure to recruit the
tyrosine kinase, hemopoietic cell kinase (Hck) [84]. In human
MDDCs, mannose-capped lipoarabinomannans purified from My-
cobacterium bovis or Mycobacterium tuberculosis inhibit LPS-
induced IL-12 generation [85]. The dual-edged nature of MR
signaling could be influenced by not only ligand structure, which
determines access to a particular CRD, but also cooperation with
another receptor.

The entry pathway of virulent metacyclic L. i. chagasi
promastigotes into MDMs is characterized by exclusion of
MR from the phagocytic cup, followed by a delay in pha-
golysosome maturation (Box 2). Indeed, lysosome-associ-
ated membrane protein-1 (LAMP-1) and cathepsin D,
markers for macrophage late endosomes and lysosomes,
respectively, are recruited to PVs containing logarithmic,
but not metacyclic, L. i. chagasi promastigotes 2 h following
phagocytosis [10]. It is not known how MR modifies the
signaling pathways that are activated following logarith-
mic promastigote phagocytosis (Box 3).

Receptors for fibronectin

Opsonization with fibronectin enhances attachment of
Leishmania spp. to host phagocytes (Box 4) [8,49,50]. Fibro-
nectin binding to the L. amazonensis promastigote surface is
saturable, and either cultivation in fibronectin-depleted
serum or incubation in antifibronectin antibodies decreases
promastigote or amastigote attachment to human mono-
cytes [8]. Treatment of MDMs with mAb to the integrin 84, a
subunit of the predominant macrophage FnR, impairs their
ability to internalize serum-opsonized L. amazonensis pro-
mastigotes [49]. Ironically, the downstream effect of FnR
ligation leads to diminished, rather than enhanced, intra-
cellular survival compared with parasites that do not ligate
FnR [50]. In PMNs, fibronectin-mediated phagocytosis of
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Staphylococcus aureus triggers O, -dependent and -inde-
pendent killing [51]. Parenthetically, a mAb raised against
fibronectin could be used to immunoprecipitate a protein of
corresponding molecular weight to GP63 from L. i. chagasi
lysate [52]. Whether this means that GP63 can directly
ligate the FnR is not established. It is likely that FnR detects
promastigotes using fibronectin as a bridge to parasite
antigens. mAbs that recognize the RGDS (Arg-Gly-Asp-
Ser) epitope on fibronectin can be used to immunoprecipi-
tate GP63 from L. i. chagasi promastigotes [52]. This fibro-
nectin-mimicking sequence was later revealed to be a
tetrapeptide, SRYD, in L. major GP63, and pretreatment
of MPMs with a synthetic octapeptide containing SRYD was
shown to inhibit L. major attachment [53]. These findings
are strengthened by evidence that L. major or L. donovani
promastigotes, and L. amazonensis promastigotes and
amastigotes, degrade fibronectin in a GP63-dependent man-
ner [54].

Despite the potential adverse effects of ligating FnRs
alone, there is evidence that FnR cooperates with comple-
ment receptors CR1 and CR3 to facilitate internalization of
iC3b- or C3b-coated particles [55,56]. Cooperation of FnRs
with CR3 facilitates the phagocytosis of L. amazonensis
promastigotes. A study of the GP63-null versus GP63-
overexpressing parasites provided evidence that promas-
tigote GP63 ligates both also receptors on macrophages or
on CHO cells transfected with the a4 integrin subunit,
using blocking antibodies to each receptor [49]. A predicted
model for coligation of FnRs and either CR3 or CR1 impli-
cates initial promastigote binding to the complement re-
ceptor, with actin remodeling and phagocytosis stimulated
by ligation of FnRs. The FnRs or CR3 would either bind
directly to Leishmania GP63 or through opsonized fibro-
nectin or iC3b, respectively.

Receptor-mediated phagocytosis of amastigotes

Whereas promastigotes encounter host macrophages only
at the onset of host infection, amastigotes must continually
exit highly infected macrophages and enter uninfected
macrophages throughout a progressive infection. Given
their lack of surface LPG and paucity of surface-exposed
GP63 [57-59], it is not surprising that amastigotes employ
different strategies for macrophage entry than promasti-
gotes. L. major amastigotes were found to be coated with
IgGl immediately after isolation from the footpads of
BALB/c mice, raising the possibility that FcyRs could
constitute an entry portal into macrophages [6]. Several
groups have confirmed that L. major, L. mexicana, or L.
amazonensis amastigotes opsonized with specific antibo-
dies will adhere primarily to FcyRs on the surface of
macrophages and monocyte-derived DCs (MDDCs)
[6,11,60]. Consistently, the African green monkey kidney
COS cell line transfected with FcyRII-B2 bound dramati-
cally larger numbers of L. mexicana lesion-derived amas-
tigotes than MR-transfected COS cells after 30 min of
incubation [11]. Whether FcyR binding is an artifact oc-
curring only in recently isolated amastigotes or whether it
participates in the propagation of natural infection was
addressed in vivo in KO mice. Compared with wild type
BALB/c mice, either JgD mice lacking circulating anti-
body, or FcyR™~ mice lacking the common <y chain of



Box 4. Fibronectin receptor

Fibronectin is abundant in connective tissue and is required for
phagocytes to leave the vasculature and migrate through the
endothelium and subendothelium in response to an inflammatory
stimulus [86]. Receptors for fibronectin (FnRs) are integrins that are
expressed in fibroblasts, monocytes, and PMNs, with designations
CD49d/CD29 (as/B1), CD49e/CD29 (as/B1), and CD41/CD61 (aupp/B3).
The major receptor for fibronectin on human monocytes is integrin
as/B1 (CD49e/CD29) [86]. aap/B3 is a second type of FnR expressed on
monocytes, which is similar to FnRs found on platelets. Integrins a4/
B1 and as/B4 are structurally similar and interact with the Arg-Gly-
Asp-Ser (RGDS) or the Glu-lle-Leu-Asp-Val (EILDV) regions of
fibronectin, respectively [87]. Integrin a,,/B3 recognizes the RGDS
motif expressed by fibrinogen, collagen, and vitronectin. PMNs
exclusively express integrin asp/Bs but not other FnRs [88].

FcyRI, FceyRIII and FceRI formed smaller cutaneous
lesions than wild type control mice following injection with
L. amazonensis or Leishmania pifanoi [61]. This suggests
that parasite-specific IgG produced during leishmaniasis
facilitates amastigote opsonization and FcyR ligation. Li-
gation of FcyR on BMMs results in IL-10 expression and
this has been shown to facilitate parasite survival and
replication [62].
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Similar to promastigotes, amastigotes can undergo
phagocytosis via several avenues. Binding to FnRs or
the heparin-binding protein was observed to facilitate
phagocytosis of L. amazonensis [8,60]. Several groups have
also reported that blocking antibodies to CR3 decreased
uptake of Leishmania spp. amastigotes [6,32]. By contrast,
the MR ligand mannan did not affect amastigote entry
[4,6,11,60]. Confirming the importance of CR3, COS cells
transfected with CR3 expedited the attachment of serum-
opsonized L. mexicana amastigotes but had no effect on the
binding kinetics of nonopsonized amastigotes [11]. A newly
established line of axenic L. amazonensis amastigotes that
was shown to cause footpad swelling in mice comparable to
injections with metacyclic promastigotes also entered
MDMs via CR3, inducing little proinflammatory cytokines
TNF-a and CCL3/4 [43]. It is unknown whether amasti-
gotes are opsonized with C3, and neither is a putative C3
acceptor molecule(s) on amastigotes. The amastigote sur-
face composition displays fewer proteins than promasti-
gotes and lacks the thick LPG layer (visualized by
transmission electron micrography in L. major) [12].
Amastigotes instead display free glycosylphosphatidylino-
sitol lipids that lack the disaccharide repeats of LPG [63]
and exhibit diminished expression of surface GP63 [57,62].
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Figure 1. Receptors for Leishmania entry into host phagocytes. Leishmania employ several receptor-mediated entry pathways into host macrophages, neutrophils (PMNs),
or dendritic cells (DCs). Promastigotes are depicted in blue, amastigotes in red, macrophages or DCs in brown, and PMNs in green. (a) GP63, which is highly expressed in
promastigotes, convert C3 (third complement protein) opsonins into C3b, the natural ligand for CR1 (first complement receptor). CR1, with factor |, cleave C3b into iC3b
(inactivated form of C3b), facilitating binding to CR3. CR3 may also mediate direct binding to promastigotes via a yet unknown surface epitope on promastigotes. The
terminal sugar residues on lipophosphoglycan (LPG) could be recognized by mannose receptor (MR), although this has not been proven. MR is not present in phagocytic
compartments that have uptaken virulent metacyclic promastigotes. GP63 also binds fibronectin, which then bridges the parasite to fibronectin receptors (FnRs). (b) LPG
expression on amastigotes is absent, possibly allowing the low levels of GP63 to become opsonized with iC3b protein and subsequently ligate CR3. Antibody and
fibronectin detection of amastigotes leads to ligation of Fc gamma receptors (FcyRs) and FnRs, respectively. (¢) Immediately following inoculation by the sand fly,
promastigotes parasitize predominantly PMNs. Promastigotes enter PMNs via CR3 and then enter macrophages or DCs while contained in the short-lived granulocyte.
Promastigotes and amastigotes may also directly enter DCs via DC-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN), but the ligand on the

parasite surface has yet to be identified.
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The implications of the various possible amastigote bind-
ing and entry routes into macrophages are not yet defined.

Axenic L. pifanoi amastigotes devoid of serum opsonins
were found to directly bind to DC-specific intercellular
adhesion molecule-3-grabbing nonintegrin (DC-SIGN;
CD209), an ICAMZ2/3-binding attachment protein [64].
DC-SIGN is a C-type lectin on macrophages and DCs which
recognizes mannosylated glycoconjugates. The detection of
parasites seems to be independent of LPG [65]. Competi-
tive inhibition with the anti-DC-SIGN mAb MR-1, but not
LPG, decreased the attachment of L. pifanoi and L. infan-
tum amastigotes to MDDCs. Furthermore, LPG-deficient
L. donovani stationary phase promastigotes bound to
CD209-transfected K562 cells with higher avidity than
wild type parasites [65]. This supports the hypothesis that
DC-SIGN ligates a common molecule on the surface of both
promastigotes and amastigotes, which becomes masked by
the complex LPG structure, as seen with GP63 on promas-
tigotes [47].

Because mAb to DC-SIGN completely ablated amasti-
gote binding to CD209-expressing K562 cells but partially
inhibited binding to MDDCs, it is likely that DC-SIGN is
only one of several naturally expressed surface receptors
initiating amastigote interaction with DCs [64]. The spe-
cific surface ligand on amastigotes that binds to DC-SIGN
has not been identified. L. major promastigotes could not
bind to DC-SIGN, whereas L. pifanoi, L. infantum, and L.
donovani could [65]. This may reflect either a lack of
expression of the DC-SIGN ligand or masking of the ligand
by LPG. DC-SIGN-mediated uptake of L. infantum amas-
tigotes into immature MDDCs does not stimulate the cell
surface expression of CD83, CD86, and major histocom-
patibility complex class II. The absence of such markers for
DC maturation during Leishmania infection may be the
result of a strategy by the parasite for avoiding immuno-
surveillance [66].

Concluding remarks

The literature documents multiple macrophage receptors
that interact with Leishmania (Figure 1). Although reports
have claimed that these routes are redundant, we have
emphasized in this review the fact that ligation of specific
receptors elicits different downstream functions in the
macrophage, and that each interaction occurs as a conse-
quence of factors expressed by the parasite itself. Leish-
mania virulence factors are tightly regulated during the
life cycle, often granting the ability to select quiescent
routes for invasion. Remarkably, the parasite exploits host
serum opsonins that facilitate phagocytosis of infective
stages of Leishmania spp. For example, metacyclic binding
to CR3 due to the protease action of GP63 results in
opsonization with ligands for CR3 and/or CR1. In some
cases, this interaction is further strengthened by interac-
tions with MR and FnRs, either directly through mannose-
terminal surface glycoconjugates or indirectly through
bound fibrinogen. Contrastingly, amastigotes become opso-
nized by IgG and enter via FcyRs. Amastigotes also bind to
CR3 on macrophages or DC-SIGN on DCs. Virulent para-
sites employ selected anti-inflammatory pathways that are
advantageous for subsequent survival, leading to phagocy-
tosis through a path that avoids the respiratory burst and

342

Trends in Parasitology August 2012, Vol. 28, No. 8

delays phagolysosomal maturation. Thus, Leishmania can
be viewed as carefully selecting the optimal phagocyte
receptors to promote its survival in the host. Further
understanding of these receptors could shed light on ther-
apeutic strategies that could guide the mechanism of
phagocytosis towards a microbicidal pathway, as a novel
approach to treating the manifestations of disease.
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