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Leishmania, macrophages and complement: a tale of
subversion and exploitation
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SUMMARY

Leishmania are intracellular protozoan parasites which reside primarily, if not exclusively, in host mononuclear phago-
cytes. Several studies have demonstrated that infectious promastigotes rapidly and efficiently fix complement when they
encounter serum components during their transmission to the mammalian host. Activation of the complement system by
a microorganism can have 3 distinct biological effects. First, fixation of the terminal complement components can result
in complement-mediated lysis. Second, fixation of the 3rd component of complement can lead to opsonization of the
organism for uptake by phagocytic cells. Finally, the elaboration of the complement anaphylotoxins, C3a and C5a, can
lead to inflammation. In the present chapter, we discuss the interaction of leishmania promastigotes with the complement
system. We show that infectious promastigotes avoid the lytic effects of complement and resist fixation of the terminal
complement components. At the same time, however, these organisms depend on fixation of opsonic complement to invade
host mononuclear phagocytes efficiently. We discuss the mechanisms which allow metacyclic leishmania promastigotes to
exploit the opsonic properties of complement and the receptors on macrophages involved in leishmania recognition. The
role of complement mediated inflammatory processes in the host response to leishmania infection is an area which requires

additional study.
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INTRODUCTION

Upon entry into their vertebrate host Leishmania
promastigotes immediately encounter 2 of the most
ancient, yet effective immune mechanisms: (1) lysis
by complement; and (2) destruction by phagocytes.
How the promastigote deals with these 2 obstacles
may be the difference between the successful and
unsuccessful initiation of infection. In this review we
will discuss the mechanisms by which promastigotes
not only subvert components of the innate immune
response, but exploit them in the establishment of
infection.

THE LEISHMANIA PARASITE
Life-cycle

There are 2 morphological forms of Leishmania, the
promastigote and the amastigote. T'he promastigote
is found in the vectors of leishmaniasis, female
sandflies of the generas Lutzomyia and Phlebotomus.
Promastigote development in the insect vector has
been extensively characterized using numerous para-
site/vector combinations (Walters, 1993). Unlike
parasites of the subgenus Viannia, which include a
developmental phase in the hindgut of the fly,
parasites of the subgenus Leishmania restrict de-
velopment to the midgut and foregut. Within the gut
of the fly, numerous developmental forms can be
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observed. Leishmania parasites are acquired by the
fly in the amastigote form during the taking of a
bloodmeal. The first developmental event observed
is the transformation of the amastigote to the
promastigote form. This transformation event
occurs within the bloodmeal itself, which in the
sandfly is encased in a peritrophic membrane
(matrix), a structure secreted by the midgut epi-
thelium (Killick-Kendrick, 1979). These early pro-
mastigote forms are ellipsoid in shape, with a body
length of 6-8 um. This stage of promastigote
development is one of replication and is referred to
as the procyclic stage. Approximately 3 days after
feeding, the promastigotes begin to escape from the
peritrophic membrane and spread toward the an-
terior portion of the midgut (Bates, 1994). At this
point, promastigotes are commonly seen attached to
the midgut epithelium or with their flagella inserted
between microvilli. From day 5 onward, increasing
numbers of slender, non-replicating, rapidly moving
promastigotes can be observed in the lumen of the
anterior midgut and foregut. It is this highly
infectious metacyclic form of promastigotes which is
delivered to the vertebrate host (Sacks, 1989).
During a bloodmeal, the sandfly generates a small
pool of blood, into which infectious promastigotes
are regurgitated (Schlein, Jacobson & Messer, 1992).

Upon delivery to the vertebrate host, the promasti-
gotes are quickly taken up by tissue phagocytes, and
by monocytes and neutrophils brought to the site
due to the damage created by sandfly feeding (Wilson
et al. 1987). Within macrophages, promastigotes lose
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their flagellum and transform into non-motile amas-
tigotes. The amastigote survives and replicates
within the acidic environment of the phagolysosome,
eventually lysing the infected cell, freeing amasti-
gotes to infect nearby cells. When a sandfly acquires
a bloodmeal from an infected host, it acquires either
free amastigotes, or amastigote-infected mono-
nuclear cells, and the life-cycle continues.

Metacyclogenesis

The transition from replicating, non-infectious
procyclic promastigotes, to non-replicating, highly
infectious metacyclic promastigotes is a crucial step
in the life cycle of Leishmania parasites (Sacks,
1992). The occurrence of several morphological
forms of promastigotes in sandflies suggested the
possibility that different morphological forms may
possess different capacities to cause disease. The first
indications that parasite growth phase or morpho-
logy may impact on promastigote infectivity were
established using in vitro-derived promastigotes.
Both Giannini (1974) and Keithley (1976) demon-
strated a correlation between the age of Leishmania
donovani in culture and their infectivity for hamsters.
The identification of a subpopulation of infectious
metacyclic-stage promastigotes within stationary-
phase cultures of promastigotes was later made in
several species of Leishmania (Sacks, 1989). The first
indication that this parasite morphogenesis also
occurred during promastigote development within
sandfly vectors was made using Leishmania major
and Lutzomyia anthopora (Sacks & Perkins, 1984).
These investigators demonstrated that promastigotes
taken from sandflies 3 days after a bloodmeal were
essentially avirulent, whereas promastigotes taken
7-8 days after feeding were highly virulent in mice.
These observations were later extended to include
the development of Leishmania amazonensis in
Lutzomyia longipalpis (Sacks & Perkins, 1985).
Multiple morphological and ultrastructural modi-
fications have been demonstrated to occur as promas-
tigotes progress from non-infectious procyclic forms
to infectious metacyclic forms. Metacyclic promasti-
gotes are generally more elongated and thinner than
procyclic forms. Additionally, metacyclic promasti-
gotes demonstrate increased motility in culture and
an elongated flagellum (Sacks, Hieny & Sher, 1985).
Studies characterizing ultrastructural changes oc-
curring during metacyclogenesis have largely util-
ized L. major (Sacks et al. 1985), and to a lesser
extent L. donovani (Howard, Sayers & Miles, 1987).
The most intensely studied ultrastructural modifica-
tions that occur during metacyclogenesis are those
that occur on the parasites’ surface. Using L major,
Sacks (Sacks et al. 1985) demonstrated differences in
the surface glycosylation patterns of promastigotes
as they progressed through their growth phase.
Whereas procyclic promastigotes are readily agglu-

https://doi.org/10.1017/50031182097001789 Published online by Cambridge University Press

S10

tinated by the D-galactose-binding lectin, peanut
agglutinin (PNA), the same concentration of lectin
does not agglutinate metacyclic promastigotes. L.
donovani promastigotes appear to demonstrate a
similar pattern of PNA agglutination as they develop
(Howard et al. 1987). An analogous change in surface
glycosylation has been reported for Leishmania
braziliensis using lentil lectin (Almeida et al. 1993).
The molecular basis for the varying susceptibilities
of procyclic and metacyclic promastigotes to lectin
agglutination is due to changes in the glycosylation
of the major surface structure on Leishmania promas-
tigotes, lipophosphoglycan (McConville et al. 1992).

Lipophosphoglycan

The major cell surface glycoconjugate on Leishmania
promastigotes is called lipophosphoglycan (LPG). It
is localized over the entire surface of the parasite,
including the flagella. LPG is linked to the parasites
surface via a phosphotidylinositol linkage. The
structure of LLPG is composed of four domains: a
phosphotidylinositol lipid anchor, a glycan core, a
repeating saccharide—phosphate region, and an oligo-
saccharide cap (Turco & Descoteaux, 1992). The
lipid anchor and glycan core of LLPG are conserved
among all Leishmania species studied; however,
extensive variability exists in the carbohydrate
content of the repeating saccharide—phosphate re-
gion and oligosaccharide cap (Sacks, 1992).

During the development of promastigotes from
procyclic to metacyclic forms, two alterations occur
to LPG structure. The first alteration is an elonga-
tion of LPG due to an increase in the number of
phosphorylated saccharides. In L. major this has
been shown to result in almost a doubling in length
of the LPG molecule (Sacks, Brodin & Turco, 1990).
The second modification is a change in the terminal
carbohydrate moieties found on the repeating sacch-
aride—phosphate region. On procyclic promastigotes
the majority of terminal sugars are galactose. On
metacyclic promastigotes these have been replaced
by an arabinopyranose (McConville et al. 1992).
This structural modification explains the loss of
PNA agglutinability by metacyclic promastigotes.
These changes have been documented to occur not
only during in vitro cultivation of promastigotes, but
also during in vivo development of promastigotes in
their insect vector (Saraiva et al. 1995). An exam-
ination of the role that LLPG plays during de-
velopment of L. major promastigotes in the insect
vector demonstrates that the LPG expressed by
procyclic promastigotes can act as a ligand for
receptors on midgut epithelial cells. This attachment
is necessary to prevent the developing promastigote
from being removed from the gut during passage of
the digested bloodmeal (Pimenta et al. 1992). The
modification of LPG during metacyclogenesis
results in a loss of binding to midgut epithelial cells,
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suggesting that these modifications are necessary to
allow the infectious form of the promastigote to be
released from the midgut and move toward the
foregut, in anticipation of delivery to the host
(Pimenta et al. 1992). This mechanism of stage-
specific midgut adhesion has also been demonstrated
to occur during L. donovani development (Sacks et
al. 1995). Recent studies have also demonstrated that
vectorial competence (the ability of a particular
species of sandfly to transmit a particular species of
parasite) may be regulated by the variation of LPG
structure amongst different species of Leishmania
(Pimenta et al. 1994).

Because LPG is the most abundant surface
structure on Leishmania promastigotes, its role as a
virulence factor has been extensively investigated.
These studies have identified roles for LPG in the
attachment of promastigotes to macrophages (Hand-
man & Goding, 1985), protection from oxidative
damage (Chan et al. 1989), protection from digestion
within the phagolysosome (Eilam, EI-On & Spira,
1985; Handman et al. 1986), and down-regulation of
macrophage functions, including chemotaxis and
IL-1 production (Frankenberg et al. 1990) and
protein kinase C activity (Descoteaux et al. 1991,

1992).

The major surface protease, gp63

In addition to changes in the glycosylation of surface
molecules, metacyclic promastigotes have also been
shown to possess differences in surface protein
antigen profiles (Sacks et al. 1985), the most
prominent difference being an increase in the
expression of the major surface protein on promasti-
gotes (Kweider et al. 1987). The major surface
protein on Leishmania promastigotes is a 63 kDa
glycoprotein, commonly known as gp63 (Lepay,
Nogueria & Cohn, 1983; Colomer-Gould et al.
1985).

The first identification of gp63 on the surface of
Leishmania promastigotes was made during an
analysis of monoclonal antibodies reacting with L.
amazonensis promastigotes (Fong & Chang, 1982).
The majority of monoclonal antibodies generated
in this study were found to immunoprecipitate
the same 63 kDa protein from Leishmania lysates.
Additionally, these antibodies were shown to react
with the parasites’ surface. Soon after this report, the
63 kDa protein was demonstrated to be the major
surface antigen on all species of promastigotes
analysed (Lepay et al. 1983; Colomer-Gould et al.
1985). GP63 was first purified to homogeneity in
1985 (Bouvier, Etges & Bordier, 1985) and charac-
terized as a zinc-containing metalloproteinase the
following year (Etges, Bouvier & Bordier, 1986).
GP63 is attached to the parasite membrane via a
phosphotidylinositol linkage, as are many surface
molecules of trypanosomatid protozoa (Bordier et al.
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1986). Surface iodination, immunostaining and bio-
chemical analysis have demonstrated not only that
gp63 is the most abundant protein on the surface of
all Leishmania studied, but that its expression
increases as promastigotes become more infectious,
or progress into metacyclogenesis (Kweider et al.
1987; Grogl et al. 1987; Kweider et al. 1989;
Ramamoorthy et al. 1992; Brittingham et al. 1995).

Biochemical and molecular analysis has identified
gp63 as a Zn*"-dependent endopeptidase (Bouvier et
al. 1989). The proteolytic activity of gp63 is resistant
to inhibition by most known proteinase inhibitors,
except for 1,10-phenanthroline (Etges et al. 1989).
gp63 has been shown to be capable of degrading
numerous substrates including albumin, casein,
immunoglobulin, complement proteins and hae-
moglobin (Chaudhuri & Chang, 1988). In 1988
Button & McMaster cloned the gp63 gene from L.
major (Button & McMaster, 1988). Further studies
on the genomic organization of this gene revealed
that it belonged to a family of tandemly linked genes
(Button et al. 1989). In L. major, there are 6 copies
of the gene, 5 tandemly arranged and one additional
copy 8 kb downstream of the tandem array (Button
et al. 1989). L. donovani has 7 copies of the gp63
gene, 5 tandemly arranged, and 2 further down-
stream (Webb, Button & McMaster, 1991). L.
amazonensis possesses a more complex array of gp63
genes, with at least 10 copies of the gene, split into 3
distinct complexes, all occurring on the same chro-
mosome (Medina-Acosta, Beverley & Russell, 1993).
The most complex and best characterized gp63 gene
array is that of L. chagasi. In this species, there
are at least 18 genes encoding gp63 contained in a
80 kb region (Roberts et al. 1993). Differences in the
gp63 mRNA size between log phase and stationary
phase promastigote cultures of L. chagasi have been
reported (Ramamoorthy et al. 1992). These differ-
ences were due, primarily to unique 3’ untranslated
regions (3 UTR). The mechanisms of gp63 gene
regulation remain unknown; however, differences in
the 5" and 3" UTR may play a role in regulating the
stability and processing of these transcripts (Rama-
moorthy et al. 1995, 1996).

Due to the great abundance, surface location, and
proteolytic activity of gp63, much work has been
done to define a role for gp63 in Leishmania
virulence. These include studies implicating a role
for gp63 in the attachment of promastigotes to
macrophages (Chang & Chang, 1986; Russell &
Wilhelm, 1986), as well as a role in the survival of
phagocytosed promastigotes (Chaudhuri et al. 1989).

Two other potentially important alterations occur
as promastigotes progress from the procyclic to the
metacyclic form. Metacyclic organisms express
greater amounts of surface-associated acid phos-
phatase activity (Gottlieb & Dwyer, 1981) and
cysteine proteinases (Robertson & Coombs, 1992).
Neither of these activities has been as extensively


https://doi.org/10.1017/S0031182097001789

D. M. Mosser and A. Brittingham

characterized as LLPG and gp63. However, targeted
deletion of the genes encoding Leishmania cysteine
proteinases resulted in decreased intracellular sur-
vival of the parasite in macrophages (Mottram et al.

1996).

LEISHMANIA PROMASTIGOTES AND HOST
SERUM FACTORS

Leishmania promastigotes are delivered to their
vertebrate hosts by the bite of an infected sandfly.
During the feeding process metacyclic promastigotes
are regurgitated into a blood pool (Schlein et al.
1992). Due to this method of delivery, promastigotes
immediately encounter host serum and the lytic
factors which are contained in serum. The ability of
fresh serum to lyse promastigotes was observed as
early as 1912 by W. S. Patton (in Hindle, Hou &
Patton, 1926). In 1926, Hindle observed that serum
from patients with Kala-azar as well as non-immune
individuals was capable of killing L. donovani
promastigotes (Hindle et al. 1926). Adler suggested
that the ability of 2 individuals to resist exper-
imental infection with Leishmania was due to lytic
factors in their serum (Adler, 1940). Ulrich was the
first to suggest that the complement system was
responsible for the lysis of promastigotes, by ob-
serving that the lytic factor was heat labile (Ulrich,
Ortiz & Convit, 1968). A more thorough examination
of complement activation by promastigotes demon-
strated that both L. major and L. enrietti were
capable of activating complement via the alternative
pathway, a process that proceeds in the absence of
antibody (Mosser & Edelson, 1984). The activation
of the alternative complement pathway was later
extended to include L. mexicana, L. amazonensis, and
L. braziliensis (Mosser et al. 1986). Complement
activation by L. donovani (Pearson & Steigbigel,
1980) and possibly metacyclic L. major promasti-
gotes (Puentes et al. 1988) may involve components
of the classical complement pathway as well as the
alternative pathway. Early reports suggested the
involvement of a naturally occurring antibody in
complement activation by L. donovani (Pearson &
Steigbigel, 1980; Mosser et al. 1986). More recent
reports have demonstrated the binding of acute
phase proteins, including C-reactive protein (CRP)
(Pritchard et al. 1985) and mannan-binding proteins
(MBP) (Green et al. 1994), to promastigotes. Both
CRP and MBP are capable of activating the
complement system via a 3rd activation pathway,
sometimes referred to as the lectin pathway, which
consumes some of the classical complement com-
ponents in a manner similar to that of antibody
mediated activation (Claus et al. 1977; Ikeda et al.
1987).

The deposition of C3b (the first step in the
activation of the alternative complement pathway)
onto any surface or structure requires the formation
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of an amide or ester linkage to be formed between the
thioester of C3b and a free amino or hydroxyl group
on the activating surface (LLaw & Levine, 1977).
Surfaces that are activators of the alternative path-
way support the interaction of C3b with Factor B,
thereby preventing the inactivation of C3b to iC3b.
Surfaces that are poor activators of the alternative
pathway preferentially allow the binding of Factor H
to C3b. Factor H is a cofactor for Factor I, the serine
protease responsible for the inactivation of C3b to
iC3b (Pangburn et al. 1980). Because of the highly
reactive nature of the C3b thioester, and the relative
random deposition of C3 upon activation to C3b, it
is not surprising that the two most abundant surface
structures on promastigotes, gp63 and LPG, have
both been identified as C3 acceptor sites (Russell,
1987; Puentes et al. 1988). Using L. amazonensis,
Russell (1987) demonstrated that the majority of
radiolabelled C3 that was bound to the surface of
promastigotes was immunoprecipitated with anti-
bodies to gp63. Additionally, the incorporation of
gp63 into liposomes converted them into efficient
activators of the alternative complement pathway. A
similar observation has been made using Chinese
hamster ovary (CHO) cells stably expressing gp63
on their surface (Brittingham et al. 1995). In contrast
to this work, Puentes demonstrated that the majority
of C3 on the surface of L. major promastigotes was
bound to LPG (Puentes et al. 1988). One of us
demonstrated that LPG-coated beads could con-
sume complement from normal serum (Mosser &
Handman, 1992). Regardless of the site of fixation or
mechanism of complement activation, deposition of
C3 onto the surface of promastigotes has been shown
to be a crucial step in the interaction of the
promastigote with the innate immune system
(Mosser & Rosenthal, 1994). Surface bound C3 can
act as ligand for macrophage receptors, thereby
mediating the attachment of promastigotes to macro-
phages. C3b can also lead to formation of the C5
convertase and subsequently to assembly of the
complement membrane attack complex (MAC).
Early studies on the interaction of promastigotes
with the complement system demonstrated that these
parasites were quite susceptible to complement-
mediated lysis (Ulrich et al. 1968 ; Mosser & Edelson,
1984). Subsequent observations that metacyclic
organisms taken from the stationary phase of growth
were more infectious than procyclic log phase
promastigotes prompted an examination of parasites
taken from different growth phases, with respect to
their susceptibilities to complement-mediated lysis
(Franke et al. 1985). This work demonstrated that
stationary phase promastigotes of Leishmania pana-
mensis and L. donovani were more resistant to
complement-mediated lysis than were organisms
taken from the log phase of growth (Franke et al.
1985). Using L. major, Puentes and colleagues
demonstrated that PN A-selected metacyclic promas-
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Table 1. Mechanisms by which microorganisms avoid complement attack

Failure to activate complement
Escherichia coli K1
Haemophilus influenzae
Neisseria meningitidis

Factor H binding
Factor H binding
Factor H binding

Group A streptococci M proteins
Schistosoma mansoni Clq binding
DAF

Taenia solium
Trypanosoma cruzi

C1q binding

Clq binding/degradation
Sialidase/trans-sialidase
DAF homolog

Trypanosoma brucei Antigenic variation
Consumption/degradation of complement components

Porphymonas gingivalis C3 degradation

Pseudomonas aeruginosa C3 degradation

Serratia marcescens C3/C5 degradation

Aspergillus fumigatus C3 degradation

Herpes virus C3 binding/consumption

Vaccinia virus C4 binding

Entamoeba histolytica

C3 degradation
Schistosoma mansoni C3/C9 degradation
Trichomonas vaginalis C3 degradation

Inhibition of MAC formation/function
E. coli MAC shedding
Salmonella minnesota MAC shedding
Klebsiella pneumoniae MAC shedding
Entamoeba histolytica CD59 homologue
L. major MAC shedding
Naegleria fowlert Membrane blebbing
Schistosoma mansoni CD59 homologue/SCIP-1

No MAC insertion

L. major

C3 activation/consumption

(Pluschke et al. 1983)
(Quinn et al. 1977)
(Jarvis & Vedros, 1987)
(Hortsmann et al. 1988)
(Laclette et al. 1992)
(Pearce et al. 1990)
(Laclette et al. 1992)
(Rimoldi et al. 1989)
(Tomlinson et al. 1994)
(Joiner et al. 1988;
Norris et al. 1991)
(Borst & Cross, 1982)

(Fletcher et al. 1994)

(Hong & Ghebrehiwet, 1992)
(Oda et al. 1990)

(Sturtevant & Latge, 1992)
(McNearney et al. 1987)
(Kotwal et al. 1990)

(Reed et al. 1989;

Reed & Gigli, 1990)
(Brittingham et al. 1995)
(Marikovsky et al. 1988)
(Alderete et al. 1995)

(Joiner et al. 1984)

(Joiner et al. 1982 a)

(Merino et al. 1992)

(Braga et al. 1992)

(Puentes et al. 1990)

(Toney & Marciano-Cabral, 1994)
(Parizade zet al. 1994)

(McLaren & Hockley, 1977)

tigotes were more resistant to complement-mediated
lysis than were procyclic organisms, and correlated
this increased resistance with modifications of LPG
on metacyclic promastigotes (Puentes et al. 1988).
Based on previous work identifying LPG as the
major C3 acceptor site on promastigotes (Puentes et
al. 1988), and the spontaneous release of C5b-C9
complexes from the surface of metacyclic promasti-
gotes (Puentes et al. 1990), it was proposed that
metacyclic promastigotes resist serum lysis in a
manner analogous to certain strains of Salmonella
(Table 1). Strains of Salmonella with long chain O-
polysaccharides are resistant to serum lysis due to
the assembly of the MAC at a site too distant from
the cell membrane to allow insertion (Joiner et al.
1982a). Similar to the observations made with
Salmonella (Joiner et al., 1982b), the MAC com-
plexes that were formed on metacyclic leishmania
were incapable of attaching to the parasite mem-
brane, and were eventually released from the
microbes’ surface (Puentes et al. 1990).

Previous reports had suggested that the release of
C3 from the surface of metacyclic promastigotes may
be due to the proteolytic cleavage of C3 by an
endogenous parasite protease (Puentes et al. 1989).
Since several groups reported the increased ex-
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pression of gp63 on metacyclic promastigotes, rela-
tive to procyclic organisms (Grogl et al. 1987;
Kweider et al. 1987, 1989; Ramamoorthy et al.
1992), we sought to define a role for gp63 in the
resistance of promastigotes to complement-mediated
lysis. Using gp63-transfected variants of a gp63-
deficient strain of L. amaszonensis, we demonstrated a
correlation between gp63 expression and resistance
to complement-mediated lysis (Brittingham et al.
1995; Fig. 1). Organisms expressing wild-type gp63
fixed reduced levels of terminal complement com-
ponents and were much more resistant to comp-
lement-mediated lysis then were organisms lacking
gp63. Furthermore, transfected organisms express-
ing a proteolytically inactive form of gp63, called
E265D, also fixed the terminal complement com-
ponents and were as susceptible to complement-
mediated lysis as were gp63-deficient organisms.
These data demonstrate that gp63 can render
promastigotes resistant to complement-mediated
lysis, and that the mechanism of this resistance is
dependent on the proteolytic activity of gp63.

The mechanism by which proteolytically active
gp63 confers resistance to complement-mediated
lysis is revealed by the observation that C3b on the
surface of parasites expressing wild-type gp63 was
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Fig. 1. Complement-mediated lysis of L. amazonensis
gp63 variants. The parental gp63-deficient strain,
designated C,250 and described elsewhere (McGwire &
Chang, 1994) (@), was transfected with constructs
encoding either wild-type gp63, designated pXgp63 (),
or gp63 containing a point mutation rendering it
proteolytically inactive, designated E265D (A).
Promastigotes were resuspended in Hanks’ balanced salt
solution containing increasing amounts of normal
guinea-pig serum, as a source of lytic complement.
Intact promastigotes were counted on a
haemocytometer. Organisms used in these assays were
taken from stationary growth phase cultures, except
pXgp63,,, (), which were taken from cultures in
logarithmic growth. Values are expressed as a percentage
of the control, which is the number of intact
promastigotes present following an incubation in the
absence of serum. (Reproduced, with permission, from
Brittingham et al. 1995).

rapidly converted to a form antigenically similar to
that of iC3b. This inactive form of C3, while
remaining opsonic, is unable to support formation of
the C5 convertase and subsequent deposition of the
MAC. Using a cell-free system, we demonstrate that
purified gp63 degrades C3b to a form physically
similar to iC3b (Brittingham & Mosser, 1996). These
data demonstrate that gp63 affords the parasite
protection from lysis by directly cleaving C3b to a
form which can no longer promote the fixation of the
MAC.

As evidenced by numerous microbes, a successful
pathogen possesses more than one mechanism to
avoid destruction by complement (for review see
Moffitt & Frank, 1994; Jokiranta, Jokipii & Meri,
1995 and Table 1). Our work (Brittingham et al.
1995; Brittingham & Mosser, 1996) and the work of
Puentes and colleagues (Puentes et al. 1988, 1990)
suggest that the 2 most abundant surface structures
on promastigotes, gp63 and LLPG, are both involved
in the resistance of parasites to complement-mediated
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lysis. The relative contributions of these 2 factors
have yet to be determined. In a previous publication,
Camara and colleagues demonstrated that resistance
to complement-mediated lysis correlated with pro-
tease activity (Camara et al. 1995). We demonstrated
that logarithmic phase organisms expressing high
levels of recombinant gp63 were resistant to lysis
(Fig. 1), indicating that metacyclic LPG is not
required for resistance to complement-mediated
lysis. It should be noted that the LLPG phenotype of
the strain of L. amazonensis used in these studies is
unknown. In the future, genetic manipulation of the
parasite to delete gp63 encoding genes, or enzymes
involved in LPG biosynthesis, may allow a more
thorough investigation of the relative roles of these 2
molecules in parasite virulence, as well as resistance
to complement-mediated lysis.

In addition to opsonization and lysis, activation of
complement also leads to the generation of the
chemotactic peptides C3a and C5a. These peptides
have been shown not only to be potent inducers of
leukocyte migration, but also to up-regulate the
expression of complement receptors on mononuclear
phagocytes (Yancey et al. 1985). Bray demonstrated
that macrophages show no chemotaxis toward pro-
mastigotes themselves, but following the activation
of complement by Leishmania, macrophages show a
directional migration toward the products of comp-
lement activation (Bray, 1983). Thus, by activating
complement, promastigotes can recruit a fresh
supply of newly migrated host cells (macrophages) to
the area of infection. In the visceral model of
leishmaniasis, newly recruited macrophages are
thought to be the effector cells that eliminate L.
donovani (Murray, 1994). In the cutaneous model,
however, newly migrated macrophages may be
necessary for the propagation of infection (Murray,
1994). Using C3 deficient mice, we have begun to
examine the importance of complement-mediated
inflammation in mice infected with cutaneous and
visceralizing species of Leishmania.

INTERACTION OF PROMASTIGOTES WITH
MACROPHAGES

The interaction of promastigotes with macrophages
has been an extensively studied aspect of Leishmania
biology (reviewed in Mosser & Rosenthal, 1994).
Although early reports suggested a specific orien-
tation of the parasite (flagella first) was necessary for
macrophage invasion, implying active penetration
by the parasite (Pulvertaft & Hoyle, 1960; Miller &
Twohy, 1967), these reports were not substantiated
(Akiyama & Haight, 1971; Chang & Dwyer, 1978).
Promastigote entry into macrophages has been
shown to be a passive process on the part of the
parasite, which can be inhibited by treating macro-
phages with cytochalasin B, an inhibitor of phago-
cytosis (Chang, 1979). Heat-killed promastigotes are
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Table 2. Mechanisms of promastigote attachment to macrophages
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Parasite ligand Macrophage receptor

Reference

Direct binding
gp63 Mac-1

Fibronectin receptors

LPG Mac-1
p150/95
PP
Pr? Mannose receptor

f-glucan receptor
Advanced glycosylation end
product (AGE) receptor
Opsonized binding

C3b CR1
1C3b Mac-1
Fibronectin 2p?
C-reactive protein Pr?

(Russell & Wright, 1988;
Van Strijp et al. 1993)
(Rizvi et al. 1988;
Soteriadou et al. 1992)
(Van Strijp et al. 1993)
(Talamas-Rohana et al. 1990)
(Handman & Goding, 1985)
(Channon et al. 1984;
Wilson & Pearson, 1986)
(Mosser & Handman, 1992)
(Mosser et al. 1987)

(Da Silva et al. 1989)
(Mosser & Edelson, 1985;
Blackwell et al. 1985)
(Wyler et al. 1985)
(Culley et al. 1996)

efficiently phagocytosed by macrophages (Chang,
1979). Early studies (Zenian, 1981; Wyler, 1982)
demonstrated that promastigote binding and phago-
cytosis are receptor-mediated events. Multiple
macrophage receptors, parasite ligands, and host
opsonins have been implicated in the binding of
promastigotes to macrophages (Mosser & Rosenthal,
1993; Table 2). Promastigotes encounter serum
components early in the infectious process and there-
fore presumably encounter macrophages in a serum-
opsonized state. However, this does not negate the
importance of parasite surface ligands in the binding
of promastigotes to macrophages. In fact, efficient
attachment to and internalization by macrophages is
probably dependent on multiple receptor—ligand
interactions. To simplify the discussion of these
receptor—ligand interactions we will characterize
them as either (1) the direct binding of promastigotes
to macrophages, or (2) the opsonin facilitated
binding of promastigotes to macrophages (Table 2).

Direct adhesion of parasites to macrophages

The recognition of parasite carbohydrates by macro-
phage lectin-like receptors appears to be an im-
portant component of the direct recognition of
parasites by macrophages. The binding of L. dono-
vani promastigotes to murine (Channon, Roberts &
Blackwell, 1984; Blackwell et al. 1985) or human
(Wilson & Pearson, 1986) macrophages was inhibited
by mannan and other inhibitors of the mannose
receptor. The direct binding of L. major promasti-
gotes to murine macrophages was not inhibited by
mannan, but was inhibited by presumed ligands for
the f-glucan receptor, laminarin and zymocel (Mos-
ser & Handman, 1992). An alternative carbohydrate
receptor that was implicated in the attachment of
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promastigotes to macrophages is the receptor for
advanced glycosylation end products (AGE) (Mosser
et al. 1987). AGEs arise from the time-dependent,
non-enzymic adduction of glucose to proteins
(Brownlee, Vlassara & Cerami, 1984). The AGE
receptor may be involved in the removal of senescent
proteins and cells (Vlassara, Brownlee & Cerami,
1985).

The identification of an abundant glycoconjugate
(LPG) on the surface of promastigotes (Handman,
Greenblatt & Goding, 1984; Turco, Wilkerson &
Clawson, 1984) initiated experiments to define a role
for this molecule in the direct attachment of
promastigotes to macrophages. Handman & Goding
(1985) demonstrated that afhinity-purified LPG from
L. major bound specifically to murine macrophages.
Promastigote binding could also be blocked by
incubating the promastigotes with F(ab) fragments
of antibodies against LPG (Handman & Goding,
1985). Further analysis of L. major LPG structure
demonstrated that a PO,-6[Gal(f1-3)Gal(f1-
3)Gal(p1-3)]Gal(f1-4)Man al-region of LPG was
the region of LPG that bound to macrophages and
inhibited L. major promastigote binding (Kelleher,
Bacic & Handman, 1992). This region of LPG is
unique to L. major and not found in the LPG of
other species of Leishmania. The specificity of this
interaction was demonstrated by the fact that this
phospho-oligosaccharide repeat was capable of inhi-
biting L. major binding, but had no effect on L.
donovani binding (Kelleher et al. 1992). The macro-
phage receptor which recognizes this region of LPG
remains undetermined.

One group of receptors which has been implicated
in recognizing LPG is the 2 (CD18) family of
integrins. Using LPG-coated silica beads, and
monoclonal antibodies, Talamas-Rohana and col-
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leagues presented evidence suggesting that LPG
could bind directly to Mac-1 (CD11b/CD18) and
p150/95 (CD11¢/CD18) (Talamas-Rohana et al.
1990). LPG-coated beads also bound to affinity-
purified Mac-1 (Van Strijp et al. 1993). All these
studies were performed using LLPG coupled to an
inert particle. Using viable intact promastigotes,
however, several reports have demonstrated no
direct binding of promastigotes to Mac-1 (Mosser,
Springer & Diamond, 1992 ; Brittingham et al. 1995
Rosenthal et al. 1996). Using affinity-purified Mac-
1 and Mac-1 transfected fibroblasts, the absolute
requirement for opsonic complement in the binding
of promastigotes to Mac-1 was observed (Mosser et
al. 1992), suggesting that the direct interaction of
LPG with Mac-1 that was previously observed was
not of sufficient avidity to mediate the binding of
viable promastigotes to Mac-1.

Like LPG, the other major surface molecule on
promastigotes, gp63, has also been implicated in the
direct adhesion of promastigotes to macrophages.
Purified protein, as well as antibodies against gp63
have both been shown to inhibit promastigote
adhesion (Chang & Chang, 1986 ; Russell & Wilhelm,
1986). gp63-Coated particles have been demon-
strated to bind to macrophages (Russell & Wilhelm,
1986). Restoration of gp63 expression on a gp63-
deficient variant of L. amazonensis was shown to
improve promastigote binding to murine macro-
phages (Liu & Chang, 1992). The mechanisms of
gp63-mediated adhesion to macrophages, as well as
the macrophage receptors involved in gp63 recog-
nition remain somewhat controversial. Original
reports (Russell & Wright, 1988) suggested that
gp63 contained the amino acid sequence Arg-Gly-
Asp (RGD), a sequence which is recognized by
many receptors of the integrin family (Ruoslahti,
1991). Further analysis of the gp63 sequence,
however, demonstrated that gp63 does not possess
an RGD region (Miller, Reed & Parsons, 1990), and
that the RGD region of complement protein C3, the
normal ligand for Mac-1, was not necessary for
receptor binding (Taniguchi-Sidle & Isenman,
1992). The majority of work implicating an inter-
action between gp63 and Mac-1 utilized purified
gp63 coupled to either liposomes or other inert
particles (Russell & Wright, 1988; Van Strijp et al.
1993). Using viable promastigotes, however, no
direct binding of promastigotes to substrates coated
with purified Mac-1 or fibroblasts transfected with
constructs encoding Mac-1 was observed (Mosser et
al. 1992; Brittingham et al. 1995; Rosenthal et al.
1996). Additionally, CHO cells stably expressing
leishmania gp63 on their surface exhibited no direct
binding to purified Mac-1-coated substrates (Brit-
tingham et al. 1995). Once again, the reason for these
apparent discrepancies may be due to the low avidity
of gp63 for Mac-1 and to subtle differences in the
assays employed in these studies.
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A second set of receptors which have been
implicated in the gp63-mediated attachment of
promastigotes to macrophages are the cellular recep-
tors for fibronectin. The interaction of fibronectin
with cellular receptors is often dependent on the
Arginine-Glycine-Aspartic acid-Serine (RGDS) re-
gion of fibronectin (Pierschbacher & Ruoslahti,
1984). The gp63 molecule contains a conserved
amino acid sequence, Serine-Arginine-Tyrosine-
Aspartic acid (SRYD), which in L. major is found at
amino acids 252-255 (Button & McMaster, 1988).
Antibodies against fibronectin have been shown to
cross-react with gp63 (Rizvi et al. 1988; Soteriadou
et al. 1992) and also to inhibit the binding of
promastigotes to macrophages (Wyler, Sypek &
McDonald, 1985; Rizvi et al. 1988). Soteriadou et al.
(1992) localized the cross-reactive epitopes of fibro-
nectin and gp63 and demonstrated that the SRYD
region of gp63 was antigenically similar to the
RGDS region of fibronectin. Wyler et al. (1985) had
previously demonstrated that the tetrapeptide
RGDS could inhibit the immunoprecipitation of
gp63 by antibodies to fibronectin. These data suggest
that receptors for fibronectin present on macro-
phages may be capable of recognizing the ‘fibronec-
tin-like’ region of gp63 and mediate promastigote
attachment to macrophages. Despite the antigenic
similarities of fibronectin and gp63, and the ability of
anti-fibronectin antibodies and fibronectin-derived
peptides to inhibit promastigote adhesion to macro-
phages, formal proof of the involvement of fibronec-
tin receptors in parasite adhesion remains to be
determined.

Using L. amazonensis gp63-transfected variants,
we demonstrated that the presence of gp63 on the
surface of promastigotes caused a modest but
significant enhancement in the direct binding of
promastigotes to human macrophages. This en-
hanced binding was not dependent on the presence
of the SRYD sequence of gp63, because L. amazon-
ensis variants expressing gp63 containing a point
mutation, converting SRYD to SRDD, on their
surface bound to macrophages as well as did those
parasites expressing wild-type gp63 (Brittingham,
unpublished). An examination of the interaction of
promastigotes with CHO cells expressing Mac-1,
or the fibronectin receptor (a541), demonstrated
no direct binding of promastigotes to these cellular
receptors. The presence or absence of gp63, or its
SRYD region, had no effect on the binding of
parasites to these cells (A. Brittingham et al., un-
published observations).

The increased attachment and spreading of fibro-
blasts to surfaces coated with gp63 has been reported
(Rizvi et al. 1988). We measured the attachment of
promastigotes to human and murine fibroblasts. The
presence of gp63 on the surface of promastigotes
significantly enhanced their binding to fibroblasts.
Unlike our observation with macrophages, the
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MACROPHAGE

Fig. 2.

attachment of promastigotes to fibroblasts was
dependent on the presence of an intact SRYD region
(A. Brittingham et al., unpublished). The receptors
involved in the gp63-mediated adhesion of promasti-
gotes to fibroblasts is unknown; however, it is
probably not the 541, fibronectin receptor, since
there was no direct binding of promastigotes to
transfected CHO cells expressing the o541 receptor.

In summary, there appear to be multiple mech-
anisms for the direct adhesion of promastigotes to
macrophages. All of these mechanisms are inefficient
in promoting parasite adhesion, relative to the
serum-dependent mechanisms which will be de-
scribed below. However, the observation that mice
lacking C3 can be infected with either visceral or
cutaneous strains of leishmania (unpublished ob-
servation) indicates that these direct binding mech-
anisms can eventually lead to a productive infection
n vivo.

Serum-dependent adhesion of promastigotes to
macrophages

Numerous serum opsonins and cellular receptors
for these opsonins have been implicated in the at-
tachment of promastigotes to macrophages (Mosser
& Rosenthal, 1993). The most well characterized of
these interactions is the binding of complement-
opsonized promastigotes to macrophage complement
receptors (Mosser & Edelson, 1984; Wozencraft &
Blackwell, 1987). Initial studies demonstrated that
complement opsonization of promastigotes enhanced
their attachment to macrophages (Mosser & Edelson,
1984). The amount of this enhancement depended
on the species of Leishmania studied as well as the
species and type of macrophage used (Mosser &

https://doi.org/10.1017/50031182097001789 Published online by Cambridge University Press

S17

COMPLEMENT

C3

s 2/| C3a

4.

PROMASTIGOTE

Rosenthal, 1993). Additional studies demonstrated
that opsonization of promastigotes by serum not
only affected their attachment to macrophages, but
also their intracellular fate following phagocytosis
(Mosser & Edelson, 1987; Sacks, 1992). Comple-
ment fixation by L. major promastigotes resulted
in increased intracellular survival of the parasites in
macrophages. These results indicate that, in wvitro,
the survival of L. major in macrophages is potentiated
by the fixation of serum complement. The increased
survival of complement opsonized promastigotes in
macrophages may be due in part to the reduced
elicitation of the respiratory burst by complement-
opsonized promastigotes, relative to unopsonized
organisms (Mosser & Edelson, 1987).

The receptors involved in the binding and phago-
cytosis of serum-opsonized promastigotes are the
macrophage receptors for the complement protein
C3 (Blackwell et al. 1985; Mosser & Edelson, 1985;
Da Silva et al. 1989). The 2 major complement
receptors on mononuclear phagocytes are Mac-1
(CD11b/CD18), the receptor for iC3b, and CRI1
(CD35), the receptor for C3b and C4b. The CR4,
p150,95, appears to play only a minor role in
promastigote adhesion (Mosser et al. 1992). Initial
studies examining the interaction of complement-
opsonized promastigotes with macrophages were
done with murine macrophages, which express Mac-
1 but not CR1, and demonstrated the importance of
this receptor in promastigote adhesion (Blackwell et
al. 1985; Mosser & Edelson, 1985). Working with
human macrophages, Da Silva and colleagues dem-
onstrated a role for CR1 in the binding of metacyclic
L. major promastigotes to human macrophages (Da
Silva et al. 1989). Recently, using defined particles
such as erythrocytes opsonized with C3 fragments, it
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has been demonstrated that CR1 and Mac-1 co-
operate in a unique manner to mediate the comp-
lement-dependent adhesion of particles to macro-
phages (Sutterwala, Rosenthal & Mosser, 1996).
CR1 mediates a transient adhesion of complement-
opsonized particles to macrophages. Because of the
Factor I-cofactor activity of CR1, bound C3b is
rapidly converted to iC3b, the ligand for Mac-1.
Mac-1, in turn, mediates a stable adhesion of
complement-opsonized particles to leukocytes. This
stable adhesion is a prerequisite for phagocytosis.
These results were extended to include Leishmania
promastigotes (Rosenthal et al. 1996). In these
studies, both procyclic and metacyclic L. major
promastigotes bound to both CR1 and Mac-1,
similar to the observations with defined particles.
The stable adhesion of complement-opsonized
Leishmania was mediated primarily by Mac-1, and
antibodies to Mac-1, but not CR1, inhibited the
phagocytosis of serum-opsonized metacyclic L. major
promastigotes (Rosenthal et al. 1996). Thus, the
complement-dependent adhesion of Leishmania to
macrophages is mediated by both Mac-1 and CR1,
but Mac-1 is the primary receptor involved in the
complement-dependent phagocytosis of Leishmania
promastigotes.

CONCLUSION

The complement system is one of the first lines of
host defence against microbial invasion. Therefore,
it is not surprising that successful pathogens have
evolved multiple mechanisms to avoid the destruc-
tive effect of complement activation (Mofhtt &
Frank, 1994; Jokiranta et al. 1995; Table 1). In the
case of Leishmania promastigotes this avoidance has
been taken to a higher level. Not only are the
detrimental effects of complement activation avoided
by the parasite, but the beneficial effects of opsoni-
zation and chemotaxis are exploited. In this way
Leishmania promastigotes assure their successful
entry into mononuclear phagocytes.

The final figure (Fig. 2) summarizes some of the
observations made by several different laboratories
throughout the world concerning the interaction of
Leishmania promastigotes with complement and
macrophage complement receptors. (1) Complement
can be fixed by any of the 3 activation pathways, but
all Leishmania species can activate complement via
the alternative pathway, a process that proceeds in
the absence of antibody. (2) The complement
anaphylatoxin, C3a, is generated during complement
fixation. This molecule is chemotactic for macro-
phages. (3) The lysis of Leishmania promastigotes by
the C5-9 membrane attack complex of complement
is inhibited by gp63 and LPG. (4) C3b on the surface
of promastigotes is rapidly converted to iC3b by
Factor I and gp63. (5) Two complement receptors,
CR1 and Mac-1 (CR3), cooperate to mediate the
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adhesion of complement-opsonized promastigotes.
CR1 acts as a binding site for complement-opsonized
Leishmania, whereas Mac-1 mediates internaliza-
tion. (6) The opsonization of some species of
Leishmania promastigotes by complement improves
their intracellular survival in macrophages.
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