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Abstract

The cysteine proteinases of Leishmania mexicana have long been
suspected of being important in the virulence of the parasitc. This was recently
confirmed using analysis of the in vifre and in vivo infectivity of mutant lines
lacking in different cysteine proteinase genes (Mottram et af., 1996; Alexander
et al,, 1998).

One component of my study was an investigation of the effect of peptidyl
cysteine profeinase inhibitors on L. mexicana, None of the inhibitors tested had
any effect on the growth of promastigotes in vifro. However, analysis of the
effects on axenic amastigotes demonstrated that cysteine proteinase inhibition
reduced growth. The inhibitors were also effective at reducing the cysteine
proteinase activity and prevented the complete processing of the pro-enzymes of
the cysteine proteinases encoded by CPA4 and different genes within the CPB
array. These effects were consisiont with the autocatalytic nature of the
processing, although the results also suggested a partial role for CPA in CPR
maturation. The loss of mature enzyme and the resultant increase in the number
and abundance of precursor enzyme forms manifested itself as the appearance of
large matrix-filled vacuoles, indicating a perturbation of imtracellular protein
trafficking.

Analysis of the effect of cysteine proteinase inhibition upon intraceliutar
infection demonstirated that it was possible to reduce the survival of the
amastigotes.  Interestingly, removal of the CPB armray did not reduce the

parasite’s susceptibility, indicating that other cysteine proteinases arc important
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targets of these inhibitors. My findings, in conjunction with the work of others,
confirm the potential of cystemne proteinases as targets for the design of
chemotherapeutic agents.

An understanding of the mechanisms by which cysteine proteinases are
important for the intracellular survival of 7. mexicana is essential if these
enzymes are to be effectively exploited through chemotherapy.  Other
components of my study addressed this issue; an investigation of the role of the
CPB enzymes in parasite virulence being undertaken. This part of my
investigation invoived an analysis of the effect of loss of the CPB enzymes using
a CPB null mutant (ACPB). An apalysis of the response of macrophages to
infection with wild-lype parasites or ACPB indicated that comparabie levels of
reactive nitrogen and oxygen intermediates were produced. ‘This suggested that
other factors within the host cell were responsible for the reduced virulence of
ACPB.

The CPB enzymes were shown to have a role in the turn-over of cellular
proteins, loss of these enzymes was demonstrated to cause a reduction in the
rate of protein turn-over from the cell surface. Furthermore, analysis of the
kinetics of attachment and internalisation of wild-type and ACPB promastigotes
demonstrated that loss of the CPB array resulted in a prolonged period of
interaction of the parasite with the surface of the macrophage.

The mechanisms of attachment were investigated and it was
demonstrated that promastigotes of both wild-type parasites and ACPB/g2.8
(ACPB re-expressing a single gene copy from the CPB array, this mutant line

had been previcusly demonstrated to have wild-type virulence) rely heavily on
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attachment to complement receptors, CR3 and CR4, during interaction with the
macrophage surface, ACPB, however, was shown to attach via different
receptor-ligand interactions.

Therefore, loss of the CPB atray was shown o alter the surface
architecture of promastigotes such that they could no longer enter macrophages
via the route utilised by wild-type promastigotes. This alteration in the
mechanism of uptake is hypothesised to be important in the poor intracellular
survival of the mutants, in that it results in the parasites encountering a different

and more hostile intracellular environment.
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Chapter one

Chapter 1

General Introduction

1.1, Leishmania and Leishmaniasis,

Leishmania is a kinetoplastid protozoon of the family Trypanosomatidae.
Trypanosomatids are obligate, uniflagellated parasitcs defined by the presence of the

kinetoplast, a DNA-containing structure which is a specialised component of the

single mitochondrion (Clark and Wallace, 1960).

.11, Oecarrence,

Leishmaniasis has been classificd by the WHO as one of the six major
parasitic diseases. 1t is prevalent on all the continents of the world, except Australia
and Antartica, with 12 million people infected i 88 couniries world wide, 72 of
which are in the developing world (WHO, 1999). 1t has been estimated that 350

million people are currently at risk from infection, and that there are 2 million new

cases every year, of which 1.5 million are cutaneous. Duc to deforestation and

urbanisation of rural areas, the problem of exposure to infection is increasing. In

North eastern Brazil, for example, the number of new cases of Leishmaniasis

infection rose from 2000 in 1983 to 9000 by 1990 (WHO, 1999).
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Chapier one

1.4.2. Life cyele.

The parasite exists as flagellated promastigote forms within a sandfly vector,
In the old world the discase is transmitted by sandflies of the genus Phlebotomus
whilst in the Americas it is primanly transmitted by Zatzomyia species. These
promastigotes exist as multiplicative forms within the mid-gut {or hind-gut,
depending on species) of the fly or as non-dividing metacyclic promastigotes in the
sandfly’s mouth-parts. Damage to ihe chitinous lining of the sandfly’s stomodeal
valve via enzyme secretion by the promastigote {Schiien ez af., 1992) causes a
regurgitation of food from the sandfly during feeding. This regurgiation ensurcs
that the infectious metacyclic promastigotes are passed into a new mammalian host.
The saliva of the vector has been demonstrated to enbance the infectivity of the
metacyclics via its vasodilatory properties (Theodos ef af., 1991), and the presence
of maxadilan in the saliva has recently been demonstrated to induce the release of
prosiaglandins at the site of infection, which has well defined anti-inflammatory
properties (Soares ef af., 1998). Recent evidence has arisen which suggests that a
secondary rtoute of transmission may occur via the release of metacyclic
promastigotes in an anal secretion during feeding, although the relevance of this
during infection is yet to be confirmed (Sadlova and Volf, 1999).

Ouce inside the mammalian host, the metacyclics are rapidly taken up by the

host’s macrophages via classical receptor mediated phagocytosis. This uptake has
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been demousstrated to wvolve a series of macrophage recepiors, the use of which
appears to differ between species (see Chapter 7, section 7.1).

Once inside the macrephage the promastigote transforms to amastigotes via
a process that takes several days to accomplish (Galvao-Quintao et af., 1989).
During this process the lysosomal vacuole is extensively modified by the parasite to
allow it to survive in such a hostile environment (Antoine ef a/., 1998). Tt is within
this parasitophorous vacuole that the parasite replicaies. Investigation of the
intracellular cycle of L. mexicana bas demonstrated that the amastigotes will
undergo 2 - 3 cycles of replication each lasting approximately 17.5 h (Doyle ef af.,
1989) to produce a maximum number of 8 ~ 12 amastigotes per infected macrophage
before the host cell is lysed and the amastigotes released into the tissues of the host.

The uptake of released amastigotes by macrophages is rapid and takes place
via a subtly different route to that of the imroduced promastigotes. No receptors
involved in amastigote uptake have been identified, suggesting that the mechanism of
uptake of amastigotes causes the activation of different cellular pathways. This has
been shown by analysis of the down-stream processes oceurring in macrophages as
they internahise amastigotes which suggests that they enter cells by a process other
than classical phagocytosis (Love ef al., 1998).

The cycle of infection continues until it is halted either by chemotherapy or
death of the infected individual. The life-cycle, however, is only completed when an
infected individual is fed upon by a sandfly and infected cells are ingested. Once
inside the blood meal the amastigotes transform to the promastigote stage and the

cycle continues,

Lad
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Chapter one

Leishunaniasis is 4 zoonosis, the natural hosts in addition to humans include
domestic dogs and a variety of wild mammals such as foxes and sloths. At least four
major groups of parasites, similar in morphology but differing in clinical
manifestations, geographic distribution and vector species, cause disease in humans,
although the taxonomy is complicated and changing, These are {according to Muller
and Baker, 1992):

1) L. donovani, in the Old World, along with L. infannan, this complex is the
causative agent of Visceral Leishmaniasis (Kala-azar). 7. chagasi in the New
World is considered to be similar to these species

2) L. major, along with 7.. aethiopica and L. tropica is responsible for Old
World cutaneous Leishmaniasis.

3) L. braziliensis,  this complex of organisms is responsible for mucocutaneous
Leishinaniasis

4) L. mexicana, this complex is responsible for New World cutaneous

Teishmaniasis.

1.1.3. Clinicai aspects of Leishmaniasis,

The disease caused by the Leishmaniases can be broadly separated into three
categories, cufaneous, mucocutaneous and visceral (reviewed by Grevelink and
Lerner, 1996). Localised cutaneous leishmantasis is caused by L. major in the Old
World and the L. mexicana complex in the Americas. The infection usually affects

unclothed areas of the body, that are accessible to the sandfly’s bite. After an
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incubation period, which varies in length from [ week to 3 months, a papule forms at
the site of the bite and the draining tymph nodes become enlarged due to spreading
of the infection. Eventually the lesion becomes ulcerated and therefore susceptible
to secondary infection. Although the localised cutaneous infection is painful and
disfiguring, it is usualily self-healing within 6 to 12 months of infection.

New world cutaneous leishmaniasis, unlike its Old World counterpart, is
usually restricted to a single lesion. However, in rare cases, caused by L. m.
amazonensis, the lesions disseminate over the entire body surface giving rise to a
lepromatous appearance with non-ulcerative nodules. This form of the disease is
rarely self-healing and chemotherapy often results in relapses of the disease. In
general, for cutaneous infection there are three defined stages of disease:

1} The initial infection of macrophages by promastigotes and the maturation and
replication of amastigotes.

2) The formation of a granulomaious response and ulceration at the site of
infection.

3) A healing phase (possibly after drug treatment) where an asymptomatic sub-
clinical infection survives.

This continuing low level of parasitism 1s responsible for the recurrence of lesions in

individuals that later become immune compromised, for example due to HIV

infection.

Mucocutaneous leishmaniasis {espundia) is caused by organisms from the L.
braziliensis complex. The disease originates from a primary lesion at the site of the

initial infection and progression to mucosal involvement may take in excess of 20

R
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vears (Saravia ef al,, 1985). The mucosal infiltration of the organisms usually occurs
in the nasal septum und eventually leads to mutilation of the palate, pharynx, tonsils,
gums and lips. The ensuing maloutrition and respiratory tract involvement is the
major cause of death from this form of the disease, which is fatal uniess treated.
Visceral Leishmaniasis (kala-azar) is caused by infection with members of the
L. donovani complex, Following the development of a lesion at the site of infection
(usually on the lower limbs) and a characterisiic blackening of the skin and alopecia,
the parasites disseminate throughout the reticuloendothelial system giving rise to
fever, splenomegaly, lymphadenopathy, ¢maciation and hyperglobinaemmia. Again,

infection with L donovani is usually fatal uniess treated.

1.1.4, Treatment.

Since their introduction i the 1940s, pentavalent antimonial compounds,
such as sodium stiboghiconate and meglumine antimonate, have been the first line of
treatment for leishmaniasis (reviewed by Bryceson, 1987). The pentavalent forms
are relatively non-toxic, but rapid secretion from the body means that long regimens
are required. This allows the build up of metabolised trivalent forms and causes
cardiac and renal toxicity. In the poorer coumiries afflicted by leishmaniasis, this
leads to non-compliance with treatment and therefore drug-resistant isolates arc
emerging (Olliaro and Bryceson, 1993).

The second fine drugs are far from ideal. Pentamidine is used in cases of

antimomal resistance, but the associated toxicity is severe and can lead to death of
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the patient. The use of the antifungal drug Amphotericin B is also difficult in poorer
countries due to the associated toxicily. However, it’s encapsulation in liposomes
has increased its selectivily and thus increased its efficaciousness and reduced its
toxicity (Thabur ef al., 1996).

Application of these drugs for the trcatment of visceral leishmaniasis is
invariably via intra-muscular injection. This is obviously not ideal, due to risks of
contamination and non-compliance and efforts are being made to develop an orally
available chemotherapeutic agent. The topical application of these compounds
during the (reatment of culaneous leishmaniasis is successful in non-resistant cases,
although problems still exist with dosage and compliance.

Resistance to these cominonly used therapies is on the increase and can be
due to a number of parasite factors (reviewed by Ouellette and Papadopoulou,
1993). Most notably, a reduction in the accumulation of the compound, can be due
to thc expression of a P-Qlycoprotcin, ATP-dcpendent  extrusion  pump.
Amplification of gene copy number can also decrease the parasites susceptibility to

dosage regimens.

1.2. Intracellular sarvival.

Many parasitic organisms survive withia their mammalian host by hiding

from the host’s immune system intracellularly. This strategy has been adopted by

Trypanosoma cruzi which has developed the ability to invade a variety of vertebrate




Chapter one

cells via the induction of phagocytosis by the use of sialyl residues on the hosts
surface molecules and a parasite surface trans-sialidase (Ming ¢f af., 1993). The
ability of 7. crwzi to invade cardiac muscle and the smooth muscle of the intestine
enables its prolonged survival and is the causative factor of much of the pathology
suffered in the chronic stages of Chagas disease. Toxoplasma gondii also gains
protection from immune activator molecules by residing intracellularly {reviewed
Mauel, 1996). This parasite attaches to laminin receptors on the surface of
macrophages and enters via “sliding penetration’. Thus both of these parasites have
evolved special mechanisms for entry into their host cells which avoid the
stimulation of host microbicidal activity, cither by entering imto non-professional
phagocytes or by failing to stimulate phagocytosis at all.

Leistimania species, however, have evolved no specialised entry mechanisms
to enable the silent entry inte cells. They are dependent on the utilisation of
phagocytosis inducing receptors on the macrophage surface (discussed in detail in
Chapter 7, section 7.1). The utilisation of classical receptor-mediated phagocytosis
by Leisimania pramastigotes therefore prevenis covert entry and leaves the parasite
open to attack from the host cells microbicidal mechanisms. The mechanisms by
which Leishmania survive within the hostile intramacrophagic environment have
been the subject of much investigation as a better understanding of the relationship
between parasite and host cell will facilitate a more rational approach to combating

the disease.
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1.2.1 The Parasitophorous Vacuole.

Following phagocytosis, the parasite is encapsulated within the macrophage
by a vesicle composed of host celi plasma membrane. This vesicle is rapidly altered
during the first hours of infection and forms the parasitophorous vacuoie (PV),
(reviewed by Antoine et /., 1998). Within 30 minutes of vacuole formation, the pH
drops to pH 5.5 where upon it remains constant (Sturgill-Koszeki ef af., 1994). By
48 hours post-infection, the membrane contains markers characteristic of lysosomes;
major histocompatability complex class 1T (MHC-II) molecules are found associated
with the membrane, as is macrosialin (a pre-lysosomal marker) and lysosome
associated membrane protein-1 (ILAMP-1). By 14 days post-infection, the PV
membrane contains mannose-G-phosphate receptors and therefore has features
resembling both lysosomal and late endosomal compartments (Russell ef af, 1992).
Analysis of the contents of the PV has demonstrated that it has many lysosomat
characteristics including the presence of cathepsins B, D, H and L (Lang, er af,
1994a) and acid phosphatases (both parasite- and host- derived).

The PV membrane, due to its endosomal qualities, allows the uptake of
nutrients from the host cell, facilitating the survival of the intraceiluiar amastigotes.
Small anionic molecules are {ransported rapidly into the vacuole by a host-derived
active transport mechamsm, Larger eytosolic macromolecules are transported via a

mechanism that appears (o utilise the host cells recycling machinery (Schaible ef af.,

1999).
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The PVs of diffcrent Leishmania species differ in size and morphology. L.
donovani and L. major reside in small individual PVs, whereas the PVs of L.
mexicana and L. amazonensis are large and communal (Antoine ef af., 1998}, The
amastigotes of L. donovani, I pifonoi, L. amazonensis and L. mexicapa, unlike
those of other species are not free within the vacuole but are attached to the PV
membrane by a posterior rod. The significance of these differences is unknown at
present, although it has been demonstrated that the production of a secreted
proteophosphoglycan (PPG) by L. mexicana amastipotes can cause vacuolisation of
macrophages i viiro and may be responsible for the entargement of the PV in this

case (Peters et al., 1997).

1.2.2. Parasite surface molecules involved in the interaction with its host.

1.2.2.1. Lipophospheglycan.

Lipophogphoglycan  (LPG) is a  heterogeneous  lipid-containing
polysaccharide attached to the suiface of ZLeishmania promastigotes via a
glycosylphosphatidylinositol- (GPI-) anchor., It is the most abundantly expressed
molecule on the surface of the promastigotes, with 1.5 - 5 x 10° molecules/eell
{Sacks, 1992}, and has been reported to have many important roles in the survival of
Leishmania i the sandfly and the mammalian host (reviewed by Turco and

Descoteaux, 1992). Its role in intramacrophagic survival of Leishmania has been
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extensively mvestigated.  During the initial stages of mfection, following
phagocytosis of metacyclic promastigotes by macrophages, LPG has been shown to
prevent the fusion of lysosomes with the developing PV (Desjardins and
Descoteaux, 1997). This is presumed to facilitate the survival of the promastigotes
as they transform to the amastigote stage, which is more able to withstand the
hostile environment within the host cell.  Following transformation to the
amastigote, the lysosomes are free to fuse with the PV as amastigotes have no
surface LPG expression. The amastigotes are covered in a protetu-poor, glycolipid-
rich plasma membrane which contains many host-derived glycosphingolipids (Winter
et al., 1994). Although the significance of this has vet to be determined, it is
postulated that they may have a role in protection of the parasite from deleterious
host components by creating a physical barrier.

Whilst within the macrophage the parasite is susceptible to the production of
reactive oxygen species (ROS) and reactive nitrogen intermediates (RINI) following
activation of the macrophages via interferon-y (IFN~y). The limited expression of
catalase in promastigotes increases their susceptibility to such molecules. However,
expression increases in amastigotes, giving them an enhanced resistance (Murray,
1982). The ability of LPG to inhibit the production of Interleukin (IL)-1 and T.-12
allows inhibition of the outgrowth of Th1 type T cells in response to infection. Thus
the production of IFN-y is down regulated, which in turn also inhibits the production
of RNT and ROS in the PV thereby conferring protection to the promastigote during
transformation (Frankenburg ez af., 1990, Hatzigeorgiou ez al., 1996, Piedrafita ef

al., 1999), Furthermore, treatment of macrophages with LPG from L. donovawi has
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been shown to inhibit apoptosis, which has been postulated to facilitate a prolonged

intracellular survival (Moore and Matlashewski, 1994)

1.2.2.2. Zinc meialloproteinase.

The major surface proteinase of Leishmania promastigotes is a 63 kDa
protein known as gp63. Its abundance on the surface of promastigotes has lead to
much speculation over its role(s) within the life-cycle of Leishmania. However,
recent mutational studies involving deletion of gp63 genes from L. mgjor have
demonstrated that its role in intracellular survival is minimal (Joshi ef of , 1998). A

more detailed discussion of the roles of gp63 can be found in Chapter 4, section 4.1.

1.2.2.3. Glycosylinositolphospholipids.

Glycosylinositolphospholipids (GIPLS) are expressed in many eukaryotic
systems, usually as an anchoring system for cell surface expression of protein
(reviewed in Schofield and Tachado, 1996). These molecules comsist of a
phosphatidylinositol backbone with additional sugar residues. 7T cruzi and
Leishmania species have been demonstrated to express a range of GIPLS which are
not anchors to proteins, but exist free in the plasma membrane. Interest in their
function was stimulated by their abundance on the surface, with as much as 80% of
the amastigote surface consisting of these molecules. Furthermore, recent work by

Tigoutz et af., (1999) has demonsirated that GIPLS are essential for parasite survival
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in vitro, iL was shown to be impossible to remove gencs cssential for their
production from promastigotes.

Investigation has demonstrated that these molecules can inhibit the protein
kinase C {PKCj)-dependent signaling of host cells in a competitive or non-
competitive fashion with respect to various PKC activators (MeNeely ef o/, 1989),
This indicates a possible role in prevention of host cell activation. They also inhibit
the production of tumour necrosis factor-alpha (TNF-¢) in response to stimulation
(Tachado ef af., 1997), although this study used purified GIPLS and indicated that
activity is due to the glycan core sequence, which may or may not be accessible in
situ.

It was recently demonstrated that the GIPLS of L. major can inhibit the
synthesis of RNI in a dose-dependent manner (Proudfoot ef al.,, 1995). Again, this is
suggestive of a role in the prolonging of intracetlular survival. Interestingly the free
GPIs of 7. brucei and Plasmodium species have been implicated in the
overproduction of nifric oxide and IL-1, and thus in the cachexia and cerebral
complications associated with infection with these organisms. This demonstrates
that the function of these small membrane glycolipids has evolved specifically

depending on parasite type.

1.2.3. Antigen presentation.

The recognition of intraceliular antigens is essential if the interior of cells is

not to become a privileged site for the growth and survival of pathogens. Antigen
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presentation to the immunc system is therefore important in allowing the activation
of host immune effector cells to combat infection. During LeisAmania infection, the
macrophages are supportive of survival and mulfiplication when in the quiescent
resting stage. They will only act to kill intracellular amastigotes when activated by
the presentation of antigen and the cnsuing interaction with T cells.

The initial stages of Leishmania infection occur as promastigotes are
regurgitated into the skin, and then phagocytosed by macrophages. In the case of /.
magjor it has been demonstrated that the skin’s dendritic cells, Langerhan cells (LC),
cannot infernalise promastigotes (Von Stebut ef af., 1998} or internalise only a small
number (Konecny ef af., 1999). intimating that uptake by LCs does not occur unti
amastigotes are released from the primarily infected macrophages - it is postulated
that this allows estsblishment of infection before presentation of antigen to T cells.

After amagtigote internalisation by LCs, migration of these cells to ihe
draining lymph nodes occurs where parasite anfigens are presented to naive T cells
via MHC-{I-peptide complexes., LCs have a large number of MHC-II molecules per
cell and can thus present a large antigenic epitope repertoire which facilitates the
stimulation of a range of naive T cells. Investigation has shown that LCs are much
more efficient at presenting antigen to T cells than macrophages duc to the
prolonged nature of MHC-1I-peptide complex expression on the surface of these
cells (Flohe ez al., 1997)

These primed T cells then migrate to the site of infection and can therefore
interact with infected macrophages. However, the infected cells at this stage will be

either resting, and thus expressing no MHC-II, or primed and therefore expressing
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only those intraceflular antigens available to its processing machinery {reviewed by
Overath and Aebischer, 1999). Analysis of the amastigote antigens available for
expression in primed macrophages has demoenstrated that internal antigens, such as
the abundart CPB cnzymes and the lysosomal membrane-associated acid
phosphatase (MAP), cannot be presented via MHC-II in macrophages harbouring
live parasites (Wolfram ez a/., 1995, Wollram ef o/, 1996),

Other antigens such as the Leisfmania homologue of the mammalian
receptor form activated C kinase (LACK) are presented via MHBC-II during
transformation of promastigotes, but macrophages loose the ability to present such
antigens on formation of amastigotes {Prina e7 a/., 1996}, This phenomenon appears
to hold true for many leishmanial antigens with amastigote antigens becoming
sequestered from presentation after 24 hours of macrophage mfection (Kima ef al,,
1996). Thesc studies demonstrate that only a resiricted wumber of parasite antigens
are presented to primed T cells at this stage in imfection.

The range of T cells primed, however, means that it is probable that some
will be able to interact specifically with MHC-U-peptide compiexes on the
macrophages. This interaction, at least in resistant mouse sirains, results in the
production of IFN-y and TNF-o. from CD4" Thl cells which activates the host
macrophage leading to parasite death and the subsequent increase in the
heterogeneity of antigens presented. The activation of host macrophages also
stimulates production of TINF-w from the macrophage itself, which facilitates a

sustained autocrine activation,
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Therefore the presentation of antigen it infected cells is important at two
stages during the stimulation of a cellular immune response, namely the triggering of
naive T cells by peptide-loaded LCs in the lymph nodes and aiso during the
mteraction of primed T cells with infected macrophages.

The mechanisms by which Leishmania prevents presentation of antigen has
been studied i much detail. Conilicting reports in the literature suggest that
Leishmania infection can either suppress MIIC-I1 synthesis at the level of gene
expression {Kwan ef af, 1992) or that it has no effect on plasma membrane
expression (Lang er af,, 1994a). These studics both involved investigation of L.
donovani-infected cells 48 h post-infection, indicating that these conflicting findings
are not due to species-specific differences. L. amazonensis infection, however, was
demonstrated to alter the cellular distribution of MHC-IT molecules (Lang ef o,
1994b), with clustering of this molecule observed on the PV membrane around the
site of amastigote attachment. This clustering was demonstrated to be specific for
MHC-II as other PV-agsociated markers e.g. macrosialin, were evenly distributed.
This phenomenen is probably due to the reported internalisation and degradation of
MHC-II within the megasomes of L. amazonensis (De Souza ef al, 1995).
Interestingly inhibition of cystcine proteinases i this system lead to the build-up of
MHC-II within the megasomes, inferting that the parasites abundani cysteine
proteinases were responsible for its degradation.

The interaction of CD4™ T cells with MHC-II-peptide complexes is essential
for the resistance to infection with Leishmania. Studies in mice deficient in both

CD4" and MIIC-II expression have demonstrated that despite an initial control of
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infection, they eventually sucewmb to disease (Chakkalath ¢f o/, 1995). The initial
control was shown to be due to the activity of MFC-1 restricted CD8™ T cells and
their production of TFN~y, indicating a role of cytotoxic T cells in initial infection
control. The activation of these cells by milected macrophages was investigated by
Garcia er al., (1997) via the use of Leishamania tranfected to express ovalbumin
(OVA) within the PV, 1o {acilitate the analysis of expression of antigenic epitopes
via MHC-II and MHC-! restricted pathways. This analysis demonsirated that
recognition of this molecules via WMHC-II was possible but that no class-I
recognition occurred due to the cleavage of OVA at important epitopes by the
surface metalloproteinase gpG3. This was taken o infer that gp63 may have roles in
reducing the number of antigenic epitopes available to expression on the surface of
parasitised macrophages. However the lack of MHC-I presentation may also be due
to the phenomena observed by Lang ¢f af., (1994b) which suggested that although
xpression of MHC-I on the surface of infected macrophages was similar to that
observed in uninfected controls, there was no localisation of MHC-I to the PV
membrane, indicating that epitope expression via MHC-I may not play a significant

role in the presentation of antigen during Leishmania infection.

1.3. Immunne Response {o infecfion.

The modulaiion of the immune response has long been established as a way
by which Leishmania parasites prevent an effective defence against infection. This

phencmenon has been extensively studied using susceptible and resistant mouse
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maodels, which have allowed a profile of effective and ineffective responses to be
ascertained,

In susceptible mice, such as BALB/¢, infection with L. major leads to
visceralisation of the parasite and ultimately fo death of infected animals. This
disease progression is characterised by the induction of a Th2 type, or humoral,
response to infection, which prevents the host macrophages from becoming
activated and thus promotes the survival of intracellular infection.

This response is tvpified by early production of TL.-4 within the lymph nodes
of infected mice (Himmelrich et /., 1998), which in conjunction with IL-10 has been
demonstrated to reduce the killing of mtraceliular L. major via a reduction in the
nitric oxide produced in response to infection {Vouldoukis er «f., 1997). These
cytokines are typical of a Th2 type response and have well-documented inhibitory
effects on macrophage activation via prevention of IFN-y production.

The role of T1.-10 in polarisation of the immune responsc in these mice is
not essential, as investigation has demonsirated that both resistant and susceptibie
mice have simifar levels of 11.-10 during the chronic stages of infection (Chatelain er
al, 1999a). However, its inhibition of production of IFN-~y during the initial stages
of infection is probably important in preventing the development of a Thl type, or
cellular, immune response.

Within 72 b of infection in susceptible mice, the level of circulating
transforming growth factor-beta (TGF-B) is increased (Barral-Netto and Barral,
1994). This cytokine has been demonstrated to enhance mRNA levels of 1L-10

(Barral ef af, 1993) and also has well documented properties concerning
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macrophage deactivadion. The addition of TGF-B to macrophages infected with Z.
braziliensis in vitro has been shown 1o facilitate an enhanced survival of the parasite,
which is probably due to the reduction in nitric oxide production (Li e af., 1999).
The production of TGF-B in infected mice appears to be localised to the site of
infection as non-infected organs have high levels of IFN-y during chronic disease
(Wilson ef af,, 1998). After infecting a host macrophage, Leishmania species have
been demonstrated to alter the metabolism of arachidonic acid, such that the
production of prostaglandin E, (PGE;) is enhanced. PGE, is a non-specific
suppresser of Thi cells and the amount of production in vive can be directly
carrelated to inereasing lesion size and the underproduction of I¥N-y and TNF-ct
(Milana e af., 1996},

In conjunction with the over-expression of Th2 type cytokines, Leisamania
infection in susceptible mouse strains ts associated with the underproduction of
important Thi fype inducers, such as IL-12 (Carrera ef al., 1996). This facilitates
protection via the induction of IFN-y from natural killer cells, which in turn induces
the activation of host macrophages. Indeed, therapy of infected BALB/c mice with
recombinant 1L-12 (rlL-12) conveys proiection to the individuals (Heinzel ef af.,
1993). This protection, however, is dependent in part on the presence of TFN-y,

Some indication as to the cause of this polarisation of the immune response
18 given by studies demonstrating that inhibition of cathepsin B led to a switch in
CD4™ T cell differentiation from Th2 to Thi (Maekawa er af., 1998). This
phenomenon suggests that the processing of antigemic peptides by Cathepsin B in
these mice 15 such that the epitopes expressed via MHC-H are speeific for Th2 type
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T celis. Inhibition of the cleavage of these epitopes by cathepsin B may allow the
presentation of ather antigenic epitopes and therefore facilitates the outgrowth of
Thl-type T cells.

Despite the obvious polarisation in the immune response in BALB/¢ mice
preventing an effective immune response from developing, recent information has
indicated that other host factors apart from Th type must be involved in governing
susceptibility. Chatelain ef a/., (1999b) demonstrated that simgar treatment of mice
with anti-IL-4 and anti-IFN-y therapy lead to the induction of strong Thl type
responses in both resistant and susceptible mice. Despite this, however, the BALB/c
mice still succumbed fo infection, demonstrating that the situation in vivo is more
complicated than envisaged and that further investigation of this phenomenon is
necessary.

The situation in resistant mice is very different. These mice are stimulated
to produce a Thi cell mediated response to infection. The production of IL-12 18
critical in the early stages of infection and is thought to be due to infected dendritic
cells (Gorak ef al., 1998). Evidence suggests however that this production is mainly
in response to infection with amastigotes rather than promastigotes, which may
allow the establishment of infection prior to induction of a protective immune
response (Reiner er ., 1994), Elevated IL-12 production is important in the
stimulation of IFN-y which elicits the expression of inducible nitric oxide synthase
(ANOS) in macrophages (see section 1.3.1, for detail) Although vyet to be
demonstrated for Leishmania infection, it was recently established that the beta-

chemokines have a protective role during 7. cruzi infection via their ability to
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enhance the production of nitric oxide (NO) by host cells (Villakta ¢/ of., 1998). It
seems likely that such a role in leishmaniasis will also be demonstrated,

IFN-y also enhances expression of MHC-II on the surface of infected
macrpphages and will thus be important in the triggering of CD4" Thl cells in
response to parasite antigens. Some evidence also suggests that TFIN~y may have
directly cytostatic effects on promastigote growth (Bhattachanga ef a/, 1993).
However the relevance of this /n vivo is uncertain as the effect was demonstrated
only on the muitiplicative promastigoies, which will not experience this cytokine due
to their existence in the vector only.

The immune response to infection is not an all or nothing situation with
susceptible and resistant mice producing only Th2 or Thl cytokines, respectively.
Studies by Green e al. (1994) indicated that mice produce both TGF-p and TNF-o
in response to infection with L. major. The subsequent pathway which prevails was
shown to be dependent on the levels of IFN~y present at initiation of infection.
Further to this the developmeni of a protective immune response to Leishmania
infection can be governed by the numbers of organisms applied during initial
infection. Even in BALB/¢c mice, a low infectious dose of 1. major was

demonstrated to lead to a self limiting infection (Doherty and Coffiman, 1996).

1.3.1. Nitric oxide.

NQ is produced via the oxidation of terminal guanido-nitrogen atoms from
the amino acid L-arginine by the NADPH-dependent enzymes known as nitric oxide
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synthages (NOSs) (see Figure §.1). NO is relatively unstable and reacts with water
and oxygen lons to form an array of radicals and reactive molecules, collectively
termed reactive nitrogen intermediates (RNT). These decompose to give the stable
nitrite and nitrate end products.

At least two forms of NOS have so far been characterised (reviewed by
Piedrafita and Liew, 1998); constitutive NOS (cNOS) s expresscd in several cell
types including epithelial and neuronal cells and is involved in the production of NO
for several physiological roles (reviewed by Wu and Morris, 1998). The second
form inducible NOS (iNOS) is again expressed in many cell types, for cxample
macrophages and mast cells, where its expression (which is controlled at the level of
gene expression) is induced by various cytokines, including JEN-y (Dileepan e/ ¢/,
1995).

NO has long been established as being central to the resolution of several
intracellular and extracellular infections. Evidence exists that NO is critical in
protection from Herpes Simplex Virus 1 infection (Maclean ef /., 1998) via the
inhibition of viral replication. A further role in the susceptibility or resistance of
different mouse strains to infection with 7. congolensi has also been demonstrated
(Kaushik ez a/., 1999). The role of NO in defense against intracellular Leistumania
infection has been established for many years. It was definitively demonstrated by
the highly susceptible nature of iNGS deficient mice to infection with £. major (Wei
et al., 1996), despite a Thi type cytokine response. The data implied that NO had
na role in innate immunity to infection as the lesiong remained normal in size until 5

weeks post infection. The role of NO in human leishmaniasis is stifl ill-defined
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{reviewed by Mossalayi et of., 1999) although mvestigation has suggested that BIN-v
production and/or ligation of the IgE receptor (CD23) are important in immunity to
infection m human cases. Both of these pathways have been demonstrated to elicit

NO production via induction of iNOS.

1.3.2. Oxidative response.

When exposed to certain stimuli, phagocytes undergo marked changes in
the way they handle oxygen. The rate of uptake of oxvgen increases greatly and
they begin to produce reactive oxygen species {ROS} such as superoxide, hydrogen
peroxide and hydroxyl groups with a2 view to enhancing cytotoxicity (ses Figure
1.2).

The role of production of these species is thought to be only of minor
importance in the killing of Leishmania, despite early evidence demonstrating the
highly susceptible nature of Leishmania species to hydrogen peroxide inr vitro
(Murray, 1981). The parasite employs several strategies to promote its resistance to
ROS. Tirstly, the parasite has a degree of resistance which is endowed by the
expression of {rypancthione, an antioxidani molecule comprised of 2 glutathione
conjugated by spermidine (reviewed in Mauel, 1996). The reduction of this
molecules via the NADPH-dependent enzyme trypanothione reductase confers
resistance to ROS, Furthermore, evidence suggests that 1. donovani inhibits the
production of the oxidative burst in infected macrophages {Chakrabarty er af.,

1996), this probably explains the anomaly between in vifro susceptibility and survival
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in macrophages. Indeed LPG has been implicated in this inhibition (see section
1.2.2.1, for detail}.

The fact that the parasite protects iself from ROS suggests that these
species may have some role in leishmanicidal activity. 1Indeed, it has been
demonstrated that amastigotes have an increased survival in maecrophages, as
compared with promastigotes, which correlates with the smaller oxidative burst
{Channon et af., 1984)

Despite this information Scott ef af,, (1985) demonsirated the ability of
macrophages deficient in superoxide and hydrogen peroxide production to clear
ntracellular Leishimaria infection.  This suggests a lack of importance in clearance
in vitro. However recent invesiigation of the course of infection in ROS and RINI
deficient mice has suggested that ROS may be important in the eurly stages of

infection {Murray and Mathan, 1999,

L.4. Parasite cysteine proteinases.

Cysteine proteinases are proteolyiic enzymes which have essential cysteine
and histidine residues involved in hydrolysis. All cysteine proteinases are expressed
as pre-pro-enzvmes. The pre-region is involved in the trafficking of the enzyme to
the endoplasmic reticulum where it is removed. The role of the pro-region was not
resolved untii recently when, it was demonstrated that the pro-region of papain and

papaya proteinase IV were high affinity inhibitors of the mature enzymes activity
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(Taylor ef af., 1995). This phenomenon was subsequently demonstrated to be true
for the mammalian enzyme cathepsin L (Carmona ef al., 1996) and is assumed to
hold true for the majority of cathepsin L-like enzymes. However, recent work has
indicated that in Leishmania species the pro-region also has roles in targeting the
enzyme to the lysosomes (Huete-Perez ¢f al., 1999).

Several important parasitic organisms have been demonstrated to rely
heavily on cysteine proteinases. 7. cruzi, for example, has 4 major cysteine
proteinase, cruzipain, which is expressed from a landem array of at least 130 genes
(reviewed by Coombs and Mottram, 1997). Cruzipain is a cathepsin L-like enzyme
which is found located in the lysosomes of the parasite and also on the cell surface in
the epimastigote stage (Parussini et af., 1998). The majority of expression of this
enzyme occurs in the epimastigote stage which exists within the insect vector,
suggesting importance in survival within the vector. Evidence suggests, however,
that over-expression of this enzyme increases the transformation of the parasite to
the infective metacyclic stage (Tomas ef af., 1997) and some information points to
possible roles in host cell penetration and intracellular survival (Franke de Cazzulo ef
al., 1994).

Other roles for cruzipain may lie in the evasion of an effective immune
response. Sera from Chagasic patients contains antibodies against the C-terminat
extension of the enzyme, which appear to have no effect on it’s activity. This
indicates that the C-terminal extension contains immunodominant B cell epitopes
and may allow the production of an ineffective humoral response to infection

(Martinez ef al., 1993). Recently a novel cathepsin B-hke enzyme was discovered in
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T. cruzi (Nobrega ef al., 1998), although its significance during infection awaits
evaluation.

The Plasmodium species also contain important cyslelne proteinase
enzymes (reviewed by McKerrow ef af., 1993). The serine repeal antigen (SERA)
and its homolague, SERPH, have long been known to be mmportant in invasion and
rupture of infected erythrocytes.  Recently these 130 kDa proteins were
demonstrated to contain a 30 kDa protease domain with homology to the papain
family of cysteine proteinases (Gor ef al., 1998). These molecules are found within
the PV of mature schizonts and are released near the time of rupture. Indeed the
cysieine proieinase inhibitor, leupeptin, has been demonstrated to prevent rupture of
erythrocytes infected with P. knowlesi or P. falciparum, implicating these proteinase
domain as important. Malaria species also contain a 28 kDa cathepsin L-like
cysteine proteinase which is inhibited by E64 and appears to be involved in the early
stages of haemoglobin degradation, implicating the enzyme in parasite nutrition.

The nutrition of Eniamoeba histolytica 1s alse partially dependent on
cysteme proteinases, Seirrano-Luna er «f. (1998) have demonstrated that the
acquisition of iron by the trophozoites of this amoeba is partially prevented by the
use of cysteine proteinase inhibitors. Furiher to this, CP3, a soluble cysteine
proteinase with affinity for the surface membrane due to its possession of a
hydrophobic patch (Jacobs ef al., 1998) has been demonstrated to be missing from
the non-invasive form E. dispar, suggesting that it may have roles in tissue invasion

and other cytopathic effects.
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Therefore the cysteme proteinases of several parasitic protozoa have roles in
the survival and resultant pathology to the host. The cysteine proteinases of
Leishmania species are no exception and have been implicated in the ulceration
resulting during infection following their release from dead amastigotes (Iig ef af .,

1994),

1.4.1. The cysteine proteinases of L. mexicana,

1.4.1.2. GMi:protein transamidase,

Many cukaryotic surface proteins reguire  attachment to @
glycosylphophatidylinositol- (GPI-) anchor for surface expression. The enzyme
responsible for this was identified as a cysteine proteinase with GPLprotein
transamidase activity, termed GPI8, in 1996 by Benghezal #7 o/, This enzyme was
identified after analysis of the mechanism involved in the deficiency of GPI-protemn
expression in mutant Sacchgromyces cerevisiae. 1t is a 47 kDa glycoprotein

| localised as a type I {rans-membrane protein within the lumen of the endoplasmic
reticulum (ER), The transamidation reaction it catalyses involves the simultaneous
cleavage of the C-terminal peptide sequence of a protein and the addition of the
GPI-anchor.

The recognition of the GPl-addition site (o site) is the responsibility of
another ER lumenal protein (Ohishi ef a/., 1998). GAAL is a 68 kDa protein which

was again identitied following studies in mutant yeast, and has been demonstrated to
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recognise the attachment site of putative GPI-anchored proteins and present them to
GPI8 for anchoring. The co-precipitation of GPI8 and GAAL suggests that these
proteins are closely associated in the ER.

The attachment motif recognised by GAAL is composed of the o site and
o+2 site which must be a small amino acid. This is followed by a hydrophobic
carboxy terminal sequence separated by between 8 - 12 amino acids down stream of
w. i is thought that this hydrophobic sequence 1s important in recognition.

As discussed earlier, GPI- anchored molecules can play an important role in
leishmanial infection (see section 1.2.2). Analysis of the signal requirement for
attachment of GPI- anchors to trypanosomatid proteins and mammalian proteins has
suggested that these differ (Moran and Caras, 1994). Therefore the transamidation
reaction may have interesting exploifation potential. However, the leishmanial GPI8
enzyme was recently identified (Hilley 7 af., 1999) and analysed using targeted gene
disruption, which demonstrated that loss of function of this enzyme had no effect on

parasite virulence iz vifro.

1.4,1.3. CPA.

CPA 1s a Type II Trypanosomatid cysteine proteinase (reviewed by Coombs
and Mottram, 1997). It is expressed from a single copy gene, which was isolated
from an L. mexicana ¢cDNA library using as a heterologous probe a 7. brucei gene
fragment {Mottram er al, 1992). This enzyme has cathepsin L-like substrate

specificities and is expressed as a 38 kDa precursor with 2 24 kDa maiure enzyme
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expressed in stationary-phase promastigotes and amastigotes. The expression is
thought to be coutrolled at both the mRNA and protein level,

The role of the CPA enzyme was analysed following deletion of the gene by
targeted gene disruption and it was shown that despite expression in the mammalian
stages of the life-cycle, the virulence of the null mutant (ACPA) was similar to that
of the wild type in vifro (Souza ef al., 1994). Further analysis in vivo, however,
demonstrated that if promastigotes were used during imfection the formation of
lesions was slowed. However, the use of amastigotes restored virulence to wild type
levels (Frame, PhD thesis). This suggested that the enzyme may have roles in the
virulence of the parasite. More recently, roles have been suggested in the processing

of the CPB enzymes (ID.R. Brooks, unpublished).

1.4.1.4, CPC.

The CPC enzyme has homology to the mamimalian enzyme Cathepsin B
(Robertson and Coombs, 1993) and is therefore a Type 1il Trypanosomatid cysteine
proteinase {reviewed by Coombs and Motiram, 1997). fit is encoded from a single
gene copy and although # is expressed constitutively it was demonstrated that
elevated expression ocourred within the multiplicative promastigote (Bart ef al.,

1995).
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Analysis of the phenotype of L. mexicana lacking in CPC (ACPC)
demonstrated that the infection of the mutant to macrophages in viire was greatly
reduced when compared to the wild-type parasites. Further to this, durtng in vivo
infections although the lesions appeared at the same time as those caused by wild-

type parasites, subsequently they developed at a slower pace (Frame, PhD Thesis).

The CPB enzymes are expressed from a 19 copy tandem array of genes (see
Figure 1.3). Like the other well characierised Type 1 Trypanosomatid cysteine
proteinase cruzipain (see section 1.4 for detail), these enzymes are cathepsin L-like
it nature (reviewed in Coombs and Mottram, 1997). However, unlike cruzipain they
do not retamn their C-terminal extension following maturation and there is no
evidence for their expression on the surface of the parasite. The evidence to date
indicates that they are confined to the lysosomes of the parasite.

The expression of high activity cysteine proteinases from an array of genes
was first identified in 1994 (Robertson and Coombs).  Further analysis has
demonstrated that the isoenzymes are expressed predominantly in the amastigote
stage of the life cycle, however gene 1 {(CPB/g/) and CPB/g2 are expressed in
stationary phase promastigotes, These enzymes are also distinguished by their
truncated C-terminal extension, although the significance of this has vet 10 be
established (Mottram ef /., 1997). Analysis of the phenotype of parasites deficient

in CPB expression {due to the deletion of the entire arvay by targeted gene
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disruption, Mottram e a/., 1996) has demonstrated that the null mutant (ACPB) has
a reduced virulence, expressed as an 80% reduction in the survival of the parasite
following i vitro infection. These analyses also demonstrated that the parasite was
able to infect as many macrophages as did wild-type parasites but that it was killed in
the majority of those cells, indicating some reduction in the ability to survive
intraceliufarly. Importantly, this reduction in virulence was ablated by re-expression
of a single internal copy from the array, CPB/g2.8, demonsirating that the reduced
survival was indeed due to loss of the CPR array as opposed to some other
undefined phenomena. Interestingly, this reduced virulence phenotype was only
observed when stationary phase promastigotes were used. Infection by amastigotes
allowed wild type virulence to ensue, suggesting that the CPB enzymes were
necessary in the initial infection stages.

Further analysis of the isoenzymes has demonstrated that they have
differences in substratc preferences and differing abilities to restore virulence to
ACPB, indicating that the enzymes may have several different roles within the
parasites life-cvcle (Mottram ef al., 1997).

Analysis of the in vive infection dynamics of ACPB has demonstrated that
lesion formation was delayed by several weeks (Frame, PhD Thesis), again
indicating the importance of these enzymes in survival, Interestingly, removal of the
CPA gene mn comunction with CPB (ACPA/CPB) completely ablates lesion
formation (Alexander e7 al.,, 1998). An analysis of the immune response of the
susceptible mouse gtrain BALB/c towards infection with either ACPE or ACPA/CPB
indicated that instead of the potent Th2 type response observed afier infection with

31




Chapter one

wild type parasites, a strong Thi type response was elicited (Alexander ef af., 1998),
This switch in response was most apparent afler infection with the double null
mutant and was observed in several mouse strains of varying susceptibility, Further
to this, various mouse strains infected with eitber ACPB or ACPA/CPB also
demonstrated varying degrees of resistance to challenge with wild type parasite,
suggesting that an analysis of the vaccine potential of these strains may prove
interesting,

The above phenomena may be taken to indicate a role for these enzymes in
polarisation of the immune response towards an ineffective ThZ type. However,
further analysie 1s required as recent work (Menon and Bretscher, 1993) hag
demonstrated that for L. magjor nfection the numbers of parasites used at the
imtiation of infection may be important in the polarisation of the immune response.
Loss of CPA and CPB causes a reduction in survival of the parasite, therefore it iay
also reduce the antigenic dose, which could also be responsible for the switch of the

jmmune response.

1.5, Cysteine proteinase inhibitors as potential chemetherapeutics.

The use of cysteine proteinase inhibitors as potential chemotherapeutics

against parasitic infections is attractive due to the obvious importance of these

enzymes to a variety of pathogenic organisms (see section 1.4). This emphasises

that inhibition of these enzymes may allow the host to clear their infection.
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The use of cysteine proteinase infubitors during iz vitro infection with 7.
cruzi demonstrated that a reduction in intracellular survival and replication was
achievable (Franke de Cazzulo ef af., 1994). This work has been extended to in vivo
infection which indicated that treatment of infected mice with vinyl sulphone
derivatives with specificity for Cathepsin L-like enzymes brought about the clearance
of the parasite from the host (Engel ef a/., 1998a). A fluoromethyl ketone derivative
with the same peptidyl grouping as the vinyl suiphone desciibed above
(phenylalanine-homophenylalanine) has also been indicated to have efficacy against
infection with the murine malaria P. vinckei - vesulting in a long term cure rate of
80% (Rosenthal ef af,, 1993).

Analysis of the effects of cysteine proteinase inhibitors on Enfamoeba
species has demonsirated that a reduction in attachment and subsequent cytotoxicity
is possible using ZnCl in vitro (Franco ef af., 1999), Additionally, the use of
another fluoromethyl ketone compound during in vivo infections with the lizard
pathogen, f. invadens, has shown that a reduction in the numbers of trophozoites
and cysts is possible, further indicating the potential of inhibition of this class of
enzymes.

Interest in the development of specific ¢ysteine proteinase inhibitors for use
against Leishmania stemmed originally from the observations that both promastigote
and amastigote growth could be prevented by aatipain and leupeptin {(Coombs ef /.,
1982; Coombs and Baxter, 1984). Further to this, the leishmanicidal activity of L-
leucine-methyl esters has been linked to the presence of abundant lysosomal cysteine

proteinases in L. mexicana (Hunter ef al., 1992).
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Certain concerns exist with regards to the inhibition of cysteine proteinases
i vivo, due 1o the abundance of the host cells cysteine proteinases (see section
1.2.1). Inhibition of cathepsins B and 1. for example may tead to alterations in the
expression of antigenic epitopes via MHC-I and -II (Fineschi and Miller, 1997).
However, preliminary studies in mice have suggested that limited toxicity occurs to
the host, possibly because of the abundance of these enzymes within the host or an
enhanced accumulation within the parasite (reviewed by McKerrow, 1999). Indeed,
analysis of the effects of vinyl sulphone dertivatives on L. major infection in mice has
indicated that a reduction in lesion growth is possible without obvious toxicity to the
host {(Selzer er al., 1999).

The use of cysteine proteinase inhibitors during infection with Leishmania is
attraciive therefore for several reasons., Firstly, the enzymes are well documented
and abundantly expressed during the mammalian stages of the life cycle (see section
1.4.1}. Secondly, the use of targeted gene disruption has demonstrated that these
enzymes are important in the virulence both in vitro and in vive (Mottram ef al,,
1996 and Alexander ef af, 1998). Furthermore the apparent lack of toxicity to the
host following treatment with specific inhibitors suggests that inhibition of these

enzymes during infection may prove interesting.
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Figure 1.1: The production of nitric oxide from L-arginine. The
conversion of NADPH to NADP facilitates the oxidation of the
terminal nitrogen atoms from L-arginine by nitric oxtde synthase

(NOS), producing nitric oxide (NO) and L-citrulline.
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Figure 1.2: The production of reactive oxygen species. The rate of
oxygen intake increases greatly after stimulation of macrophages and
results mn the production of several reactive oxygen species including
superoxide (0,%), hydrogen peroxide (H,0,) and hydroxyl radicals

(OH") before the production of the stable end product, water.
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Figure 1.3: A schematic representation of the CPB array of cysieine
proteinase genes. The array consists of nineteen genes (grey boxes)
arranged in 2.8 kb units 1n tandem. One gene [rom the middle of the array

(CPBg2.8) 15 shown in detall. The relative sizes of the pro-region (black),

central domain (white) and C-terminal extension (grey) are indicated.
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Aiwmns of this project

Aims of the Project

The use of cysteine proteinase inhibitors and the analysis of the phenotypic changes
brought about by loss of cysteine proteinase expression has demonstrated that
cysteine proteinases are important in the survival and/or pathology of several
important parasitic infections. The possibility that exploitation of this importance
could allow the development of novel chemotherapeutic agents is attractive, given
the low levels of toxicity observed during application of cysteine proteinase

inhibitors to infected animals.

This project has stemmed from the observation that the CPB cystetne proteinases of
L. mexicana are important virulence factors both in vivo and in vitro (Mottram et
al., 1996; Alexander et al., 1998). In order to assess the usefulness of targeting these
enzymes /n vivo it is necessary to have a detailed knowledge of thetr role(s) in the

survival and virulence of the parasite.

The main aims of this project were two-fold:

1) To determine the effects of cysteine proteinase inhibition on the parasite.

This analysis was undertaken to assess the effects of inhibition of the activity of the

CPB enzymes brought about by deletion of the CPB genes. Further to this, the

efficacy of cysteine proteinase inhibitors on the survival of the parasite was assessed
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both in axenic culture and during ## vitro infection, to determine the value of these

compounds as putative chemotherapeutic agents and the mechanisms underlying

their action.

2) To elucidaie the role of the CPB enzymes in intracellular survival of the parasite.

The aim was to ¢lucidate both the mechanisms that resulted in the reduction in
intraceltular survival observed during in vitro infection of null mutants lacking CPB
and the explanation for the survival of the mutant parasties in just a small percentage
of macrophages. It was expected that these findings would provide a better

understanding of the role of the CPB enzymes in virulence.
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{Chapter 2

Materials and Methods

This chapter details general methods used in the study. Specific methods ar

a

described in the individual results chapters.

2.1 Miaterials,

Unless otherwise stated, all chemicals were purchased from Sigma.

2.2, Cell eniture technigues.

2.2.1. Handling of Leishmania mexicana.

2.2.1.1, Caituving of L. mexicana promaustigoies.

All culturing and handling of live parasites was undertaken in a class II
isolation hood. Leishmania mexicana (MNYC/BZ/62/M379) promastigotes
were cultured at 25°C with air as the gas phase in HOMEM (Berens ¢f af., 1976)
supplemenied with 10% (v/v}) heat-inactivated foetal calf serum (HI-FCS) and
antibiotics as appropriate {see Table 2.1). In the case of the cysteine proteinase

null mutants, the promastigotes were grown for a single passage in the presence
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of antibiotics and grown thercafter in medium alone. The various mutant lines
used are described in Table 2.2. Cultures were grown in 10 ml of medium in
Corning polystyrene 25 em’” flasks (Corning Costar Corporation). Thev were
initiated at a density of 5 x 10° ml” unless otherwise stated and sub-passaged
every 7 days, when a densily of 1-2 x 10” mI™ had been reached. The parasites
were considered to have reached stationary phase when the cell density,
measured using an improved Neubauer hacmocytometer, had dropped by 10%
from the previous day (Mallinson and Coombs, 1989). This usuallv occurred 8-9
days from initiation of the culture and at this point approximately 90% of the
parasites were considered to be metacyclic-like providing low sub-passage

promastigotes were used (Mallinson and Coombs, 1986).

2.2.1.2, Culturing of L. mexicana axenic amastigotes.

leishmania mexicana promastigotes were ascertained to be stationary
phase as described in section 2.2.1.1 and then washed in 0.25 M sucrose solution
by centrifuging the cultures at 750 g for 10 min at 4°C in a Fisons MSE Chilspia,
The parasites were then resuspended to a density of 1 x 10° ml” in 10 ml
complete SDM (Schneiders Drosophila medium [Gibeco BRL| supplemented with
20 % [v/v] HI-FCS, with the pH adjusted to 5.5 with hydrochloric acid) (Bates
et al., 1992) in Corning polysyrene 25 em® flasks (Corning Costar Corporation).
The low pli of the medium meant that it was not possible to select for the
expression of episomal genes in mutant parasites as it prevenfed the selective
pressure of the aniibiotics. Thus axenic amastigotes of the re-expressor lines
were derived from the appropriate promastigote lines and expression of the genes
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was verified by SDS-PAGE (see section 2.7.1) The cultures were then
incubated at 32°C with a gas phase of air and sub-passaged twice weekly through

a 21 G needle to break up the clumps of amastigotes.

2.2.1.3, Harvesting of L. .mexicana.

The density of the cultures was ascertained using an improved Neubauer
haemocytometer and they were then centrifuged at 750 g in 15 ml plastic tubes
{Greiner) for 10 min at 4°C in a Fisons MSE Chilspin. The supernatant was
removed and the promastigotes were resuspended in 10 ml of 0.25 M sucrose
solution. The centrifugation and resuspension step was repeated twice before the
pelleted parasites were transferred to 1 mi of the sucrose solution in 1.5 mi
eppendorf tubes and centrifuged for 10 min at 8,500 g at room temperature in a
MSE microcentaur microfuge. The sucrose solution was removed and the pellet
was resuspended to 1 x 10° ml™. This suspension was then aliquoted into
eppendorf tubes and diluted to 5 x 10" ml” and re-centrifuged as before. The

supernatant sucrose solution was removed and the pellets were stored at -70°C.

2.3. Analysis of the in vitre infection dynamics of L. mexicana.

2.3.1. Investigation of the infection dynamics in peritoneal exndate celis.

2.3.1.1. Harvesting of peritoneal exudate cells.
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Age-matched adult female BALB/c mice were used in all experiments
unicss otherwise stated. RPMI-1640 (Labtech International) was supplemented
with 10% (v/v) HI-FCS, 2 mM L-glutamine, 10 U m!” penicillin and 10 pg mi™
streptomycin  sulphate (Gibco BRL) (the resulting solution was designated
compliete RPMI}). The mice were humanely sacrificed using CO; and 5 ml of pre-
chilled complete RPMT was injected into the peritoneal cavity using a 25 Gauge
needle. The peritoneum was massaged for approximately 5 min before the
medium was withdrawn, vielding 3-4 ml of peritoneal exudate cell suspension
with approximately 1-2 x 10° cells mi”". The cell density was adjusted to 2 x 10°
ml", unless otherwise stated, using complete RPMI and the cells were incubated
in 8 chamber Permanox slides (Nalge Nunc) overnight at 32°C in 95% air/5%
€GO, to allow the macrophages to adhere. The slides were then washed in

complete RPMI to remove any un-adhered celis,

2.3.1.2, Infection of peritoneal exudate cells,

The adhered celis (designated macrophages) were infected with stationary
phasc promastigotes using a 1:1 macrophage: promastigote ratio and incubated at
32°C in 95% air/5% CO, for 4 h to allow the parasites to attach. Subsequent
washing with complete medium removed any unattached promastigotes and the
slides were re-incubated as desired. At selected time points, the medium was
removed and the wells were washed with complete medium and air dried before
being fixed in methanol for 2 min. The fixed macrophages were stained in
Giemsa’s stain for 15-20 min and washed i double distilled, de-tonised waizr

(d°B,0) before examination. Approximately 200 macrophages were counted and
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the infection rate (percentage macrophage infected) recorded The number of

ainastigotes per infected cell was also determmined.

2.3.2. Elicitation of peritoneal inacrophages.

4% (wiv) thioglycollate solution was made up in water with heating until
boiling, autoclaved and stored at room temperature. Female adult BAIB/c mice
were injected intraperitoneally with 1 ml of the solution 4 days prior to

harvesting the cells as described in section 2.3.1.1. (Mackawa ef al., 1998).

2.3.3. Treatment of BALB/c mice with ¥, 13L.

FLT3L is a haemopoietic stem cell factor which binds 1o a receptor on
cells in the bone marrow of ireated individuals to cause an increase in the
numbers of functionally mature dendritic cells in various tissues within the body
(Maraskovsky ef al., 1996),

In order to investigate the potential role of dendriic cells as host cells for
Leishmania  promastigotes, adult female BALB/c mice were injected
intraperitoneally with 10 pg of FLT3L dailv for 10-12 days before harvesting as
described in section 2.3.1.1. The FLT3L treatment was carried out on my behalf
by Dr. Allan Mowat (Department of Immunology, University of Glasgow)

according to the procedure outlined in Viney ez al,, 1998,

2.4. Investigation of the uptake of Leishimania mexicana by macrophages in
vitro.

+4




Chagier two

The early stages of the infection process were analysed in order Lo
determine if the attachment and phagocytosis of the wild type parasites differed
from that of ACPB. The macrophages were harvested and incubated overnight
as described in section 2.3.1.1. before being washed in complete medium and
infected with stationary phase promastigotes or axenic amastigotes at a 1:1 ratio.
At the desired time potnts, the medium was removed and the macrophages were
washed with complete medium before being fixed for 30 min in 1% (v/v)
pacaformaldehyde in phosphate buffered saline (0.07 M sodium chloride/0.075 M
disodium hydrogen orthophosphate dihydrate/S mM sodium dihydrogen
orthophosphate, designated PBS) (methanol was not used as a fixative as it was
considered io be toc harsh and may have caused dissociation of attached
parasites). The slides were then air-dried and stained with Giemsa’s stain (see
section 2.3.1.2.) before analysis. Approximately 200 macrophages werc analysed

per time point and the aumbers of parasites attached and inside these cells were

recorded separately.

2.5, Investigation of the response ef host cells to infection.

2,5,1. Detection of nitric oxide production.

The production of nitric oxide by macrophages during infection with L.
mexicana was measured using the Greiss reaction (modified from Kolb ef al.,
1994) to detcct the nitrite produced during nitric oxide degradation. The

production of nittic oxide by resident peritoneal exudate cells was found to be
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undetectable, hence elicited inacrophages were used routinely in  these
experiments.

Macrophages were harvested and iﬁfected as described i sections
2.3.1.1. and 2.3.1.2. and stimulated with 40 U mi" Interferon~y (IFN-y) and 10
ng mi” lipopolysaccharide (LPS, Salmonella typhimurium) after 4 h incubation
as described by Proudfoot er al (1995). At the given time points, the
supernatants were removed and stored ai ~20°C until analysis.

The standard curve was prepared, using doubling dilutions in ¢'H,0 in a
flat-bottomed 96-well plate (Greiner labortechnik) from a 14 mM sodium nitrite
stock with a maximum concentration of 250 uM. Stored supernatants were
defrosted at room temperature, before addition of 100 pl to the plate, in
duplicate. 1% (w/v) sulphanilamide in 3% (v/v) phosphoric acid was added to
0.01% (w/v) alpha-naphthylamine at a 1:1 ratio and 100 ul was added to each
well, The plate was incubated at room temperature for 5-10 min before the

absorbance at 540 nm was measured using a Titertek multiskan MCC/340.
2.5.2, Investigation of oxidative burst of infected macrophages.

2.5.2.1. Measurement of oxidative burst of infected macrophages in

respouse to a secondary stimnlus.

The response of infected cells with respect to the production of high
energy oxygen compounds was investigated using chemiluminometry (Easmon ef

al., 1980). The assay relies on the oxidation of the cyclic hydrazide 5-amino-2,3-
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dihydro-1,4-phthalazinedione (luminol) by reactive oxygen species 10 produce an
increase in the amount of light emitted. This change in cmitted light was
measured using a luminometer (LKB Wallac) which was set to a standard
temperature of 37°C,

Macrophages were harvested as described previously in section 2.3.1.}
but were allowed to adhere to the base of cylindrical plastic measuring cuvettes
(Clinicon) by adding them in suspension at a concentration of 1 x 10" mi”. After
adherence overnight, the cells were infected for 1 h at a 1.1 ratio of
promastigotes before washing in Hanks buffered saline solution (HBSS, Gibco
BR1) and addition of 400 11l HBSS to the tubes.

(.01 M luminol stocks were prepared in DMSO and stored in the dark at
-20°C. During experimentation, a secondary stock of 0.5 mM was prepared in
Hank’s buffered saline solution (HBSS, Gibco BRL) and pre-heated to 37°C.
The background emissions occurring during sexperimentation were measured
after addition of 100 ul luminol (final concentration of 0.1 miM) for 1 min before
the addition of 100 ng ml™ phorbol myiistate acetate (PMA). Measurements

were then recorded every 10 sec for 10-15 min.

2.5,2.2, Measurement of respiratory burst of macrophages in response to

infection,

The macrophages were harvested, adhered overnight and washed as
described n section 2.3.1.1. The background light emission was detected by
addition of 100 w of a 0.5 mM luminol stock solution {see section 2.5.2.1) to the

tubes and measurement for | min using a luminometer (LKB Wallac). The
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medium was then removed and replaced with 400 ul of parasite culture at 2.5 x
10° promastigotes or amastigotes mi™ (to give a macrophage:parasite ratio of
1:1) to which 100 pl of luminol was added. The emission of light as the parasites
were phagocytosed was then measured as before. The parasite cultures were

supplemented with 40 U ml™ [FN-y to produce an activation response from the

host cells.

2.6, Investigation of the receplors involved in L. mevxicuna promastigote

attachment to microphages,

2.6.1, Characterisation of the receptor binding assay.

The inhibition of binding of wild type L mexicana promastigotes to
various receptors was analysed by using increasing concentrations of antibody
specific to that receptor in order to determine the minimum antibody
concentration required for the maximum inlubitory effect. Anti-CR3 antibodies
{rat anti-mouse CDI11b IlgG2b) were purchased from Serotec, anti-CR4
antibodies (hamster anti-mouse CD11c IgG1) was purchased from Pharmingen,
both were stored according to the manufacturer’s instructions, The inhibitory
effects of these antibodies were compared with the effects of using contral
antibodies of the same isotype to ensure that any inhibitory effect observed was
due to the blocking of the receptor and not merely due to the binding of the Fc
region of the antibodies to their relevant Fe receptor on the macrophage surface,
The isotype control antibodies, purified mouse IgG2b and rat lgGl, were

purchased from Pharmingen and Serotec, respectively.
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Macrophages were harvested and incubated overnight as described in
section 2.3.1.1, before being pre-incubated in the presence of the appropriate
antibody type at the desired concentration (in complete medium) at 4°C for 30
min (adapted {rom Zaffran ¢z @/, 1998). The experiments were carried oul at
4°C to ecnsure that the cross linking of the receptors did not cause any
downstream signalling effects within the macrophages and thus alter the system
being investigated more than necessary. Afler preincubation, the macrophages
were washed once in chilled medium and infected with wild type stationary phase
promastigotes, in medium containing the appropriate antibody concentration, at a
10:{ ratio (promastigote:macrophage) and incubated for a further 30 min.

After the final incubation, the medium was removed and the macrophages
were washed again in chilled complete medium before fixing for 30 min at 4°C
with 1% (v/v) paraformaldehyde in PBS (see section 2.4). The slides were then
stained with Giemsa's stain as described in section 2.3.1.2 and the numbers of
promastigotes attached to approximately 200 macrophages was determined by
microscopic observation. The numbers of promastigotes attached per 100 cells
in the presence of the isotype control was compared with that of the relevant

experimental antibody in order to determine the appropriate concentration to use.

2.6.2. Analysis of the eflects of various receptor-specific antibodies on the

attachment of Leishmania mexicana to the surface of macrophages,

The optimal antibody concentration was determined as described in
section 2.6.1 and the macrophages were harvested and incubated overnight as
described in section 2.3.1. 1 before pre-incubation at 4°C for 30 min in the desired

i




Chapier rwo

antibody concentration. The macrophages were then infected using a ratio of 10
stationary phase promastigotes per macrophage in the approprate antibody
concentration and incubated at 4°C for 30 min. After incubation, the cells were
washed in chilled complete medium before being fixed for 30 min at 4°C using
1% (v/v) paraformaldehyde, The shides were than stained with Giemsa's stain

and analysed as detailed in section 2.3.1.2.

2.6.3. Analysis of the role of the manmnose recepior in promastigote

attachmeni.

Peritoneal exudate cells were harvesied and incubated overnight as
described in section 2.3.1.1. The macrophages were then washed in complete
RPMI before incubation for 30 min at 4°C in various concentrations of mannai
(Blackwell ez ai., 1985). The macrophages were then washed in complete RPMI
and infected as described in section 2.6.2. After 30 min, the macrophages were
washed, fixed and stained as deseribed in section 2.6.1 and the numbers of

promastigotes attached per 100 cells was assessed microscopically.

2.7. Polyacrylamide gel electrophovresis.

SDS-PAGE using 10% acrylamide gels was used for investigating CPB
cysteine proteinases and 7.5% acrylamide gels for analysis of gp63, unless
otherwise stated. Pelleted promastigotes were suspended to a density of 1 x 10°
mi” and lysed immediately prior to use by addition of 0.25% (v/v) Triton X100

in 0.25 M sucrose and gentle mixing using a Gilson pipette tip. Lysates were
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kept on ice to reduce auto-hydrolysis and re-frozen at -70°C after use, They

were discarded after they had been thawed and used a second time.

2.7.1 Substrate SDS-PAGE.

SDS-PAGE gels co-polymerised with 0.2% (w/v) gelatin were used to
analyse the activity of the CPB-encoded enzymes and gp63 (Lockwaod ef al.,
1987). 10 ul of lysate was mixed with 10 pl of sample buffer (0.1 M Tris HCI
pH 6.8, 15% (v/v) glycerol, 3% (w/v) SDS, some bromophenol blue} and
microftiged in a MSE microcentaur for 30 seconds at 8,500g before loading the
supernatant to the gel. The gels were run at 150 V for about 1 h betore being
washed in 2.5% (v/v) Triton X100 at 37°C to remove the SDS and reactivate the
enzymes. The gels were then incubated at 37°C in 0.1 M sodium acetate, pH 5.5,
with 1 mM dithiothreitol (DTT) to allow hydrolysis of the gelatin. Subsequent
incubation of the gels overnight in Coomassie Blue stain (0.58 mM Coomassie
Brilliant Blue G R-250 in 10% [v/v] acetic acid and 12.5% [v/v] i-propanot)
allowed the gelatin matrix to become stained and this was then destained in 10%
(v/v) acetic acid with 12.5% (v/v) methanol. Results were recorded on an

Appligene gel imager.

2.8. lmmuno-blotting.

2.8.1. Western blotting,
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20 pl of parasite lysate was mixed with 20 ul of sample buffer (see above)
and boiled for two min to allow protein denaturation before samples were loaded
onto the gel. The gels were run at 200 V for approximately 45 min before being
transferred to a mitro-cellulose membrane (Amersham Life Science) in 20 mM
Tris/150 mM glycine/20% (v/v) methanol at 100 V for 45 min (Bio-rad mini-
transblotter). The membranes were blocked overnight at 4°C in 5% (w/v) milk
powder in Tris-buffered saline (20 mM Tris base pH 7.6/137 mM sodium
chloride/3,8% [v/v] HCl [designated TBS] pH 7.6) with 0.1% Tween 20 and
0.1% gelatin.

After blocking, the membrane was rinsed inn TBS pH 7.6 with 0.1%
Tween 20 and 0.1% gelatin (designated wash buffer) and the primary antibody
was applied Tor 4 h at the appropriate concentration in wash buffer and at an
appropriate temperature (see Table 2.3). The biots were then washed at room
temperature in wash buffer three times for 10 min, each with vigorous shaking,
The appropriate secondary antibody (obtained from SAPU) was applied at room
temperature for 1 h at the manufacturer’s recommended concentration and
developed, using Pierce chemiluminescence reagents and Kodak’s developer and

fixer (1 in 5 dilutions) onto Amersham’s ECL film.

2.9, The separation of cytoplasmic and membrane proteins.

2.9.1. Phase separation using Triton X114,

A solution of the non-ionic detergent, Triton X114, is homogeneous ai

0°C but as the sohution is heated to 20°C the micellar molecular weight increases
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and causes the selution to tumn ‘cloudy’. There is a microscopic phase separation
in the solution, which proceeds with increasing temperature until two clear
phases are achieved. Tlus property facilitates it’s use in the separation of
cytoplasmic proteins from iniegral membrane proteins. The hydrophilic nature of
cytoplasmic proteins epsures that they remain in the aqueocus phase as the
detergent begins fo separate, whereas the amphiphilic nature of integral
membrane proteins keeps them in the form of micelles within the detergent itsetf
(Bordier, 1981).

1 x 10° L. mexicana promastigotes were lysed in 100 pl double distilied,
de-ionised water (to give a density equivalent to 1 x 10 mJ™") and added 1o 100
ul of ice cold 4% (v/v) Triton X114 in PBS (see section 2.4). After incubation
for 1 h on ice, the eppendorts were microfuged at 6,500g for 1 h at 4°C in a MSE
microcentaur micrefuge, to remove any insoluble material. The soluble fraction
was then overlaid on a 300 ul 6% (w/v) sucrose in PBS cushion and warmed for
10 min at 30°C. This was followed by a microfugation step at 100g for 10 min at
room temperature sfter which the detergent phase was located under the sucrose
cushion. 200 pl of the aqueous phase was removed and 1 ul of Triton X114 was
added to give 2 final concentration of 0.5% (v/v) Triton X114. The aqueous
phase was incubated on ice for 10 min and then overlaid back onto the sucrose
cushion and re-incabated at 30°C for 10 min. Microfuigation at 100g for 10 min
at room temperature separated the detergent and the agueous phase further. The
aqueous phase was removed and 3 pl of Triton X114 was added. After removal

of the sucrose cushion, the detergent phase was diluted with PBS to give a final

h
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volume of 100 ul. The resultant solutions were then stored at -20°C unti
required.

The high levels of Triton X114 in the detergent phase of the extraction
can cause distortion in the banding patierns observed during electrophoresis. To
reduce the effects of this distortion, the proteins in this phase were extracted
from the detergent by incubating in 1 ml of acetone for 1 h at -20°C. After this,
the samples were centrfuged at 100g for 10 min beforc the supernatant
(acetone/detergent mix) was discarded and the sedimenied proteins were

resuspended in 200 ul PBS.

2.10. Cleavage of GPI anchors from membrane proteins.

2.10.1. The use of phosphatidyinesitoi phospholipase € {(PYPLC).

The detergent phase of Triton X114-extracted promastigote lysates (see
section 2.9.1) were treated with phosphatidyinositol phospholipase C (PIPLC)
from Bacillus thuringiensis (Oxftord Glycosystems) to cleave off the GPI anchors
from membrane-associated proteins. Afler acetone extraction (see section 2.9),
the proteins were resuspended in 7 U ml™ of PIPLC diluted in 50 pl of 25 mM
Tris acetate (pH 7.4) with 0.1% (w/v) sodium deoxycholate and incubated for 60
min at 37°C (Masterson e¢f af., 1989). The cleaved proteins were then extracted
from the detergent phase by mixing 100 ul with 100 i 4% {(v/v) Triton X114 in
PBS (see section 2.4} and overlaving onto a 6% {w/v) sucrose in PBS cushion

followed by incubatton at 30°C for 10 min and centrifugation at 100g for a

54




Chapter two

further 10 min. "The cushion was then discarded and the aqueous phase proteins
(from above the cushion) and the membranous phase proteins ([rom below) were
stored at -20°C. The extractions were examined using western blotting (see
section 2.8.1) and substrate SDS-PAGE (see section 2.7.1). The low levels of
protein retrieved during extraction meant it was necessary to increase the

incubation step of the substrate SDS-PAGE procedure from 2 h to overnight

2.11. Immunoflucrescence technigues,

2.11.5. Immunofinorescence of .. mexicana promastigotes.

Gp63, the surface zine metalloproteinase of L. mexicana promastigotes,
was visualised via immunofluorescence using specific anti-L. mexicana gp63
monoclonal antibodies, supplied by D.G. Russell {see Medina-Acosta ei af,
1989). Promastigote cultures where centrifuged at 750g for 10 min at 4°C in an
MSE Chilspin and re-suspended to 1 x 10° cells ml” in 100 pi of 2.5% (viv)
paraformaldehyde in PBS (see section 2.4) and incubated for 15 oun to allow
fixation to occur. The fixed promastigotes were then washed in 100 pl PBS by
microfiigation at 500g for 10 min ai room temperature before being resuspended
in 100 pl PBS, pH 7.4, containing a {200 dilution of the primary antibody and
incubated at room temperature for 30 min. The promastigotes were again
washed in PBS before blocking in 100 pit PBS, pH 7.4, with 10% (v/v) HI-FCS
at yoom lemperature for 15 min. The secondary antibody, sheep anti-mouse

1gG-FITC conjugated (SAPU), was applied at 1:100 dilution for a further 30 min
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at room temperature, The promastigoies were then washed a further two times
as described above and resuspended in 20 pi of PBS, pH 7.4, and air dried onto
microscope slides for examination. Coverslips were mounted on the preparations
using 90 g glycerol dissolved in 10 ml PBS at pH 7.1 {(Heimer and Taylor, 1974).

The fluorescence was visualised using a Zeiss Axioskop Fluoreseent microscope.
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Table 2.i: Antibiotics wsed voutinely i the

mutants.,

culturing of L. mexicana

L. mexicana

Antibjotic wsed

conc (pg ml)

gentamycin (Sigma)

et s e bt e v e s vt b e g BT S e e b ey v T e e ——  r——— e o s S a S s s s o e e e e

various null nutants”

hygromycin B

phleomycin (both

N P P T Yy Bk S kg At lhmt Aht S P vy vy e v bt S A et ik s v e S TS T s . Tvin e b S, i 38 AR T P e e e ek it M i et e

CPB re-expressors

Geneticin (GibcoBRL)

* approximately two years into the investigation gentamycin was found to have

some apparent adverse effects on the infectivity of the promastigotes and it was

therefore withdrawn from use.

# after an imitial passage in hygromycin B and phleomycin, the various null strains

were cultured as for wild type parasites.
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Table 2.2: The mutant lines of L. mexicana used in this investigation.

Name Description
ACPB mutant line lacking the CPB gene array
"ACPRgx ACPB re-expressing a gene from within the CPB array e.g.

ACPB/gi, re-expresses gene 1,

e e e i i A o L — A o o drds i Al A Lk i A g R Sl oy ek e AR Ay g Mt e Ahkn s i ) il e VA At S ko o~ o s 4t o

ACPA mutant line lacking the CPA4 gene
"ACPA/CPB mutant line lacking both CP4 and the CPB array
“aGer mutant line lacking the GPI8 gene
"AGPISgpis AGPI8 re-cxpressing the GPIS gene.




Table 2.3: The concentration of primary antibodies nsed during western

blotting.
Antigen Antibody Dilution  Temp. (°C)
CPB Rabbit anti-type C CP 1/1000 4
1gG"
cPA Rabbit anti-CPA 1gG% | [/looo 4
eps3 Mouse anti-L.major gp63 1720 18
IeGs
gp63 Mouse  anli-L.mexicana  1/200 18
epéi IgGS

# Polyclonal antibody, [or details see: Robertson and Coombs, 1994, The
antibody was raised against a member of the CPB array which had been
designated a type C cysteine proteinase.

@ pPaolyclanal antibody, for detail see: Mottram ef al., 1992,

* Monoclonal antibody, supplied by W.R. McMaster, for details see: Frommel ef
al., 1990,

¥ Monoclonal antibodies, supplied by D.G. Russell, for details see: Medina-

Acosla ef af., 1989,
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Chapier 3

The effects of peptidyl cysteine proteinase inhibitors on cysteine

proteinase expression in Leishmania mexicana

3.1, Iniroducticn.

Inhibition of leishmanial cysteine proteinases has been postulated for a
long time to be a possible route for the design of chemotherapeutic agents
(McKerrow, 1999). Antipain was shown to inhibit, at concenirations as low as
{ mg L™, the growth of promastigotes and amastigotes i vifro (Coombs and
Baxter, 1984). The anti-leishmanial effects of L-leucine methyl esters towards
amastigotes (application of these compounds leads to swelling of the parasite’s
lysosomes, apparently due to the accumulation of amino acids causing osmotic
stress, and subsequent parasite lysis) was demonsirated to be due to the
presence of abundant cysteine proteinase activity in the megasomes of the
parasite (Funter et af, 1992), More recently, the work of Mottram ef af.
(1996} demonstrated that mutanis of L. mexicana lacking the CPB genes
{ACPB) have a reduced ability to survive in macrophages. These results further
indicated the validity of using specific inhibitors of the parasite’s cysteine
proteinases as anti-leishmanial agents.

Two L. mexicana cysteine proteinases (CPA and CPB) are expressed
abundantly in the amastigote stage of the life-cycle. They have been shown to

have roles in parasite virulence, cither i vitre or in vivo (Souza et al., 1994,
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Mottram ef af., 1996. Alexander ¢ a/., 1998). Both of these enzymes are
locali_sed to the large lysosomal vesicles of the amastigote, the megasomes
(Pupkis ef al., 1986). This suggests that they have some role in nutrition or
cellular protein catabolism, as demonstrated for cathepsin L itself (Mayer and
Doherty, 1986). Both CPA and CPB are discussed m further detail in Chapter 1
(sections 1.4.1.3 and {.4.1.9).

Cathepsim L is a lysosomal enzyme. Similarly to the cysteine proteinases
of L. mexicana, it 15 expressed as a pre-pro-enzyme which is processed to the
active form by a series of steps during trafficking to the lysosomes of the cell
(reviewed by Kornfeld, 1987). The pre-pro-enzyme is produced in the rough
endoplasmic reticulum (RER) of the cell and the pre-region of the enzyme is
invelved mn allowing the protein to be released into the lumen of the RER, After
localisation in the lumen, a phosphotransterase enzyme specifically catalyses the
production of mannose-6-phosphate residues on the protein (this is a common
phenomenon of all mammalian lysosomal enzymes studied to date). This
facilitates the binding of the protein to specific mannose-6-phosphate receptors
and its subsequent trafficking to the lysosomes. Mutational studies (Tao et i,
1994) and analysis of the 3D structure of cathepsia L (Coulombe er af., 1996)
have demonstrated that this phosphorylation occurs on residues located in the
pro-region of cathepsin L, indicating an important role for the pro-region in
transport to the lysosomes.

Analysis of the effects of recombinant cathepsin L pro-region on the
activilty of the mature enzyme mdicates that the pro-region is & potent inhibitor
of the activity (Carmona ef al., 1996). Investigation of the 31D suucture of the

pro-enzyme (Coulombe ef ¢f., 1996) has shown that the pro-region overlays the
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active site clett of the enzyme, interestingly in the opposite direction to
substrate.  The removal of the pro-region occurs within the lysosomes
themselves (Ishado ef af., 1998), via a multi-step process involving cleavage of
the majority of the pro-region to give an active enzyme followed by a siep-wise
removal of small peptide sequences until the mature form is left. This activation
can occur via autocatalysis at low pH and a role for intermolecular processing
was also recently shown (Menard er a/., 1998).

Several differences have been reported between the processing and
trafficking of cathepsin L and the cathepsin L-like enzymes of Leishmania. The
C-terminal extension of cathepsin L, for example, has been implicated in the
localisation of the enzyme within lysesomes; mutation of this region leads to the
secretion of the enzyme from the cells (Chauhan ef af., 1998). However, the
enzymes expressed from the first two genes within the CPB array of L.
mexicana (CPB/GL and CPB/G2) have a truncated C-terminal extension but are
nevertheless expressed within the promastigotes lysosomes (Mottram ¢f al,
1997).  Furthermore, recent evidence has suggested that the C-terminal
extension of the CPB enzymes may be involved m determining the substrate
specificities of dilferent isoenzymes (D .R. Brooks, unpublished) and anatysis of
the role of the pro-region in tralficking of leishmanial enzymes has suggested
that 1t 1s sufficient for targeting to the lysosome, (Hucte-Perez ¢f al., 1999).

Another noteworthy difference is that the production of mature CPB
enzyme from the inactive pro-enzyme is not exclusively due to autocatalysis and
self-processing events, as it has been recently demonstirated that CPA can effect

CPB processing (D R. Brooks, unpublished). However, the pro-region of the
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CPB is also removed via a muitistep process similar to that demonstrated for
cathepsin L (Sanderson ef al., 1999).

Investigation of the trafficking of a L. major lysosomal cysteine
proteinase (structurally a cathepsin B-like enzyme, but with cathepsin L-iike
substrate specificity) via the use of inhibitors has demonstrated that when
processing is nbibited the pro-enzyme accumulates in the flagellar pocket of the
parasite (Selzer et «f, 1999). Similar studies with L. mexicana using the
expression of inactive CPB/G2.8 have also demonstraied a build-up of
precursors in this organelle (I R. Brooks, unpublished). This information has
been interpreted to indicate that the traﬂiéldng of lysosomal enzymes in
Leishmania occurs via a unique pathway mvolving the flagellar pocket.

The apparent, and possible, differences between the processing and
trafficking of the cathepsin L-like enzymes of Leishmania and host enzymes
suggested that these processes of the parasite warranted further study The
investigations detaled in this chapter involved the analysis of the effects of
cysteine proteinase inhibitors on the expression of the CPA and CPB enzymes of
L. mexicana promastigotes. The rationale was that inhibition of parasite
cysteine proteinases would enable analysis of the enzymes involved in cvsteine
proteinase processing and the necessity of this for trafficking. This study was
carried out prior to many of the recent publications detailed above.
Unfortunately, some of the findings deseribed here have now been demonstrated

by other means and reported elsewhere.
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3.2. Materials and Methods.

3.2.1. Preparation of indiibitor stock solutions,

Three N-terminally blocked, dipepiidyl cysteine proteitnase inhibitors
were analysed during this investigation: A vinylsulphonebenzene and an
oxycoumarin each with the peptidyl group morpholine-urea-phenylalanine-
homophenylalanin {termed K02 and P87, respectively, see Tingel ez al., 19984a)
and a diazomethane with a benzyloxycarbonyl-phenylalamine-alanine group
(termed ZFA). KOZ and P87 were a gift {from Professor Jim McKerrow (San
Francisco) and ZFA was purchased from Sigma Chemicals. Stock solutions of
the inhibitors were made at 5 mg mi' (approximately 9 mM) in

dimethylsulphoxide (DMSO) and stored until required at -20°C.

3.2.2. Use of substrate SDS-PAGT to study the effeci of cysteine proteinuse

inhibition on activity of the CPB enzymes.

L. mexicana promastigotes were cultured in lhe presence of 18 uM
inhibitor as described in Chapter 2 (section 2.2.1.1) and the growth rate was
monitored from day 7 onwards until the parasites had reached stationary phase.
They were then harvested (see Chapter 2, section 2.2.1.3) with the addition of
two extra washes in 0.25 M sucrose to remove unbound inhibitor, The CPB
enzymes were analysed using their ability to hydrolyse gelatin after substrate

SDS-PAGE (see Chapter 2, section 2.7.1). The effects of adding the inhibitors
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to control lysates was also investigated to distinguish the effects caused by the
mhibitors during growth of the parasite from those occurring during the assay

itself.

3.2.3. Western blot analysis of the effects of cysteine profeinase mhbibition

on CPA, CPB and gpé3.

Westera blotting was performed using anti-sera specific for either the
type C enzymes within the CPB array (Robertson and Coombs, 1994) or CPA
{Mottram er af., 1992) {designated anti-CPB or anti-CPA, respectively). Anti-
serum specific for L. major gp63 {(a gift from Professor Robert McMaster,
University of Vancouver) was also used. Western blotiing was performed as

described in Chapter 2, section 2.8.1.

3.2.4, Electron microscopic analysis of the effects of cysteine proieinase

inhibition upon the ultrastructure of the parasite.

The electron microscopy was performed on my behalf by Dr. Laurence
Tetley and Anneke Van Sluisveld. Briefly, the promastigotes were grown to
latc log phase in the presence of 18 pM KO2 before being centrifuged at 1000 g
for 10 min. The pelleted cells were then fixed at 20°C as follows: 2.5% (viv)
gluteraldehyde in 0.1 M phosphate buffer for 40 min; 1% (v/v) aqueous osmium
tetroxide for 1 h followed by washing in d’H,Q; finally 0.5% (v/v) aqueous
uranyl acetate for 30 min. This fixation was followed by dehydration using 10

min incubations in 30, 50, 70, 90 and 100 % ethanol. The cells were then
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embedded overnight in Spurrs epoxy resin at 20°C. The freshly embedded
material was polymerised at 60°C for 24 h in silicon block mouids before 60 nm
sections were taken. These sections were stained with uranyl and lead solutions

and examined using a LEQ EFTEM clectron microscope at 80 kV.

3.2.5. Analysis of the enzyme class of the gelatinase aciivity induced by

growth of promastigotes with cysteine proteinase inhibitors.

The class(es) of enzyme(s) responsible for the estra activity was
investipated using substrate SDS-PAGE. The gels were processed as described
in Chapter 2 (section 2.7.1) bul each lane was incubated separatelv and
mhibitors from the different classes of proteinases added. The inhibitors used
were: E6d (100 uM), an irreversible cysteine proteinase inhibitor; 1,10-
phenanthrofine (10 mM), an inhibitor of metalloproteinases; aprotinin (10 M),
a serine proteinase inhibitor; and pepstatin (I pM), which inhibits aspartic
proteinases. All the inhibitors were made mio appropriate stock solutions as

instructed by the manufacturer and stored at -20°C until required.

3.3. Resuits,

3.3.1. The effects of cysteine proteinase inhibitors on the expression of CPB

isoenzymes in stationary phase promastigotes.

Addition of the inhibitors to L. mexicana promastigotes did not inhibit

growth to stationary phase (see Chapter 5) but had effects on the expression and
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activity of the CPB isoenzymes. L. mexicana comtains several gelatinase
activities {Figure 3.1A). The two slower mobility bands of approximately 50 -
60 kDa are thought to be due to the activity of the surface metalloproteinase,
gp63. The two faster mobility bands of around 24 kDa are due to the activity of
the CPB enzymes expressed from genes | and 2 (CPB/G1 and CPB/G2). The
addition of the inhibitors to control lysates demonstrated that they inhibit the
activity of the CPB enzymes but not that of gp63. Furthermore, it was
demonstrated that KO2 was less effective against these isoenzymes than the
other inhibitors (see section 3.4),

The presence of the inhibitors during the growth of promastigotes to
stationary phase had several etfects on the enzyme activity of the cells. The
activity of CPB/GI and CPB/G2 could not be detected and there was the
appearance of intermediate mobility bands. The disappearance of CPB/G1 and
CPB/G2 activities from promasiigoies grownh"the presence of the thibitors
could be explained in one of two ways. The inhibitors may simply be binding
into the active site of the enzyme and thus preventing the activity of the mature
form of the enzyme. Alternatively, the effects of the inhibitors on the CPB
enzymes or other cysteine proteinases within the parasite may iohibit the
processing of the precursor forms and prevent the production of the mature
enzyme. This would be likely to lead to an increasc in the number/activity of
precursor forms observed on gelatin SDS-PAGE (Figure 3.1A).

This phenomenon was investigated using western blotting. The CPB
prateins were detected using specific anti-serum (Figure 3.1B). When
promastigotes were grown in the presence of ZFA, P87 or K02, the mature
enzyme was absent and there was a concoinitant increase in the number of lower
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mobility bands detected by the anti-serum. This suggests that there was a
biockage in the processing of the CPB cnzymes in the presence of inhibitors.
These bands were demonstrated to be due to specific recognition by the
antibody as they were not recognised by pre-immune serum (data not shown).
The resulis show that the use of inhibitors resulted i an accumulation of higher
molecular mass forms of the CPB proteins. Interestingly, the number of
intermittent bands on the western blots (Figure 3.1B) dogs not correspond to
the number of novel activity bands observed by gelatin SDS-PAGE (Figwre
3.1A).

It was not unlikely that the compounds used were inhibiting particular
isoenzymes of CPB or indeed cysleine proteinases other than CPB. To
investigate this possibility, it was decided to study the cffects of ACPE
expressing individual CPB gencs, Mutants expressing the isoenzymes encoded
by a metacyclic specific gene, CPB/g/ and lwo amastigote-specific genes,
CPB/gi8 and CPB/g2.8, were analysed (Figure 3.2 A-C). In all cases, the
inhibitors prevented the activity of the highest mobility band (the maturc
enzyme). Interestingly, differences between the actions of the three inhibitors
were apparent. ZFA and KO2 prevented the activity of the mature enzymes but
there was no evidence for increased activity of intermediate bands (although
there was increased activity of the lowest mobility bands). P87, however, gave
rise to at feast one intermediate mobility activity band, These results suggested
that the different inhibitors are interfering with different stages in the enzyme’s
maturation. These results also suggest that there are dilferences in the
molecular mass of the main active precursor band between CPB/G1 and

CPB/G2.8/CPB/G18.
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The CPH proleins present in these mutant lines exposed to inhibitors
were also analysed using Western blotting (Figure 3.3). Similar effects were
observed to those described for wild-type promastigotes. In general, the
inhibitors prevented the production of the mature protein and led to an increase
m the number and amount of mgh molecular mass forms detected. CPB/G]
expression in the presence of P87 resulted in a huge build-up of higher
molecular mass forms, much greater than when K02 was used. However, some
of these bands were also detected by the pre-immune serum suggesting that P87
is effecting expression and/or processing of other non~CPRB proteins. Again, the
presence of higher molecular mass torms without gelatinase activity was
observed (compare Figures 3.2 and 3.3 for CPB/gi8 and CPB/g2.8), indicating
differences between the action of these inhibitors when compared with each
other and also when acting on different isoenzymes.

During the investigation detailed, the lysates used were produced using
equivalent cell numbers. However, no estimation of the protein concentration
of these lysates was undertaken. Analysis of the western blots probed with pre-
immune serum (Figuré?'S, parts D-F) indicated that the amount of non-specific
protein detectable via this method is approximately cqual between lanes
confirming that the effecis observed were due to growth of the parasites in the
inhibitors rather than uneven protein loading.

The evidence that inhibition of cysteine proteinases prevents the
production of mature cysteine proteinase enzymes confirms that the processing
of the CPB enzymes is at least partially due to catalysis by cysteine proteinases.
Work investigating the processing of the CPB enzymes by expressing inactive
CPB/G2.8 in ACPB and ACPA/CPR, has recently demonstrated that the CPB
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isoenzymes can self process but that the other metacyciic/amastigote-specific
cysteine proteinase of L. mexicana (CPA) can also carry out the processing
(D.R. Brooks, unpublished). Thus it would be predicted that cysteine
proteinase inhibitors would prevent the formation of the mature CPB enzymes
by either inhibition of the CPB isoenzymcs themselves or by their effect on
CPA. This was investigated by western blotting.

The effect of the inhibitors on the processing of CPB/G2.8 and
CPB/G2.8ASM (a mutant of CPB/AG2.8 in which the active site cysteine as been
removed) in ACPB and ACPA/CPB was analysed (Figure 3.4). The expression
of CPB/GZ.8 within ACPB resulted in a considerable amount of the higher
molecular mass forms of the enzyme in addition to the formation of mature
protein (Figure 3.4, lane 1). These higher molecular mass forms are shown to
be encoded by CPB/g2.8 by their absence from ACPB {lane 2). CPB/G2.8ASM
was processed to the mature formn of the protein within ACPB (lane 3),
demonsirating that other enzymes can effect processing of the CPB enzymes.
The lack of high molecular weight precursor forms in this case is probably due
to variation in the amount of protein expression betwcen mutant lines, The
proteins are expressed from episomally locaied genes using antibiotic pressure,
thus variation in expression does occur.

Re-expression of CPB/G2.8ASM in the presence of KOZ resulted in a
build-up of precursor forms along with the production of a small amount of the
mature protein {lane 4). The small amount of mature enzyme produced is
probably due to the slow acting nature/relative poor efficacy of KO2 (see Figure

3.3). This is demonstrated by comparison with the result of expressing
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CPB/G2.8ASM in ACPA/CPB (lane 5). 1n this case, no mature enzyme was
detected indicating that the ioss_ of CPA activity resulted in the prevention of
G2.8ASM processing and confirming that no other enzymes are able to effect
the processing. These data demonstrated that KO2 was having an mhibitory
effect on the activity of CPA as well as CPB isoenzymes.

Interestingly, when processing was inhibited the precursors detected
(lanes 4 and 3) were of a smaller size than those in the ACPB/g2.8 control. This
indicates that inhibition (or remaval) of CPA activity blocks processing at a

different stage in the enzyme’s maturation than the build-up observed after over-

expression.

3.3.2, The effect of KO2 on the expression of CPA in promastigotes.

The results described above mdicated that KO2 effects the activity of the
CPA enzyme of L. mexicana. 1t was intercsting to determine whether this led to
the loss of the mature CPA enzyme from the cell, which would show that it setf-
processes.

Western blot analysis (Figure 3.3) revealed that the mature CPA protein
(approximatety 20 kDa) was not present in wild-type promastigoies grown in
the presence of KO2 (lane 2). Coincident with iihis loss of mature protein, there
was the appearance of a higher molecular mass band suggesting the build-up of
a precursor form of the protein. Tt was found that that CPA was expressed
normally in ACPB (lane 3), indicating that the CPB enzymes are not wholly

responsible for the production of mature CPA and that other enzymes can
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mediate it. However, addition of K02 to ACPB also resulted in the absence of
mature CPA {lane 4). As KO2 was demonstrated to inhibit CPA itsell (see
above), the results are consistent with the maturation of CPA being due to

autocatalysis.

3.3.3. Electron microscopic investigation of the effect of KO2 on

promastigote architecture.

Growth of wild-type or ACPB/g2.8 promastigotes in the presence of 18
uM KO2 caused the appearance of unusual vacuoles flled with a dense matrix
within the parasite (Figures 3.6 and 3.7). These vacuoles were often of
comparable size to0 the nucleus and appeared to be part of the
lysosomal/endosomal system. Time restrictions meant that it was not possible
to use wnmunotechniques to investigate whether the CPB isoenzymes were

accumulated in the vacuoles and/or flagellar pocket,

3.3.4. Analysis of the novel! enzymes detected in promastigotes grown with

the peptidyl cysteine proteinase inhibitors.

The presence of the inhibitors during the growth of the promastigotes to
stationary-phase resulted in the expression of novel gelatinase activities (Figures
3.1 and 3.2). A number of the activities had mobilities of approximately 50 - 60
kDa, indicating that cysteine proteinase inhibition may be causing some effects
on the expression of gp63 isoenzymes. Two bands of very low mobility were

also consistently observed. It was therefore decided to investigate the class of
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enzymes o which these novel activities belonged. It was found that [,10-
phenanthroline (Figure 338, lane 3) inhibited the gclatinase acrvity of
approximately 30 - 60 kDa and also reduced the activity of the very low
mobifity activity bands, This suggests that these may all be metalloproteinase in
nature.

The mcreased activity of approximately 50 - 60 kDa was inhibitable by
1,10-phenanthroline, which suggested that the parasite may be altering its
expression of gp63 in the presence of cysteine proteinase inhibitors. This
possibility was mvestigate(i ;ét;ti-f,. major gp63 monoclonal antibodies (Figure
3.9). The strong band of approximately 50 kDa was iaken o be gp63. This is
highly glycosylated (Medina-Acosta ez af., 1993} and attached to a GP1 anchor,
and so is unusually charged for its size and thus is known to have an
uncharacteristic electrophoretic mebility. This phenomenon was demonstrated
by Sorensen et al. {1994) for L. major gp63, which was shown to nun at
approximately 49 kDa. These results suggested that there was no up-regulation
of the amount of gp63 expression in the presence of cysteine proteinase
inhibitors and that the gelatinase activity with an apparent molecular mass of
around 50 kDa must be due to another enzyme.

The higher molecular mass band {160 kDa approximately) detected by
the amti-serum was observed only in promastigotes grown in the absence of
inhibitor. This high molecular weight band was not consistently observed during
the investipation. Tts absence from the minority of cases was perhaps due io
variation in duration of electrolysis meaning that proteins of such high molecular

mass on occasion did not enter the gel.
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Figure 3.1: Analysis of the effects of cysteine proteinase
inhibitors during growth of wild-type promastigotes to
stationary phase on the expression and activity of CPB
enzymes. A; gelatinase activity of the CPB enzymes. B;
western blot using specific anti-CPB sera. Each lane
contained the lysate from the same number of promastigotes
grown in: lane |, no inhibitor; lane 2, 18 uM ZFA; lane 3,
18 uM P87; lane 4, 18 uM KO2. Lanes 5 -7 of A; control
lysate of stationary phase promastigotes with ZFA (lane 5),

P87 (lane 6) or KO2 (lane 7) added before electrophoresis.
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Figure 3.2: Analysis of the effect of cysteine proteinase
inhibitors on the activity of CPB iso-enzymes expressed
within ACPB. A; ACPB/G1. B; ACPB/G18. C; ACPB/G2.8.
Lysates from equal numbers of stationary phase
promastigotes. Lane 1, control lysate; lane 2, grown in 18
UM ZFA; lane 3, grown in 18 uM P87; lane 4, grown in 18
UM KO?2. Lanes 5-7; control lysate with ZFA (lane 5), P87

(lane 6) or KO2 (lane 7) added before electrophoresis.
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Figure 3.3: Western blot analysis of the expression of CPB in
stationary phase promastigote mutant lines:. A.D; ACPB/g/. B.E;
ACPB/gl8. CJF, ACPB/g2.8. Lane 1, control lysate; lanes 2-4;
promastigotes grown in 18 uM ZFA, P87 or KO2, respectively. A-C
were probed with anti-CPB serum. D-F were probed with pre-immune

serum. The arrows in D-F indicate the 50 kDa marker.
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Iigure 3.4: Western blot analysis of CPB/G2.8
processing in ACPB and ACPA/CPR. lane I
ACPB/G2.8. 1.ane 2, ACPB; lane 3, ACPB/g2.8ASM,
lane 4, ACPB/g2.8ASM grown in KO2; lane 35,
ACPA/CPB/g2. 8ASM. The blot was probed with anti-

CPB anti-serwm.
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Figure 3.5: Western blot analysing the expression of CPA: Lane
I; wild-type parasites grown in the absence of inhibitor. Lane 2;
wild-type parasites grown with 18 pM KO2. Lane 3; ACPB grown in
the absence of inhibitor. Lane 4; ACPB grown with 18 uM KO2.
Lane 5; ACPA. The anti-serum was specific for CPA. The large
number of bands observed is due to cross-reactivty of the serum with

other parasite proteins. CPA is indicated by an arrow.
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Figure 3.6: Electron micrograph of wild-type promastigotes after growth

to late log phase in the presence of 18 uM KO2. Promastigotes were
grown to late-log phase in: A, no inhibitor; B, with inhibitor; Labels indicate:
N, nucleus; LV, large vacuoles; V, vacuoles; M, mitochondrion; FP,

flagellar pocket.
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Figure 3.7: Electron micrograph of ACPB/g2.8 promastigotes after
growth to late log phase in the presence of 18 pM KO2. Promastigotes
were grown to late log phase in: A, no inhibitor; B, with inhibitor. Labels

indicate: N, nucleus; LV, large vacuoles; M, mitochondrion.
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Figure 3.8: Analysis of the novel gelatinase activities observed
after growth in KO2. Each lane contained lysate from equal
numbers of wild-type promastigotes grown to stationary phase in
18 uM KO2. Lane 1, control; Lane 2, incubation in E64; Lane 3,
incubation in 1,10-phenanthroline; Lane 4, incubation in pepstatin;

Lane 5, incubation in aprotinin.
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Tigure 3.9: Western biot anatysis of the expression of gp63 in
wild-type stationary phase promastigotes: Tane 1; parasites
grown in the absence of inhibitor. Lane 2; parasites grown to

stationary phase in the presence of 18 uM K02. The anti-serum

was speetfic for L, merjor gp63,
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3.4, Discussion.

This part of my investigation involved an analysis of the effects of
cysteine proteinase inhibitors on the expression and activity of L. mexicana’y
cysteine proteinases. Some information concerning the relative efficacies of the
inhibitors can be gained from this study. Analysis of the effects of the inhibitors
after addition to conirol lysates demonstrated that KO2 has less effect on the
gelatinase activity of the CPB cnzymes when added directly to the lysate. This
suggests that it may be slower acting ihan either ZFA or P87 and that it does
not have sufficient fime to bind to the enzymes before the onset of
electrophoresis, I may also indicate that the binding of K02 was adversely
affected in the lysates. A further insight into the efficacy of KO2Z was provided
by western blotting (Figure 3.3). With both ACPB/g2.8 and ACPB/g! the
mature form of the protein was formed even though no activity towards gelatin
was detectable (Figure 3.2). This suggests that KO2 is less able to inhibit
processing of the protein to its mature form, although it acts to prevent it’s
activity when formed.

Despite the reduced ability of KOZ2 to inhibit the processing of the CPB
enzymes to their mature form, the averall effects on activity following growth of
the parasite in the inhibitors were comparable with the different compounds.
For several reasons, including availability of the compounds and the fact that
KO2 has been investigated against other trypanosomatid parasites (Engel ez o/,
1998a and Selzer ef al., 1999), it was decided to concentrate on an analysis of

the effects of KO2 on enzyme expression.
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The data obtained indicated that inhibition of the cathepsm L-like
cysteine proteinases of L. mexicana results in a failure to produce mature
enzyme and a build-up of precursor forms (intermediate mobility forms),
observed by substrate SDS-PAGE and western blotting.

The activity attributed to CPB enzyme imtermediates which was
observed following substrate SDS-PAGE is unlikely to be due to the
intermediate enzyme forms being active within the parasite itseif. The
trafficking of active enzyme from the RER to the lysosomes would cause
unnecessary protein catabaolism and be detrimental to the cell. Tt is more
probable that the denaturation of the protein m SDS allows the opening up of
the active site and the subsequent loss of the pro-region. The enzyme will then
be activated during the incubation in | mM DTT and thus exhibit activity
towards gelatin,

The processing of pro-cathepsin L has been demonstrated to be via the
cleavage of the majority of the pro-region followed by a stepwise removal of
small peptide sequenccs until the fully active mature enzyme 1s formed (Ishado
ef al., 1998). The data described here from the use of inhibitors complements
well the findings from in vitro activation of recombinant CPB/G2.8 (Sanderson
et al., 1999) and together they show that the maturation of CPB enzymes is via
a multistep processing pathway. A sirmlar pathway 13 suggested for CPA
production,

Interestingly, the number of intermediate bands detected by western
blotting does not correspond to the number of gelatinase activity bands
observed. This may indicate that the build-up of precursor forms within the
parasite is due to mis-folding of the enzymes and therefore retention in the Golgi
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as demonstrated for cathepsin I (Chauhan ¢f of., 1998) and for cruzipain {Engel
et al., 1998b). Not all of these precursor forms may be able to fold to form the
correct structure during renaturation after electrophoresis and hence remain
inactive. The lack of gelatinase activity may also be due to the inhibitor
remaining bound to some of the precursor forms of the protein during
electrophoresis and thus preventing their activity. Another possibility is that the
activity observed towards gelatin on SDS-PAGE is due to a number of
precurser bands which have co-migrated down the gel. The presence of gelatin
within the gel matrix reduces the potential of the electrophoretic process to
separate proteins by size, hence several similarly sized proteins may migrate
together. Furthermore, during substrate SDS-PAGE the proteins are not fully
denatured and so run differently under these conditions than for norinal SDS-
PAGE.

The results using the different mutant lines in which different CPB
isoenzymes were expressed showed potentially interesting differences in the
processing of the different CPB isoenzymes. The gelatinase activity of the
precursor forims of CPB/G1 grown in the presence of KO2 appeared to be of a
lower moleeular mass to those of CPB/G18 and CPB/G2.8. Investigation of the
expression of these enzymes within the parasite has demonstrated that CPB/GI
is expressed in metacyclics whereas CPB/G18 and CPB/G2.8 are expressed in
amastigotes (Mottram ef @f, 1997). This suggests that different enzyme
processing and trafficking could occur between the life-cycle stages. However,
this may simply be due to the fact that the pre-pro-enzyme expressed from

CPB/g{ has a truncated C-terminal extension which may mean that the
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precursor forms are of a lower molecular weight despite being processed
through similar pathways.

The investigation of the processing of CPB/G2.8ASM in either
ACPA/CPE or in ACPB (in the presence of KO2) indicated some potentially
interesting phenomena. Expression of CPB/G2.8A5SM in either of the described
conditions gave rise to precursor bands of lower molecular mass than produced
if CPB/G2.8 was over-expressed in ACPB in the absence of K0O2. Excessive
over-expression of CPB/G2.8 must cause a blockage further upstream in the
trafficking/processing pathway than that produced by cysteine proteinase
mhibition (or removal), as the precursors in this case are of a greater molecular
mass. This suggests that there is a rate limiting step in the carly stages of the
processing either in the RER or the Golgi. However, as yet there is no evidence
ta corroborate this idea. The reduction in precursor size following inhibition of
CPA activity indicated that the build-up of precursors under these circumstances
must oceur at a different point in the trafficking pathway than where there is
enzyme over-expression, indicating that the role of CPA occurs at a later stage
in the processing events. CPA is located within the lysosomes of the parasite
(Mottram et af., 1992) and therefore inlubition of its activity is perhaps likely to
lead to a build-up of pro-enzyme within the lysosomal vesicles. 1t is unlikely
that CPA would be involved in en route processing as it is also cathepsin L-like
and is thus likely to be inactive until it reaches its final destination. Analysis of
the localisation of the CPB precursors during inthibition would allow elucidation
of where CPA is involved in CPB processing.

A search for the perturbation of cellular architecture within wild-type

and ACPB/g2.8 promasiigotes after growth in KO2 indicated that a build-up of
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unprocessed CPB forms may occur in the lysosomes, with the appearance of
large swollen vacuocles within the endosome/lysosome network.  This
phenomenon has also been reported for L. major after inhibition of its cathepsin
B-like enzyme, which was further demonstrated to cause a build up of un-
catabolised material within the lysosomes (Selzer ef af., 1999), These swellings
were not directly aitributed to the build-up of CPB isoenzymes within the
parasite by immunotechniques and so other possible causes such as the build up
of CPA intermediates or perhaps some effects of CPA inhibition on the celi’s
ability to digest redundant cell proteins cannot be ruled out.

Interestingly, the effect observed tor wild-type parasites was of the same
magnitude as that observed with the over-expressing line, The parasites were
analysed when in the late log phase of growth and thus the expression of
cysteine proteinases in wild-type parasites would have been low. This suggests
that the ultrastructural effects of inhibition are not dependent on the amount of
enzyme present, but occur due to the aceumulative build-up of precursors within
the cell. It may be that in the sysiem investigated here there is a certain
threshold of material that can be stored within the cell and after attaining this
level the enzyme precursors no longer build-up within the cell bul are trafficked
to the exterior via the flagellar pocket.

Inhibition af L. major cathepsin B-like cysteine proteinase, via KO2
leads to an accumulation of pro-enzyme within the flagellar pocket of the cell
(Selzer ef al., 1999). This phenomenon was aiso demounstrated for L. mexicana
after expression of CPB/G2.8ASM in ACPA/CPB (D.R. Brooks, unpublished).
This information has been interpreted to indicate the possible trafficking of

lvsosomal enzymes via a unique pathway involving the flagellar pocket {Selzer
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et al., 1999). However, another interpretation is suggested by the work of
Prense et al. (1990} who demonstrated that any perturbation in the traﬁickiqg of
lysosomal enzymes through the cell can lead to the secretion of the enzyme.
This, in conjunction with the fact that secreted cathepsin L is internalised via
mannose-6-phosphate-mediated endocytosis (Kornfeld, 1987), suggests that
accurpulation in the flageliar pocket conld probably result from endocytosis of
secreted enzvme. Furthermore, investigation of the expression of cruzipain, the
major cystene proteinase of [ cruzi, has demonstrated that in the epimastigote
stage it can be found localised to the parasite surface (Parussini ef al., 1998),
This expresston must occur following trafficking of the enzyme via the flagellar
pocket of the organism. Thus it seems possible that the build-up of cysteine
proteinase precursors in the flagellar pocket of Leisfumania specics following
ichibition is due to the perturbation of the normal protein trafficking within the
cell. This may causc trafficking of protems to and om the surface of the
parasite t0 be altered, thus the build-up of cysteine proteinases in the flageliar
pocket may be due to a secondary surface location for these proteins. There is
currently no firm evidence for the expression of cysteine proteinases on the
surface of Leishmania or secretion, despite much speculation on the subject
{Coombs and Mottram, 1997),

Interestingly, addition of the inhibitor to the various parasite lysates
demonstrated the three CPB isoenzymes investigated may have different
substrate preferences. P87, for example, mhibited the activity of CPB/G1 and
CPB/G2.8 but had little effect on CPB/G18. In contrast K0O2s effects were
relatively poor against all the isoenzymes investigated. P87 and KO2 have
identical amino acid composition in the P, and P, position, therefore the results
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suggest that the thiol-binding group can alsc play an important part in
determining the efficacy of binding to the active site.

The results of this investigation have suggested that the irhibition of
cysteine proteinases causes the parasiie to alter the expression of a
metalloprotemasc of sintlar molecular mass to gp63. This was demonstrated by
showing that gelatinase activities, inhibitable by [,10-phenanthroline, increased
under these circumstances. However, this mcrease in activity was probably due
to a general stress-response of the parasite as similar effects were observed
following overnight incubation of promastigotes in serum-free medium (see
Chapter 4). The evidence from western blotting suggested that there was no
effect on the level of expression of gp63. Gp63 is expressed from at least 7
genes within the parasite (Voth ef al,, 1998). The relative activity of each of
these isoenzymes has not been investigated but it is possible that under
conditions of stress the parasite may express a more active isoform of ihis
enzyme and this could result in the increase in gelatinase activity observed in the
absence of any increase in the amount of protein detected by western blotting.
Furthermore, gp63 is surface located in promastigotes of Leishmoania via its
attachment to a GPl-anchor. The enzyme involved in attachment of GPI-
anchors is a cvsteine proteinase with GPLprotein transamidase activity, GPI8
(Benzeghal ef al,, 1996). It seemed possible that the inhibitors investigated in
the study and reported in this chapter couid have been affecting the activity of
this GPL:protein transamidase and thereby preventing the aitachment of a GP'I
anchor to the protein. Non-GPT anchored gp63 has been previously reported to
have altered enzymatic activity (McGwire and Chang, 1996), thus the
differences observed here may mdicate some inhibition in this systcm., A more
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detailed analysis was required to provide a fuller understanding of the possible
effects of these inhibitors on the GPIproiein transamidase enzyme in L.
mexicang and the details of this are discussed in Chapter 4.

In conclusion, the work detailed above has demonstrated thai the
processing of the cathepsin L-like enzymes of L. mexicana is a multi-siep
process, which can be due to autocatalysis. This work, in conjunction with the
work of others (D.R. Brooks, unpublished), has demonstrated that CPA can
play an important role in the processing of the CPB enzymes. The inhibition of
the parasite’s cysteine proteinases causes loss of the matuwre CPB and CPA
enzymes from the cells and a concomitant build-up of precursor forms. Analysis
of the effect of various inhibitors on individual CPB isoenzymes has
demonstrated differences in substrate specificity and also perhaps in enzyme
processing.  Further to this, the cysteine proteinase inhibitors appear to
stimulate the expression of other enzyme classes, in particularly

metalloprotemases.
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Chapter four
Chapter 4

The effect of peptidy! cysteine proteinase inhibitors on the
expression of the surface metalloproteinase of Leishmania

mexicana promastigotes
4.1, Introduaction.

Gpe3 is a zinc metalloproteinase expressed on the surface of Leishmania
promastigotes, where it is the major surface protein with approximately 5 x 10°
molecules per promastigote. Several roles for gp63 have been postulated, from
survival in the sandfly vector (Camara et a@f., 1995) to the inhibition of the
oxidative burst as the parasite establishes itself within the macrophage host cell
(Sorensen ef al, 1994; Seay ef af, 1996). Furthermore, data from over-
expression of the protein in gp63-deficient L. amazonensis (Liw and Chanyg,
1992) and also from Brittingham ef af., (1995) suggested that it’s major role lies
in protecting the promastigotes from complement-mediated lysis and allowing
efficient binding of the parasite to receptors on the macrophage surface.
However, recent mutational studies in which gp63-deficient L. major
promastigotes were produced have demonstrated that although the deficient lines
have increased complement susceptibility, their infectivity levels are sinmlar to
wild-type parasites in both iz vitre and in vivo models (Joshi er @/, 1998). This
suggests that the importance of this mclecule is not as great as was ovce

suspected,
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Gp63 is expressed trom at least 7 genes, though mRNA from only 6 of
these is detectable in promastigotes and the resultant proteins are expressed on
the surface of the parasite via glycosylphosphatidylinositol- {GPI-) anchors (gene
7 encodes a non~GPl-anchored form which is expressed mainly in amastigotes,
Voth ef @, 1998). As discussed previously (see Chapter 1, section 1.4.1.2, for
details) GPl-anchor addition oceurs via a transamidation reaction on the lumenal
side of the endoplasmic reticulum membrane., The enzyme involved in the
cleavage of C-terminal signal sequences and the simultaneous addirion of a GPI-
anchor from donor proteins was first identified and characterised in veast and
termed GPI8 (Benghezal er al., 1996). GPI8 belongs to the cysteine proteinase
family and has been demonsirated to form a heterodimer with a 68 kDa
endoplamsic reticulum protein cailed GAA1, which was shown to be involved in
the recognition and binding of GPI- addition motifs (Hamburger ef al., 1995).

The importance of GPIl-anchored proteins in the survival of several
protozoan pathogens is well documented. Several of the Trypanosomatidae
utilise GPI-anchored proteins to initiate or maintain, a prolonged infection within
their mammalian host. The Variant Surface Glycoprotein {(VSG) coat of
Trypanosoma hrucei is made up of a densely packaged array of antigenically
identical GPI-anchored glycoproteins which allows the parasite to circumvent the
host’s immune response by sequentially switching expression of different V5G
isoforms and thus staying ahead of the host’s powerfil antibody response (Kreier
and Baker, 1987). 7. cruzi also utilises a GPI-anchored trans-sialidase surface

protein, in this case, to allow efficient attachmenl and entry into its host cells

during infection (Ming ef @/., 1993)
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{t can be argued, therefore, that parasitic typanosomatids have a high
degree of dependence on GPI-anchored surface proteins, thus the discovery of a
specific inhibitor of GPI-anchor addition within these organisms could have huge
implications in the development of putative chemotherapeutic reagents, Evidence
presented in Chapter 3, section 3.3.4, suggested that the cysteine proteinase
inhibitors investigated could be baving an effect on the activity of GPi8. The
expression or processing of the gp63 in the promastigote stage of the life-cycle
appeared to be altered during incubation with the cysteine proteinase inbibitors.
This may have been mediated in a number of ways. For example, the inhibitors
could have caused an alteration in the processing of gp63 such that it was
differently glycosylated, or they may have induced the expression of different
isoforms from the gp63 gene family. FEither of these suggestions could explain
the apparent loss of the high molecular weight (Jlow mobility) form of the
enzyme, of the increase in gelatinase activity, after growth of the promastigotes
in the presence of inhibitors. Glycosylation can effect the overall charge of a
molecule and therefore cause large differences in the way the molecule runs
through a gel under an electric current, A further potentially very exciting
possibility was that the inhtbitors were interfering with the activity of the
GP1protein iransamidase enzyme, such that the gp63 expressed was deficient in
its anchor. It was this possibility, that { decided to study.

Several groups have investigated the effect of GPl-addition on expression
of surface proteins. Studies investigating the effects of mutation of the GPI-
signal sequence in human decay accelerating factor demonstrated that the protein
was retained within a post endoplasmic reticulum compartment and degraded
(Field ef al., 1994). The presence of conformation-dependent epitopes suggests
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that retention is not due to mis-folding and perhaps indicates the tnvolvement of
a receptor-ligand interaction in holding the proteins in the compartment. A roie
for the GPI-anchor in determining localisation and structure of proteins was also
investigated using the major surface protein of Toxoplasma gondii, SAG-1.
Seeber ef al., (1998) mutated the C-terminal sequence of SAG-1 such that it lost
the GPI- addition site and encoded instead a human transinembrane region. They
showed that the protein was expressed, correctly folded, on the surface of the
parasite but that it’s half-life was much reduced, perhaps indicating a role for the
anchor in protein stability, Studies in L. mexicana using mutation of gp63 to
remove the GPI-addition stte have demonstrated that prevention of GPI-addition
to gp63 causes the protem to be trafficked to the surface of the parasite and
secreted into the extracelfular milieu (McGwire and Chang, 1996). Thus the fate
of proteins prevented from acquiting their GPI-anchor is divergent, Evidence
exists that they may be either retained within the cell and degraded, trafficked to
the surface and expressed via a transmembrane domain, or secreted into the
cuiture supernatant.

This part of my study comprised an investigation of the expression of
gp63 in L. mexicana promastigoies grown in the presence of cysteine proteinase
inhibitors to determine the effects, if any, of the inhibitors on the activity of the

GPIL protein (ransamidase enzyme,

4.2. Mailerials and Methods.

4.2.1. Analysis of gp63 secretion into calture mediwm.
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Promastligotes were grown to stationary-phase in the presence or absence
of 45 uM inhibitors (as described in Chapter 2, section 2.1.1.1). The high serum
content of the culture medium prevented it being readily concentrated to enable
detection of the enzyme activity. Therefore promastigotes were washed and
incubated overnight in medium without HI-FCS and then sedimented and the
resultant supernatants concentrated, to give the equivalent of 1x10° cell ml?,
using Vivaspin 15 mi concentrators with a 10 kDa molecular weight cut-off
(VivaScience). Samples were analysed using western blotting with specific anti-
L. major gp63 autibodies and substrate-SDS-PAGE was performed to identity
any novel bands of activity in the cells and the supernatants (see Chapter 2,

section 2.7.1 and 2 8.1, respectively).
4.2.2, Phase separation of promnastigote proteins asing Triton X114,

The cytosolic and membranous phases of promastigote lysatcs were
separated using extraction with Triton X114 (see Chapter 2, section 2.9.1, for
details) on promastigotes grown either in the absence or presence of 43 yM
K02, The resuitant soluble and membranous fractions were analysed via
substrate SDS-PAGE for gelatinase activity (Chapter 2, section 2.7.1) and by
western blotting using anti-L. major gp63 antibodies (Chapter 2, section 2.8.1).

In order to confirm that the gp63 present was associated with the
membranous phase of the extraction via its attachment to a GPI-anchor rather
than via some other hydrophobic interaction with the membranes of the cell, the

effect of phosphatidyiinositol phospholipase C (PIPLC) from Bacillus
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thuringiensis {Oxford Glycosystems) on the localisation of gp63 was analysed
(see Chapter 2, section 2.10.1; adapted from Masterson ¢/ af., 1989).

After cleavage of the GPLanchors by incubation in PIPLC, the
membranous/detergent phase was re-extracted with 4% (v/v) Triton X114 in
PBS before collection of the new soluble phase {containing proteins cleaved from
GPI-anchors). The proteins left in the detergent phase due to their association
with the membranes via transmembrane domains were also collected and stored
after acetone precipitalion {(as described in Chapter 2, section 2.9.1). The
resuitant samples were analysed via western blotting and substrate SDS-PAGE
as described previously. The further incubation steps required for the PIPLC
cleavage and re-extraction meant that protemn yields and enzyme activities were

low. It was therefore necessary to increase the incubation of substrate gels from

2 b to overnight.

4.2.3. Immunoiocalisation of gp63 on the surface of L. mexicana

promastigotes.

The presence of gp63 was localised on the surface of L. mexicana promasiigotes
using immunciluoresence (see Chapter 2, section 2.11.1, for detail). Bnefly,
promastigotes were washed by centrifuging at 750 g in a MSE Chilspin (4°C) for
5 min before resuspension at 1 x 10° cell mi™ in 100 pl PBS (for study of living
parasites) or in 2,5% (v/v) paraformaldehyde in PBS for 15 min to allow fixation
to occur (for study in fixed parasites). Afier a further washing step both the live
and fixed cells were resuspended in a 1:200 dilution of primary antibody (in PBS,

pH 7.4) and incubated for 30 min at room temperatwe. After subsequent
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washing, the cells were blacked in 10% {v/v) HI-FCS it PBS. The secondary
antibody was added (anti-mouse IgG-FITC, SAPU) at a 1:1C0 dilulion in PBS
for 30 min before & further two washes. The live cells were then fixed as
described above and both samples were air dried onto microscope shides for

examination.

4.2.4, Labelling of GPI-anchors with (ritiated ethanolamine and subsequent

immunoprecipitation.

The methed outlined below was adapted from Mensa-Wilmot ef af.,
1994, Promastigotes were seeded at 1 x 10° cell mi™ and grown 1o a density of 1
x 107 cell mi™ (see chapter 2 section 2.1.1.1) before harvesting by centrifuging
twice at 750 g in M199 medium containing 20 mM L-glutamine, non-essential
amino-acids, 40 mM Hepes pH 7.5, 20 mM sodium hydroxide and 10% dialysed
HI FCS (dialysed agamst supplemented M199 at 4 °C ovemight). The
promastigotes were then re-suspended at 2 x 107 cell mi™ were then labelled
overnight (in the presence or absence of 18 uM KO2) in 5 ml medium at 25°C
with 100 uCi/ml of [1-H*|ethanolamine hydrochioride (1mCi from Amersham).
The promastigotes were then harvested in 1 ml portions by washing twice in
M199 medium as described above. The culture medium was also collected in 1
ml portions. Both the pelleted cells and the supematants were stored at -20°C
until required.

Individuai pellets were lysed by resuspension in 1 ml of ice-cold ditution
buffer (designated IDB, and containing 1.25% [v/v] Triton X100/190 mM

NaCy/60 mM Tris-HCl pH 7.5/6 mM EDTA/10 U ml" aprotinin) before

96




Chapier four

incubation for 30 min om ice. 250 wl aliquots of ceil lysate or supematant
fraction were analysed individually. 750 wul of .33 x IDB and 5 pl of anti-L.
mexicana gp03 antibody was added to the cell lysates and incubated overnight
with continuos mixing by inversion at 4°C. 100 ul of a 1:1 suspension of protein
A-~sepharose beads was added before incubation at room temperature for a
further 2 h. The immune complexes adsorbed to the beads were then washed
three times for 10 min in 1 mi of wash buffer (0.1% Triton X100/ 0.02%
SDS/150 oM Tris-HC pH 5.5/5 mM EDTA/10 U mi™ aprotinin).  The beads
then received a final wash in TBS before addition of 2.5 x SDS-PAGE sample
buffer. The beads were vortexed brieflv and beated to 90°C for 5 min. The
protein in the eluate was analysed in 25 | fractions by SDS-PAGE (see Chapter
2, section 2.7.1). The gel was soaked in Entensify (NEN life sciences) and the

radiolabelled proteins on the gel detected by fluorography.

4.3, Resuits.

4.3.1, Determination of whether gp63 is scereted into ihe cniture medium in

the presence of the cysteine proteinase inhibifors,

Investigations involving mutation of the GPI-anchor addition site of L. mexicana
gp63 have demonstrated that un-anchored gp63 can be secreted into the
extracellular mitteu (McGwire and Chang, 1996). An investigation of the
secretion of gp63 into the supernatant of inhibitor-treated promastigotes was

therefore undertaken.
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Promastigotes were grown to stationary phase in the presence or absence
of 18 uM KO2 and the resulting cells and medium fractions were examined by
subsirate SDS-PAGE. Figure 4.1 demonstrates that incubating the stationarv
phase promastigotes overnight in the absence of inhibitors but without HI-FC§
caused a similar pattern of novel enzyme activity as did incubation with the
inhibitors {lanes 2 and 4, respectively). Data presented in Chapier 3 suggested
that this expression of novel activity bands in the presence of inhibitors may
reflect a mechanism by which the promastigotes compensate for stress
conditions. This finding of similar expression in the absence of serum
strengthens this argument. The cell-free medium of the inhibitor-free cultures
contained one activity band (lane 3) whereas the equivalent fraction from the
mhibitor positive cultures contained one definite and a possible second band of
activity (lane 6). It praved impossible to determine whether these activity bands
were due to the stress experienced by the promastigotes in the absence of FCS or
if the inhibitor-positive supernatant did indeed have an extra activity band.

The bands of activity coincided in mobility with that expected for gp63.
However, western blotting of the lysates using the ami L.major gpé3 serum
failed to detect any gp63 in the medium fractions (Figure 4.2), suggesting thai
the gelatinase activity bands were not due to the presence of gp63 in the
supernatant of the inhibitor-positive cultures. The mobility of gp63 with an
apparent molecular mass of 50 kDa despite a molecular mass of 63 kDa is not
unusual and this phenomenon has been described for L. major gp63 where the

effects of glycosylation were suggested as the cause of the abherent running

(Sorensen et al., 1994).
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4.3.2. The effect of tysteine proteinase inhibitors on the expression of gpé3

in promastigotes.

It was postulated that if the activity of GPI8 was prevented then gp63
shouid not become associated with the plasma membrane of the promastigotes
and may therelore be found within the cytosclic fraction of the cells. in order to
determine whether gp63 was membrane bound or free within the cytoplasm of
mhibitor-treated cells, the parasites were subjected to phase separation using the
detergent Triton X114,

The relatively low levels of CPB enzymes expressed in wild-type L.
mexicana promastigotes made it difficult to use these enzymes to verify the
success of the extractions (the CPB enzymes should appear exclusively in the
cytosolic fraction of the cell), it was therefore decided to use a ACPB line over-
expressing one of the genes from the array (in this case CPB/(G18). Figure 4.3
demonsirates the results of gelatin SDS-PAGE analysis of the Triton X114
extraction of the ACPB re-expressing CPB/G18 (ACPB/gi8). The fact that the
activity due to the CPB enzymes is only found in the cytosolic fraction is
consistent with the separation being successful. However, there was some
gelatinase activity in the soluble phase which corresponded to the mobility of
gpo3. This finding was not consistent between experiments, with the relative
amounts of gelatinase activity in inhibitor grown and control cytosolic fractions
changing between experiments. No gelatinase activity was detected in the
extracts of the lysate from the inhibitor-positive cultures which could be

accounted for by the CPB enzymes. This phenomena appeared to be consistent
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despite scveral repeats and perhaps occurred due to the effect of the inhibitors on
the expression of the CPB enzymes meaning that they were in some way less
stable and were rapidly degraded during the extraction process. It is possible
that the KO2 present remained bound to the enzyme during the processing of the
lysate and thus inhibited the activity as was indicated by some of the data in
Chapter 3, section 3.3.1. The main result however, is that the activity apparently
due to gp63 was still present in the membranous phase, despite the presence of
the inhibitor during parasite growth, suggesting that the inhibitor did not affect
the association of gp63 with the membrane. Furthermore, despite the variation in
gelatinase activity observed duting the investigation, western blot analysis of the
lysates (see Figure 4.4) demonstrated that gp63 was detectable in the soluble and

membrane phase of the promastigotes regardless of the presence of inhibitor,

4.3.2. Tavestigation of the GPL-anchoring after incubation with cysteine

proteinase inhibitors.

The analysis of the phase separation experiments detailed above
suggested strongly that gp63 was still associated with the membrane of
promastigotes culiured in the presence of the inhibitors. It did not, bowever
confirm that the protein was still atfached via a GPl-anchor., Several other
possible mechanisms could allow non-anchored gp63 to associate with the
membranous fraction of the extraction. Field es af. (1994) investigated the fate of
proteins which had not received their GPI-anchor by mutating the GPI-signal
sequence and discovered that they were retained in a post endoplasmic reticulum

compartment and failed {o reach the Golgi stacks. They also demonstrated that

100




Crapter Jour

such proteins were sventually degraded via an energy-dependent pathway. It is
possible that non-anchored gp63 could become associated with a receptor in the
post-endoplamsic reticuiurﬁ compartment to facilitate its rctention and thus may
appear 1o be membrane-associated.

Further to this, the yeast homologue of the GPI:protein transamidase
enzyime exists as a heterodimer with a second subunit termed GAA1 which is
involved in recognition of the GPI addition site (Hamburger ef af., 1995), 1t is
possible that although the GPI8 portion of the GPl:protein transamidase is
inlibited by K02 the GAAI equivalent is still able to recognise the attachment
site and bind the enzyme. As the GPLprotein transamidase is a membrane-bound
endoplasmic reiiculum enzyme {Benghezal er o/, 1996), this binding of gpd3
would cause non-GPI anchored forms to associate with the membranous phase
of a detergent extraction.

Another consideration is that the C-terminal signal sequence of the
precursor gp6é3 expressed in L. mexicana amastigotes (expression has also been
reported in promastigotes; Medina-Acosta ef a/., 1993) has a divergent region at
its carboxy end. An extra 33 amino acids have been demonstrated to occur at
this end and the majority of these are hydrophobic in nature (Figure 4.5). 1t was
speculated that this divergence precluded the addition of a GPI anchor to this
species, hence it's infracellular localisation within amastigotes. Subsequent
analysis, however, has demonstrated that addition of the anchor does occur 1o
this form (Voth et af., 1998). Nevertheless, there appeared the possibility that
the uncleaved C-terminal sequence may be sufficiently long enough to act as a

wesk trans-membrane domain or allow an association fo occur with other
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membrane molecules, and thus facditate association of gp63 with the
membranous phase during a Triton X114 extraction.

To determine whether the association of the gp63 with the membranes of
inhibitor-positive cultures was due to the correct attachment of the GPl-anchor,
fixed promastigotes were treated with phosphatidylinositol phospholipase C
(PIPLC) from Bacillus thuringiensis as deseribed in section 4.2.2. The rationale
behind this experiment was that if the gp63 was associated with the membrane
fraction via some method other than a GPI- anchor, then treatment with PIPLC
would have no effect on the localisation of the gp63 within the membranous
phase of the extraction.

As can be seen in Figure 4.6, the use of PIPL.C on control {inhibitor-free)
promastigotes (part A) removes the activity of gp63 on gelatin gels from the
detergent phase of the extraction into the soluble phase confirming that the
pracedure was successful. In the presence of inhibitors, a similar pattern of
activity is found, indicating that the gp63 has been removed from the
membranous phase by PIPLC and therefore must still be attached to the
membrane via a GPl-anchor. This result suggests that K02 has no inhibitory
effect on the GPLprotein transamidase enzyme, and thus a GPl-anchor is still

attached to gp63.

4,3.4, Tmmunolocalisation of zp63 on the surface of L. mexicana

promastigotes

In order to confirm that gp63 is still expressed on the cell surface of /.

mexicana promastigotes in the presence of 18 v KO2 the promastigotes were
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probed via immunofluorescence (see seciion 4.2.3, for details). Initially anti-L.
major gp63 monoclonal antibodies (supplied by Robert McMaster, see Frommel
ef al., 1990 for details) were used as these had been demonstrated to detect L.
mexicang gp63 on western blots. However these antibodies proved unable to
detect gp63 on the surface of promastigotes, suggesting that they recognised an
epitope that was either non-conformational or hidden on the surface of £,
mexicana promastigotes. However, the two monoclonal antibodies against
different cpitopes on L. mexicana gp63 (Medina-Acosta ef al., 1989} were able
to bind the gp63 on the promastigote surface.

The use of log- and stationary-phase promastigotes fixed for 15 min in
2.5% paraformaldehyde demonstraied that the presence of inhibitors had no
effect on the expression of gp63 on the cell surface, see Figure 4.7. An
interesting effect was demonstrated, however, when the promastigotes were left
unfixed uniil after incubation with the secondary antibody. Parasites which had
been grown in the absence of the inhibitor lost the fluorescence from the main
body of their surface and appeared to have conceniraied the fluorescence on the
posterior tip and in the flagella pocket, sec Figure 4.8, When the promastigotes
were grows in the presence of the inhibitor, the distribution of gp63 on the
surface was paichy (Figure 4.8), suggesting that the turn-over/loss of bound
gp63 from the surface was slower. One possible reason for this reduced turn-
over rate is the effect of the inhibitors on the CPB enzymes. The fact that the
inhibitors have been demonsirated to prevent the production of the mature CPB
(and CPA)} enzymes and cause a build-up of precursor forms suggests that they

will be perturbing the function of the lysosomes. Molecules, including gp63, are
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turned over in lyscsomes 30 it is possible that the effect on the CPB enzymes is
causing a blockagein the tum-over pathway and thus reducing its efficiency.
Further weight is added to this argument by examining the surface
expression of gp63 on ACPB promastigotes (Figure 4.9). Fixed ACPB parasites
show similar gp63 distribution to both wild-type promastigoles, with and without
inhibitor {data not shown). However when they were lefl unfixed until after
incubation with the secondary anti-serum they displayed the same patchy surface
distribution as the inhibitor-grown parasites (Figure 4.8), This suggests that the
lack of CPB enzymes is in some way responsible for the reduction in turn-over
rate of gp63 on the surface. Thus perhaps the effect of the inhibitors on the
activity of the CPB enzymes may be perturbing the tum-~over of the molecule
from the surface of wild-type parasites. It is not possible from these results to
exclude the possibility that reduction in gp63 turnover in ACPB was due to some
other uncharacterised effect of the electroporation procedure rather than the loss
of the CPB enzymes themselves. Unfortunately these experiments were not
completed using any of the ACFB/re~expressor lines available which would have

controlled for suck effects.
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Figure 4.1: Substrate SDS-PAGE analysing the presence of

gelatinase activity corresponding to the molecular mass of

gp63. Wild-type L. mexicana cultures grown in the absence
(lanes 1 - 3) or presence (lanes 4 - 6) of 18 uM KO2. Lanes
1,4; lysate from cultures grown in the presence of FCS. Lanes
2,5; lysate from cultures incubated overnight without FCS.
Lanes 3,6; cell free fraction of cultures incubated overnight

without FCS.
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Figure 4.2: Analysis of the presence of gp63 in the medium
of cultures grown in the presence of 18 uM KO2. Lysates of
stationary phase promastigotes grown either in the absence
(lanes 1-3) or presences (lane3 4-6) of 18 uM KO2. Lanes 1.4;
wild-type promastigote lysate grown with FCS. Lanes 2.5; wild-
type promastigote lysate grown without FCS. Lanes 3.,6; cell
free medium from wild-type cultures grown without FCS.

Probed with an anti-serum specific for L. major gp63.
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Figure 4.3: Substrate SDS-PAGE of ACPB/gl8 lysates after
phase separation with Triton X114. Lysates of stationary
phase promastigotes grown either in the absence (lanes | - 3) or
presence (lanes 4 - 6) of 18 uM KO2. Lanes 1,4; lysate before
extraction. Lanes 2,5; soluble phase of extract. Lane 3,6

detergent phase of extract.
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Figure 4.4: Western blot analysis of ACPB/gl8 stationary

phase promastigote lysates after phase separation with
Triton X114. Promastigotes grown to stationary phase in the

absence (lanes 1 - 3) or presence (lanes 4 - 6) of 18 uM KO2.

Lanes 1.4; lysate before extraction. Lanes 2,5; soluble phase of

extraction. Lane 3,6; detergent phase of lysate. Probed using

specific anti-L. major gp63 antibody.
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Figure 4.6: Substrate SDS-PAGE of ACPB/gi8 stationary phase
promastigotes analysing the effect of PIPLC treatment on the
localisation of the gelatinase activity attributed to gp63. A.
control promastigotes, grown without KO2 B. promastigotes
grown to stationary phase 1n the presence of 18 uM KO2. Lane 1.
lysate before extraction; lane 2, detergent phase of extraction before
PIPLC treatment; lane 3, soluble phase of extraction; lane 4, soluble
part of detergent phase after PIPLC treatment; lane 5, proteins left

in detergent phase after PIPLC treatment
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Figure 4.7: Immunolocalisation of gp63 on the surface of wild-

type promastigotes. A: control promastigotes. B: promastigotes
- =) & ‘
grown in the presence of 18 uM KO2. Parasites were fixed prior to
probing with anti-serum specific for L. mexicana gp63. A FIT(

labelled secondary antibody was used to allow visualisation.
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Figure 4.8: Immunolocalisation of gp63 on wild-type

promastigotes. A: control parasites. B; parasites grown in 18 mM
KO2. The promastigotes were left live, until after incubation in the
secondary antibody. Parasites probed with anti-serum specific for L.
mexicana gp63. A FITC-conjugated secondary antibody was used to

allow visualisation.




Figure 4.9: Immunolocalisation of gp63 on the surface of

ACPB promastigotes. The parasites were left un-fixed until after
application of the secondary antibody. Parasites were probed with
anti-serum specific for L. mexicana gp63. A FITC-conjugated

secondary was used to allow visualisation.
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4.4, IHscussion

This chapter deals with an investigation of the possible effecis of the
cysteine proteinase inhibitor X02 on the GPIL protein transamidase enzyme of L.
mexicang, The GPlprotein transamidase of yeast has been demonstrated to
belong to the cysteine proteinase family (Benghezal ¢f al., 1996) and so it was
hypothesiged that the inhibitors under investigation may have an inhibitory effect
on the corresponding enzyme in Leishmaria. The effects on the Leishmanial
enzyme were investigated by analysing the expression of the major surface
metalloproteinase, gp63.

McGwire and Chang, (1996) demousirated, by mutation of the GPI-
addition site that un-anchored gp63 was secreted into the culture supernatant of
mutant L. major. 1 was unable to detect gpé3 in the exiracellular milieu of K02
grown L. mexicang promastigotes. A negative finding 38 always difficult 10
confirm and an additional factor to be considered is that the antibodies available
at that fime were not specific for L. mexicana gp63 and were subsequently
demonstrated to be unabie to detect gp63 in its native conformation on the
surface of the parasite. Ii appears that the antibody may not detect all the
isoforms of the enzyme in L. mexicana (perhaps due to the specific epitope being
either hidden by glycosylation, or absent), Another factor that has to be iaken
into account is that the cultures were only subjected to overnight incubation
before investigation of the supernatants, this may not have been sufficient to
allow detectable levels of gp63 to accumulate in the supernatant for assay with
this antibody via western blotting or SDS-PAGE. However, a prolonged
incubation was not practicable as the promastigotes have a limited life in medium
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without  serum. These experiments could be performed using
immunoprecipitation to detect any secreted gpG3. This would allow the use of
cultures grown in the presence of serum and so longer incubations. The findings
from other approaches, however, did not provide encouragement to carry out
these additional experiments.

An analysis of the localisation of gp63 in parasite lysates was undertaken
using phase separation by Triton X114 to separate the soluble proteins from the
hydrophobic {membrane bound) proteins. This demonstrated that gp63 was
indeed membrane-bound in the inhibitor-grown parasites, but did not exclude the
possibilities that the non~anchored protein was associated with a receptor in a
post-endoplasmic compartment as has been demonstrated to oceur with decay
accelerating factor (Field ef al, 1994) or that it was associated with the GAA1
equivalent in the endoplasmic reticulum itself A further possibility was that the
hydrophobic C-terminal extension of the precursor enzyine could in some way be
interacting with the membrane to form a trans-membranc domain. These
possibilities were effectively ruled out by immunofluorescence demonstrating the
presence of the enzyme on the surface of the parasite, and by the use of PIPLC
during phase separation which showed the enzyme to be GPIl-anchored.
However it must be considered that if gp63 is attaching via a weak, unnatural
transmembrane region or hydrophobic interaction then the strength of this bond
could be weakened by the sccond Triton X114 extraction. Thus it may be the
case that the gp6é3 present was removed from the detergent phase of the lysate by
re-extraction alone and not via PIPLC cleavage of its GPI-anchor. This is

untikely, however as no reports that this occurs could be found in the literature.
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Although the amount of gelatinase activity detected of the correct size
{(approxamately 50 kDa) in the cytosolic phase varied, there was a consistent
amount of gp63 protein detectable using western blotting. This phenomenon
could be due to a bigh turnover rate of the enzyme from the surface, with this
soluble form representing au inactive (or partially active) stock of the enzyme
within the cell. Several sources have also reported that the non-GPI anchored
amastigote isoform of the enzyme is expressed at deiectable levels in the
promastigote (Medina-Acosta ef af,, 1993, Voth er af, 1998) and this soluble
form may represent thts. Evidence from McGwire and Chang (1996) has shown
that mutation of tle asparagine at position 577 prevents addition of the GPI-
anchor and also sblates the gelatinase activity of the enzymes. Perhaps this
partially inactive form is a precursor within the cell awaiting GPI-addition.

Although the immumofluorescence data I obtained suggest that gp63 was
present on the suface no evidence could be found in the literature that
demonstrated defimtively that 2.5% (v/v) paraformaldehyde did not cause any
permeabolisation of the membrane, thus allowing the aniibodies to stain gp63
localised within the cells. This is unlikely, however, as similar fixation regimens
have been used by several groups to study the surface location of gp63 (Medina-
Acosta er af., 1989; Streit ¢t af, 1996), Further to this, the effects observed
when live promastigotes were assessed for surface gp63 clearly demonstrated the
capping effect typical of the aggregation of surface molecules into patches which
then accumulale over the poles of the cells before endocytosis or release
(Johnstone and Thorpe, 1982),

The patchy distribution of gp63 omr the surface of KQ2-ireated
promastigotes suggests that the inhibitor was causing a reduction in the turnover
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rate of surface proteins, This phenomenon was also observed for gp63 on ACPB
suggesting that the mhibitory etfect of KO2 on the activity of the CPB enzymes
may be responsible for this effect. Cysteine proteinase inhibitors including K02
(Selzer er al, 1999) have been demonstrated to periurb the functioning of
lysosomal enzymes such as the CPB isoenzymes. This has been shown to cause
the accumulation of cell debris in the lysosomes which is consistent with the
turnaver of cell protein being reduced in their presence and also the results of my
study.

This reduction in turnover by the cysteine proteinase inlibitor was
demonstrated for gp63, however il probably extends to a range of cellular
proteiis, The CPB enzymes are cathepsin L-like in nature and these enzymes
have been demonstrated to play an important role in celtular protein catabolism
(Mayer and Doherty, 1986). Thus is follows that inhibition of their activity (or
loss of expression via mutation} would lead 10 a reduction in the removal of
many cellular proteins.  This phenomenon could have very important
consequences in the infection process; by altering the distribution of surface
molecules or the fluidity or charge of the membrane, the receptor-mediated
uptake of promastigotes into macrophages could be perturbed. Thus the loss of
the CPB enzyme activity could lead to parasite death, rather than survival in this
way.

Although as discussed elsewhere (see Chapter 5, for details) the major
anti-leishmamtal effects of KO2 appear to occur after establishment of infection in
macrophages in vifro, loss of the CPB enzymes is thought to effect the initial
stages of infection (Mottram ef af, 1996). Thus it is possible that reduced

turnover from the surface of the ACPB promastigotes could be an important
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factor in the reduced virulence observed. Evidence from several studies (for
example Da Silva ef al, 1989) suggests that virulent metacyclic L. major
promastigotes enter macrophages via a different receptor-ligand interaction to
avirulent multiplicative forms, indicating the importance with respect to
subscquent survival of the receptor type involved in uptake.

Further confirmation of the GPI-pasitive status of gp63 was attempted
using overnight incubation of the promastigotes in tritiated ethanolamine (in the
presence or absence of K02) to label the GPI-anchors of the promastigotes
beforc ummunoprecipitation with specific anti-gp63 antibodies. However, the
fow protein vield after precipitation meant that it was impossible to determine
from the experiments whether the proteins were GPl-anchored.

Studies of the surface expression of gp63 in GP18 deficient mutants of L.
mexicana have recently demonstrated that in the absence of GPI8 activity there is
no detectable surface expression of gp63 and that the enzyme is probably
retained within the endoplasmic reticulum of the parasite and degraded (Hiliey ef
al., 1999). Although knockout studies cannot be directly compared to my
investigations (removal of GP18 may affect the recognition of GPI-addition sites
by GAAI, whereas inhibition may allow GAA1 to bind the protein, thus giving
differences in phenotype abscrved), the evidence of Hilley et al., together with
my results an the surface location of gp63 and its sensitivity to PIPLC treatment
suggest that KO2 is not affecting the addition of the GPI-anchor to gp63. Thus
KO2 appears not to be an inhibitor of GPI8§ activity and so its effects are

mediated in other ways.
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Chapter 5

The effect of peptidyl cysteine proteinase inbibitors on the major

life-cycle stages of Leishmania mexicana

5 1 Introduction.

Leishmania species have a two host life-cycle which is discussed in detail
elsewhere (see Chapter 1, section 1.1.2). Cysteine proteinases have proved to be
of importance in several parasitic infections (see Chapter 1, for more detail). The
invasive form of Entamoeba histolytica, for example, has been demonstrated to
have substantially higher cysteine proteinase expression than the non-invasive
isoform (Bruchhaus er al, 1996). Interest in the cysteine proteinases of
Leishmania mexicana originated with the observation that the amount of cysteine
proteinase expression increased dramatically in the amastigote stage of the
parasite (North and Coombs, 1981; Pupkis and Coombs; 1982; Lockwood ef af.,
1987). This indicated to investigators that the enzymes were potentially
important in allowing the parasite to survive inside its macrophage host. Analysis
of the phenotype of the cysteine proteinase null mutants created using targeted
gene deletion (Mottram et /., 1996) has demonsirated that certain cystcine
proteinases, namely the CPB isoebzymes, are involved in allowing the
promastigotes of L. mexicana to survive after infection of macrophages in vitro.
Delayed lesion formation after infection with both promastigotes and amastigotes

of ACPB was also observed in vive (Frame, PhD thesis).
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The CPB enzymes are encoded on an array of 19 genes and the enzymes
are localised within the large lysosome organelles of the amastigotes, the
megasomes (Pupkis ef al., 1986). Of these genes, only genes 1 and 2 from the
airay are expressed in stationary phase promastigotes (the iz vifro equivalent of
metacyclics, Mallinson and Coombs, 1984). The rest, with the exception of the
pseudogene in position 19, are expressed in the amastigote stage of the parasite
(Mottram ef al., 1997). Thus these CPB isoenzymes appear to be important in
the mammalian stages of the parasite’s life-cycle. Analysis of the substrate
preferences of the enzymes has demonstrated them to be cathepsin L-like in
nature, and a closer analysis has suggested that individual isoenzymes have subtly
different peptide affinities (Robertson and Coombs, 1994). This perhaps
indicates a range of roles within the parasite.

Another leishmamal cysteine proteinase expressed within the disease
relevant stages of L. mexicana is CPA. This again is cathepsin L-like in its
substrate specificity but is encoded from a single copy gene (Mottram ef af.,
1992). Gene deletion studies have demonstrated that ACP4 does not have
reduced survival in macrophages in vitro (Souza ef al., 1994). However dejetion
of CPA from ACPB reduces further still the virulence of the CPB null, indicating
that CPA in conjunction with CPB is important in intracellular survival
(Alexander ef af., 1998).

Evidence suggests that inhibition of the cysteine proteinase acrivities of
Leishmania veduces the viability of the parasites in vifre (Coombs ef af., 1982;
Coombs and Baxter, 1982). This in conjunction with the evidence discussed

above also indicates that blocking the cysteine proteinase activity during infection
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may prove to be a usefil approach m the design of fimure chemotherapeutic
agents.

The use of speciﬁcal]y-designeci peptidyl cysteine proteinase inhibitors to
mvestigate the activity of the cysteine proteinases of several trypanosomatid
organisms has generated some interesting information pertaining to the roles of
the enzymes within the parasite. The effects of vinylsulphonebenzene derivatives
(including KO?2) on the viability of 7. cruzi have indicated that inhibition of its
major cysteine proteinase, cruzipain, prevents the parasite from completing its
intracellular replicative cycle and leads to the cure of infected mice (Engel ef al ,
1998a).

Analysts of the ultrastructural effects of these compounds indicated that
inhibition of cruzipain causes a dilation in the Golgi cisiernae, swelling of the
endoplamsic reticulum and a proliferation of cytoplasmic vesicles. Evidence
discussed elsewhere (see chapier 3) suggests that inhibition of cysteine protetnasc
activity prevents the autoprocessing of cysteine proteinase precursors and leads
to the build-up of intermediate forms in the cell. The abnormalities in
ultrastructure after incubation in KO2 perhaps suggest the accumulation of these
precursors along the protein transport pathways of the cell. Such accumulation
would obviously affect the intracellular trafficking of the cell, thus reducing its
viability.

Similar effects were recently observed after treatment of L. major
promastigotes with these inhibitors (Selzer er al, 1999). The growth of the
promastigotes was completely ablated and the onset of lesion formation was
delayed in vivo. An accumulation of cell debris and multivesicular bodies in the

lysosomes was observed and it was suggested that this was indicative of a
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deficiency in lysosomal hydrolases, thereby indicating a role for the cysteine
proteinases in digestion of cellular protein. Tnterestingly, an accumulation of
cysteine proteinases was also detected in the flagellar pocket of treated L. major.
This may reflect an accumulation of the enzyme precursors along a previously
undescribed protein transport pathway or may indicate that the build-up of
precursor forms causes the parasite to secrete these forms into the extracellular
milien. Several studies have also demonstrated the efficacy of peptidyl cysteine
proteinase inhibitors against other parasitic organisms; these are discussed in
Chapter 1, section 1.5

The studies outlined above, give an indication of the wide ranging and
potentially intercsting effects that cysteine proteinase inhibition can have on
parasites of the Trypanosomatidae group. 1t was therefore decided to investigate
the effects of several cysteine proteinase inhibitors, including novel compounds
with potential as chemically useful agents, on the in vizro growth and infectivity

of L. mexicana parasites.

5.2. Materials and Methoads,

5.2.1. Preparation of inhibitor stock selutions.

Two peptidyl cysteine proteinase inhibitors were analysed during this
investigation, a vinylsulphonebenzene with a morpholine-urea-phenylalanine-
homophenylalanine peptidyl group, termed KOZ (see¢ Engel ef al., 1998a, for
detail), and a diazomethane with a benzyloxycarbonyl-phenylaianine-alanine

peptidyl group (termed ZFA). KO2 was a gift from Jim McKerrow (San
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Fransisco) and ZFA was purchased from Sigma Chemicals. Stock solutions of
| the inhibitors were made at 5 mg mi’ in dimethylsulphoxide (DMSO)
(approximately 9 miM) and stored until required at -20°C. Due to the apparent -
similarities in the effects observed initially for both inhibitors, it was decided to
concentrate on the analysis of a single iohibitor, namely K02, i later

experiments.

5.2.2. Analysis of the effects of peptidyl cysteine proteinase inhibitors on the
growth of Leishmania mexicana promastigotes and axenic amastigoies in

vitro.

The effect of ZFA and XOZ on the growth of wild-type and various
mutant lines of L. mexicana promastigotes was investigated. Promastigote
cultures were started at a density of 4 x 10° ml™ and grown in sterile 5 mi bijoux
bottles at 25°C as described elsewhere (see Chapter 2, section 2.1.1.1). The
density of the cuoltures was counted using an improved Neubauer
haemocytometer every day from the initiation of the experiment until the
parasites reached apparent stationary phase.

The effect of the inhibitors at 10 pg ml™ and 25 ug mi™ {(approximately
18 uM and 45 puM, respectively) was asscssed using etther a single addition at
the initzation of the experiment or by maintaining high drug-pressure by
resuspension of the parasites in fresh medium with intibitor every day.

The effect of an initial application of inhibitor at 45 uM on the growih of
axeric amastigotes was also investigated, Cultures were seeded at 1 x 10° ml! in

complete Schneider’s Drosophila Medivm (see chapter 2, section 2.2.1.2, for
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details) and passed through a 19G needle before counting with an improved
Neubauer haemocytometer daily for three days.
The experiments were repeated three times in duplicate and the mean log

density and the standard deviation was calculated.

5.2.3. Analysis of the inira-macrophagic infection dynamics of stationary

phase promastigotes and axenic amastigotes in the preseace of 45 uM X032,

The effect of 45 uM KO2 was investigated using in vitro infections of
peritoneal exudate cells from BALB/c mice (see Chapter 2, sections 2.3.1.1 and
2.3.1.2, for details). The inhibitor was used in two ways. Firstly, the effect of
adding the inhibitor to parasite cultures 10 min prior to infection was analysed
(the inhibitor was re-applied to the culture after the peritoneal exudate cells were
washed to remove unbound promastigotes at 4 h, see Chapter 2, section 2.3.1.2,
for details). Secondly, the effect of addition of the inhibitor at differeni time
points during the infection was analysed, with the inhibitor being added at 24 h
and 72 b post-infection (p.i.).

All experiments were repeated at least 3 times in duplicate and the
percentage of infected cells together with the average number of amastigotes per
infected cell were determined for at least 200 macrophages per time point. The
results were analysed as the mean numbers infected + standard deviation, The
percentage of inhibition was calculated for each separate experiment and its

statistical significance was assessed.
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5.2.4, Statistical Analysis.

The resuits were analysed using either a student’s t test, if the variance of
the samples proved fo be equal or a heteroscedastic t test if unequal variance was
demonstrated using variance ratio T test. In some cases, one way ANOVA was
employed to evaluate the relationship between more than two samples. An

example of the statistics used in this chapter are presented in Appendix 1.

3.3, Results.

5.3.1. The effects of peptidyl inbibitors on the growth of L. mexicana

promastigotes.

The inhibitors had no effect on the growth of either wild-type or ACPR
promasiigotes at either 18 pM or 45 pM (the results with the higher
concentration are given in Figure 5.1), and the maintenance of high drug pressure
was similarly ineffective (data not shown). The growth of the wild-type and
ACPB promastigotes was conducted twice and as there was no difference in
growth between these experiments or between the control and inhibitor-grown
cultures, it was deemed unnecessary to repeat the experiment a third time. The
growth of ACPB/g2.8 promastigotes appeared to be reduced in the presence of
the inhibitors, however statistical analysis indicated that this difference was not

significant (t; = 3.98, P > 0.05),
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8.3.2. The effects of cysteine proteinasz inhibitors on the growth of axenic

amastigotes,

Both ZFA and K02 had inhibitory effects on the growth of wild-type
axenic amastigotes over the period of investigation (Figure 5.2). By day 3, ZFA
had caused the amastigotes to have 3 61 + 3 %, (t; = 5.065, P < 0.01) reduction
in cell density, whereas KO2 had reduced cell density, as compared to the
control, by 55 £ 1 % (t4 =4.018 P < 0.01). The effect of ZFA was significantly
greater than that of KO2 (t4 = 3.56 P < 0.05). However, several factors,
including inhibitor availability and similarities in effect observed elsewhere (see
Chapter 3 for detail), meant that the effect of just one inhibitor, namely KO2, was
analysed with respect to the vartous null mutant parasites.

Interestingly, KO2 also caused a reduction in the growth of ACFS axenic
amastigotes (Figure 5.3) - 78 + 17 % fewer parasites were present after the three
day experiment {ts = 2.93, P < 0.05). Analysis of the data, however,
demonsirated that in the presence of K02 there was no sigmficant increase in cell
density (tg = 0.09, P > 0.1), indicating that KO2 prevented the multiplication of
ACPB in vitro. The effect of K02 on the growth of axenic amastigotes of
ACPB/g2.8 was not analysed, as the low pH of the medium required for axenic
amastigote growth prevents the use of antibiotics to select for expression of the
transfected pgene on its episome. Thus, there would be a variable tevel of
expression of this enzyme in amastigotes of this line making interpretation of the

data impossible. This unfortunately makes it impossible ta be sure whether the
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enhanced susceptibiiity of ACPB to KO2 is due to the lack of CPB or to some
uncharacterised effects of the electroporation process.

To investigate further how KO2 mediates this inhibitory effect on the
muttiplication of ACPB amastigotes, the effect of this inhibitor on several other
null mutant tines was analysed. The effect of 45 uM KO2 on the growth of
ACPA axenic amastigotes was analysed to investigate whether the inhibitors
effects on CPA were responsible for the toxicity io ACPB. The results are
shown in Figure 5.4 and demonstrated that by day 3 of exposure to KO2 there
was a 53 £ 14 % decrease in cell density in the presence of X0O2 when compared
with the control (¢, = 5.9, P < 0.01). However, the reduction in cell density
observed by day 3 in the presence of KO2 was not significant (t, = 2.72, P >
0.05). Notably growth of ACP4 was slow even in the absence of K02 indicating
that the inbibitor was not, av this stage in the infection causing parasite death.
The experiment was not extended to day 4, so it is uncertain whether this effect
became significant after this point.

Analysis of the effects of KO2 on the growth of axenic amastigotes
facking in both CPA and CPB (ACPA/CPB), demonstrated that a 69 + 6 %
reduction in cell density occurred by day 3 when compared with the control {ty3=
4.3, P < 0.02)(Figure 5.5). No significant change in cell density was observed in
the presence ot KD2 after initiation of experiment (i = 1.3, P > 0.1), suggesting
that the presence of KO2 was preventing parasite multiplication.,

Despite the fact that KO2 inhibited the multiplication of all the null
mutant parasite lines examined, whilst only exerting some inhibition of growth on

the wild-type axenic amastigotes, no significant difference was found between the
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percentage inhibition observed for any of the lines analysed (Fso = 3.53, P >
0.05). The fact that all three null mutant lines multiplied at a lower rate that the
wild-type may account for this factor.

Another cysteine proteinase known to be expressed in the amastigote
stage of the life-cycle is the GPL:protein transamidase GPIS8, discussed in chapter
4. Hilley ef ai., (1999) cloned, characterised and produced a null mutant
(AGPIS8) for this gene by targeted genc dcletion. The effects of KO2 on the
axenic amastigotes on AGP/8 and a line re-expressing GPI8 (AGPI8/gpi8) was
investigated. The data shown in Figure 5.6 demonstrated that the presence of
KO2 had no effect on the growth of either line examined (ty == 1.5, P> 0.1, and t4
= 14, P > 0.1, respectively). 'This was unexpected as wild-type axenic
amastigotes were affected and the results discussed in Chapter 4 demonstrated

that KO2 has no inhibitory eflect on the GP1:protein transamidase.

5,3.3, The effects of cysteine proteinase inhibitors on the infection of

macrophages by stationary phase promastigotes in vitro.

The effect of KO2 on the ability of wild-type stationary phase
promastigotes to successfully infect macrophages was determined. No
investigation was madc of the effect of the KO2 inhibition on the infectivity of
ACPEB stationary phase promastigotes as this line survives in only a small number
of cells (Mottram e/ al., 1996) and so analysis of any reduction in infection was
not practical. The results of this investigation are shown in Figure 5.7. By 8 h

post infection the wild type promastigotes had infected 33 + 9 % of the
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macrophages present. This level remained effectively constant throughout the
108 h (7 day) experiment and therefore follows the expected patiern of infection
in vitro. The presence of 45 nM KO2 from the imitiation of infection (following
a brief pre-incubation of the promastigotes) did not signilicantly reduce the ability
of the parasite 10 be taken into macrophages as there is no significant difference
in the numbers of infected cells by 8 h {ty = 1.17, P > 0.1}, The inhibitor did,
however, appear to perturb the parasite’s ability to survive once an infection had
been established as by 24 h p.i. there was a significant reduction in the numbers
of cells infected compared with controt infection levels (1, = 3.18, P < 0.02). This
apparent reduction was a transient phenomenon, however, as by 72 h p.i. similar
levels of infection were achieved in the two infections (t, = 0.05, P > 0.1).
Nevertheless, by 168h p.i. there was a dramatic difference in the numbers of
infected cells in the presence of inhibitor - a total reduction of 42 + 14 % (1, =
4385, P <0.01). These daia indicate that the inhibttors are affecting the viability
of the parasite within its macrophage host cell.

Analysis of the effect of the inhibitor when added at different time points
showed that the time of application did not affect the overall reduction in survival
by 168 h (Fos = 1.12, P < 0.05). This demonstrated that the inhibitor was not
acting to prevent the establishment of infection, infections were well established
by 72 h p.1., but that it appeared to be acting by causing the death of amastigotes
already established in ceils,

The presence of KO2 throughout infection also caused a three-fold
reduction in the numbers of amastigates per infected cell by 168 h p.i. (ts = 5.92,
P < (.01). No difference was observed in this reduction by applying KOZ at

either imtiation of infectiont or subsequently (F:4 = 0.29, P < 0.05). This again
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indicates that €02 acts on established amastigotes rather than during the initial
stages of infection. Further analysis of the data suggested that this effect was
rediated, at least in part, by the inhibitor acting to prevent parasite growth
within the cells as no statistically significant change in the numbers of
amasiigotes/infected cell was seen in the presence of inhibitor after addition of
KO2 at 24h (ty = 1.14, P > 0.1) or at 72 h (ty = 137, P > 0.1). This
phenomenon, however, may reflect in part the low numbers of amastigotes
observed during the experimentation preventing any significant drop in numbers

being detectable.

8.3.4. The cffects of cysteine proteinase imhibitors on the dynamics of

infections initiated by axenic amastigotes in vifro.

An investigation of the effect of 45 uM KO2 on the infectivity of axenic
amastigotes was undertaken, The resuits are shown in Figure 5.8. The wild-type
amastigotes in the absence of KO2 infected approximately half of the exudate
cells and the level of infection remained relatively constant throughout the period
of analysis. When the wild-type amastigoies were pre-incubated for 10 min with
KO2 prior to infection (the inhibitor was then present throughout), there was no
statistically significant effect on the ability of the parasites to be taken up into
macrophages (t« = 0.16, P > 0.1). At 24 h the parasite was surviving in
comparable numbers of macrophages regardless of the presence of KO2 (ty =
0.58, P > 0.1). Indeed there was no significant reduction in the percentage of

parasites surviving i the presence of inhibitor until 168 h p.i. by when the
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percentage infection had dropped form 62 £ 11 % to 15 £ 12%, a reduction in
survival of 77 5 16% (14 = 5.08, P < 0.01).

The time of addition of K02 io the infection had no effect on the
percentage survival by 168 h of infection (F,¢ = 1.93, P > 0.05). Addition of

KO2 after 24 h caused a reduction in the numbers of infected cells of 61 £+ 28%
{t4=2.99, P <0.05). Addition of X2 after 72 h of infection lead to a reduction

in the percentage of infected cells - a total reduction in survival of 43 £ 6% (1, =
3.59, P <0.05). This again suggests that the inhibitor is not acting against the
initial stages of iofection but acts against established amastigotes within the
macrophages.

The effect on the numbers of amastigotes/infected cell was also analysed.
Whether the inhibitor was present throughout ihe infection or added
subsequently, there was an approximately three-fold reduction in the numbers of
amastigotes/infected cell by day 7 (t; = 5.07, P < 0.01). There was a similar
reduction of amastigotes per infected cell irrespective of the time of addition of
K02 (Fo5 = 0.78, P > 0.05). Tt seems probable that ihe inhibitor was causing
amastigote death as both the number of infected macrophages decreased and, if
KO2 is not applied until 72 h p.i. then by 168 h the numbers of amastigotes per
infected cell has significantly decreased {t. = 6.56, P < (,01).

Unlike ACPB promastigotes, the axenic amastigote form of this mutant
gives similar levels of infection to the wild-type parasite. It was therefore
decided to analyse the effect of KO2 on the survival of ACPB in macrophage

infections to investigate whether it was susceptible under these conditions as well

as during axenic culture.

131



Chapier five

The course of infection with ACPD axenic amastigotes in the presence of
45 uM KO2 from the initiation of infection was similar to that observed during
infection with wild-type parasites. The results are shown in Figure 5.9. There
was a significant reduction in the percentage of infected cells at 168 h p.i. The
overall reduction in survival in this case is 71 + 42 % (from 59 + 8 % to § £ 4 %,
ty = 10.72, P < 0.01), This was not significantly different from the reduction
observed with wild type cells (t4 = 0.31, P > 0.1). When the inhibitor was added
after 24 h of infection, the percentage of infected cells was apparently reduced by
72 h (from 54 + 3 % to 21 + 10 %, & = 5.4, P < 0.01). However, the overall
effect by 168 h p.i was not sigmficantly different from that with wild-type
parasites (t; = 0.66, P > 0.1). This suggested that although ACPB is more
quickly effected by KO2 its overall susceptibility is similar. This phenomenon
was demonstrated again by addition of KO2 after 72 h of infection. The overall
reduction in survival was 72 £ 5 %, which is of the same magnitude as when
KO2 was applied either throughout the infection or from 24 h onwards.
However, this is a larger reduction than was seen in the comparative study with
wild-type cells {t; = 6.67, P < 0.01). This again demonstrates that the null
mutant is affected more rapidlv. As was demonstrated for wild~type amastigotes,

the overall reduction in infectivity was not dependent on the time of application

of KO2 (Fz6 = 0.65, P > 0.05).

The data given in Figure 5.10, however, casis some doubt on the
otherwise interesting differences vbserved between the wild-type parasite and
ACPE with respect to suscepiibility to cysteine proteinase inhibitors, ACPB/g2. 8

axenic amastigotes were used in order to verify that the differences in
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susceptibility were due to the loss of the CPB array as opposed to other
uncharacterised diﬁ"erenc_es arising from the electroporation procedure.
However, the data indicate that this mutant line displays similar susceptibilities to
ACPR, addition of K02 after 24 h of infection caused a reduction in the numbers

of infected cells by 72 h {t; = 4.09, P < 0.01).

5.3.5. The effect of vinyl sulphone derivatives on the growth of L. major

promastigotes in vifro,

Investigation of the effects of KG2 on the in vigro growth of L. muajor
promastigotes {Selzer ef al., 1999) demonstrated that concentrations as low as 5
UM could inhibit growth and 20 pM completely prevented the promastigotes
muitiplication i vifro. The data presenied earlier in this chapter showed that L.
mexicang promastigotes multiplied as normal even in the presence of 45 uM of
KQO2. These contrasting results suggest, interestingly, that there may be species-
specific effects of cysteine protcinase inhibitors on Leishmamia species. To
confirm this, the growth rate of L. major promastigotes was investigated in the
presence of KOZ at 18 uM and 45 pM.

The results ittustrated in Figure 5.11 demonstrate that, surprisingly,
neither concentration of KO2 had any effect on the growth of L. major
promastigotes /n vifre. Two possibilities were considered as explanations for the
difference between my resulis and ihose of Selzer ef af. Firstly it seemed feasible
that our batch of K02 may have been labelled incorrectly before delivery, In

order, therefore, to confirm that our inhibitor was indeed KQ2, a new baich of
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the inhibitor was analysed in the same way, The data shown in Figure 5.12
demonstrated that the new and original batches of KO2 differed in their ability to
inhibit the growth of L. major promastigotes. [t was considered unlikely that the
original batch of KO2 had lost its activity, because no difference had been
observed in any of the other effects documented elsewhere in this thesis.
Furthermore, the compound was certainly an effective cysteine proteinase
inhibitor as documented in multiple experiments. This suggested that the first
batch received was slightly different in some way from the second, although
analysis of the effect of the new batch on /. mexicana promastigotes
demonstrated that the new batch still had no affect on growth. Difterences in the
production method of the two batches may have given rise to some impurities
that could account for the anomalies in activity, Unfortunately there was an
insufficient amount of the original batch available to allow proper analysis of its
structure and purity.

A second factor considered was that the parasites are differently
susceptible to these inhibitors in different culture media. Selzer er al., (1999)
routinely used RPMI-1640 supplemented with 10% (v/v) HI-FCS and 20% brain
heart infusion tryptose. However, a comparison of the growth of L. major
promastigotes in the two media demonstrated that there was no media-related
increase In susceptibihity to inhibition (data not shown).

An interesting observation was made when the new K(2 was analysed
against L. major at 18 uM (see Figure 5.12). This concentration was comparable
to that quoted in the literature as causing a complete inhibition of growth (20
uM). However, when tested by me, although an inhibitory effect was found, it

was more similar to the inhibition Selzer reported using 5 pM. One explanation
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for this is that there are also strain dilferences in susceptibility to cysteine
proteinase inhibitors. Selzer ef g/, (1999) used L. major 1.V39 strain for their
analysis, whereas the strain 1 used was RKK2. The fact that { observed a siight
reductton in growth rate at 18 uM whereas a similar reduction in growth was
observed at 5 M in the investigations published by Selzer ef al., suggests that L.
inajor RKK2 is four times more resistant Lo inhibition by KOZ than L. major
£.V39. Such findings clearly emphasis the importance of studying each individual
species of Leishmania and possibly several different strains from within that

species when investigating the effects of potential chemotherapeutic precursors.
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Iigure 5.1: Graphical representation of the growth of L. mexicanu
promastigotes after a single, initial application of 45 pM KO2. Circles; wild-
type parasites. Squares; ACPB. Triangles: ACPB/g2.8. Open symbols indicate
control cultures. Solid symbols indicate cultures with a single application of K0Q2
at the start. The wild-type parasites and ACPB experiment was repeated twice in
duplicate with error bars indicating the range. ACPB/g2.8 was analysed three times

in duplicate and the error bars indicate the standard deviation.
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Figure 5.2: Graphical representation of the growth of wild-type axenic
amastigotes afler a single, initial application of various pepiidyl cysteine
proteinase inhibitors. Axenic amastigotes were grown with: no inhibitor (open
circles) or a single dose of 45 uM KO2 (solid circles) or ZFA (open squares). The
experiments were repeated three times in duplicate. The points represent the mean

with ervor bars indicating the standard deviation
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Figure 5.3: Graphical representation of the growth of ACPRB axenic
amastigotes after a single, initial application of 45 pM KO2. Open symbols;
control. Solid symbols; grown with KO2. The experiment was repeated on three

occasions in duplicate. Thc points represent the mean with error bars indicating the

standard deviation.
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Figure 5.4: Graphical representation of the growth of ACPA axenic
amastigotes after a single, initial application of 45 uM KO2. Open symbols;
control. Solid symbols; with KO2. The experiment was repeated three times in

duplicate. The points represent the meuns with error bars indicating the standard

deviations.
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Figure 5.5: Graphical representation of the growth of ACPA/CPB axenic
amastigotes after a single, initial application of 45 UM KO2. Open symbols;
control. Solid symbols; with KO2. The experiment was repeated three times in

duplicaie. The points indicate the means with error bars indicating the standard

deviations.
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Figure 5.6: Graphical representation of the growth of GPI8 null mutant axenic
amastigotes after a single, initial application of 45 M KO2. Circles; AGPIS.
Squares; AGPI8/gpl8. Open symbols indicate control cultures. Solid symbols
ndicate cuitures with KO2. The experiment was repeated three times in duplicate.

The points indicate the means with error bars representing standard deviations.
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A % infected cells Y inhibition

8h 1 24 h E 72h 1 168 h 168 b
control 1 333+92 E 35.8+6.0 E 30.7 + 4.4 i 33.6+2.7 |
KO20h | 264248 | 208256 | 279483 | 193543 416+ 14.0°
KO2,24 h § 22.8+6.4 E 224+64% | 27.6+3.5*

KO2,72h 15.9+11.8% 1 51.0£30.1*

B Number of amastigotes/infected cell

8h E 24 h i 72 h l 168 h
control 28409 1 23+0.7 : 44408 ll 604 1.0
KO2, 0 h 1.6+0.1 E 1.6+ 0.1 i 2.8+ 1.1 E 2.1 +0.5%
KO2,24 h 24405 E 2.3 - 0.4%
KO02,72h 3.1+ 1.8*

Figure 5.7: The effects of 45 uM KO2 on the infection dynamics of wild-type
stationary phase promastigotes towards peritoneal exudate cells. A; rable of the
percentage of cells infected at cach time point. B; table of the average number of
amastigotes pet infected cell. KQO2 was added at initiation of intection (0 h), after
24 h, or after 72 h of infection. The experiment was performed in duplicate on three
separate occasions and the data are means & standard deviation. The significance of
any observed difference between experiments and controls was assessed using t

tests. % significant at P < 0.05. a significant at P < 0.01.
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A % infected cells % inhibition

8h } 24 Ih : 72h : 168 h 168 h
confrol 1 459+ 10.2 E 447+11.8 E 56.4 =127 E 61.611.0 [reiad 2
KO20h | 459286 | 555%125 | 4865119 1 149£115° 765+ 16.3"
KO2,24h | 33.5+3.1 5 24.7+18.2* | 60.5 %27 8*
K02,72h 5 35.6+5.9% | 42.5+5.9*
R Number of amastigotes/infected cell

8h [ 24 h E 72 h : 168 h

control 3.9+0.8 i 36+08 i 51104 l 67+1.2
KO2,0h 28+03 5 2.7+04 : 37419 : 2.4 +0.8*
KO2,24 h 3.1+0.6 5 24+ 1.0*
KO2,72h 3.1 +£0.3*

Figure 5.8: The effects of 45 uM KO2 on the infection dynamics of wild-type

axenic amastigoies towards peritoneal exudate cells. A; table of the percentage of

cells infected at each time point. B; table of the average number ol amastigotes per

infected cell. KO?2 was added at initiation of infection (0 h), after 24 h, or after 72 h

of infection.

The experiment was performed in duplicate on three separate

occasions and the data are means * standard deviaticn. The significance of any

observed difference between experiment and control was assessed using t tests. &

significant at P < 0.05. a significant at P < 0.01.
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A

% infected cells

% inhibition

8h i 24 h i 72 h E 168 h 168
control | 40.9%5.4 i 51.8=6.4 : 54.2+2.6 :. 594 +7.5 '
KOZOh | 443%124 | 437£62 | 3584222 ) 78£38° 707+ 4194
K02,24 h [ 212+103* ] 99+238% | 71.9+11.0%
KO02,72h 10.4+£4.2*% | 72.0+4.7*
B Number of amastigotes/infected cell

S h : 24 h : 72 h ; 168 h
control 2.9+09 E 32104 i 3.7 +0.3 II 434 £0.9
KO2,0h 2.8+0.1 : 29402 1 2.7+0.7* : 1.8 £0.5*
KO2,24 h 2.4+03* i 1.94£04*
KO2,72h 1.8 +0.5*

Figure 5.9: The effecis of 45 pM KO2 on the infection dynamics of ACPB

axenic amastigotes towards peritoneal exudate cells. A; table of the percentage of

cells infecicd at each time point. B; table of the average number of amastigotes per

infected cell. KO2 was added at initiation of infection (0 h), after 24 h, or after 72 h

of infcetion.

occasions and the data are mean z: standard deviation.

The experiment was performed in duplicate on three separate

The significance of any

observed difference between cexperiment and control was ussessed using t tests.

significant at P < 0.05. & significant at P < 0.01.

144



% infected cells

% inhibition

24h | 72 h E 168 b 168 h
control 4866 1 STSESY 1 54799
KO2,0h 44.9 + 6.6 } 50.7+9.2 : 158% 14.6 | 69.6+202%
KO2,24h 1 392+6.7% : 155 +6* 7194 (1.1*
KO02,72h 15.7 + 4.4* 72.0+£4.7%
B Number of amastigotes/infected cell

24 h E 72h i 168 h

control 3.5+0.9 : 49108 : 63+0.8
KO2,0h 3.5+0.6 : 32+05% E 324+08%
KO2,24h E 2.4+0.8*
KO2,72h 2.4+0.6*

Figure 5.10: The effects of 45 uM KO2 on the infection dynamics ot ACPB/g2.8

axenic amastigotes towards peritoneal exudate cells. A, table of the percentage of

cells infecled at each time point. B; table of the average number of amastigotes per

infected cell. KO2 was added at initiation of infection (Q h), after 24 h, or after 72 h

of infection.

The experiment was performed in duplicate on three separate

occasions and the data are means + standard deviation. The significance of any

abserved differcnce was assessed using t tests. a significant at P < 0.01.
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Figure 5.11: Graphical representation of the growth of I, major promastigotes
after a single, initiai application of KO2. Open circles; control. Solid circles;
grown with 18 uM KO2. Open squares; grown in 45 pM KO2. The experiments

were repeated twice in duplicate. The points represent the means and the ervor bars

indicate the ranges.
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Figure 5,12: A comparison of the growth of L. major prowmastigotes in two
batches of KO2. Open circles; control. Solid circles; grown in 18 uUM of the
original batch. Open squares; grown in 18 uM of the new batch. 'L'he experiments
were repeated twice in duplicate. The points indicate the means with crror bars

indicating the ranges.

147




Chapter five

5.4, Discussion,

This chapter has dealt with an investigation of the eflects of peptidyl
cysteine proteinase inhibitors on the viability of the different life-cycle stages of
L. mexicana. Although originally three inhibitors were to be analysed, it became
clear from early data (see chapter 3) that all three inhibitors had similar effects.
An analysis of ZFA and KO2 in preliminary studies indicated that their effects
were comparable, It was therefore decided to concentrate on an analysis of the
activity of KO2 as a representative of this group.

The first step in analysing the effects of inhibition of the cysteine
proteinase enzymes of the parasite was to determine what, if any, effect KO2 was
having on the parasite’s axenic growth. Analysis of the effect of different
concentrations under different regimens on the growth of the promastigote form
of the various sirains demonstrated that the inhibitor bad no effect on the
multiplication of this stage of the parasite’s life-cycle.

The lack of effect on the promastigotes was expected due to the fact that
null mutants have been successfully produced for each of the cysteine proteinase
genes characterised in L. mexicana to date (Souza ef al., 1994; Mottram ef af.,
1996, Hilley ¢ al, 1999} suggesting that the cysteine proteinases are not
essenttal for in vitro survival of promastigotes. Further to this, the promastigoies
have little cysteine proteinase expression (Souza ef al., 1992). It is therefore not
surprising that inhibitors which effect these enzymes will have little or no effect
on the promastigote stage of the life-cycle as the build-up of the potentially toxic
precursor enzymes will be small (see Chapter 3). Interestingly, however this
build-up of precursor forms was demonstrated to cause the formation of large
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vacuoles within the promastigotes. It is perhaps surprising that such
ultrastructural alterations, which were posiulated to perturb intracellular
trafficking, have no adverse effect on promastigote growth,

Amastigotes of L. mexicana have been demonstrated to express high
levels of cysteine proteinase activity (Morth and Coombs, 1981; Pupkis and
Coombs, 1984) and are therefore proposed to be important in the survival of the
organism in this life-cycle stage. Although the cysteine proteinase null mutants
analysed to date have been able iv successtully transform into and grow as axenic
amastigotes, it is possible that the build-up of precursor forms of the CPB
isoenzymes observed when the promastigates are grown in the presence of these
inhibitors could perturb the organisms ability to swrvive as amastigotes (see
Chapter 3). It was therefore considered interesting to analyse the effects of our
cysteine proteinase inhibitors on the growth of axenic amastigotes.

Same intercsting observations can be made concerning the effect of KOZ
on the growth of axenic amastigotes. 45 uM of each of the inbibitors tested had
a significant effect on the density of wild-type L. mexicana by day 3 of exposure.
Thus the putative build-up of precursor forms within the parasite may be toxic to
amastigotes, either directly or indivectly via perturbation of intracellular
trafficking,

Interestingly, knocking out the CPR array or CP4 from the parasite did
not reduce its susceptibility to KOZ under the conditions analysed. It was
surprising that loss of the CPB array did not alter the amastigotes susceptibility
to inhibition. The loss of such abundantly expressed enzymes would obvicusly
decrease the build-up of intermediate enzyme forms and thereby the

ultrastructural changes would be reduced. Loss of these enzymes was postulated
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therefore to relieve the parasite from some susceptibility to KO2. Similarly loss
of CPA expression may have been beneficial to the parasite under the conditions
analysed. Interestingly, loss of both (P4 and CPEB in conjunction also did not
affect the parasites susceptibility to inhibition, This perhaps indicates that the
inhibitor has effects against another parasite enzyme. This enzyme may be CPC,
as although the majority of expression is in multiplicative promastigotes thete a
low level within the axenic amastigote stage (Bart ef af., 1995).

The results discussed above have demonstrated that inhibition of cysteine
proteinases in the axenic amastigote form Jead to some reduction in growth rate.
Jt must be remembered, however, that the axenic amastigote stage of the life-
cycle resides within a parasitophorous vacuole inside a macrophage host cell
duritg the natural infection. It is probable that enzymes expressed in abundance
in this stage will be necessary for the survival of the axenic amastigote within the
host ccll environment and therefore analysis of the effects of inhibition of such
enzymes in axenic culture may have little or no relevance to the in vivo situation.

The effect of KO2 on the course of in vitro macrophage infections by /.
mexicana was therefore analysed. In this study no analysis of the effects of KO2
on the macrophages themselves was undertaken, as extensive investigation of the
effects of KO2 on mammalian macrophages in vitro and in vivo suggest that
KOZ has no dettimental effect (Engel ef al, 1998a). The data presented
concerning the infection of macrophages with wild-type stationary pbase
promastigotes suggests that the inhibitors have no effect on the initial uptake of
the parasite. There was, however, a reduction in the number of cells infected by
24 h p.i. This reduction was transient as levels were similar to control by 72 h.
This increase in infection was unlikely to be due to re-infection of macrophages
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as the complete transformation from promastigotes to amastigoies has been
demonstrated to take up to 5 days (Galvao-Quitao ef ¢/, 1990) and after this at
least 2 cycles of replication vaturally occur, each lasting 18 h (Dovle et o/,
1989), before the amastigotes burst from the cells and re-infect new
macrophages. Thus by 72 h, no re-infection would have occurred. The
difference observed is more likely to reflect an inaccuracy in the system used.
The difference in pumbers of macrophages infected between 24 and 72 h is only
slightly significant (0.1 <P < 0.05) and so experimental variation could have
been a contributory factor.

The finding that the reduction caused by K02 did not significantly change
regardless of the time of its application suggested further that the inhibitor was
not acting during the initial stages of infection, but rather acted primarily on
already established amastigotes.  The full transformation of internalised
promastigotes to amastigotes is a lengthy process, thus the majority of the
cysteine proteinase expression will not oceur until well after the infection has
begun (approximately 3 - 5 days post infection, [Galvao-Quitao ef af, 19901).
Therefore the lack of effect of this inhibitor on the early stages of infection is not
surprising. Indeed the anti-leishmanial effects of other cysteine proteinase-
dependent agents, namely L-leucine methyl esters, on intracellular parasitism has
been shown to increase with time of intracellular residence (Hunter ef a/., 1992).

These data indicate that the effect of KO2 on parasite viability is not due
mainly to its inhibitory effects on the CPB enzymes. This is consistent with other
results (see Chapter 7 and Mottram ef @/., 1996) which indicate that one role(s)
of the CPB enzymes in infection is during the initial uptake of the promastigotes
nto macraphages, rather than during axenic amastigote infection, even though
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the rajority of CPB expression occurs during this latter stage. This suggests that
other roles exist for the CPB isoenzymes. The build-up of cellular protein and
membrane within the lysosomes of L. major parasites following KO2 exposure
suggest that the cysteine proteinases of this parasite have a role in protein
catabolism (Selzer ef al, 1999). It is feasible, therefore, that the CPB
isoenzymes expressed within the axenic amastigote stage have similar roles,

Some of the resuits obtained concerning the effect of the inhibitor on the
numbers of amastigotes/infected cell suggests it can affect the replication of
amastigotes within the macrophage rather than killing the amastigotes, This may
simply be a reflection of the inhibitors major effect being on the axenic
amastigote stage of the life~cycle which does not completely form until several
days after the infection is initiated., Thus the inhibitor may have cytostatic effects
which eventually lead to cell death, but not within the experimental period.
Investigation of the effects of KO2 on prolonged infections originating from
promastigotes would enable clarification of certain points arising from this
discussion.

The data discussed so far, suggest that the inhibitor has effects on
established amastigotes within infected cells rather than hindering the initiation of
infection. The dramatic reduction observed in the survival of axenic amastigote-
derived infections of all lines analysed again suggests that axenic amastigote
infections are more susceptible to inhibition. There was no effect on the uptake
of amastigotes into macrophages; however, it must be borne in mind that the pre-
incubation of the parasite with inhibitor was only short. The fact, however, that a
similar inhibitory effect was observed whether the inhibitor was added at

inittation of infection or subsequently suggests that the target of KO2 is not
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required during initiation of infection. Analysis of the uptake of promastigotes
incubated overnight in inhibitor may allow further analysis of this phenomenon.

The fact that survival of ACPB was reduced, as was that of wild-type
parasites, indicates that the primary activity of KO2 is not against CPB.
However, when the mbibitor was added to ACPB infection after 24 h, a
reduction in survival was obscrved by 72 h pi., indicating that loss of the CPB
enzymes accelerated the induced death of the parasites. This effect may be due
to the fact that loss of snch abundantly expressed enzymes allows more of the
inhibitor to bind to the other cysteine proteinases within the parasite. This
suggests that the CPB enzymes may act as a sink for the inhibitor and reduce the
effective dose. Nevertheless, the overall effect of KO2 on ACPB survival was
similar to the effect observed for wild-iype infection, suggesting that the
increased susceptibility was due to the parasite experiencing the deleterious
effects of KOZ more rapidly. This again suggests that the CPB enzymes act to
protect the parasite fiom the effect of this inhibitor as loss of these enzymes
quickened the onset of toxicity.

Some indication about the stability of KO2 can be inferred from the above
data. Addition of KO2 to ACPE iafections 24 h p.i. had a greater effect on
percentage survival by 72 h than application from the start. This may indicate
that the intubitors target is essential from after 24 h of infection and that KO2 has
limited stability in the system used. The amount of KO2 available after 24 h in
culture wouid therefore be lower than the initial concentration, hence a

prolonged period before the reduction in survival is observed if the inhibitor is
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applied from the start of infection. This could have been investigated by renewal
of the KO2 every 24 h, to see if the instability of K02 is the cause.

The affect of KG2 on the survival of ACPB/g2.8 was analysed and it was
demonstrated that this line was of comparable susceptibility to ACPB. This was
not expected due to the fact that ACPAB/g2.8 has wild-type virulence. However,
if the CPB enzymes are acting as a sink for the inhibitor as discussed above, then
re-expression of only one enzyme may not be enough to mop up sufficient KG2
to allow unaflected survival beyond 72 h.

The data presented in this chapter indicate that inhibition of L. mexicana
cysteine proteinases leads to a reduction in the intracelluiar survival of the
parasite. However, no information as to how this reduction is mediated exists,
Cysteine proteinases are tmportant in a number of parasitic systems (see chapter
I, section 1.4). Cysteine proteinases of Plasmodium species have been
demonstrated to prevent the mature schizont from rupturing its host cell
(reviewed by McKerrow ef ai., 1993). I is unlikely, however, that the cysteine
proteinases of L. mexicana are involved in a similar function as the effect of
wnhibition in vitro 1s observed long before any host cell lysis occurs, In other
parasitic infections, for example, £. hisfolyfica or Plasmodium species, the
inhibition of cysteine proteinase activity has been shown to perturb the
organism’s acquisition of nutrition (Serrano-Luna ef al., 1998; McKerrow ef al.,
1993). The lysosomal Jocation of the leishmanial enzymes suggests that a role in
nutrition is possible, therefore inhibition of the cysteine proteinase activity may
simply starve the parasites.

KO2Z has been demonstrated to cause the appearance of cysteine

proteinases in the flagellar pocket of L. major (Selzer ez ¢f., 1999). Perhaps in
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the amastigotes of L. mexicana these enzymes are released into the
parasitophorous vacuole in the presence of K02 and thus cause alteration to this
important micro-cnvironment, and so reduce viabilityy  The majority of
macrophages infected are initially invaded by more than one amastigote.
Therefore several parasitophorous vacuoles form, which could explain how some
amastigotes survive within the cell whilst others are killed. Unfortunately, no
evidence was obtained demonstrating that the surviving amastigotes were viable.
Staining with viability dyes would elucidate further whether any live amastigotes
survive 1o 168 h p.i.

Some investigations into the effects of inhibitors on Leisfmania and
related organisms have suggested that inhibition of cysteine proteinases can
prevent the transformation between different life-cycle stages. TFor example,
Coombs ez af. (1982) demonstrated that leupeptin and auntipain inhibited the
transformation of L. mexicana promastigotes and Franke de Cazzulo er al.
(1994) demonstrated that diazomethanes can prevent metacyicogenesis in 7.
cruzi, ‘Yhus it would be interesting to investigate the effects of XO2 on the
transformation of L. mexicana promastigotes. However, data presented here
suggests that the important inhibitory effects of KO2 occur after transformation
during established amastigote infections within macrophages.

The data presented in this chapter indicates that the inhibition of L.
mexicang cysteine protemases causes a reduction in the viability of the parasite.
Although no effect was observed on the growth of promastigote, the inhibitory
effect of KO2 on the growth and survival of amastigotes in vifro demonstrates its
effectiveness during the pertinent stage of the life~cycle. Although the effects of
KO2 in vitro have been clearly demonstrated, the 7# vivo situation with regards
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to L. mexicana requires investigation. So far the in vive effects of K02 on L.
major and T. cruzi have been investigated (Engel ez al, 1998a; Selzer et ol ,
1999). 1In the case of 7. cruzi, treatment lead to a long term cure rate of 100 %,
However, analysis of the situation with L. major suggested that KO2 only acted
to prolong the time before lesion development. Indeed, the therapeutic effects
disappeared after cessation of treatment and the lesion developed at a similar rate
to the control.

Analysis in other systems has also demonsirated a similar phenomenon.
I. brucei blood stream forms are susceptible to K02 in virro due to its activity
against ‘[rypanopain-Th, the organism’s lysosomal cysteine proteinase (Troeberg
ef al., 1999). However, the use of diazomethanes /» vivo has demonstrated that
inhibition of Trypanopain-Tb only prolongs the life of infected mice and does not
cure infection (Scory ef al., 1999).

This apparent lack of true effectiveness i vivo despite obvious in vifro
efficacy casts doubt on the use of KO2 as a chemotherapeutic in the majority of
systems. Further to this, the variability between systems, emphasises the
necessity for in vivo trials against L. mexicana. The differences in susceptibility
of L. major and L. mexicana promastigotes to KO2 inhibition, highlights the
need to analyse the potential of compounds against individual species. Indeed,
the apparent disparity in the susceptibility of different strains of L. major 1o
inhibition indicates the requirement for several strains from within a species to be
analysed.

In conclusion, KO2 appears to reduce the survival of L. mexicana within
it’s macrophage host cell by effecting cnzymes other than those of the CPB array,
thereby reducing the viability of the amastigotes within the parasitophorous
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vacucle. There is some evidence that it’s effects on CPA may be important in the
reduction of virulence of the parasite. Interestingly, deletion of the CPB array ar
CPA does not reduce ihe parasites susceptibility to inhibition, indicating that the
inhibitor is affeciing other cysteine proteinases within the parasite. Analysis of
the situation in vivo is necessary before any conclusions about the potential for

K02 as 2 chemotherapeutic candidate against L. mexicana can be made.
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Chapter 6

The respense of macrophages to infection with L. mexicana

promastigotes in vitro

6.1, Introduction,

Pathogens bave evolved a vatiety of strategies to prolong their survival
within their host erganism. Leishmania species survive by shielding themselves from
the effector mechanisms of the immune system by residing intracellularly in the
macrophages of their host. Prolonged infections are possible due to the parasite’s
ability to modulaie the host immune response; studies in susceptible and resistant
mice have demonstrated that the balance of cyiokine production in the early stages
of infection in resistant mice is such that a Thi type immune response develops with
the produciion of TEN-y and the ability to produce TNF-a (Sadick ef af., 1986). This
allows the activation of host macrophages to produce reactive nitrogen intermediates
(RNI) which are toxic to the parasite and thus lead to clearance of the infection
(Green ef af., 1994). In conirast, susceptible animals typically produce elevated
levels of transforming growth factor-beta (TGF-3), IL-10 and prostaglandins (Barral
et al., 1993; Cartera et al., 1996; Milano ef a/., 1996) with a coincident reduction in
the production of IL-12 from infected cells (Weinbeber et af., 1998). Together these

factors have beea demonstrated to inhibit the production of an effective Thl type
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cell mediated response o the infection and thus allow survival of the parasite. A

more detailed discussion of the immunc response to infection can be found in
Chapter 1, section 1.3.

The factors invalved in the clearance of Leishmeania amastigotes from
macrophages have been studied in detail. The role of reactive oxygen specics (ROS)
in killing is thought to be minimal [t has been demonstrated that macrophages
deficient in production of H,O; and superoxide can clear infections with L. donovani
in vitro (Scott et al., 1985). However, recent work has demonstrated that these
species may be important in control of the early stages of in vivo infection as ROS-
deficient mice are more susceptible in the first two weeks of infection but can
control and limit the later stages (Murray and Nathan, 1999), This pattern may
reflect the fact that during the initial stages of infection, phagocytosis of the
promastigote by a macrophage elicits a respiratory burst from the bost cells (Murray,
1982); in ROS deficient mice this response will not occur and may allow increased
survival. However, by two weeks post infection (p.i.) the parasite has established
itgelf as amastigotes and re-infection of new host cells will occur via a subtly
different mechanism, that does not elicit an oxidative response from the invaded host
cells (Channon ef al., 1984). Therefore a lack in ROS production is [css likely to
influence progression of the infection at this time.

The majority of parasite kiiling is considered to be via the production of RNI
from nitric oxide. Mice deficient in inducible nitric oxide synthase (INOS)
expression have been demonstrated to display increased susceptibility to infection

with L. major (Wei ¢f al, 1996) More recent studies have demonstrated that
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healing associated with anti-TGE-B treatment in L. major-infected susceptible mice

1s due to the increase in NO production observed (L1 er o/, 1999).

Prostaglandin production {(especially PGE,; and PGE,) from the macrophages
themselves is known to prevent the activation properties of IFN-y and has been
associated with disease progression (Milano er al, 1996). The use of the
cycloxygenase inhibitor, indomethacin, to prevent the production of prostaglanding
during infection has been demonstrated to allow a protective Thl type response to
develop in BALB/c mice, and thus slow the progression of the disease (De Freitas ¢¢
al., 1999). n conjunction with modulation of the immune response, the parasite has
been demonstrated to counteract the killing activity of it’s host cell n a variety of
other ways, which are discussed in Chapter 1, section 1.2.

The reduction in intracellular survival observed during in vifro infection with
L. mexicana ACPB promastigotes suggests that this parasite may be less able to
withstand the microbicidal activities of the host cell (Mottram ef al, 1996).
Furthermore, the investigation demonstrated that ACPB was able to survive
normally in a small percentage of those cells infected. This suggested that a sub-
population of the cells infected was permissive to the null mutants survival
Comparison of the relative suscepiibilities of L. mexicana wild-type and ACPB
parasites to F;O; and NQ in vifro demonstrated that the parasites are equally
susceptible to these molecules (Frame, PhD thesis). However, it remains possible
that these two strains elicit the production of different amounts of either ROS or

RNI in response to infection, thereby reducing its intracellolar survival.
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The standard assay used in the investigation of L. mexicana infection
3 1=t

involves the iz vitro infection of peritoneal exudaie cells (PECs) from BALB/c mice
(see Chapter 2, section 2.3.1.1 for details). The PECs are routinely adhered
overnight before washing to remove the unadhered cells. This removes
lymphocytes, red blood cells and tissue cells, such that the majority of cells
remaining are macrophages (Plasman and Vray, 1993). However, peritoneal
macrophages have long been acknowledged to form a phenotypically diverse range
of cells whose characteristics are largely dependent on maturity and activation status
(Plasman and Vray, 1993). Further to this, dendritic cells are known to be weakly
adherent. Thus there appeared the possibility that ACPB may be exploiting the
characteristics of one of these sub-populations of PECs to allow its survival. This
may possibly occur via this cell types inability to respond to infection by mounting an
effective microbicidal attack. This was the working hypothesis behind this part of
my work.

An investigation was undertaken t{o characterise the response of
macrophages to infection with L. meexicana, to ascertain whether the reduced
virulence of ACPS was due to an increase in the magnitude of the response mounted
towards infection. The possibility that ACPB wasg exploiting the characteristics of a
certain sub-population of cells to allow survival in a proportion of the cells originally

infected was also examined.

6.2. Materials and Methods.
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6.2.1. Comparison of the infection dynamics of stationary phase promastigotes

within elicited and non-elicited peritoneal exudate macrophages.

The infection dynamics of wild-type, ACPE and ACPB/g2.8 staticnary phase
promasiigotes were compared in macrophages obtained by peritonreal lavage of
normal female BALB/e mice and in macrophages obtained from mice treated 4 days
previously with an iniraperitoneal injection of 4 % (w/v) thioglycollate (Chapter 2,
section 2.3.2),

Macrophages were harvested, adhered overnight and infected as described
previously (see Chapter 2, sections 2.3.1.1 and 2.3.1.2). After staining with
Giemsa’s stain the nambers of infected macropbages and the numbers of amastigotes
per cell was microscopically assessed and recorded for at least 200 macrophages per
time point. The experiment was repeated three times in duplicate and the results are

expressed as means + standard deviation.

6.2.2. Measurement of the production of nitric oxide by infected macrophages.

Macrophages elicited with 4% (w/v) thioglycollate from BALB/c mice
(Chapter 2, section 2.3.2) were used routinely during this investigation as my
preliminary analysis had determined that the amount of NO produced by resident
macrophages was too low to be detectable by the method used.

Macrophages were harvested and infected as described previously (Chapter

2, sections 2.3.1.1 and 2.3.1.2) and stimulated with 40 U ml™ IFN-y and 10 ng mi*
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LPS after 4 h incubation as described elsewhere (Chapter 2, section 2.5.1 and

Proudfoot ef al., 1995). At the desired time points, the supernatants were removed
and stored at -20°C until required. The amount of NO produced was estimated by
measuring the nitrite concentration of the supernatants via the Greiss Reaction
(modified from Koib ef a/., 1994 and described clsewhere, Chapter 2, section 2.5.1).
The experiment was repeated three times in duplicate and the data are presented as

means + standard deviation.

6.2.3. Measurement of the oxidative burst of infected macrophages in response

to a secondary stimulus.

The ability of infected macrophages to respond to a secondary stimulus via
the production of high energy oxygen compounds was assessed using
chemiluminometry as described clsewhere (Easmon ef @f, 1980 and Chapter 2,
section 2.5.2.1}.

Briefly, macrophages were elicited with 4% (w/v) thioglycollate and then
harvested as described in Chapter 2 (sections 2.3.2 and 2.3.1.1, respectively), before
being adhered overnight to the base of cylindrical plastic measuring cuvettes
{Clinicon). The macrophages were then infected for 1 h with stationary phase
promastigotes (parasite:macrophage ratio of 1:1) beforc their ability to respond to
PMA. (100 ng mi™") was assessed via the measurement of the light emitted during

oxidation of luminol. The experiment was repeated on six separate occasions with
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readings being taken every 10 secands for 10 - 15 min. The data are expressed as

the mean values of these repeats.

0.2.4. Analysis of the role of prostaglandin E; in Leishmania survival in vitro,

The role of prostaglandin E; in infection was assessed by using the specific
cycloxygenase inhibitor, indomethacin, to prevent its production. Macrophages
were elicited with 4% (w/v) thioglycollate from BALB/¢ mice (Chapter 2, section
2.3.2) and harvested and adhered overnight as described previously (Chapter 2,
sections 2.3.1.1 and 2.3.1.2). The macrophages were infected with stationary phase
promastigotes at a parasite:macrophage ratio of 1.1 in the presence of 1 uM
indomethacin (from a 2.8 mM stock solution in methanol). Afier incubation for 4 h,
the macrophages were washed 1o remove un-attached parasites and the
indomethacin was re-applied. In some cases the macrophages were also stimulated
with 40 U ml” IFN-y (Wang and Chadee, 1995). At the desired time, point the
macrophages were washed, fixed and stained as described in Chapter 2, section
2.3.1.2 and the percentage of infected cells was assessed microscopically for at least
200 cells per time point. The experiment was repeated in duplicate on three separate

occasions and the results are given as the means + standard deviation.

6.2.3, Analysis of the infection dynamics of stationary phase promastigotes

towards peritoneal exudate cells from BALB/c mice treated with FLT3L.
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To expand dendritic cells /» vivo, mice were treated with daily injections of

either 10 pg FLT3L or 100 wl PBS, mtraperitoneally for 10 - 12 days as described
by Viney er al., 1993 (see Chapter 2, section 2.3.3 for detail). Following treatment,
the peritoneat cells were harvested, adhered and infected as described previously
(Chapter 2, sections 2.3.1.1 and 2.3.12). The experimeni was completed in

duplicatc on three separate occasions and the results are given as means + standard

deviation.

6.2,6, Statistical unalysis

The statistical significance of the data was assessed using either student’s t
tests or heteroscedastic t tests, depending on the equality of the variance as
determined by variance ratio F testing In some cases, one-way ANOVA was
employed to investigate the relationships between more than two samples. An

example of the statistics used in this chapter can be found in Appendix 1.

6.3. Resuits

6.3.1. An investigation of the infection dynamics of stationary phase

promastigotes in ¢licited macrophages.

My preliminary investigations into the response of macrophages to infection
with L. mexicana promastigotes indicated that the levels of NO and ROS produced

during infection of resident peritoneal exudate macrophages were too low fo he
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easily detectable by the methods emploved. However, the amounts of these

molecules produced increased to detectable levels if thioglycollate elicited
macrophages were used. - [ therefore used these cells to compare the levels of ROS
and RNI induced. An investigation of the infection of wild-type, ACPB and
ACPB/g2.8 stationary phase promastigotes into elicited macrophages was therefore
undertaken to ensure that altering the macrophages used did not change significantly
the relative infectivities of these parasite lines.

The results are given in Figure 6.1. Analysis of the relationship between the
percentage of infected cells in each sample at 8 b p.i. demonstrated that there was a
statistically significant difference between the uptake of the parasite lines in the
different macrophage types (Fs1» = 5.39, P < 0.05). Closer analysis, however,
demonstrated that this difference was due to a slight reduction in uptake of ACPB in
resident macrophages when compared to wild-type and ACPH/g2.8 (P < 0.05).
Infection of resident (non-elicited) macrophages with wild-type stationary phase
promastigotes led to a final infection rate of 30.4 1 8 5%, which is of the magnitude
expected in this systemn. Analysis of the infection observed in elicited macrophages
demonstrated that there was no statistically significant difference in the percentage
survival by 168 h (ty = 1.7, P > 0.1). These results indicated that wild-type L.
mexicana 1s able to withstand the increased responsiveness of the elicited
macrophages and survive as in un-elicited, resident macrophages.

Analysis of the infection with ACPB/g2.8 stationary phase promastigotes
demonstrated that the virnlence of this line was comparable with wild-type parasites

at both time points and in both macrophage types (Fas =2.47, P > 0.05). Again, this
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demonstraled that the parasite is able to survive in elicited and resident macrophages

to a similar degree. Infection of resident macrophages with ACPB stationary phase
promastigotes resulted in a 81.2 £ 7.6 % reduction in the number of infected cells
by 168 h p.i. when compared with infection with wild-type parasites. This was
demonstrated to be similar to that observed for elicited macrophages (75.6 + 1.7 %,
2=0.58,P>0.1).

It was concluded that the dynamics of infection in elicited macrophages
closely follow those characterised for resident peritoneal exudate macrophages and

therefore 1 considered it appropriate to substitute elicited macrophages in the

following analyses.

6.3.2. Analysis of the nitric oxide produced im response to infection with

stationary phase promastigotes,

An investigation of the production of NO over the first 48 h of infection was
undertaken to determine whether ACPB was more susceptible to killing because it
elicited an increased level of NO production from its host macrophages. Figure 6.2,
shows the amounts of nitrite detectable 1 the supematants of infected macrophages.
Unstimulated macrophages were used as a negative control and demonstrated that
small but detectable levels of nitrite are present in their medium. The application of
IFN-y and LPS demonstrated that such activation of the cells led to an increase in
the amount of nitrite produced. The increased levels at 48 h were due to the

accumulation of nitrite within the medium.
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Comparison of the amount of uitrite in the different supernatants

demonstrated that there was no significant difference between the amounts produced
in the various infections over the first 24 W period (Fo = 1.99, P > 0,05), the second
24 h period (F, = 0.62, P > 0.05) or over the total 48 h period of investigation (Fag
=085, P > 0.05). This suggests that the death of ACPB within macrophages in
vitro is not due to an increased production of NO during infection.

Interestingly no difference was found between the nitrite concentrations of
the infection supernatants and that of the positive control (Fss = 1.24, P > 0.05)
suggesting that parasite is able to survive within the macrophage despite the

production of nitric oxide rather than because of an ability to inhibit production.

6.3.3. Investigation ef the oxidative response of infected macrophages towards

a secondary stimulus,

I next tested the hypothesis that wild-type parasites are able to survive within
their host cclls due to their ability to inhibit the production of microbicidal
mtermediates, such as oxygen free radicals. One working hypothesis was that AC2B
is either unable to prevent production or elicits the production of an increased
volume of these molecules, hence its reduced survival. A study of the oxidative
response of infected macrophages towards a secondary stimulus was therefore

undertaken to determine the relative abilities of the infected macrophages to

respond.
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After infection of the macrophages for | h with stationary phase

promastigotes, the cells were stimulated with 100 ng ml™" PMA and the production
of high energy oxygen intermediates was assessed for 10 - 15 min using luminomectry
(see section 6.2.3). The results are shown graphically in Figurc 6.3. Resident
peritoneal exudate cells were used as a negative control as these cells fail to respond
to PMA stimulation, this demonstrated that only z low level of background
luminescence occurred. The positive control used was thioglycollate elicited
macrophages stimulated with PMA and these cells were demonstrated to produce an
oxidative burst as expected. However, no difference in the level of oxidative burst
between the wild-type- and ACPB-infected macrophages was observed, indicating

that both host-parasite populations were capable of responding to the secondary

stimulus to the same degree.

6.3.4. Investigation of the effect of Prostaglandin K, inhibition on the course of

in vitro infection

Prostaglandin E; (PGE;) is produced by macrophages in response to
stimulation and is involved in the down regulation of the macrophages effector
mechanisms (Adams and Hamilton, 1992, and see section 6.1 for details). [
hypothesised that wild-type L. mexicana can survive within macrophages because
they induce the production of PGE; in response to infection, thereby inhibiting the
microbicidal activity of the host cell. ACPB, on the other hand was postulated to be

unable to stimulate this production and is thercfore killed int the majority of cells that

169



Chapter six
it enters. An investigation of the elfect of inhibition of PGE, production on the

survival of wild-type and ACPB in macrophages was therefore undertaken.

Figure 6.4, shows the percemtage of infected cells by 168h p.i. Analysis of
the data demonstrated that the inhibition of PGE, production in the presence or
absence of IFN-y had no effect on the survival of wild-type parasites within
macrophages (Fz 5= 2.38, P > 0.05). This suggested that wild-type parasites are not
surviving in this in vitre system due to the production of high levels of PGE;. No
statistically significant effect was observed on the infection levels of ACPB in any of
the conditions analysed (Fi¢ = 0.51, P > 0.05),

In order to confirm that PGE, was having no effect on the relative infectivity
of these lines, an analysis of the percentage difference in survival was undertaken.
This indicated that the inhibition of PGE, production by macrephages in the absence
or nresence of IFN-y stimulation had no effect on the survival of either line in in

vitre infection (Fs 3= 0.77, P > 0,05),

¢.3.5. Investigation of the infectivity of stationary phase promastigotes towards

macrophages from FLT3L treated mice.

FLT3L is a haematopoietic stem cell factor which causes the outgrowth of
myeloid progenitor cells (Lyman ef al., 1993), Treatment of mice with this ligand is
known to increase the numbers of functionally mature dendritic cells within several
tissues in the body, including the peritoneum where the proportion of dendritic cells

has been demonstrated to increase by 29 fold (Maraskovsky er a/, 1996). As
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discussed elsewhere (section 6.1), there is some evidence that AC/E may be

surviving in a sub-population of the cells infected. One sub-population which could
potentially act as a permissive host for infection are dendritic cells. It was therefore
decided to investigate the infection dynamics of stationary phase promastigotes
towards peritoneal exudate cells from animals treated with FLT3L.

Analysie of ihe infection rates of wild-type parasites at 168 h p.i
demonsirated that there is no statistically significant difference between syrvival in
control (cells from non-treated mice) or cell populations enhanced for dendritic cells
(from FLT3L-treated mice, t, = 176, P > 0.1)(Figure 6.5). Interestingly, the
percentage infection observed for ACPB was significantly higher in the cells from
FLT3L-treated mice than in control cells (ts = 12, P < 0,01) and was pot significantly
different from the survival of wild-type parasites in this cell type (ta = 0.52, P > 0.1).
These data indicated that alteration of the cell-populations present during infection
can increase the infectivity of ACPB to that of wild-type parasites and suggests that

that survival of ACPB may be due to mfection of dendritic cells,
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Figure 6.1: The relative infectivity of stationary phase
promastigotes to resident and clicited peritoneal
macrophages. Resident macrophages infections: black bars,
wild-type infection; white bars, ACPB infection; diagonal
hatched bars, ACPB/g2.8 infection. Elicted macrophage
infections: grey bars, wild-type infection; horizontal hatched
bars, ACPB infection; dotted bars, ACPB/¢2.8 infection. The
experiment was repeated in duplicate on three separtate
occasions. The data showing the mean infection with
standard deviations. Those infections which werc found o
be significantly different from wild-type are indicated; * = P

<0.02.$=P<0.0L.
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Figure 6.2: Nitric oxide production by elicited macrophages in
response to infection with stationary phase promastigotes. The
bars represent the average nitrite concentration (UM) in the
supernatants of macrophages infected with: black bars, wild-type;
white bars, ACPB; grey bars, ACPB/g2.8. Haiched bars indicate the
concenfrations in the control supernatants: diagonal, stimulated with
IFN-v and LPS; horizontal, unstimulated. The nitritc concentration in
the first 24 h, the second 24 h (2 x 24) and the amount produced over
the whole 48 h of infection was assessed. [he experiment was
repeated in duplicate on three separate occasions. The data is
expressed as the mean with standard deviations. No significant
difference was found in the amount of NO produced by the different

macrophage mfections at any time point (P > 0.05)
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Figore 6.3: The oxidative response of infected macrophages after
secondary stimulation with PMA, Open  circles, elicited
macrophages. Solid circles, resident macrophages. Open squares, wild-
type infection. Solid squares, ACPB infection. The experiment was
repeated on six scparate occasions and the results are given as the mean

ol this determination.
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Iigare 6.4. The effect of inhibition of Prestaglandin E,
production by indomethacin on survival ol L. mexicana
within macrophages. The black bars represent the levels of
wild-type infection under the various conditions described. The
white bars indicate the levet of ACPE infection. The experiment
was repeated in duplicate on three separate occasions. The data
are given as the mean and standard deviation. No statistically
significant dilference was found between infections in any of
the conditions analysed (P > (0.05). The rclative reduction in
infectivity of ACPB also rcmained constant (Fyg = 0.77, P >
0.05)
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Figure 6.5: The mfection of peritoneal exudate cells from normal-
and FLT3L- treated mice. Infection in normal resident peritoneal
exudate cells: black bars, wild-type, white bars, ACPB. Infection in
cells from FLT3L treated mice: grey bars, wild-type; diagonal hatched
bars, ACPB. The experiment was repeated in duplicate on three
separate occasions. The data are presented as means with standard
deviation. By 168 h p.i. the wild-type tnfections in either host cell type
were statistically similar (4= 1.76, P> 0.1). ACPB infcction in normal
periioneal exudate cells was significantly reduced compared to wild-
iype (t, = 6.8, P < 0.01). The infection in cells from FLT3IL. treated
mic¢e, however was not statistically different to wild-type levels (i, =

0.52, P >0.1).
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5.4, Discussion

This chzipter has described an investigation into the response of macrophages
to infection with L. mexicana promastigotes. It was demonsirated previously that
ACPB stationary phase promastigotes have a reduced level of survival within
peritoneal exudate macrophages when compared with survival rates displaved by
wild-type cells (Mottram ez /., 1996). This suggesied that the mutant is less able 1o
withstand the intra-macrophagic environment. It was therefore decided to compare
the response of macrophages to infection with wild-type parasites and ACPLE.

As discussed previously (see Chapter 1, sections 1.2 and 1.3) the relationship
between Leishmania and its meammalian host is complex and involves several
parasite- and hosi-derived factors. In the in viro system used during this
investigation, this complex relationship was simplified by removing outside
influences on the host macrophage; for example, cytokines and the majority of other
host cell types. Even in this simplified system a reduction in ACPB survival is
detected. This suggests that at least one factor mediating parasite survival is
operating even In the absence of other cell types. 1t was therefore decided to
investigate what host factor(s) caused this reduction using the in vitro system, with
the intention of investigating the identified factor’s role in vivo at a later date.

Several problems were faced when attempting to undertake an analysis of the
respiratory burst production in response to Leishmania infection.  Resident
peritoneal macrophages are relatively resistant {o activation by factors such as IFN-

v, producing fow levels of microbicidal effector mechanism molecules (Adams and
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Hamilton, 1992)., This meant that 1t was impossible to analyse and compare such

responses in these cells, In order that the response could be detected, it was
necessary to use macrophages which had been primed for activation via elicitation
with intraperitoneal injection with thioglycollate broth.  The injection of
thioglycollate into the peritoneum causes the migration of imimature mononuclear
phagocytes from other tissues into the peritoneum. The granularity of the medium
induces .the macrophages present to phagocvtose the particulate matter, thus
imitating infection and producing an inflammatory response within the peritoneum
{Graitendick, 1999). Therefore the macrophages harvested after this procedure are
‘primed’ for activity and give an increased level of responsiveness after IFN-y and/or
LPS stimulation.

Alteration of the host cell type was therefore necessary to allow completion
of the intended experiments. In order to ensure that the infection dynamics of wild-
type and ACPB were the same in the elicited macrophages as in resident
macrophages, it was necessary to analyse and compare infection in both elicited and
resident peritoneal macrophages. As demonstrated there was no difference in the
ability of wild-type, ACPB/g2.8 or ACPB to survive in etther macrophage type. In
both cases reduction of ACPB survival with respect to that of wild-type parasites
was approximately 70 - 80 %, which is of the same magnitude as reported previously
{Mottram er af., 1996). This suggested that the use of elicited macrophages for
these experiments was reasonable. The only difference observed during this
experimentation was that ACPB had slightly reduced levels of mfection by 8 h in

restdent macrophages compared with elicited macrophages. This may be because
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ACPDB enters macyophages via different receptors during phagoceviosis which

appears to make it's uptake less efficient (see Chapter 7, for detail). In elicited
macrophages, the enhanced level of phagocytosis may mask this difference.

Anatysis of the production of NO in response to infection indicated that there
was no significant difference in the overall production in response to infection with
any of the lines investigated. This suggested that an increase in NO production in
ACPB-infected cells is not responsible for the parasite’s reduced virulence.
However, the Greiss reaction measures the nitrite concentration in the supernatant of
infected cultures, nitrite is the stable end product of the break down of the labile NG
produced and the associated RNIs. Therefore, the Greiss reaction measures the
accumulative effect of WQ production and gives no indication as to the NO
production at any specified time point. It is possible that by 48 h of infection very
few macrophages were harbouring an infection of ACPB, although overall NO
production at this point could have been relatively low, the amount produced per
infected cell could have been high. In order to accurately determine the production
of NO at specific time points, it would be necessary to empioy other methods of
analysis. Vectors are available contaimng the inducible nitric oxide synthase gene
(INOS) which would allow competitive Reverse Transcriptase-Polymerase Chain
Reaction (cRT-PCR) (Reiner ef al., 1993), determination of the mRNA expression
for iNOS within cells would allow a more accurate picture of NO production to be

gained.  Unfortunately, time limitation and prioritisation prevented further

investigation by this method.
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Interestingly, none of the Leishmania lines analvsed appeared to inhibit the

production of NO in response to infection, the levels of NO produced were similar
to those detected in macrophages stimulated with LPS and IFN-y. These data are at
odds with previously published information which suggests that Z. major and L.
donovari inhibit INOS expression in J774 and RAW264 cells, respectively
(Proudfoot et al., 1995, Nandan ef al., 1999). However the systems used in these
cxperiments are not directly comparable to the ove described herein as the
heterogeneity of the macrophages used in my experimentation along with the relative
immaturity of the monocyte lines used in the published investigations (ECCAC and
ATCC, 1999), prevents direct compatison. It may be, however, that the fact that the
elicited macrophages are already ‘primed’ for aetivity prevents the parasite from
efficiently inhibiting the activation of the macrophages, thus allowing a microbicidal
response to occur, The fact that the infected macrophages produce NO to a similar
degree without altering the reduction in ACPB survival, however, suggests that NO
is not the important factor under investigation.

The ability of infected macrophages to respond to a sccondary stimulus by
the production of ROS was also investigated. It has been previously demonstrated
that infection with L. donovani reduces the oxidative burst of monocytes {(Olivier ef
al, 1992). T postulated, therefore, that an infection with wild-lype parasites would
inhibit the host ceils abilify to respond to stimulation and thus allow survival within
the cell, whereas infection with ACPB has no effect on the macrophages ability to
respond to stimulation, hence the lower survival rates. However, investigation

demonstrated that both sets of infected macrophages had a similar ability to respond
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to stimulation, suggesting that neither infection was inhibiting the response. I may

be that, these experiments were biased towards this result as the macrophages used
were ‘primed’ for activation and thus any inhibitory effect may have been
unsuccessful.  However, thus work does demonstrate that the ability of the
macrophages to respond to stimulation is similar regardless of the parasite line used
in infection and suggests that this is not the factor involved in reducing ACPRB
virulence.

The work discussed so far has demonstrated that the production of RN and
ROS in macraphages infected with either wild-type parasites or ACPRB is similar. I
next decided to mvestigate the effect of the inhibition of PGE; production on
parasite survival. It was hypothesised that if wild-type parasites rely on inactivation
of the host macrophage to allow survival then they may rely on inducing an
increased production of PGE,. This phenomenon has been reported during the early
stages of infection iz vive (Milano ef al., 1996). The use of indomethacin to prevent
the expression of PGE; was demonstrated to have no eflect on the survival of the
wild-type or ACPE infections. No dose response curve was investigated initially, as
previous work in a similar system bhad indicated that I UM indomethacin was
sufficient to achieve inhibition of PGE; production (Wang and Chadee, 1995). Had
these initial investigations proved more interesting then a more thorough
investigation would have been carried out. The effect of indomethacin was analysed
under several different conditions, and it was determined that even in the presence of
TFN-y no difference was observed in the survival, It is unlikely that the lack of effect

was due to instability of the inhibitor as indomethacin is regularly used in vivo over
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fonger periods of time and has been shown io be effective (De Frettas et al. 1999),

This sugpests that the effects of PGE, during in vivo infeetion with LeishAmania are
due to the reduction in MHC-1I expression observed (Figueiredo ef al., 1990), rather
than the inactivation of the macrophages towards intracellular infection, and that the
activation state of the macrophages has no role in reducing the survival of ACPR in
vitro.

Previous data have intimated that ACPB may be surviving within a sub-
population of the ceils that it initiafly infects; the numbers of amastigotes/cell
observed after 7 days of infection suggest that it survives as well as wild-type in
those cells permissive to infection (Mottram ef al., 1996). The CPB enzymes have
been demonsirated to be involved in the virulence of 7. mexicana although no
definite role in the infection process has so far been discovered. If loss of the CPB
enzymes prevents the parasites survival in infected cells apart from a small sub-
population, then identification and analysis of this permissive sub-population could
allow further elucidation of the CPB enzymes roles during infection,

Analysis of the infection dynamics in peritoneal exudate cells from FLT3L-
treated mice indicated that wild-type parasites and ACPB had a similar survival rate
after 168 h of infection, suggesting that FLT3L treatment in some way increased the
suitability of the host cells for ACPB infection.

The results can be interpreted in several ways. Firstly, FI.T3L may be having
a direct effect on the cells present within the peritoneum, altering them in some way
which increases the ability of ACPB to survive. Investigation of the expression of

the FLT3 receptor in mice has demonsirated that it’s mRNA is detectable in several
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tissues including peritoneal macrophages (Rosnet ¢f al.. 1991), giving rise 10 the

possibility that FLT3L s binding to the surface of the macrophages present and
having some effect(s) on their phenotype. However, no evidence was found in the
literature to corroborate this theory. Secondly, FLT3L treatment is known to cause
a 29 fold increase in the numbers of functionally mature dendritic cells within the
peritoneum of mice (Maraskovsky er af., 1996), the fact that the infectivity of ACPB
1s increased after treatment could be interpreted to mean that the null is preferentially
surviving in dendritic cells. Another possibility is that FLT3L i3 known to have
effects on the growth of early progeniior cells in the bone marrow (Lyman ¢ o/,
1993). However, due to the expression of its receptor in several tissues it is possible
that #t will also cause the recruitment of other progenifor cells to various tissues
within the body, giving rise to the possibility that FLT3L treatment will increase the
numbers of immature macrophages present in the peritoneum.

The only effects reported in the literature for FL'T3L after intraperitoneal.
nyection involve the outgrowth of progenitor cells pre-determined to form dendritic
cells, suggesting that it is indeed the increase in dendritic cells abserved that is
allowing ACPE to survive to wild-type levels. However, only a preliminary analysis
of the effect of FLT3L during this investigation was carried out. Although this
confirmed that treatment caused an increase in the proportion of cells present that
displayed dendritic characteristics, it gave no quantitative data as to the percentage
of these cells present. Therefore, it is uncertain whether a ACPB survival rate of 41

3 1% by 168 h could be accounted for by an increase in dendritic cell population.
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Furthermore the role of dendritic cells wn Leishmania infection has been

investigated previously and several studies have cast doubt on the ability of
Leishmania species. to infect dendritic cells in vitro and in vivo. Van Stebut and
colleagues (1998) demonstrated that L. major amastigotes but not promastizotes
were phagocytosed into dendritic cells, postulating that this allowed the parasite to
cstablish an infection before it was “seen” by the immune system and thus aided in
profonging the infection. Further to this, Smelt er @l (1997) could find no
parasitism in the follicular dendritic cells during in vivo infection with L. donovarn,
However dendritic cells are known {o play an important role during infection with
Leishmania species. The development of & protective response to Leishmania
infection is dependent on the production of TL-12, which stimulates the production
of cytokines such as IFN-y and leads to the activation of macrophages to combat the
infection. Studies in mice have demonstrated that during infection macrophages are
unable to respond to stimuli such as LPS by producing IL-12 even if primed for
production using cytokines (Carrera ¢f al., 1996), Dendritic cells, however, were
recently identified as the major source of 1L.-12 during the early stages of infection
with 7. donovani (Gorak ef /., 1998). Thus despite the frequently reported lack of
parasitism in dendritic cells, it is clear thar they play an important role in the infection
process.

Several difficulties were faced when investigating the potential sub-
population of cells acting as host to ACPB. The approach I initially adopted in order
to investigate the possibility that a permissive cell population existed which allowed

the survival of ACPB involved the identification of infected cell sub-populations via
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immunofluorescesce. The rationale was that iafected cells could be identified using

DAPI staining to highlight the amastigote DNA and that the type of cell infected
could be {urther nvestigated antibody using staining for expression of such surface
markers as F4/80 (expressed on immature macrophages Gordon ef af, 1986) and
CR3 (also known as mac-1 or M1/70) which is expressed on all mononuclear
phagocyies with expression increasing with maturation, (Graham and Brown, 1991).
These experitments had to De carried out at a time post infection when the differences
between the infectivity of the wild-type and ACPB were easily identifiable, t.¢. at
least three days after infection, so that the majority of the ACPR phagocytosed
inittaily would have been removed from the non-permissive cells. Difficulties arose,
however, as it proved impossible to stain any of the infecied cells with either
antibody fried despite evidence that they should have both been present on these
cells (Plasman and Vray, 1993) This phenomena probably occurred due to the
prolonged incubation of the macrophages in medium causing alteration in the
expression/surface location of the molecules under study, and thus preventing the
binding of the anitbodies used.

Another method 1 investigated was the use of fluarescent activated cell
scanning (FACs) with the antibodies, described above, However this method also
posed several problems. Firstly, in order for the infections to be equivalent to those
studied in vifro the macrophages had to be adhered overnight before infection. This
posed the problem of how to remove the macrophages from the stratum without
cauging damage to their swface, such that the antibodies could not bind. Secondly,

there is no information in the literature pertaining to the expression of parasite
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molecules on the surface of infected macrophages, and the surface of the

intracellular amastigotes contain few, if any proteins (Winter ez a/., 1994), making
the detection of intracellular infection difficult. This could have been circumvented
via the use of DAPI staining as described above but the levels of infection would
have needed o be above a certain threshold for the FACs machine to detect this
exira staining above that of the nuclet of the host cell. This method therefore was
considered to be unfeasible.

A major problem faced was the lack of a pure dendritic cell population. The
relatively low numbers of dendritic cells available in the tissues of even FLT3L-
treated mice meant that the purification of these cells, via FACs or magnetic cell
selection (with anti-CD 1 1c antibodies conjugated to magnetic beads) was unfeasible,
due to the necessity for a large amount of starling material.

One method available was the use of bone marrow cells cultured in the
relevant cytokines. Lu et af., (1996) demonstrated that the isolation of progenitor
cells from bone marrow and the cultivation of these cells in IL.-4 and granulocyte
macrophage-colony stimulating tactor (GM-CSF) allows the production of a viable
dendritic cell population /7 vitro. The dendritic cells could be harvested from this
population by virtue of their weakly adherent nature. A preliminary investigation of
the infectivity of L. mexicana into such cells (donated by Dr. James Brewer,
Department of Immunology, University of Glasgow), indicated that the parasite,
unlike the other Leishmania species investigated, was indeed able to infect these
cells and that both the wild-type and ACPB survived within these cells for at least 7

days. However, at the time of the investigation the characteristics of these cultured
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dendritic cells were still under investigation and doubts were raised as to whether

these cells corresponded to the dendritic cells within our /i vitro system. One
problem with these cells was the fact that their characteristics were not
homogeneous, with a large proportion of the cells reverting to an adherent form. No
mnformation was available as to whether this population was indeed dendritic or had
perhaps reverted to a more macrophage-like phenotype. Due to time limitations and
the paucity of relevant information and stariing material, it was decided to
concentrate the investigation of other important, potentially more fruitful, areas.

As discussed carlier another potential host population for ACPB infection are
immature macrophages. This cell population, although easier 1o study than dendritic
cells, aiso poses a number of problems. Purification of immature macrophages from
tissues via FACs analysis is difficult; their similarity in size and granulasity to other
cell types, such as dendritic cells, means that the use of size exclusion is impossible.
However, had time been permitting there are several strategies which could have
been employed to investigate the infection and survival of ACPB. Several monocyte
cell lines can be purchased from the ECACC which could act as a pure source of
immature macrophages for ir vitro infection. WEEHI-274 1, for example, are derived
from BALB/¢ mice and are characterised as a monocyie cell line. Infection of this
line could potentially answer the question as to whether ACPB is surviving in
immature macrophages.

Another possible method I investigated was the use of Percoll density
gradients io separate the different peritoneal cell populations by density (Plasman

and Vray, 1993). Separating the cells into distinct populations and investigating the
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infection dynamics of the wild-type and ACPB in these populations could shed some

light onto whether there is a sub-population involved amd indeed give some
information about the characterisiics of this population. Unfortunately consiraints
on the time available meant that I was unable to complete this work during the
investigation,

In conclusion, the reduced survival of ACPB in peritoneal exudate cclls
appears to be unrelated to the ability of the host cell to produce either NO or ROS,
and the activation status of the cells appears to be irrelevant. This suggests that
other factors within the host cell are involved in death of the parasite. This question
is in need of further investigation, using methods with preater sensitivity to analyse
the roles of other macrophage-specific factors which could be involved. It would
appear from this data that the low level of survival of ACPA i3 due to il’s ability to
survive in a sub-population of the cells originally infected, which is increased in
number following FLT3L-treatment, Further investigation is required, however, to

determine if this population is indeed dendritic in nature.
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Chapter 7

The role of cysteine proteinases in the uptake of Leishmania

promastigotes and amastigotes by macrophages in vifro

7.1. Introduction.

The CPFB cysteine proteinases of L. mexicana are lysosomal cathepsin L-
like enzymes, which are predominantly expressed within the mammalian stages of
the life-cycle (Pupkis ¢f al., 1984, Robertson and Coombs, 1994; Motiram ¢f af.,
1997). The production of 2 null mutant sirain lacking in the CPB enzymes
{ACPB) has allowed an analysis of the role of these enzymes in the virulence of
the parasite. ACPB has been demonstrated to have reduced survival during in
vifro macropbage infections (Mottram ef ¢i., 1996). Interestingly, this reduction
in virulence is only observed if the macrophages are infected initially with
stationary phase promastigotes of the parasite (the stage corresponding to the
infectious metacyclic stage, Mallinson and Coombs, 1984). If axenic amastigotes
are used {o infect macrophages then ACPB virulence is restored to wild-type
levels. This indicates that the CPB enzymes may be important during the uptake
of promastigotes by macrophages or in the establishment of the initial infection.

The mitial stage of infection by promastigotes invoives the uptake of the
parasite by a process closely related to classical receptor-mediated phagocytosis.
The receptors atilised by promastigotes during the initial binding of macrophages

are variable, with different species using different receptor combinations (see
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Table 7.1). The receptors used can also be dependent on the presence or
absence of serum, as complement, especially complement component 3, is known
to increase the uptake and subsequent survival of promastigotes (Mosser and
Edelson, 1987). Several receptors have affinity for C3b (namely CR1, CR3 and
CR4} and have been demonstrated to have a role in the uptake of at least one
Leisimania species which may or may not be dependent on serum (Da. Silva ef
al., 1989, Mosser ef af,, 1992), CR4 and CR3 have been demonstrated to bind
surface proteins in the absence of serum (Talamas-Rohana ef 4/, 1990). CR3 is
known to have affinity for several ligands and at least two binding sites, one of
which is involved in the serum-dependent binding of L. amazonensis (Mosser et
al., 1992), and aneother which is involved in binding of bacterial LPS and also
Lipophosphoglycan (LPG) via serum-independent mechanisms (Talamas-Rohana
et al., 1990). Other receptors including those for mannose-containing residues
(Blackwell er al., 1985, Wilson and Pearson, 1986) and fibronectin (Wyler et of.,
1985, Soteriadou ef al., 1992) have also been implicated in the binding of some
species of Leishmaria.

Investigation of L. major has suggested that the intracellular fate of
phagocytosed promastigotes may be dependent on the receptors used to mediate
uptake; the receptors used for miernalisation of log-phase promuastigotes differ
from those utilised by metacyclic promastigotes iz vifro (Da Siiva ef af., 1989),
it has also been demonstrated that the response of macrophages after
phagocytosis differs depending on the receptors involved in the stimulation
process. Aggregation of the mannose receptor (Astarie-Dequeker et @/, 1999)
and receptors for C3b (Wright and Silverstein, 1983) has been shown to

stimulate phagocytosis without the production of an oxidative burst. The latter
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result is surprising, however, due to the major role CR3 plays in the phagocytosis
of many Leishmania species (see Table 7.1) and the fact that internalisation of
promastigotcs is known to be co-incident with an oxidative burst (Murray,
1982).  This indicates that either the oxidative burst recorded during
mternalisation of the promastigotes is due to a minority of promastigotes entering
via different receptors or that the site of binding of CR3 i3 important in
determining the response to ligation.

The promastigote is known to express on its sutface two GPI-anchored
molecules which are thought to be involved in mediation of macrophage binding.
Gp63 is the major surface metalloproteinase of Leishmania promastigotes and
comprises approximately 1% of the promastigotes total cellular protein (Bahr e#
al. 1993). This protein’s role in adhesion has been extensively studied. It has
been implicated in the cleavage of C3b to release iC3b (Brittingham ¢ al., 1995)
which facilitates uptake via CR1, CR3 and CR4. Other work has indicated that
gp63 contains a region of peptide sequence which facilitates binding to CR3 in a
serum-independent manner (Russell and Wright, 1998). This peptide sequence
was demonstrated to mimic a sequence within fibronectin {Sotertdou ez af.,
1992) and thus perhaps facilitates binding via homology to this protein.

The role of LPG has also been studied in several Leishmania specics.
LPG is the major glycolipid on the surface of the parasite with 1.5 - 5 x 10°
molecules/cell (Sacks, 1992). The use of LPG-coated beads has indicated that
this lipid can bind to both CR3 and CR4 in a serum-independent manner
(Talamas-Rohana et a/., 1990). The fact that this binding is not dependent on the
maturation status of the macrophages suggests that the major role is via
interaction with CR3, as the expression of CR4 has recently been demonstrated
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to tncrease as the macrophages mature from monocyies (Zatfran ef al, 1998).
The figand involved in adhesion hag been investigated in L. major, where it was
determined to be a phosphorvlated oligosaccharide (Kelleher er al, 1992).
However, this oligasaccharide is unique to the LPG of metacyclic L. major and
thus LPG must bind via other ligands in other species.

After the promastigotes have bound via their specific receptors the course
of uptake is similar to that of classical phagocyiosis;, there is a rapid
phosphorylation of tyrosine residues on several macrophage proteins {Greenberg
et al., 1993), wthich 15 necessary for the rearrangement and coupling of the
cytoskeleton in the host cell to facilitate the rapid uptake of parasites. Once
inside the host cefl, the parasite establishes itself within a modified lysosomal
vacuole, the parastophorous vacuole, where it transforms over a period of 2-3
days (Galvao-Quirtao ef al., 1989) to the amastigote stage. This stage muitiplies
within the parasitophorous vacuole before the host cell bursts and releases
amastigotes into ike tissues of the host.

The uptake of released amastigotes by new bost cells is via a different
mechanism to that of promastigotes The phagocytic process itself is
accompanied by a comparatively smaller amount of protein tyrosine
phosphorylation (Love er al., 1998) indicating that there are differences in the
cell signalling invaived in this process. There is no enhancement of upiake in the
presence of serum (Guy and Belosevic, 1993) and internalisation of amastigotes
is not accompanied by an oxidative burst (Channon ef af., 1984). The receptors
involved in amastigote phagocytosis have yet to be resolved. The use of
monoclonal antibodies to many macrophage surface receptors has thus far

demonstrated thar none of the promastigote receptors are responsible for uptake.
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Some work has indicated that during infection the presence of natural anti-
Leishmania antibodies allows the amastigotes 10 utilise the Fc¢ receptors of the
host ¢ells, this work also intimated that a CR3 may play a role in amastigote
uptake (Guy and Belosevic, 1993). However, the investigation did not take mto
consideration the fact that aggregation of CR3 via specific antibodies causes a
down regulation of Fc recepior expression in macrophages (Gresham ef al,
1991). Aldthough no receptors have been implicated in uptake of amastigotes, a
heparin-binding activity has been demonstrated to exist on the surface of L.
amazorensis amastigotes (Love ef al., 1993) indicating that binding of heparin
sulphate proteoglycans on cell surfaces may mediate in uptake. However, in this
study, heparin sulphate inhibited binding of amastigotes by only 40% indicating
that other mechanisms must also be involved.

Thus it is clear that the mechanisms of entry into macrophages differs
between the two life-cycle stages and indeed between different Leishmania
species. The CPB enzymes have been postulated to be important in the early
stages of infection. This, in conjunction with evidence presented in Chapter 4
which demonstrated that the surface architecture of ACPB promastigotes is
different to that of wild-type, suggests that the CPB enzymes may be important
during phagocytosis of the promastigotes by macrophages. It was therefore
decided to investigate the initial uptake of wild-type and ACPB stationary phase

promastigotes by macrophages in an attempt to elucidate the involvement, if any,

of CPB.
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Surface Recaplor

Leishunania species

Reference

CR3 (mac-1 and

CD11b/CD18)

L.donovert

L. major

L.amazonensis

L. mexicana

Blackwell er af., 1985°
Rosenthal ef of., 1996
Mosser and Edelson, 1987°
Mosser ef al., 1992
Talamas-Rohana ef af.,

1590

CR4 (pis0,95 and

L mexicana

Talarnas-Rohana ef af.

CD11¢/CD18) 1990"
L. major Da Silva ef af., 19899
CR1 1. major Da Silva ef al., 1989°
Rosenthal ef af., 1996°
L. amazonensis Dominguez and Torano,
1999°
Mannose receptor L. donovani Blackwell ef al., 1985

Wilson and Pearson, 1986

Fibronectin receptor

L. amazonensis

L. major

Wryler ef al., 1985

Soteriadou ef al., 1992

Table 7.1: A summary eof the receptors imvoived in attachment and

phagocytosis of Leishmania promastigotes by macrophages. a. binding is

independent of serum. b, binding is dependent of presence of serum. ¢, binding is

possible in the presence or absence of serum. d, binding was found to be variable

between log and stationary phase promastigotes.
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7.2. Materials and Methods.

7.2.1. Measurement of the oxidative burst produced by macrophages in

response to uptake of L. mexicana promastigotes and axenic amastigotes.

Macrophages were elicited from BALB/c mice as described elsewhere
{Chapter 2, section 2.3.2). The oxidative response of elicited macrophages after
uptake of L. mexicana promastigotes and axenic amastigotes was analysed by
measuring the emission of light from luminol after its oxidation via the
production of reactive oxygen intermediates, as described elsewhere (Chapter 2,
section 2.5.2.2). Elicited macrophages were used throughout experimentation
because preliminary studies had demonstrated that resident macrophages gave a

response that was undetectable in the system used.

7.2.2. Analysis of the attachment and uptake of parasites by peritoneal

exudate cells.

An investigation of the kinetics of attachment and subsequent entry of
various L. mexicane mutant strains was undertaken using resident peritopeal
exudate cells from BALB/c mice (see Chapter 2, section 2.3.1.1). Stationary
phase promastigotes or axenic amastigoies were prepared at the appropriate
conceniration (to give a parasite:macrophage ratio of 1:1) and the macrophages
were infected as described elsewhere (Chapter 2, section 2.4). At the given time
poimts, the macrophages were washed in PBS and fixed with 1836 (v/v)
paraformaldehyde in PBS for 30 min at 32°C, 95% air, 5% CQO,. This fixative
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was cmployed to minimise the loss of external parasites during the fixing process.
The infected cells were then stained with Giemsa’s stain for 20 min (Chapter 2,
section 2.3.1.2). At least 200 macrophages per time point were assessed for
numbers of attached and internalised promastigotes. The experiment was
repeated in duplicate on threc separate occasions and the data expressed as
numbers of promastigotes attached or internalised per 100 cells. The significance
of the data was assessed using either student's t~tests or heteroscedastic 1 tests, as

appropriate.

7.2.3. Characterisation of the effect of receptor blocking on the attachunent

of wild-iype promastigotes.

The effect of blocking specific macrophage surface receptors on the
binding of wild-type promastigotes was assessed by the metbod outlined in
Chapter 2, section 2.6.1. Briefly, after pre-blocking the receptors in the desired
concentration of antibody, they were infected with a staiionary phase
promastigote: macrophage ratio of 10:1 for 30 min at 4°C. Following this, the
macrophages were washed in PBS and fixed with 1% (v/v) paratormaldehyde in
PBS for 30 min at 4°C. After staining in Giemsa's stain for 20 min, the numbers
of promastigotes attached per macrophage were determined for at least 200 cells
and expressed as numbers per 100 cells. The experiment was repeated on three
separate occasions and the data analysed using either student t tesis or

heteroscedastic t tests, as appropriate.
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7.2.4. Imvestigation of the role of different recepiors in attachment of L.

mexicana promastigotes in vitro.

The role of various receptors during the attachment of stationary phase
promastigotes to macrophages was assessed as described earlier {Chapter 2.
section 2.6.2) The experiments were repeated on three separate occasions in
duplicate and the numbers of promastigotes attached per 100 macrophages was
calculated for each. Results are given as mean + standard deviation and
significance was assessed using either student t-tests or heteroscedastic t tests, as

appropriate.

7.2.5. Statistical Analysis of data

The data produced was analysed using either studenmt t tests or
heteroscedastic t tests if the variance of the samples was shown to be unequal by
variance ratio F testing. When appropriate the variation between samples was

assessed using one-way ANQVA.

7.2.6. Assessment of tyrosine phospherylation events daring initial stages of

infection.

An analysis of the tyrosine phosphorylation events associated with the
upiake of promastigotes by macrophages was undertaken on my behalf by Angus
Cameron (Division of Biochemistry and Molecular Biology, University of

Glasgow) according to the procedures outlined in Cameron and Allen {1999).
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Briefly, macrophages were harvested ifrom BALB/c¢ mice, adhered
overnight and infected as previously described {Chapter 2, sections 2.3.1.1 and
2.3.1.2). Afler incubation for the appropriate time, the macrophages were
washed in serum free medium and lysed in icc-cold lysis buffer containing
protease and phosphatase inhibitors (1% [v/v] Triton X100/50 mM Tris-HCY, pIi
7.5/0.25% {w/v] sodium-deoxycholate/150 mM sodium chloride/1 mM
cthylenediamine tetraacetic acid [EDTA}/1 mM vanadate/1 mM sodium fuoride
containing 1 mM phenylmethylsulphonyl fluoride and 1 ugmi’ each of
chymostatin, jeupeptin, antipain and pepstatin). The lysates were then clarified at
15000 g for 15 min and stored at -20°C umtil required  The tyrosine
phosphorylation events were analysed using western blotting with anti-serum
specific for phosphe-tyrosine (clone 4G10, Upstate Riotechnology Inc) (Chapter

2, section 2.8.1).

7.3, Results.

7.5.1. The oxidative response of macrophages during intermalisation of

stationary phase promastigotes.

Previous work had demonstrated that the role of the CPR enzymes may
lie in the initial establishment of infection in macrophages (Mottram ef of., 1996).
I therefore decided to investigate the oxidative response of macrophages during
the phagocytosis of stationary phase promastigotes. Figure 7.1 gives a graphical
representation of the mean luminescence from six separate experiments, The

positive control used was macrophages stimulated with PMA which gave rise to
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a large oxidative response which started to tail oft after approximately 5 min
(panel A). The negative control was unstimulated macrophages and gives an
indication of the amount of background fluorescence within the system (panel B).
After addition of wild-type stationary phase promastigotes, there was a lag
period of approximately 5 min before a detectable oxidative response occurred,
which continued over the 30 min period of analysis (panel C). Interestingly,
infection of macrophages with ACPB caused a detay of approximately 20-30 min
in the onset of the production of reactive oxygen spectes {panel D). The burst
became detectable and rose to a level similar to that stimulated by wild-type by
the time the cxperiment was stopped after 40 min,  Analysis of the oxidative
response of macrophages after infection with ACPB/g2.8 however,
demonstrated that re-expression of CPB/G2.8 within ACPB did pot restore the
axidative response of the macrophages to that seen for wild-type cells (panel E).
The phagocytosis of promastigotes by macrophages is coincident with the
production of an oxidative burst (Murray 1982), conversely the uptake of
amastigotes produces no oxidative response from the host cells (Chamnon er af |
1984). 1 therefore decided to analvse the response of macrophages in this system
to infection with axenic amastigotes, As ACPB axenic amastigotes have wild-
type virulence I postulated that the response of macrophages to infection should
be similar in both wild-type and ACPB cells. Analysis of the data demonstrated
that no measurable oxidative response was elicited by axenic amastigotes of any

of the lines investigated {data not shown), confirming the previously published

data (Channon et o/, 1984).
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7.3.2. The attachment and uptake of L. mexicana CPB mutants ints

peritoneal exudate macrophages from BALB/¢ mice.

The previcus data had demonstrated that the production of the oxidative
burst by macrophages in response to infection with ACPB promastigotes was
delayed. As the phagocytosis of promastigotes is coincident with an oxidative
burst (Murray, 1982), 1 hypothesised that the delay in oxidative response was
indicative of a slower uptake of ACPE. 1 therefore decided to examine the
kinetics of attachment and uptake of various mutant strains with respect to in
vifro macrophage infections. Figure 7.2 is a graphical representation of the
attachment and internalisation of stationary phase promastigotes of the wild-type,
ACPB and ACPBIg2.8 lives. Wild-type stationary phase promastigotes were
found to be attached to macrophages from 2 min post infection. The numbers of
attached promastigotes increased over the first 30 min of infection and thereafter
remained approximately constant. A similar paitern was observed for ACPB
stationary phase promastigotes, l.e. they attached after 2 min and levels of
attachment increased over ihe first 30 min of infection albeit at a slower rate than
for wild-type. Comparison with ACPB/g2.8 demonstrated that this line also
attached early in infection and attachment levels were similar to those for wild-
type throughout the experiment. One problem encountered with this line is that
there was a certain amount of variation m the attachmeni of the re-expressor
between experitments so that although levels of attachment appear (o be lower
than those of wild-type they were not statistically different (except at t = 15min,

o= 2771, P < 005, and [ =30 min, to = 5086, P< 001)
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Analysts of the internalisation of stationary phase promastigotes by
macrophages demoustrated an interesting difterence in the speed of uptake
between wild-type and ACPB. Wild-type promastigotes were obser\;ed within
the macrophages from 5 min post-infcction and the numbers increased
throughout the experiment until 240 min when there were 369 £ 106
promastigotes inside/100 cells, The internalisation of ACPB however, was not
detectable until a full 15 - 20 min after infection, with the level of internalised
promastigotes remaining significantly lower than wild-type throughout the
experiment. 'The uptake of ACPB/g2.8 was analysed and found to closely follow
the pattern observed for wild-lype promastigotes, with parasites being observed
within the cells from 5 min post infection with no significant difference in the
numbers of promastigotes being internalised at (P > 0.05).

As mentioned previously the axenic amastigotes of ACPB have similar
levels of virulence to wild-type parasites in vitro, 1 therefore decided to analyse
the kinetics of axenic amastigote internalisation into macrophages to ascertain
whether wild-type and ACFPB axenic amastigotes have similar kinetics of entry.
Figure 7.3 gives a graphical representation of the attachment and uptake of
axenic amastigotes into macrophages. Analvsis of the data demonstrated that the
kingtics of attachment and entry of all three lines were comparable, with
internalised amastigotes being detectable after 2 min of infection in each case.
This indicated that the prolonged period of interaction with the surface of the
macrophages which typifies ACPB promastigote entry only occurs in the

promastigote stage and may therefore be important in reducing the virulence of

the parasite in vitro.
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7.3.3. The aitachment and uptake of L. mexicang GPL:protein transamidase

mutants into peritoneal exudate macrophages.

The GPLprotein transamidase, GPI8, is involved in attachment of GPI
anchors to surface molecules such as gp63. Many roles have been postulated for
gp63 during the attachment of promastigotes to macrophages (see section 7.1,
for detail). Analysis of the phenotype of AGPIS Leishmania has demonsirated
that there is no gp63 expression on thetr surface (Hilley ¢/ o/, 1999). Gp63 has
been demonstrated to be important in the binding of promastigotes to the
macrophage surface (Russell and Wright, 1998). 1, therefore, decided to
mvestigate the kinetics of attachment of AGPIS promastigotes and axenic
amastigotes during ir vitro infections.

Figure 7.4, iilustrates the attachment and uptake of AGPIS promastigotes
compared {o that of wild-type. The attachment of AGPIS to macrophages in
vitro had similar kinetics to the attachment of wild-type stationary phase
promastigote’s. No statistically significant difference was observed beiween
these two lines at any time point (P > 0.05). Analysis of the uptake, however
indicated that AGPJS promastigotes were internalised from 2 min post infection.
This indicated that AGPIS had an increased capacity to elicit phagocytosis. The
number of internalised AGPIS remained significantly higher than wild-type until
240 min post infection, where no significant difference was observed (ts = 0.9, P
>0.1). This indicated that loss of the expression of molecules such as gp63 from

the surface had no adverse effect on the kinetics of uptake and may even enhance
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it Analysis of the kinetics of AGP/8 axenic amastigote uptake (see figure 7.5)

indicated that it has kinetics of uptake are statistically similar to those of wild-

type at all time points (£ > 0.05).

7.3.4. Analysis of the recepter mediated attachment of wild-type statienary

phase promastigotes in vitre,

The data described earlier in this chapter indicated that stationary phase
promastigotes lacking in the CPB enzymes have a prolonged perdod of
interaction with the surface of macrophages before internalisation. As this
phenomenon was sot observed for axenic amastigotes, it may be important in
reducing the virulense of ACPS.

As discussed in the introduction to this chapter, the receptors mediating
uptake can influence how macrophages respond to phagocytosed material, 1
therefore decided to analyse the roles of different receptors in the binding of
wild-type and ACPFB stationary phase promastigotes. Receptors were chosen
that had been demonstrated in the past to be involved in the binding of various L.
mexicana surface molecules, namely CR3 and CR4 (Talamas-Rohana ef o/, 1990
and Russell and Wright, 1998). These receptors had previously been
demonstrated to bnd to purified Leishmania gpé3 and LPG and so it was
necessary to confirm their use by the parasites themselves. The role of the
mannose receptor in attachment was also anatysed.

Figure 7.6, shows the effect of monoclonal antibodies specific for the
CD11b part of CR3 (M1/70) on the binding of wild-type promastigotes. No

decrease in bindiag was observed using increasing concentrations of control
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antibody indicating that any inhibi{ion observed 15 due to the specific blocking of
CR3 as opposed to binding of the antibodies Fe region to Fe receptors. From
this experiment, it is clear that wild-type L. mexicana can utilise CR3 during
attachment to macrophages. It was decided to use the anti-CR3 antibodies at 10
pg mi™® because maximum inhibition with po further significant decrease in
binding occurred after this concentration (ts = 1.081, P > 0.1). An analysis of the
inhibitory effect of anti-CD1lc antibodies {anti-CR4) on wild-type binding
demonstrated that wild-type promastigotes can use CR4 during attachment (see
figure 7.7). Trom this investigation a concentration of 3 pgmi™ anti-CR4
antibody was deemed to be sufficient to give maximal inhibition of wild-type
binding as no further increase in inhibition was observed by increasing the

anttbody concentration {ty = 0.4, P> 0.1).

7.3.5. The effect of monoclonal antibodies against macrophage receptors on

the binding of various mutant lines.

Analysis of the binding of wild-type, ACPB and A(CPB/g2.8 stationary
phase promastigotes to macrophages pre-incubated with either TgG2b or anti-
CR3 antibodies, indicated that both wild-type and ACPB/g2.& utilise CR3 as a
receptor during binding as attachment was inhibited by 51.2 8.7 % and 69.7 +
1.5 %, respectively (Figure 7.8). In the case of ACPB, however only 2 9.5 £ 9.2
% nhibition of binding was observed. This suggested that the binding of ACPB

promastigotes to macrophages was not via CR3 receptors.
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Analysis of the inhibitory effect of anti-CR4 antibodies indicated that
wild-type and ACPB/g2.8 promastigotes also appear to utilise CR4 during
binding of the parasites to macrophages {see Figure 7.9). Blocking this receptor
inhibited binding of wild-type by 46.3 £ 18.6 % and of ACPB/g2.8 bv 52.7 £ 5.8
%. The attachment of ACPR was inhibited by only 4.3 £ 7.1 %, again indicating
that it utilises other receptors for attachment.

Analysis of the effect of blocking both CR3 and CR4 simuitancously
demonstrated that there was no increase in the amount of inhibition observed for
either wild-type or ACPB/g2.8 compared to the use of either antibody singly (see
Figure 7.10). The binding of wild-type and ACPB promastigotes was also
analysed with respect to the mannose receptor (see Figure 7.11). This
demonstrated that wild-type promastigotes did not utilise the mannose receptor
when attaching to the surface of macrophages as blocking the receptors with
icreasing  concentrations of mannan had no eoffcet on the binding of
promastigotes to macrophages (Y10 = 1.2, P > 0.05). ACPE also was not
inhibited by blocking the mannose receptor, however statistical analysis of this
data indicated that binding in the presence of increasing concentrations of
mannan was different to control levels (Fa¢ = 4,43, P < 0.05). This was found to

be due to a stight increase in binding under the conditions analysed.
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1.3.6. The tyrosine phosphorylation evenis following infection of

macrophages with L. mexicane promastigotes.

The data discussed so far in this chapter have demonstrated that avirulent
ACPB attach to their macrophage host cells via different receptors to virulent
lines. As discussed earlier the receptors used during phagocytosis can alter the
way in which macrophages act towards the phagocytosed material, suggesting
that differences in signalling might occur. A simple method for analysing the
intracellular signalling activity of cells during phagocytosis is via the investigation
of protein tyrosing phosphorylation. It was therefore decided to analyse the
tyrosine phosphorylation events occurring during mternalisation of different 1.
mexicana straing (0 investigate whether differences occurred in the signalling
pathways stimulated following uptake of wild-type or ACPE. Figure 7.12 shows
a weslern blot probed with antibodies specific for phospho-tyrosine. The
antibody detecis a number of phosphorylated proteins in unstimulated
macrophages as expected (Zaflran ef af., 1999 and Murai ef al., 1996). The
levels of phosphorylation are increased overall by incubating the cells with PMA
(lane 2). After incubation of the cells with wild-type promastigotes for S min
there was no enhancement of the phosphoryltation events oceurring within the
cell. By 15 min, however, phosphorylation was increased indicating the cells
were responding to infection. A similar pattern is observed for both ACPB and
ACPB/g2 8 internalisation. This indicates that wild-type parasites are not
surviving in their host cells by inactivating the downstream tyrosine

phosphorylation-mediated signalling of the cell.
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Figure 7.1: The oxidative response of peritoneal exudate cells during
the uptake of 7. mexicana stationary phase promastigotes. A:
macrophages stimulated with 100 ng/ml PMA, B; unstimulated
macrophages. ; macrophages infected with wild-type. D; macrophages
infected with ACPB. E. macrophages infected with ACPB/¢2.8. The

graphs represent the mean luminescence from 6 separate experiments.
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Fignre 7.2: The Kkinetics of entry of stationary phase
promastigotes into peritoneal exudate cells. A; numbers of
attached promastigotes per 100 macrophages. B3; numbers of
internalised promastigotes per 100 cells. Wild-type Kkinetics are
indicated by black bars, ACPB kinetics are indicated by white bars
with grey bars indicating the kinetics of ACPE/g2.8. The
experiments were repeated three times in duplicale and the bars
represent the mean valoe with standard errovs. The attachment and
uptake of wild-type and ACPB/g2.8 were found to be approximately
similar throughout. ACPB attachment was found to be significantly
fower than that of wild-type (P < 0.05) until 30 min p.i. after which
levels were comparable. The level of attachment of ACPB was also

demonstrated to be significantly lower (P < 0.05) throughout.
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Figore 7.3: The kinetics of uptake of axenic amastigoies into
peritoneal exudate cells. A; the number of attached amastigotes
per 100 cells. B; the number of internalised amastigotes per 100
cclls. Wild-type kinetics are indicated by black bars, ACPR kinetics
arc indicated by white bars with grey bars indicating the kinetics of
ACPB/g2.8. The experiments were repeated three times in duplicate
and the bars represent the mean value with standard errors. No
significant difference was observed in the attachment or uptake of

any of the lines analysed (P > 0.05).
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Figure 7.4: The Kinetics of uptake of AGPI8 promastigotes into
peritoneal exudate cells. A; the numbers of promastigoles attached
per [00 cells. B; the numbers of promastigotes internalised per 100
cells. Black colummns indicate the kinetics of wild-type infection.
White columns indicate the kinetics of AGPIS infection. The
experiments were repeated three times in duplicate and the bars
represent the mean value with standard crrors. The altuchment of
the two lines did not significantly differ (P > 0.05). Internalisation
of AGPI8 was significantly higher than that of wild-type until 240
min p.i. (P < 0.05).
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Figure 7.5: The kinetics of attachment and uptake of AGPIS
axenic amastigotes into peritoneal exudale macrophages. A; the
number of amastigotes attached per 100 cells counted B; the number
of amastigotes inside per 100 cells counted. Black columns indicate
the kinetics ol wild-type infection. White columns indicate the
kinetics of AGPIS infection. The experiments were repeated thres
times in duplicate and the bars represent the mean value with
stapdard errors. The two lines did not differ significantly in their

ability to atlach or be internalised (P > 0.05).
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Figure 7.6: 'The inhibitory effect of anti-CR3 (anti-CD11b)
antibodies in the binding of wild-type stationary phase
promastigotes. Open circles; isotype conuol (fgG2h). Solid circles:
anti-CR3 antibodies (CDL1b). The experiment was repeated on threc
separate occasions. ‘Yhe graph illustrates the mean number of attached
promastigotes witly standard deviation. The inhibition was assessed

statistically, * = significant at P < 0.05.
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Figure 7.7: The inhibitory etfect of anti-CR4 (anii-CD1lc)
antibodies against binding of wild-type statiomary phase
promastigotes. Solid circles; isotype control antibody (IgG1). Open
circles; anti-CD1 [c antibody. The experiment was repeated on three
separatc occasions. The graph indicates the mean of these resulis with
error bars showing the standard deviation. The results were assessed

statistically, * = significant at P < 0.05.
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Figure 7.8: The effect of blocking CR3 on the binding of
stationary phase promastigotes. Graphical representation of the
hinding of promastigotes to macrophages incubated with ecither
IgG2b isotype control (black bars) or anti CR3 {(white bars). The
experiment was completed three times n duplicate and the bars
indicate the mean with standard deviation. Wild-type binding
was significantly reduced in the presence of anti-CR3 antibodies
(ty = 3.4, P < 0.01). ACPB/g2.8 binding was also significantly
reduced (t, = 1.9, P < 0.01). No significant reduction occurred

with ACPB (t; = 0.04, P > 0.05).
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Figare 7.9: The effect of blocking CR4 on the binding of
stationary phase promastigotes. Graphical representation of the
binding of promastigotes to macrophages incubated with cither
IgGt tsotype control (black bars) or anti-CR4 (white bars). The
experiment was completed three times in duplicate and the bars
indicate the mean with error bars showing the standard deviation.
Wild-type binding was significantly reduced by anti-CR4
antibodies (t,=4.9, P < 0.01). The hinding of ACPB/g2.8 was alsa
significantly reduced (i, = 3.4, P < 0.05). No effect was observed

on the binding of ACPB (t, = 0.7, P > 0.1}.
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Figure 7.10: The etfect of blocking both CR3 and CR4 on the
binding of stationary phase promastigotes to peritoneal exudate
cells, Graphical representation of the binding of promastigoies to
macrophages incubated with either IgG1 and IgG2b isotype control
(black bars) or anti-CR3 and anti-CR4 (white bars). The experiment
was completed three times in duplicate and the bars indicate the mean
with error bass showing the standard deviation. Wild-type binding was
significantly reduced in the presence of anti-CR3/CR4 antibodies (I, =
5.6, P < 0.01). The binding of ACPB/32.8 was also reduced. (1, = 3.8,

P < 0.05). No effect on the binding of ACPB was observed ((,= 1, P >

0.03).
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Figure 7.11: The binding of stationary phase promastigotes to
peritoneal exudate macrophages in the presence of mannan. The
graphs indicate the number of promastigotes attached per 100 cells
counted, Open symbols; wild-type. Solid symbols, ACPB. C(lircles
indicate the binding without mannan. Squares indicate the binding in the
presence of mannan. The experiment was repeated on three separate
occasions. Data points indicate the mean {rom these repeats with error
hars indicating the standard deviation. Wild-type binding was not
significantly reduced by mannan (F, , = 1.2, P > 0.05). The binding of
ACPB was not significantly reduced by mannan, although a small

mcrease m bindmg occurred (Fy 4 = 4.43, P > 0.05).
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Figure 7.12: Western blot analysis of the tyrosine
phosphorylation occurring during the internalisation of L.
mexicana promastigotes by peritoneal exudate cells. Lane 1;
unstimulated macrophages. Lane 2; PMA- stimulated
macrophages. Macrophages infected with wild-type promastigotes
for 5 min (lane 3), 15 min (lane 4) or | h (lane 5). Macrophages
infected with ACPB promastigotes for 5 min (lane 6), 15 min (lane
7) or 1 h (lane 8). Macrophages infected with ACPB/g2.8 for 5
min (lane 9), 15 min (lane 10) or 1 h (lane 11). The blot was

probed with antibodies specific for phosphotyrosine (4G10).
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7.4, Discussion,

This mvestigation involved a comparison of the attachment and uptake of
wild-type L. mexicana promastigotes and axenic amastigotes with those of
ACPB. Work discussed elsewhere (see Chapter 6) had demonstrated that the
response of macrophages to established infections with ACPB was comparable to
the response to wild-type infection. Many previous investigations have
demonstrated that during the phagocytosis of stationary phase promastigotes, the
macrophage host produces a respiratory burst (Murray, 1982). | postulated that
the magnitude of the elicited burst may differ between wild-type and ACPB
promastigotes, with the CPB null mutant parasites perhaps stimulating a larger
burst and hence suffering reduced intracellular survival. However, investigation
of the initial oxidative burst produced during the uptake of promastigotes
demonstrated that instead of infections with ACPR giving rise to an increased
level of reactive oxygen species (ROS) the mutant parasites appeared'to reduce
the production of ROS and delay the response by approximately 20 min.  As
promastigote uptake is concomitant with the production of an oxidative burst,
this result suggested that promastigote internalisation was stower in the case of
ACPSB.

An analysis of the ROS production during internalisation of ACPB/g2.8
demonstrated thai re-expression of CPBG2.8 failed to restore the wild-type
phenotype with regards to ROS production. This line has been previously
demonstrated to have wild-type virulence levels (Mottram ef ¢/, 1996) and so

this result indicated that perhaps this was not important in the virulence of the
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parasite. However, it must be remembered that the re-exptession of CPB/G2.8
occurs from an episome which is under the control of antibiotic pressure, which
may mean that the amount of re-expression varies within any given culture.
CPB/g2.8 is an internal copy fom the CPR array and is naturally expressed
within the amastigote stage of the life-cycle (Mottram et al,, 1996, Motiram et
al., 1997) thus expression within the promastigoie may give anomalies in certain
aspects of infection. A further possibility is that the level of oxidative burst
produced by these parasites was too low to be measurable in the system used.
Perhaps further analysis using more sensitive methods of detection would allow
further confirmation of this phenotype.

Despite the anomalies concerning ACFB/g2.8, 1 decided to investigale
whether the retardation of the oxidative burst observed during ACPB infection
was indeed due to a delay in phagocytosis and whether this delay was due to the
parasites attaching to the macrophages more slowly than wild-type. Analysis of
the dynamics of attachment and uptake of the parasites over the first four hours
of infection demonstrated that ACPB promastigotes attached to the surface of
the macrophages by 2 min post infection, but that they then displayed a
prolonged period of interaction with the surface of the cell before internalisation,
which was not observed until 20 min post infection. This differed from the
kinetics of wild-type and ACPB/g2.8 infection, where attachment was rapidly
followed by internalisation such that promastigotes were evident within cells after
5 min of infection. This speed of wild-type uptake is comparable to that
observed for the phagocytosis of Mycobacterium tuberculosis (Zaffran ef al.,

1998) and for zymosan particles (Veras ei al, 1996) indicating how rapidly
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phagocytic cells normally ingest attached material. The fact that internalisation
of ACPP occurred after 20 min of infection corroborated the oxidative burst data
which showed that a delay of approximately 20 - 3d min occurred before
phagocytosis into the macrophages began.

This prolonged period of interaction with the surface of the macrophages
indicated that a differcnce existed betwcen the binding of wild-type
promastigotes and those of ACPB. Encouragingly this difference was not
observed during infection with the amastigote stage of the life-cycle, indicating
that it only occurred in the stage whose virulence was compromised by the lack
of the CBP enzymes.

Evidence from previous work (sce Chapter 4) had indicated that the
turnover of gp63 from the surface of the promastigotes was reduced in the
absence of the CPB enzymes, indicating that differences in the surface
architecture existed. These differences in architecture could cause alterations in
the charge of the surface or the distribution of important surface molecules, such
that normal receptor-ligand interaction was perturbed. Although the fact that the
slower uptake was due to a weaker receptor ligand interaction could not be ruled
out, this gave rise to the interesting possibility that different receptors may be
utilised in the binding of ACPB to macrophages. As discussed previously, the
receptors involved in uptake of Leishmania can be important in determining their
intraceitular fate (Da Silva ef af., 1989). It has further heen demonstrated by
Chakrabarty er a/. (1996b) that avirulent L. dorovars promastigotes are taken up
into their host cells more slowly than the virulent forms, indicating again that the

mechanisms of uptake can be important in determining virulence.
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As discussed previously several different receptors have been
demonsirated to be important in various Leishmarnia species, however, liitle
work has involved investigation of the receptors important in L. mexicana
adhesion. Two studies have investigated the adhesion of beads coated with
either LPG or gp63 (Talamas-Rohana ef al., 1990 and Russell and Wright, 199%
respectively) and have shown that these mmolecules are important in the
attachment to CR3 and CR4 (LP{G only). 1 therefore decided to investigate the
binding of L. mexicana promastigotes to the receptors indicated in these studies.
This work was undertaken at 4°C to inhibit the macrophages cellular metabolism,
thus preventing amy downsiream signalling effects occurring due o the
aggregation of receptors.  Aggregation of CR3, for example has been
demonstrated to cause a down regulation of CR1 expression {Gresham er af.,
1991). Ideaily this work would have been carried out using Fab fragments of
antibodies to prevent cross-tinking of the receptors. However production of Fab
fragments is a multistep process {Johnstone and Thorpe, 1982) which therefore
requires a large amount of starting material to make production feasible, thus
preventing their use due to financial cost. Further there is no guarantee that Fab
fragments would block the binding of promastigotes to the receptors because of
their reduced size and the fact that they may not bind exactly to the site of
promastigote binding, but merely inhibit binding by overlaying this site.

This work demonstrated that both CR3 and CR4 are involved in the
attachment of live wild-type and ACPB/g2.8 L. mexicang stationary phase
promastigotes to macrophages, with a reduction in binding of approximately 50
% achieved tfollowing blocking of the receptors with specific antibodies. This
demonstrates 2 heavy reliance by L. mexicana on the receptors as previous
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studies with L. donovani have indicated only a 25 - 30 %% mhibition following
blocking of CR3 (Blackwell er al, 1985). Surprisingly, blocking both receptors
simultaneously did not lead to an additive inhibitory effect on binding which has
been demonstrated by the co-operation of CR3 with CR1 during binding of L.
major (Rosenthal et a/, 1996). However previous work has demonstrated that
for L. donovvani it is necessary for the parasiie to bind two receptors for adhesion
to occur (Blackwell et af, 1985). Furthermore it is conceivable that
promastigotes could bind to more than one receptor due to their elongated
shape.

Another possibility is that the parasite is binding to the CD18 portion of
the CR3 and CR4 receptors. Both molecules are members of the leukocyte
integrin family and form non-covalently linked heterodimers with a CDI8
molecule (reviewed in Kishimoto ef af., 1989). However the antibodies I used
bind specifically to the CD11b and CD11c chains of the receptors and uniess
both fortuitously caused steric hindrance, 1 consider the blocking of CD18
unlikely. Wild-type promastigotes therefore attach to both CR3 and CR4 during
uptake into macrophages, however blocking of these receptors inhibits binding
by only 50% indicating that the use of other receptors occurs during entry. "the
fact that promastigote internalisation is concomitant with the production of an
oxidative burst despite the fact that CR3 is utilised (Wright and Silverstein, 1983)
may be due to the signalling occurring after aggregation of CR4. The respiratory
burst had no adverse effects on the promastigotes and may even be important in
the establishment of infection, as discussed in Chapter 6.

Further to this it was demonsirated that blocking either CR3 or CR4 or

both together had no inhibitory effect on the binding of ACPB promastigotes to

224




Chapier seven

the cell, demonstrating that this parasite is mediating attachment via different
mechanisms to the wild-type. This could be responsible for the reduction in
virulence observed during /n vifre fections.  An interesting follow-up
experiment to address the correlation between binding and virulence would be to
analyse the intracellular fate of wild-type promastigotcs, internalised whilst CR3
and CR4 were blocked. If, indeed, preventing use of these receptors is involved
in the reduced virulence of the ACPB, then the wild-type promastigotes should
have reduced survival following phagocytosis. For reasons discussed above
these experiments would require the use of Fab fragments to ensure that no
aggregation of the receptors occurs. The cost of production therefore made
experimentation such as this unfeasibic.

The binding of promastigotes to the mannose receptor was also analysed
as recent reports had indicated that phagocytosis via this receptor elicits no
oxidative response from macrophages (Astarie-Dequeker ef af, 1999). It was
therefore possible that ACPB could be utilising this pathway to allow intracellular
survival in the few permissive cells It should be noted that the amount of binding
observed during the investigation of the mannose receptor was much lower than
expected and it remained so throughout the three repeat experiments. Apart
from the fact that the macrophages were pre-incubated in mannan dissolved in
PBS instead of antibody in medium, the system remained constant as in the other
experiments. Perhaps incubation in coid PBS perturbed the macrophage surfuce
in some way such that the total parasite binding was reduced. Increasing
concentrations of mannan, however had no further effect on the binding of the
parasites, which meant that further investigation of this phenomena was deemed

unnecessary. The small increase in ACPE binding observed in the presence of
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mannan was statistically significant but may have been due to variability in the
system used. It could indicate however that the parasite bound to the mannan in
the medium and thus utilised this to allow increased aitachment by competing
with the pre-bound mannan for receptors on the macrophage surface. Further
investigation 1s required to provide confirmation of this.

it 18 known that aggregation of different receptors causes the stimulation
of different signalling pathways within a cell (Hunter 1987) and uitimately leads
to differences in the response of cells to any given stinulus (Berton and Gordon,
1983). It was therefore postulated that the difference in receptors utifised for
uptake of wild-type and ACPH promastigotes was important in the reduction of
virulence.  One mechanism by which wild-type attachment and rapid
internalisation via different receptors could lead to parasite survival is if the
parasites rapid entry allows 1t to inhibit the cells activation pathways and thus set
up a favourable environment for survival. The prolonged period of interaction
with the surface of the macrophages in the case of ACPB may allow the host cell
to signal downstream in a more effective manner and thus mount an effective
defence against the parasite after internalisation,

Although the investigation of total tyrosine phosphorylation gave no
indication as to which pathways are involved in signalling, it provides an analysis
of the activation. state of the cells. The experiment showed that both wild-type
and ACPB promastigotes stimulated comparable levels of tyrosine
phosphorylation in macrophages. This tyrosine phosphorylation is concomitant
with phagocytosis (Greenberg er af., 1993), however it may be of interest that

the up-regulation of tyrosine phosphorylation observed within the ACP# occurs
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prior to the detection of internalised promastigotes, possibly indicating that some
differences in signalling do occur. Further analysis of the signalling pathways
stimulated by wild-type and ACPH may prove interesting as recent data has
demonstrated that L. dorovani infection in macrophages selectively reduced the
protein tyrosine phosphorylation events occurring after PMA stimulation and
thus inhibited iNOS expression (Nandan et ¢l, 1999). Perhaps ACPB has
reduced ability to clicit such events and hence has reduced intraceffutar survival,

As discussed previously (see Chapter 4, for details) the GPLprotein
transamidase G/ is invelved in attachment of a GPl-anchor to gp63, the major
surface metalloproteinase of Leishmania promastigotes. Many roles have been
suggested for gnp63 in the life of the parasite, including some evidence for a role
in the uptake of promastigoies (see introduction for detail). However, recent
work utilising L. mexicana deficient in /8 expression has shown that a lack of
gp63 on the surface of promastigotes does not reduce the ability of the parasite
to survive in macrophages in vitro (Hilley ef af., 1999). Tlus indicates that
although gp63 is mportant in mediating attachment and phagocytosis of some
Leistmmania promastigotes (Russell and Wright, 1998), removal from the surface
does not effect the survival of L. mexicana and suggests perhaps that it's role in
uptake is not important in conferring virulence. However, it may be that
although gp63 is important in the uptake of some Leishmarnia species it’s role in
the uptake of L. mexicana promastigotes is onty minor and therefore removal has
no effect on virulence.

The data from investigation of the kinetics of uptake during infection with
AGPI8 indicated that the internalisation of the parasite foillowing attachment was

rapid. In fact the internalisation of promastigotes lacking surface gp63 was
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significantly more rapid than that of wild-type. This may be explained by the fact
that gpo63 is expressed in bigh copy number on the surface of the promastigotes
and thus may inferfere with the binding of another important ligand with its
receptor. In /n vilko infections, gp63 counfers to the parasite a degree of
resistance to complement mediated lysis (Foshi e al. 1998). This extra
protection afforded o the parasite may mean that evolution has allowed a
compromise to occur between the reduction in attachment to macrophages and
the protection fom lysis in serum. If this were the case then in in vitro
infections, where complement is not present, loss of gp63 expression would give
rise to an increase in the amount of attachment and phagocytosis as observed.
The fact that the kinetics of uptake of AGPIS axenic amastigotes are similar to
those of wild-type axenic amastigotes, where little surface gp63 expression
ocgurs, may strengthen this argument (Winter ef af., 1994).

This work has indicated that gp63 plays only a minor role in the binding
of live L. mexicana 1o macrophages iz vifro, which suggests that LPG contains
the major ligands involved. The reduction in turnover of gp63 observed
following toss of the CPB enzymes may indicate a phenomenon which effects the
entire promastigote surface, due to the build-up of non-~catabolised proteins
within the cell. LPG is also GPI-anchored to the surface of promastigotes and
thus its turnaover may be altered by loss of CPB. The biosynthetic pathway of
LPG differs to that of gp63 (Ralton and McConville, 1998}, and loss of GP18 has
been shown to have no effect on the surface location of LPG (Hilley ef ai.,
1999). Therefore the parasite should be able to function normally during

attachment and uptake.
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The restoration of ACFB virulence to wild-type levels when macrophages
were infected with axenic amastigotes /a2 vifro, further indicates that the
receptors involved in uptake may be important in allowing survival of the
intracellular parasites as the amastigote form does noi utilise the same receptors
as promastigotes for uptake (see section 7.1, for detail). However, during in
vivo infections ACPB axenic amastigotes display reduced lesion formation
(Mottram ef al., 1996) indicating that the receptors involved in uptake are not
the sole reason for a reduction in virulence in vivo. The CPB enzymes are
expressed in stationary phase promastigotes and throughout the amastigote stage
of the life-cycle (Mottram ef a/, 1997). One would have thought, therefore, that
the CPB enzymes would have importance in the intraceltular survival of the
parasite. The perturbation of turnover of surface molecules in the absence of
CPB enzymes demonstrated in Chapter 4 and the role of Cathepsin L-like
enzymes in protein catabolism (Mayer and Doherty, 1986) may indicate that this
role lies in the nutrition of the parasite or in the recycling of redundant parasite
proteins.  The conditions experienced during in vitro infection will be
considerably less harsii than those within a host, where the immune system will
mount an attack agaiost the parasite. Hence this role may not be essential in
Vifro.

Thus chapter has demonstrated that the loss of the CPB enzymes from L.
mexicana promastigotes prevents the parasite from attaching to the receptors
utilised by wild-type promastigotes for efficient entry into macrophages. This
leads to a prolonged interaction with the surface of the host celf followed by
entry into the cell via different receptors and may therefore reduce the parasites
viability during i vitro infection.
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Chapter 8

(General Discussion

This investigation involved an analysis of the roles of the cysteine proteinase
enzymes of L. mexicana, in particular those enzymes cxpressed from the CPB array.
The use of cysteine proteinase inhibitors as a strategy for the control of parasitic
infections has been established with a variety of intracellular and extracellular
infections (see Chapter 1, section 1.5, for details). It has been shown that cysteine
proteinases, especially those with homology to mammalian cathepsins L or B, are
important in the survival of many parasites, including . mexicana. One of the
approaches 1 adopted was to analyse effect of cysteine proteinase mhibition on the
enzyme expression and viability of /.. mexicana.

Analysis of the processing of mammalian cathepsin L. has demonstrated that
the enzyme is traificked intraceliularly to its destination within the lysosomes of the
cell. This multstep process mvolves the removal of the pre-region in the rough
endoplasmic reticulum and then the activation of the enzyme during the sequential
removal of peptides from the pro-region resulting in the fully active enzyme (see
Chapter 3, section 1 and references therein). Work by Selzer er al., (1999)
investigating the trafficking of cysteine proteinases of L. major using peptidyl
cysteine proteinase inhibitors (including XO2) has demonstrated that inhibition

causes an accumulation of pro-enzyme within the flagellar pocket of the organism.
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This result has been interpreted as showing that there are differences in the
processing and trafficking machinery between the parasite and its mammalian host,
and thus strengthens the argument that specific inhibitors have potential /7 vivo as
drugs. Analysis of the effect of KO2 on the ultrastructure of 7° cruzi demonstrated
that the build-up of cruzipain precursors occurred within the Golgi-apparatus of the
cell, again indicating some perturbance of the trafficking of the enzyme (Engel ef af.,
1998b). The perturbation of enzyme processing in both of these studies was also
demonstrated to be concomitant with a veduction in survival of the parasite in vivo.
These studies indicated that either the loss of the cysteine proteinase activity or the
build-up of intermediate forms of the enzymes is detrimental to the survival of the
parasite within their host.

My investigation of the effect of KO2 on the ultrastructure of L. mexicana
wild-type and ACPB/g2.8 promastigotes dernonstrated that inhibition resulted in the
formation of large vacuoles within the cell which were filled with an electron dense
substance. This was not merely due to the over-expression of the enzyine, as the
mutants untreated with the drug did not exhibit this phenotype. It is probable that
the inhibitor’s effects on CPA activity will be partially responsible for this
phenomenon, by preventing this enzyme’s contribution to CPB processing and
consequently either preventing the enzyme from being trafficked to its final
destination (the lysosomes) or preventing the degradation of redundant inactive
precursor forms of the enzyme. Analysis of the effects of KOZ on L. major alsa
demonstrated a perturbation in the lysosomal/endosomal network. Selzer er al,,

(1999) reported the build-up of membranous material within these vacuoles which
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could suggest that inhibition of cysteine proteinases is causing blockage in the
catabolism of old cellular proteins, hence the increase in vacuole size. Unfortunately
no assessment of the location of the CPB enzymes within inhibitor-treated 7.
mexicana was undertaken (via immunolocalisation). Further investigation of these
phenomena, to assess whether these alterations in ultrastructure are due to the build-
up of CPB precursors or the inhibition of protein catabolism and indeed 1o
investigate the possible presence of CPB in the flagellar pocket, could prove
interesting,

Au analysis of the effects of cysteine proteinase inhibition on the growth of
I. mexicana promastigotes in vitre demonstrated that loss of the aclivity of the
enzymes was not toxic to the parasite. Interestingly, the occurrence of the large
vacuoles within the cell also had no effect on the parasite’s ability to multiply. This
resuit, taken with the fact that 7. major promastigotes cannot divide in the presence
of KQ2 (Selzer et al., 1999), suggesi that there are differences between the roles of
the cysteine proteinases in the two Leishmania species. The effect of the inhibitors
on the i vifro growth of amastigotes demonstrated that growth of this stage was
indeed perturbed. This was not surprising taking into account the abundance of
cysteine proteinases in this life-cycle stage (Coombs and Mottram, 1997) and
provides further encouragement of their potentiai as drug targets. The greater
sensitivity of the amastigotes than promastigotes to cysteine proteinase inhibition
suggests that any build-up of pro-enzymes occurring must be more detrimental. This
could be by preventing the production off the active enzyme, which may be vital in

this stage, and/or through inhibition of protein catabolism, which may cause
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starvation of the parasite. Surprisingly axenic amastigotes of the various null
mutants were also susceptible to the inhibitors, indicating that the build-up of
cysteine proteinase precursors is uniikely to be the cause of the toxicity.
Furthermore, this phenomenon indicates that the nhibitors may be able to bind to
more than one type of cysteine proteinage and probably affect both CPA and CPB.
However, the reduction in the growth of ACPA/CPB caused by KO2 also suggests
that this inhibitor must bind to other important cysteine proteinases present, such as
CPC.

The differences between my results with axenic L. mexicana and the
published data concerning L. major suggest that there may be important variation
between species with respect to cysteine proteinase action, However, the use of
KO2 durning i»n vitro macrophage iofections demonsirated that L. mexicana
intracellular survival is reduced. This reduction occurred irrespective of whether
promastigotes or amastigotes were used to initiate infection. Interestingly ACPB
amastigote infectivity was also perturbed, and indeed it appeared to succumb more
rapidly. This suggests that the CPB enzymes are not the key target of the inhibitors.
In addition, as it was the amastigote stage that succumbed to inhibition, and yet the
role of the CPB enzymes is seemingly most impostant (at least in the 7 vitro model)
during the inittal stages of the infection or during transformation to the amastigote, it
would appear that the inhibitor’s effect on enzymes other than CPB is its prime
detrimental effect on the parasite.

KQ2 can bind a varety of enzymes including CPA, CPB and CPC. L.

mexicana also contains another member of the cysteine proteinase family, a
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GPLprotein transamudase enzyme which i3 essential tor ihe surface expression of
(GPI-anchored proteins such as gp63 (Hilley er af,, 1999) (see Chapter 1, section
1.4.1.2 and Chapter 4), It was therefore considered possible that KO2 may also be
inhibiting the activity of this enzyme, named GPIS, and thus perturbing the
expression of important surface molecules. However, my results demonstrated that
gp63 was successfully localised to the surface and appeared to be GPI-anchored.
Thus inhibition of GPI8 by KO2 seemed unlikely.

Some interesting effects were demonsirated, however, in the investigation as
the turnover of gpé3 on the surface was shown to be reduced by the cysteine
proteinase inhibitors. This phenomenon is probably due to perturbation in the
protein catabolisin of the cells, Inhibition of so many lysosomal enzymes would be
expected to prevent the breakdown of cellular proteins and may thus reduce turn-
over ot proteins from the suiface. Indeed a similar reduction in turnover was
observed after analysis using ACPB.

The induction of the large vacuoles within the cell by incubation with X02
may also interfere with the trafficking of old surface protein to the lysosomes for
breakdown. It is probable that the formation of large vacuoles within the parasite
following cysteine proteinase inhibition occurs within the trafficking pathway of the
cells.  Further investigation of the contents of these vacuoles may allow
determination of whether they contain gp63. 1if this proved to be the case, then it
would demonstrate that trafficking from the flagellar pocket is perturbed and
indicate that the formation of vacuoles is al a stage in the trafficking pathway

subsequent to this.  Trypanosomatids endocytose and exocytose molecules

234




Chapter cight
2 ks

exclusively via therr flagellar pocket (reviewed by Overath ef @/, 1997), hence the
internalisation of gp63 demonsirated afier cross-linking with antibodies will be
through this organelle. If further analysis of the localisation of the build-up of
cysteine proteinases in L. mexicana under inbibitor pressure demonstrates that this
cccurs within the pocket of the orgamism, then it is likely that this phenomenon
would also reduce the turn-over of surface molecules of the parasite. It would be of
further interest to analyse the ultrastructure of ACPB to determine whether loss of
CPB activity has similar cffects with respect to vacuolisation, which would provide
further evidence that this phenomenon may be related {0 a reduction in the protein
catabolism of the cetls.

The use of cysteine proteinase inhibitors has provided some interesting
insights into the biology of the parasite. The accumulation of several intermediate
forms of both CPB and CPA concurs with the published information concerning
both cruzipain and the cysteine proteinases of L. major. However, the differences
observed between the localisation of the ultrastructural abnormalities within the
Leishmania species and 7. cruzi may indicate that they bave subtle differences in the
pathways used during intracellular trafficking of proteins to the lysosomes. Despite
these differences, the effects of KO2 on intraceliular survival of L. mexicana in vitro
show that this cysteine proteinase inhibitor has a similar overall effect against the
three parasites and that perturbation of the trafficking/activity of cysteine proteinases
occurs and apparently is detrimental to the intracellular survival of the parasite.

The information discussed above and the data from Selzer ef al., {1999)

suggest that during 7z vivo infection with L. mexicana the application of KO2 could
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delay the lesion formation. The fact that KO2 has effects on the activity of both
CPA and CPB suggests that it may inhibit bath enzyme classes i vive and thus
effectively alter the wild-type parasites such that they have a similar phenotype (o
ACPA/CPB. Alexander et al, (1998) showed that infection with ACPA CPB did not
result in lesion formation, which suggests that KO2 treatment could effectively
prevent the progression of disease if applied early in infection.

In the field, however, early treatment would probably not be practical as
people will not present with infection until disease symptoms occur. Hopefully,
however, KO2 or inhibitors acting in a similar way may stll have effects on the
progression of developed lesions. The uvlceration occuring during cutaneous
leishmaniasis is due, in part, to the release of parasite cysteine proteinases from dead
amastigotes (g e7 af,, 1994), Thus, iopical application of cysteine proteinase
inhibitors may therefore relicve the symptoms of disease.

Several studies have investigated the efficacy of peptidyl cysteine proteinase
inhibitors during iz wive infections, with mixed results. Results from infections with
1% cruzi and Plasmodinm vinckei (Rosenthal ez al., 1993; Engel ef al., 1998a) were
encouraging as there were apparent cures of infected animals following application
of cysteine praleinase inhibitors. However, investigations of infection with 7. drucei
and L. major (Scory et al., 1999, Selzer er al., 1999) have suggested that application
of the inhibitors may merely prolong onset of disease, with both disease states
progressing at a similar rate to control infections afler cessation of treatment. The
differences in susceptibility of L. major and L. mexicana to cysteine proteinase

inhibitors demonstrated in my investigation, emphasises the importance of assessing
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the effects of individual inhibitors against specific parasite strains. Thus the effects
observed during /# vivo analysis of KO2 efficacy against L. major may prove to be
irrelevant with respect to L. mexicana.

In summary, the use of cysteine proteinase inhibitors as a method for clearing
an intraceilular infection of L. mexicana has been demoustrated to be feasible. This
recduction in intracellular survival appears to oceur regardless of the time of
application of the inhibitor, suggesting that tts effects are against the amastigote
stage of the life-cycle. The inhibition of the cysteine proteinases lead to the
perturbation of intracellular ultrastructure and also reduced turn-over of molecules
from the parasite’s surface, either of which could have effecis on the viability of the
parasite. Despite the fact that KO2 has been demonstrated to have in vitro capacity
as a chemotherapeutic agent, further in vivo analysis is necessary before its true
potential can be assessed.

The CPB enzymes from L. mexicuna were demonstrated several years ago to
be important in the virulence of the parasite (Mottram ef af., 1996). This manifested
itself as a reduction i the intracellular survival of the CI’B null during in vifro
infections, and was suggested to be due to the role of the enzymes during the
initiation of infection (see Chapter 1, section 14.14 for discussion). An
investigation was therefore undertaken to analyse the role of these enzymes during
infection.

As discussed previously (see Chapters 1 and 6), several factors could be
causing a reduction in the survival of the parasite. Analysis of the production of

RNI and ROS in response to infection demonstrated that both wild-type and ACPS
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elicited comparable levels from their host cells. This information, in conjunction
with previous data demonstrating the comparable susceptibility of these two lines in
vitro (Frame, PhD thesis), indicated that neither RNI or ROS could be responsible
for the enhanced susceptibility of ACPB. This indicated to me that the fate of the
parasite may be decided prior to the instigation of microbicidal factors from the host
cell and lead to an investigation of the phagocytosis of promastigotes by
macrophages.

This investigation proved interesting in several ways. Tt was demonstrated
that the uptake of ACPB involved different kinetics to that of wild-type parasites,
Wild-type promastipotes were rapidly internalised by their host cell following
attachment. ACPH, however, were shown to interact with the surface of the cell for
15 - 20 minutes following attachment before being internalised. This protonged
interaction was hypothesised 1o be due to the alterations in the surface architecture
of the parasite. The CPB null promastigotes had previousty been shown to have a
reduction in the furn-over of gp63 from their surface. This reduction is probably due
to the loss of many lysosomal enzymes which will cause a slower rate of protein
catabolism. This could cause ¢ffects on the surface of the promastigotes and thus
lead to alterations in charge or membrane tluidity. The analysis presented here
demonstrated that the turn-over of proteins due to cross-tinking with antibodies was
reduced. However it may prove interesting to analyse the membrane fluidity in the
absence of antibody, perhaps utilising Fluorcsence-Recovery-After-Photobleaching
(FRAP) technology to assess the difference in recovery between wild-type and

ACPB (Meyvis et al., 1999).
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This prolonged mteraction could in itself be responsible for the reduced
survival of ACPB by allowing the macropbage to prime itself for infection before the
parasite 15 able to inactivate the host cell’s responses. However, an analysis of the
tyrosine phosphorylation events occurring during uptake of both lines revealed no
obvious differences between the levels of induced protein phosphorylation,
suggesting that macrophages infected with the two lines were similatly able to signal
during infection. Clearly, however, a more detailed analysis could reveal more
subtle, yet important differences.

It is more likely, therefore, thai the reduction in virulence of the CPB null
mutant is due lo the faci that it utilises different macrophage surface receptors
during internalisation. This difference would play a role in increasing the interaciion
time with the surface. Restoration of virulence to the promastigotes by expression
of CPBg2.8 also restored the parasite’s ability to bind to both CR3 and CR4, again
implicating this phenomenon as important. The receptors used during phagocytosts
have long been kmown to effect the response of macrophages to infection (Hunier,
1987 and Chapter 7} and thus the utilisation of different receptors may alter the
intracellular fate of pathogens.

The lack of difference between the response of macrophages 1o infection
with wild-type parasites and ACP?E with respect to the production of RNI and ROS
suggests that other components of the intraceltular environment are responsible for
the death of ACPB. It is possible that changes in the route of uptake will alter the
type of vacuole encountered by the parasite. Leishmania is highly adapted to modify
this vacuole on entry (see Chapter 1, section 1.2.1). Perhaps ACPZ 15 internalised
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into a different type of vacuole and thus Is unable to modify it’s intraceilular
environment efficiently, therefore intracetlular survival is reduced.

These experiments also demonstrated that L. mexicana  wild-type
promastigotes had an unusually heavy reliance on CR3 and CR4; L. major, for
example, has been shown to utilise CR3 heavily during uptake, but only a 25 - 30 %
reduction in binding was observed afier blocking this receptor (Blackwell et of.,
1985). However, despite L. mexicana’s reliance on these receptors, my work
demonstrated that the parasite must also utilise other receptors during attachment to
the macrophage surface. Further investigation of the receptors involved i ACPB
attachment will probably demonstrate that the parasite has the ability to bind to at
least one of the other wild-type receptors and that it is through this attachment that
it enters the cells.

It has been suggested that ACPB is surviving in a sub-population of the cells
it originally infects (see Chapter 6, section 6.1, for details). A preliminary
investigation of the infectivity of ACPB towards peritoneal exudate cells enriched
with dendritic cells indicated that the susceptible sub-population may be dendyitic in
nature. Further work is required (as discussed in Chapter 6, section 6.4) to confirm
this observation,

The in vivo situation is not directly comparable to the situation 7 virro, as
many other host-related factors will come into play. This can be demonstrated by
the fact that the virulence of ACPB amastigotes in vive is similar to that of the
promastigotes (Frame, PhD Thesis). As amastigotes do not utilise the same
receptors as promastigotes during phagocytosis (reviewed in Chapter 7), the
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alteration in receptor binding canmot account for the reduction in virulence of the
| amastigotes. However, at present the receptors involved in amastigote uptake are
un-defined and thus it may be that loss of the CPB enzymes also causes alteration in
the attachment of amastigotes to macrophages. The consequences of this may not
be seen in vitro, due to the relatively less harsh environment that the parasite is
exposed to under these conditions.

In summary, the loss of the CPB enzymes from the parasite causes alteration
in the surface architecture of the promastigotes, such that the affimty of the parasite
to important macrophage surface molecules is reduced. This was manifested in two
ways.  Firstly, the promastigotes were internalised meore slowly following
attachment, and, secondly, this attachment was via different receptors. Although
other factors are bound to be involved during in vive infection, it is clear from this
analysis that the loss of lysosomal enzymes can cause effects on the surface of the
promastigote which will alter the way it interacts with putative host cells.

Thus the results of my investigation have led to several interesting
conclusions, which are summarised in Table 8.1, These findings have created the
opportunity for several further inieresting lines of enquiry.  Despite the
demonstration that there are differences in the receptors uiilised during attachment
of wild-type and AC'PB promastigotes, there is no direct evidence that this is indeed
the reason for the reduction in intracellular survival. An interesting follow-up
investigation could involve an analysis of the effect of blocking CR3 and CR4 (with
Fab fragments, see Chapter 7, section 7.4) on wild-type parasite survival. If

attachment via these receptors is important in virulence, as opposed to simply
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attachment, then preventing use of them during uptake would reduce wild-type
parasite virulence to the level of ACPB. Conversely, perhaps cross-linking these
receptors, with specific antibodies, during phagoeytosis of ACPE would allow this
parasite to infect and survive normally by creating an intracellular environment more
conducive to survival.

The investigation of the receptors involved in wild-type parasites binding
further demonstrated that interaction with both CR3 and CR4 was necessary for
attachment. This was surprising and the role of steric hindrance, although unfikely,
cannot be ruied out. A simple way to investigate this phenomenon would be to
express CR3 and CR4 (individually and together) in COS cells. This would allow
analysis of their relative involvement in attachment.

The findings from my work would also benefit from some in vivo context.
An analysis of the effect of KQ2 during /n vive infection with L. mexicana is
essefifial 10 assess its potential as a chemotherapeutic agent. Furthermore, despite
the in vitro differences observed between wild-type parasites and ACPE virulence,
the in vivo picture is more complicated. This suggests that aithough the receptors
mediating phagocytosis are important iz vitro and may play some role in the
reductton of virulence in vivo, other factors are also involved.

The work of Alexander et «f, (1998) demonstrated that infection with
ACPA/CPR (or ACPB) causes a polarisation of the unmune response towards a
protective Thl type response. This suggests a possible role for these cysteine
proteinases in the production of a Th2 type response to infection, although other
factors, such as infectious dose, may be important (Menon and Bretscher, 1998).
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Several investigations have indicated that cysteine proteinases (host and parasite
derived) may be important in determining the presentation of antigens via MHC-il.
Maekawa ef al., {1998) showed that mammalian cathepsin B can have a role in
potarising the immune response, via the production of antigenic epitopes. It follows,
therefore, that intracellular parasites may utilise their cysteme proicinase enzymes to
prevent the production of an effective immune response by degradation of either
antigenic material or MHC-IT molecules. The use of cysteine proteinase inhibitors
during in vitro infection with L. amazonensis has been demonstrated to cause a
build-up of MHC-UI within the lysosomes of the amastigotes (De Souza ef a/.,
1995). Thercfore, the CPB enzymes may have roles in MHC-II degradation and
thus aid in the prolonging of the infection. These roles could be investigated i vidro
by analysing the effect of infection with wild-type parasites and ACPB on the
amount, and localisation, of MHC-1] within the macrophage. It is unlikely, however,
that MHC-II degradation would have a role in vitro as there are no T cells present to
interact with MHC-peptide complexes. However, a role for the CPB enzymes in
MHC-H degradation could explain the further reduction of virulence observed in
vivo and the polarisation of the immune responsc.

In conchlusion, I have shown that the cysteine proteinase enzymes of L.
mexicana have potential as a target for chemotherapeutic agents. Further to this, the
CPB enzymes have been shown to be important in maintaining the surface
architecture of the parasite. This surface architecture is essential for the parasite to
enter macrophages using CR3 and CR4. Tt is hypothesised that this phenomenon is

important in the in vitro iofectivity of the parasite.
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Tabie 8.1: Roles of L. mevicana CPB cnzymes and their potential as drug

targets: The main concliusions.

Cysteine Proteinase Inhibitors:

prevent processing of pro-enzymes to mature CPA and CPB

perturb intracellular protein trafficking

reduce survival of amastigotes intracellularty

ACPB amastigotes are as susceptible as wild-type parasites
The CPB cnzvmes are involved in:

turnover of surface molecules

rapid internalisation of promastigotes by macrophages

facilitating attachment to CR3 and CR4

244




Biblivgraphy

Bibliography

Adam, B.0. and Hamilton, T.A. (1992) Molecular basis of macrophage activation;
diversity and its origins. Tn: Lewis, C.E. and McGee, J.O. (Eds.) The Macrophage,
pp. 75-114. Oxford: IRL Press

Alexander, J, Coombs, G.H. and Mottram, J.C. (1998) [leishmarmia mexicana
cysteine proteinase-deficient mutants have attenuated virulence for mice and

potentiate a 1" belper cell 1 (Thl) response. Journal of Immunology 161, 6794-6801,

Antoine, J., Prina, E., Lang, T and Courret, N. (1998) The biogenesis and
properties ol the parasitophorous vacuoles that harbour Leishmania in murine

macrophages. Trends in Microbiology 7, 392-401.

Astarie-Dequeker, C., N'Diaye, E., Le Cabec, V., Rittig, M.G., Prandi, J. and
Maridonneau-Parini, 1. (1999) The mannose receptor mediates uptake of pathogenic
and non pathogenic Mycobacteria and bypasses bactericidal responses in human

macrophages. /nfection and finmunily 67, 469-477,
ATCC (1999) WWW site: hitp.//gopher.atce.org

Bebr, V., Stierhof, Y., llg, T., Demar, M., Quinten, M. and Overath, P. {1993)
Expression of lipophosphoglycan, high-molecular-weight phosphoglycan and
glycoprotein-63 in promastigotes and amastigotes of Leishmania mexicana.

Molecular and Biochemical Farasifology 58, 107-121.
Barral, A, Barral-Netto, M., Yong, E.C., Brownell, C.E., Twardzik, D.R. and Reed,

S.G. (1993) Transforming growth factor-f as a virulence mechanism for Leishmarnia

braziliensis. Proceedings of the National Academy of Science, USA 90, 3442-3446,

243




Bibliography
Barrai-Netto, M. and Barral, A. {1994) Transforming growth factor- in
tegumentary Leishmawiasts. Brazilian Jowrnal of Medical and Biological Research

27, 1.9,

Bart, D., Coombs, G.H. and Motiram, J.C. (1995) Isolation of /mcpe, a gene
encoding a Leishmania mexicana cathepsin B-like cysteine proieinase. Molecular

and Biochemical Parasitology 73, 271-274,

Bates, P.A., Robertson, C.D, Tetley, L. and Coombs, GH {1992) Axenic
cultivation and characterisation of Leishmania mexicana amastigote-like forms,

Parasitology 105, 193-202.

Benghezal, M., Benachour, A., Rusconi, S., Aebi, M. and Conzelmann, A. (1996)
Ycast GPI8p is esseniial for GPI anchor attachment onto proteins. FMBO Journal
18, 6575-6583.

Berens, R.L., Brun, R. and Krassner, 8.M. (1976) A simple monophasic medium for

axenic culture of haemotlagellates. Journal of Parasiiology 62, 360-365.

Berton, (3. and Gordon, S. (1983) Modulation of macrophage mannosyl-specific
receptors by cultivation on immobilised zymosan, Effects of superoxide-anion

release and phagocytosis. [mmunology 49, 705-715.

Bhattachanga, 5., Manna, P.P. and Bandyopadhyay, S. (1993) IFN-y is directly
cytostatic to the extracellular form (promastigote) of Leishmania donovani.

Scandinavian Jowrnal of Immunology 37, 680-683.




Bibliography
Blackwell, J.¥[, Ezekowitz, RA B, Roberts, M.B., Channon, 1.Y., Sim, R B. and
Gordon, 8. (1985) Macrophage complement and lectin-like receptors bind

Leishmaria in the absence of serum. Jowrnal of Experimenial Medicine 162, 324-
331

Bordier, C. (1981} Phase separation of mtegral membrane protein in Triton X-114

solution. Journal of Biological Chemistry 256, 1604-1607.

Brittingham, A., Morrison, C.J,, McMaster, W.R., MeGwire, B.S., Chang, K. and
Mosser, D.M. (1995) Role of the Leisimanic surface protease gp63 in complement

fixation, cefl adhesion and resistance to complement-mediated lysis. Jowrnal of

Immunology 158, 3102-3111.

Bruchhaus, 1., Jacobs, T., Leippe, M. and Tannich, 7. (1996) Entamoeba histolyfica
and Entamoeba dispar: differences in numbers and expression of cysteine proteinase

genes. Molecular Microbiology 22, 255-263.

Bryceson, A. (1987) Therapy in man. In: Peters, W. and Killick-Kendrick, R. (Eds))

The leishmaniases in biology and medicine. pp. 847-907. London: Academic Press

Camara, M., Ortiz, G., Valero, P.L., Molina, R, Navarro, 1., Chance, M.L. and
Segovia, M, (1995) Complement-mediated lysis and infectivity for mouse
macrophages and sandilies of wvirulent and attenuated Leishmania major
promastigotes, varying in expression of the major surface protease and

lipophosphoglycan. Arnais of Tropical Medicine and Parasitology 89, 243-251,

Cameron, A.J. and Allen, JM. (1999) The human high-affinity immunoglobulin G

receptor activates SHZ2-containing inositol phosphatase (SHIP). Immunvlogy 97,
641-647.

247




Bibliography
Carmona, E., Dutour, E., Ploufte, C., Takebe, 5., maon, P., Mort, J.S. and Menard,
R. (1998) Potency and selectivity of the cathepsin L propeptide as an inhibitor of
cysteme proteases. Biochemistry 35, 8149-8157.

Carrera, L., Gazzinelli, R., Badolato, R, Hieny, S., Muller, W , Kuhn, R. and Sacks,
D L. (1996) Leishmania promastigotes selectively inhibit Interleukin 12 induction in
bonemarrow-derived macrophages from susceptible and resistant mice. Jowrnal of

Experimenial Medicine 183, 515-526.

Chaickalath, HR., Theodos, C.M., Markowitz, J.5., Grusby, M.J., Glinicher, L.H.
and Titus, R.G. {1995) Class 11 MHC-deficient mice initially control an infection

with Leishmania major but succumb to disease. Jowrnal of Infectious Disease 171,
302-308.

Chakrabarty, R., Mukherjee, 8. and Basu, MX. (1996a) Oxygen-dependent
Leishmanicidal activity of stimulated macrophage. Mvlecular and Cellular

Biochemistry 154, 23-29.

Chakrabarty, R., Mukherjee, S., Lu, H., McGwire, B.S., Chang, K. and Basu, M.X.
(1996b) Kinetics of entry of virulent and avirulent strains of Leishmaria donovani
into macrophages: A possible role of virulence molecules (gp63 and LPG). Jowrnal

of Parasitology 82 632-635.
Channon, JY., Roberts, M.B, and Blackwell, J.M, {1984) A study of the differential
respiratory burst activity elicited by promastigotes and amastigotes of Leishmania

donavani in murine peritoneal macrophages. Immunology 53, 345

Chatelain, R., Mauze, 5. and Coffinan, R.L. {1999a) Experimental Leishmania

major intection in mice; role of TL-10. Parasite Immunclogy 21, 211-218.

248




Biblicgraphy
Chatelain, R., Mauze, S., Varkila, K. and Coffiman, B.L. (1999b) Leistmania major

infection in IL-4 and [FN~y deficient mice, Parasite Immunology 21, 423-431.

Chauhan, 5.5., Ray, D, Kane, 8.E., Willingham, M.C. and Gottesman, M M. {1998)
Involvement of carboxy-terminal amino acids in secretion of human lysosomal

protease cathepsin L. Biochemisiry 37, 8584-8594.

Clark, T.B. and Wallace, F.G. (1960) A comparative study of kinetoplast

ultrastructure in the Trypanosomatidae. Journal of Protozoology 7, 115-124.

Coombs, G.I1. and Baxter, J. (1984) Inhibition of Leishmanic amastigote growth by

Antipain and Leupeptin. dumals of Tropical Medicine and Parasitology 78, 21-24,

Coombs, G.IL, Hart, DT. and Capaldo, J. (1982) Proteinase inhibitors as
antileishmanial agents. Jransactions of the Royal Society of Tropical Medicine and
Hygiene 76, 660-663,

Coombs, GH. and Mottram, I.C. (1997) Proteinases of Trypanosomes and
Leisimania. I Hide, G., Mottram, J.C., Coombs, G.H. and Holmes, P.HL. (Eds)

Trypanosomiasis and Leishmaniasis, pp. 117 CAB International]

Coulombe, R., Grochulski, P., Sivaraman, J., Menard, R., Mort, J.8. and Cygler, M,
(1996) Structure of human procathepsin L reveais the molecular basis of inhibition

by the prosegment. EMBO Journal 15, 5492-5503.
Da Silva, RP., Hall, BF., Joiner, K. A and Sacks, D.L. (1989) CR1, the C3b

receptor, mediates binding of infective Leishmania major metacyclic promastigotes

to human macrophages. Jowrnal of Immunology 143, 617-622.

249




Bibliography
De Frentas. L.AR., Mbow, M.L., Estay, M., Bleyenberg, J A. and Titus, R.G.
(1999) Indomethacin treatment slows disease progression and enhances a Thl
response in susceptible BALB/c mice infected with Leishmania major. Parasite

Immunology 21, 273277

De Souza, S.L., Lang, T., Prina, E., Hellio, R. and Autoine, f. (1995) Intracellular
Leishmania amazonensis amastigotes internalize and degrade MHC class I

molecules of their host cells. Journal of Cedl Science 108, 3219-3231.

Descoteaux, A., Slavatore, J., Sacks, D.L. and Matlashewski, G. (1991) Leishmaric
donovani lipophosphoglycan selectively inhibits signal transduciion in macrophages.

Journal of Immunology 146, 2747-2753,

Desjardins, M. and Descoteaux, A. (1997) inhibition of phagolysosomal biogenesis

by the leishmanial lipophosphoglycan. Journal of Experimental Medicine 183, 2061+
2068.

Dicepan, K.N., Page, J.C, L1, Y. and Stechschulte, D.J, (1995) Direct activation of
murine peritoneal macrophages for nitric oxide production and tumor cell killing by

interferon-y. Journal of Interferon and Cytokine Research 15, 387-394,

Doherty, T M. and Coffman, R.L. (1996) Leishmania major: effect of infectious

dose on T cell subset development in BALB/c mice. Experimental Parasitology 84,
124-135.

Dominguez, M. and Torano, A. (1999) Immune adherence-mediated
opsonophagocytosis. The mechanism of Leishmania infection. Journal of

Experimental Medicine 189, 25-35.

250

PN A



Bibtiveraphy
Doyvle, P.S., Engel, J.C., Gam, A.A. and Dvorak, J.A. (1989) Leishmania mexicana

mexicana. quantitiative analysis of the intraceflular cycle. Parasitology 99, 311-316.

Easmon, C.SF, Cole, PJ, Williams, AJ and Hastings, M. (19807 The
measurement of opsonic and phagocytic function by Juminol-dependent

chemiluminescence. fmmunology 41, 67
ECACC (1999) WWW site: hitp://fuseil.star.co, uk/camr

Engel, J.C., Dovle, P.S., Hsieh, . and McKerrow, JH. {1998a) Cysteine protinease
inhibitors cure an experimental Trypanosoma cruzi infection. Jowrnal of

Experimental Medicine 188, 725-734.

Engel, 1.C, Doyvle, P.S., Palmer, T, Hsieh, 1., Bainton, D F. and McKerrow, JH.
(1998b) Cysteine proteinase inhibitors alter golgi complex ultrastructure and

function w Trypanosoma cruzi, Journal of Cell Svience 111, 597-606,

Field, M.C., Moran, P., L1, W., Keller, G. and Caras, LW. (1994) Retention and
degradation of proteins containing an uncleaved giycosiyphosphatidylinositol signal.

Journal of Biological Chemistry 269, 10830-10837.

Figueiredo, F., Uhing, R.J., Okonogi, K, Gellys, T'W., Johnson, S.P., Adame, D.0O.
and Prpic, V. (1990} Activation of ¢cAMP cascade inhibits an early event involved in

murine macrophage Ta expression. Journal of Biological Chemisiry 263, 12317-
12323,

Fineschi, B. and Miller, J. (1997) Endosomal proteases and antigen processing.

Trends in Riochemical Sciences 22, 1377-1380.

251



http://fuseii.star.co.uk/camr

Rivliography
Flohe, 5., Lang, T and Moll, H. ({1997) Synthesis, stability, and subcellular
distribution of major histocompatibility complex class TI molecules in Langerhans

cells infected with Leishmania major. Infection and Immunity 68, 34443450,

Frame, M.J. (1997) The cysteine proteinases of Leishimania mexicana. PhD Thesis,

University of Glasgow.,

Franco, E., Soares, RM.I). and Meza, 1. (1999) Specific and reversible inhibition of
Entamoeba  histolytica cysteine proteinase activities by Zn®": Implications for

adhesion and cell damage, Archives of Medical Research 30, 32-88.

Franke de Cazzulo, BM., Martinez, J., North, M.J. and Coombs, G.H. (1994)
Effects of proteinase inhibitors on the growth and ditferentiation of Tryparnosoma

cruzi, FEMS Microbiology Letters 124, 81-86.

Frankenburg, S., Leibovici, V., Mansbach, N., Turco, 8.J. and Rosen, G. (1990) The
effect of glycolipids of Leishmania parasites on human monocyte activity: Inhibition

by fipophoghoglycan. Journal of inmunology 145, 4284-4289,

Frommel, T.O, Button, L.L., Fujtkura, Y. and McMaster, W R. (1990) The major
surface glycoprotein (GP63) is present in both life cvele stages of Leishmania,

Molecular and Biochemical Parasitology 38, 25-32.

Galvao-Quintao, L., Alfieri, S.C., Ryter, A. and Rabinovitch, M. (1990) Intracellular
differentiation of Leishmania amazonensis promastigates to amastigotes: presence

of megasomes, cysteine proteinase activity and susceptibility to leucine-methyl ester.

Parasitology 101, 7-13.

252




Bibllography
Garcia, M.R., Graham, S., Harris, R.A., Beverley, S M. and Kay., 2. M. (1997)
Epitope cleavage by Leishmania cndopeptidase(s) limits the efficiency of the
exogenous pathway of major histocompatiblity comples class-I-associated antigen

presentation, Luropean Journal of Immunoclogy 27, 1005-1013.

Gor, RO, Li, A.C, Wiser, MF. and Rosenthal, P.J. {1998) Plasmodial serine
repeat antigen homologues with properties of schizont cysteine proteases. Molecular

and Biochemical Parasitology 95, 153-158,

Gorak, PM.A., Engwerda, CR. and Kaye, P.M. (1998) Dendritic cells, but not
macrophages, produce JL-12 immediately following Leishmania donovani mfection.

European Journal of Immunology 28, 687-695.

Gordon, 5., Starkey, P., Hume, D., Ezekowitz, R.AB., Hirsch, S. and Austyn, 1.
(1986) Plasma membrane markers to study differentiation, activation and localisation
of murine macrophages. Ag ¥4.80 and the mannosyl fucosyl receptor In: Weir,

D.M. (Ed.) Handbook of Experimential Immunology, pp. 1-14. Oxford: Blackwell

Scientific

Grahamm, IL. and Brown, E.J. (1991) Exiracellular calcium results in a
conformational change in mac-1 (CD11b/CD18) on neutrophils. Jowrnal of
Immunology 146, 685-691.

Grattendick (1999) WWW site: http://www3, onramp.net/~keng/macrohages/research
html

Green, S.J., Scheller, L.F., Marletta, MLA., Seguin, M.C., Klotz, F' W, Slavter, M.,
Nelson, B.J. and Nacy, C.A. (1994) Nitric Oxide: Cytokine-regulation of nitric oxide

in host resistance to intraceilular pathogens. Immunology Letters 43, 87-94.

253



http://www5.onramp.net/~keng/macrohages/research

Bibliography
Greenberg, S., Chang, P. and Silverstein, 5.C. (1993) Tyrosine phosphorylation is
required for Fc receptor mediated phagocytosis in mouse macrophages, Journal of

Experimental Medicine 177, 529-534,

Gresham, H.D., Graham, LL. and Brown, E.J. (1991) Leukocyte adhesion - defence

neutrophils fail to amplify phagocytic function in response to stimulation. Journal of

Climical Investigation 88, 588-597.

Grevelink, S.A. and Lerner, E.A. (1996) Leishmaniasis. Journal of the american

academy of dermatology 34, 257-272.

Guy, R A, and Belosevic, M. {1993) Comparison of receptors required for eniry of

Leishmania major amastigotes into macrophages. Infection and Immurity 61, 1553-
1558.

Hamburger, D., Egerton, M. and Riezman (1995) Yeast GAAIP is required for

attachment of a completed GPI anchor onto proteins. Journal of Cell Science 129,
629-639,

Hatzigeorgiou, D.E., Geng, B,, Zhu, B., Zhang, Y., Liu, K., Rom, W.N.,, Fenton,
M.J,, Turco, 8., and Ho, JL. {1996) LPG from Leisimnania suppresses agonist-
induced IL-1 gene expression in human monocvies via a unique promoter

sequence. Proceedings of the Nutional Academy of Science, USA 93, 14708-14713.

Heimer, G.V. and Taylor, CED. (1974) Improved mountant for

immunofluorescence preparations. Journal of Clinical Pathology 27, 254-256,

Heinzel, F B., Schoenhaut, D.S., Rerbs, R M., Rosser, L B. and Gately, M K. {1993)
Recombinant IL-12 cures mice infected with Leishmania major.. Jowrnal of

Experimental Medicine 177, 1505-1509.

254




Bibliography

Milley, 1.B., Zawadzki, J.L., McConville, M.J., Coombs, GH. and Mottram, J.C.
{1999) Leishmania mexicana lacking GPI.protein transamidase provide insights into
biosynthesis and function of GPI-anchored proteins. Aelecniar Biology of the Cell,

n press

Himmelrich, H., Parra-Lopez, C., Tacchini-Cottier, ., Louis, J A. and Launois, P.
{1998) The IL-4 rapidly produced in BALB/c mice after infection with Leishmarnia
major down regulates IL-12 receptor by chain expression on CD4+ T cells resulting

in a state of unresponsiveness to 1L-12., Journaf of Immurnology 161, 5156-6153.

Huete-Perez, J A, Engel, J.C, Brinen, L.S., Mottram, J.C and McKerrow, J.H.
(1999) Protease trafficking in two primitive cukaryotes is mediated by a prodomain

protein motif. Journal of Biological Chemisiry 274, 16249-16256.

Hunter, C.A., Lockwood, B.C, and Coombs, G.H. (1992) Hydrolysis of L-leucine
methyl ester by Leishmania mexicana mexicarer amastigote cysteine proteinases.

International Journal for Parasitology 22, 711-717.

Hunter, T. (1987} A thousand and one protein kinases. Cefl 30, 823-829.

llg, T., Fuchs, M., Gnau, V., Wolfram, M., Harbecke, D. and Overath, P. (1994)
Distribution of parasiiic cysteine proteinases in lesions of mice infected with
Leishnania mexicana amastigotes. Molecutar and Biochemical Parasitelogy 67,
193-203,

lgoutz, S.C., Zawadzki, J,, Ralton, J.E. and McConville, M.J. (1999) Evidence that
free GPI glycolipids are essential for growth of Leishmania mexicana. EMBO
Journal 18, 2746-2755.

255




Binliography
Ishado, K., Saido, T.C., Kawashima, S., Hirose, M., Watanabe, 5., Sato, N. and
Kominami, E. (1998) Multiple processing of procathepsin I, to cathepsin L in vivo.

Biochemical and Biophysical Research Communicaiions. 252, 202-207.

Jacobs, T., Bruchhaus, L, Dandekar, T., Tanmch, E. and Lieppe, M. {1998) Isolation
and molecular characterization of a surface bound proteinase of Emamoeba

histolytica, . Molecular Microbiology 27, 269-276.

Johnstone, A. and Thorpe, R, (1982) Purification of immunoglobulins, constituent
chains and fragments. In: Johnstone, A. and Thorpe, R. (Eds.) Immunochemistry in

Pracrice, pp. 41-75. Oxford: Blackwell Scientific Publications Ltd]

Joshi, P.B., Sacks, D.L., Modi, G. and McMaster, W.R. (1998) Targeted gene
deletion of Leishmania major genes encoding developmental stage-specific

leishmanalysin {gp63). Molecular Microbiology 27, 519-330.

Kaushik, R.S., Uzonni, I.E., Gordon, J.R. and Tabel, H. (1999) Innate resistance to
Trypanosona congolensi infection: different production of NO by macrophages
from susceptible BALB/c and resistant C57BUV6 mice. Experimental Parasitology
92, 131-143.

Kelleher, M., Bacic, A. and Handman, E. (1992) Identification of a macrophage-
binding determinant on lipophosphoglycan from Leishmania major promastigotes.

Proceedings of the National Acadenty of Science, US4 89, 6-10.

Kima, P.E., Soong, L., Chicharro, C., Ruddie, N.H. and McMahon-Prati, T2, {(1996)
Leishmamia-infected macrophages sequesier endogenously synthesized parasite
antigens from presentation to CD4' T cells. European Journal of Immunology 26,

3163-3169.

236




Biblicgraphv
Kighimoto, T.K., Larson, R.S., Corbi, AL, Dustin, M.L.. Staunton, .5 and

Springer, T.A. (1939} The lenkocyte integrins. Advarices in Immunology 46, 149-
182.

Kolb, J.P., Paul-Eugene, N., Damais, C., Yamaoka, K., Drapier, J.C. and Dugas, B.
(1994) IL-4 stimulates cGMP production by IEN-y activated human monocytes.
Journal of Biological Chemistry 269, 9311-9816.

Konecny, P., Stagg, AJ., Jebbani, H., English, N, Davidson, R N, and Knight, S.C.
(1999) Murine dendritic cells internalise Leisfmania major promastigotes and
produce JL-12 p40 and stimulate primary T cell proliferation in vitro.. Europearn

Jouwrnal of Immunclogy 29, 1803-1811.

Kornfeld, 8. (1987) Tratticking of lysosomal enzymes. FASEB Journal 1, 462-468.

Kreier, J P. and Baker, JR. (1987) Trypanosomes and related organisms. In; Kreier
and Baker, (Eds.) Parasitic Protozoa, pp. 43-90. London: Allen and Unwin)|

Kwan, W.C., McMaster, W.R., Wong, N. and Reiner, N.E. (1992) Inhibition of
expression of MHC-TI molecules in macrophages infected with Leishmania
donovani occurs at the level of gene transcription via a cyclic AMP-independent

mechanism. Infection and Immunity 60, 2115-2120.

Lang, T., De Chastellier, C., Frehel, C., Hellio, R., Metezeau, P., De Souza Leao, S.
and Anioine, J. (1994b) Distribution of MHC-I and of MHC class II molecules in

Macrophages infected with Leishmania amazonensis, Journal of Cefl Science 107,
69-82.




Bibliography
Lang, T., Hellio, R., Kaye, P.M. and Antoine, J. {1994a) Leishtmania donovani
infected macrophages: characterization of the parasitophorous vacuole and the
potential role of this organelle in antigen presentation. Journal of Cell Science 107,
2137-2150.

Li, J., Hunter, C.A. and Farrell, J.P. (1999) Anti-TGF-B treatment promotes rapid
bealing of Leishmania major infection in mice by enhancing /# vivo nitric oxide

production. Journal of Immunology 162, 974-979.

Liw, X and Chang, K. (1992) Extrachromosomal genetic complementation of
surface metalloproteinase (gpG3)-deficient Leishmania increases their binding to
macrophages. Preceedings of the National Academy of Science, US4 39, 4991-
4995,

Lockwood, B.C., North, M.J., Mallinson, D.J. and Coombs, G H. (1987) Analysis of
Leishmania protemases reveals developmental changes in species specific forms and

a common 68 kD activity. FEMS Microbiology Letters 48, 343-350.

Love, D.C., Esko, I.D. and Mosser, D.M. (1993) A heparin-binding activity on
Letshmania amastigotes which mediates adhesion to celfular proteaglycans. Journal
of Cell Biology 123, 159-766.

Love, D.C, Kane, M.M. and Mosser, D.M. (1998) Leishmania amcazonensis. The

phagocytosis of amastigotes by macrophages. Experimenial Parasitology 88, 161-
171.

Lu, L., Bonham, C. A, Chambers, F.G., Watkins, S.C., Hoffman, R A., Simmons,
R.L. and Thomson, AW. {1996) induction of nittic oxide synthase in mouse

dendritic cells by IFN-y, endotoxin, aud interaction with allogenic T cells. Journal of

Immunology 157, 3577-3586.




Bibliograpiy

Lyman, 3.D. {1995} Biology of FLT3 ligand and receptor. nternational Journad of
Hematology 62, 63-73.

Maekawa, Y., Himeno, K., Ishikaxwa, ., Hisaeda, H., Sakai, T., Dainichi, T.,
Asao, T., Good, RA and Katanuma, N. (1998) Switch of CD4+ T cell
differentiation from Th2 to Thl by treatment with cathepsin B inhibitors in

experimental Leishmaniaisis. Journal of Immunology 61, 2120-2127.

Maclean, A., Wei, X.0Q., Huang, F.P., Alalem, U.AH., Chan, WL and Liew, F.Y.
(1998) Mice lacking in inducible nitric oxide synthase are more suscepiibile to

Herpes simplex virus infection despite enhanced Thl cell responses. Jowrnal of

General Virology 79, 825-830.

Mallinson, D.J. and Coombs, GH. (1989) Biochemical characteristics of the

metacyclic forms of Leishmania major and L. mexicana mexicana. Parasitology 98,
7-15.

Mallinson, D.J. and Coombs.GH. (1986) Molecular characterisation of the
metacyclic forms of Leistunania. IRCS Medical Jowrnal 14, 557-558.

Maraskovsky, E., Brasel, K., Teepe, M., Roux, ER., Lyman, $12., Shortman, K.
and McKenna, H.J, (1996) Dramatic increase in the number of functionally mature
dendritic cells in Flt3 ligand-treated mice: Multiple dendritic cell subpopulations

identified. Journal of Experimenial Medicine 184, 1953-1962.

Martinez, I., Campetella, ., Frasch, A.C.C. and Cazzulo, J.J. (1993) The reactivity
of sera from chagasic patients against different fragments of cruzipain, the major
cysteine proteinase from 7rypanosoma cruzi, suggests the presence of defined

antigenic and catatytic domains. fmmunology Letiers 35, 191-196,

259




Bibliography

Masterson, W.J., Doering, T.L., Hart, GW. and Englund, P. T {1989) A novel
pathway for glycan assembly: Biosynthesis of the glycosvl-phosphatidylinositol

anchor of the trypanosome variant surface glycoprotein. Cell 56, 793800,

Mauel, J. (1996) Intracelluiar survival of protozoan parasites with special reference
w Leishmaria spp., Toxoplasma gondii and Trypanosoma cruzi. Advances in

Parasitology 38, 1-51.

Mayer, R.J. and Doherty, F. (1986) Intracellular protein catabolism: state of the art.
FEBS Letters 198, 181-193,

MecGwire, B.S. and Chang, K.['. (1996) Posttransiational regulation of a Leishmani
HEXXH metalloprotease (gp63). The effects of site-specific mutagenesis of
catalytic, zinc binding, N-glycosylation, and glycosyl phosphatidylinositol addition
sites on N-terminal end cleavage, intracellular stability, and estracellular exit.

Journal of Biological Chemistry 271, 7903-7909.

MeKerrow, I H. (1999) Develpment of cvsteine protease inhibitors as chemotherapy
for parasitic diseases: insights on safety, target validation and mechanism of action.

International Journal for Parasitology 29, 833-837.

McKerrow, J.H,, Sun, E., Rosenthal, P.J. and Bouvier, J. (1993) The proteases and

pathogenicity of parasitic protozoa. Annual Review in Microbiology 47, 821-853.
McNeely, T.B., Rosen, G., Londner, M. V. and Turco, S.J. {1989) Inhibitory effects

on protein kinase ¢ activity by hpophosphoglycan fragments and GP{ antigens of the

protozoan parasite, Leishmania.. Biochemical Journal 259, 601-604.

260




Biblivgraphy
Medina-Acosta, E., Karess, R.E. and Russell, D.G, {1993) Structurally distinct
genes for the surface protease of Leishmania mexicana are developmentaily

regulated. Molecular and Biochemical Parasitology $7, 31-46.

Medina-Acosta, E., Karess, RE., Schwartz, H. and Russell, D.G. (1989) The
promastigote surface protease (gp63) of Leishmunia is expressed but differentially
processed and localised in the amastigote stage. Moleculor and Biochemical

Parasitology 37, 263-274.

Menard, R., Carmona, E., Takebe, S., Dufour, E., Plouffe, C., Mason, P. and Mort,
J.8. (1998) Autocatalytic processing of recombinant human procathepsin L. Jowurnal

of Biological Chemistry 2773, 4478-4484.

Menon, JN. and Bretscher, P.A. {1998) Parasite dase determines the Th1/Th2
nature of the responsc to Leishmania mujor independently of infection route and

strain of host or parasite. European Jowrnal of Immunology 28 4020-4028.

Mensa-Wilmot, K., Lebowitz, J.H., Chang, X., Al-Qahtani, A., McGwire, B.S.,
Tucker, 8. and Moitis, 1.C. (1994) A glycosylphosphatidylinositol {(GPI)- negative
phenotype produced in Leismania major by GP! phopholipase € from

Trypanosoma brucei: Topography of iwo GPI pathways. Jowrnal of Cell Biology
124, 935-947.

Meyvis, TXKL.,, DeSmedt, S.C., VanQostveldt, P, Demeester, J. (1999)
Fluorescence recovery after photobleaching: A versatile tool for mobility and

interaction measurements in pharmaceutical research. Pharmaceutical Research 16,
1153-1162.




Bibliagraphy
Milano, §., Atcoleo, F., Dieli, M., IX'Agostine, R., De Nuccl, G., D'Agostino, P. and
Cillaci, E. (1996) Ex vivo evidence for PGE; and LTB, involvement in cutaneous
Leishmaniasis: relation with infection status and cytokine production. Parasitology
112, i3-19,

Ming, M., Chuenkova, M., Ortega-Barria, E. and Pereira, MLE.A. {1993) Mediation
of Trypunosoma cruzi invasion by sialic acid on the host cell and a trans-sialidase on

the trypanosome. Molecular and Biochemical Parasitology 59, 243-252.

Moore, K.J. and Matlashewski, G. (1994) Intracellular infeciion by leishmania

donovani inhibits macrophage apoptosis. Jowrnal of Immunology 182, 2930-2937.

Moran, P. and Caras, LW, (1994) Requirements for glycosylphosphatidyl inositol
attachment are similar but not identical in mammalian cells and parasitic protozoa.

Journal of Cell Biology 128, 333-343,

Mossalayi, M.D., Arock, M., Mazier, DD, Vincendeau, P. and YVouldoukis, I. (1999)

The human immune response during cutaneous leishmaniasiss NO problem.

Parasitology Today 18, 342-344.

Mosser, D.M. and Edelson, P J. (1987) The third component of complement (C3) is

responsible for the intaceliular survival of Leishmania major. Nature 327, 329
Mosser, D.M., Springer, T.A. and Diamond, M.S. (1992) Leishmania Promastigotes

Require Opsonic Complement to Bind to the Human Leukocyte Integrin Mac-1
{CD11u/CD18). Jouwrnal of Cell Biology 116, 511-520,

262




Bigliography
Moltram, §.C., Frame, ML.J., Brooks, D.R., Tetley, L., Hutchison, J E., Souza, AE.
and Coombs, G.X1. (1997) The multiple cpd cysteine proteinase genes of Leishmania
mexicana encode isoenzymes that differ in their stage regulation and substrate

specificity. Journal of Biological Chemistry 272, 14285-14293.

Mottram, J.C., Robertson, CD., Coombs, G.H. and Barry, 1D (1992) A
developmentally regulated cysteine proteinase Gene of Leishmania mexicana.

Molecular Microbiology 6, 1923-1932.

Mottram, J.C., Souza, AE., Hutchison, J.5., Carter, R, Frame, M.J. and Coombs,
G.H. (1996) Evidence from disruption of the lmcpb genc array of Leishmania
mexicana that cysteine proteinases are virulence factors. Proceedings of the

National Academy of Science, US4 93, 6008-6013,

Muiler, R. and Baker, I R. (1992) Protozoa In; Muller, R. and Baker, JR. (Eds)
Medical Parasitology, pp. 1-56. London: Gower Medical Publishing,

Murai, M., Aramaki, Y. and Tsuchiya, 8. (1996) cr-macroglobulin stimulation of
protein tyrosine phosphorylation in macrophages via the mannose receptor for Fey

receptor-mediated phagocytosis activation. Zmmunology 89, 436-441.

Muwray, H'W. (1981) Susceptibdity of Leishmania to oxygen intermediates and
killing by normal macrophages. Jouwrna! of Experimental Medicine 153, 1302-1315.

Murray, HW. (1982) Cell mediated immune response in experimental visceral

leistunantasis 1I. Oxygen-dependent killing of intracefiular Leishmania donovam

amastigotes. Journal of Immunology 129, 351357,

263




Bibliograpi
Murray, H'W. and Nathan, C.F. (1999) Macrophage microbicidal mechanisms
vivo: Reactive nitrogen versus oxygen intermediates in the killing of intraceliular

visceral Leishmania donovani. Journal of Experimental Medicine 189, 741-746.

Nandan, D., Lo, R and Reiner, NE. (1999) Activation of phosphotyrosine
phosphatase activity attenuates mitogen-activated protein kinase signalling and
inhibits ¢-Fos and NOS expression m macrophages infected with Leishmania

donovani., Infection and Immunity 67, 4055-4063,

Nobrega, O.J., Satos Silva, M.A |, Teixeira, ARL and Santana, JM. {1998}
Cloning and sequencing of /fced, a gene encoding a Trypanosoma cruzi cathepsin B-

like protease. Molecular and Biochemical Parasitology 97, 235-240.

North, M.J. and Coombs, G.H. (1981) Protemases of Leishinamia mexicana
amastigotes and promastigotes: analysis by pgel electrophoresis. Molecular and

Biochemical Parasitoiogy 3, 293-300.

Ohishi, X, Inour, N., Takeda, J,, Hamburger, D., Riezman, H. and inishita, T.
{1998) GAAI recognises the GP! anchor attachemnt signals and is complexed with
GPI8 to form a GPI transamidase. Molecular Immunology 3581, 232

Olivier, M., Brownsey, R'W, and Reiner, N.E. (1992) Defective stimulus-response
coupling in human monocytes infected with Leishmania donovani is associated with
altered activation and translocation of Protein Kinase C. Proceedings of the National

Academy of Science, USA 89, 7481-7485.

Olliaro, P.L. and Bryceson, A.D.M. (1993) Practical progress in new drugs for
changing patterns of Leishmantasis. Parasitology Today 9, 323-328,

264



Bibliographv
Cuellette, M. and Papadopoulou, B. (1993} Mechanisms of drug resistance in

Leiskmania.. Parasitology Today 9, 150-153,

Overath, P. and Aebischer, T. (1999) Antigen presentation by macrophages

harboring intravesicular pathogens. Parasiiology Teday 18, 325-332,

Overath, P., Stierhof, Y. and Wiese, M. (1997) Endocytosis and secretion in

trypanosomatid parasites: tumultuous traffic in the pocket. Trends in Biochemical

Sciences 7, 27-33.

Parussini, F., Duschak, V.G. and Cazzuilo, J.J (1998) Membrane-bound cysteine
proteinase isoforms in different developmental stages of Trypanosoma cruzi..

Celfular and molecuiar biology 44, 513-519,

Peters, C., Stiethof, Y. and g, T. (1997) Protecophosphoglycan secreted by
Leishmania mexicana amastigotes causes vacuole formation in macrophages.

{nfection and Immunity 65, 783-786.

Piedrafita, D and Liew, FY. (1999) Nitric oxide: a protective or pathogenic
molecules? Reviews in Medical Microbiology 9, 179-189.

Piedrafita, D., Proudfoot, L., Nikolaev, A.V., Xu, D., Sands, W., Feng, G.J,
Thomas, E., Brewer, J., Ferguson, M.AJ., Alexander, J. and Liew, F.Y. (1999)
Regulation of macrophage IL-12 synthesis by Leishmania phosphoglycans.
Eurapean Journal of Immunology 29, 235-244.

Plasman, N. and Vray, B. (1993) Mouse peritoneal macrophages: characterisation of

functional subsets following Percoll density gradients. Research in Immunology 144,
151-163.




Bibliography
Prence, EM., Dong, J. and Sahxgian, G.G. (1990) Modulation of the transport of a
lysosomal enzyme by PDGY. Journal of Cell Biology 110, 319-326.

Prina, E., Lang, T., Glaichenhaus, N. and Antoine, J {1996) Presentation of the
protective parasite antigen LACK by Leishmania- infected Macrophages. Journal of
Immunology 156, 4318-4327.

Proudfoot, L., O'Donnell, C.A. and Liew, F Y. (1995) Glycoinositolphospholipids of
Leishmania major inhibit nitric oxide synthesis and reduce leishmanicidal activity in

murine macrophages. Luropean Jowrnal of Immmunology 25, 745-750.

Pupkis, M.F. and Coombs, G.H. (1984} Purification and characterisation of
proteolytic enzymes of Leishmania mexicana mexicana amastigotes and

promastigotes. Journal of General Microbiology 130, 2375-2383.

Pupkis, MLF, Tetley, L. and Coombs, GH. (1986) Leishmania mexicana:

amastigote hydrolases in unusual lysosomes, Kxperimental Parasitologry 63, 29-39.

Raiton, J.E. and McConville, M.J. (1998) Delineation of three pathways of
glycosylphosphatidylinositol biosynthesis in Leishmania mexicana - Precursors from
different pathways are assembled on distinct pools of phosphatidylinositol and

undergo fatty acid remodeling, Jowrnal of Biological Chemistry 273, 4245-4257.

Remer, S.L., Zheng, 8., Corry, D.B. and Locksley, RM. (1993) Consiructing

polycompetitor ¢cDNAs for quantitative PCR. Jowrnal of Immunological Methods
168, 37-46.

266




Biblivgrapiy
Rewer, SL, Zheng, S, Wang, Z., Stowring, L. and Locksley, R.M. {1994)
Leishmania promastigotes evade Interfeukin 12 (TL-12) induction by macrophages
and stimulate a broad range of cytokines from CD4+ T Cells during initiation of
infection. Journal of Experimental Medicine 179, 447-456.

Robertson, C.D. and Coombs, G.H. (1993) Cathepsin-B like cysteine proteases of

Leishmaria mexicana. Molecular and Biochemical Parasitology 62, 271-280.

Rabertson, C.D. and Coombs, G.H. (1994) Multiple high activity cysteine proteases

of Leishmania mexicana are encoded by the Imcpb gene array. Microbiology 140,
417-424.

Rosenthal, T..A., Sutterwala, F.5, Kehrhi, ME. and Mosser, D.M. (1996)
Leishmania major-human macrophage interactions: Cooperation between Mac-1

(CD11b/CD18) and complement receptor type 1 (CD35) in promastigote adhesion.
Infection and Imnunity 64, 2206-2215.

Rosenthal, P.J, Lee, GK. and Smith, R.E, (1993) Inhibition of a Plusmodium

vinckei cysteine proteinase cures murine malatia, Journal of Clinical Investigation
91, 1052-1056.

Rosnet, (., Marchetto, S., deLapeyriere, O. and Birnbaum, D, (1991) Murine F73, a

gene ehcoding a novel iyrosine kinase receptor of the PDGER/CSFIR family.
Oncology 6, 1641-1650.

Russell, D.G. and Wright, $.D. (1998) Complement receptor type 3 (CR3) binds to
an Arg-Gly-Asp - containing region of the major surface glycoprotein, gp63 of

Leishmanmia promastigotes. Journal of Experimental Medicine 168, 279292,

267




Bibliography
Russell, D.G., Xu, S. and Chakraborty, P. (1992) Iniraceltular irafficking and the
parasitaphorous vacuole of Leisimania mexicana-infected macrophages. Journal of

Cell Science 103, 1193-1210.

Sacks, D.L. (1992) The structure and function of the surface lipophosphoglycan on

different developmental stages of Leisimania promastigotes. Infectious Agents and

Disease 1, 200-2006.

Sadick, M.D., Locksley, RM_, Tubbs, C. and Raff, FL.V. (1986) Murine cutaneous
leishmaniasis: resistance correlates with the capacity to generate interferon-y in

response to Leishmania antigens in vitro. Journal of Immunology 136, 655-661.

Sadlova, J. and Volf, P. (1999) Occurrence of Leishmania major in saudfly urine.
Parasitology 118, 455-460.

Sanderson, 5.J., Pollock, K.G.J., Hilley, J.D., Moitram, J.C., Meldal, M., Juliano, L.
and Coombs, G.H. (1999) Analysis of the multi-step processing of the pro-region
during activation of a recombinant cysteine proteinase of the parasite Leishmania

mexicana. Biachemical Journal i press.

Saravia, N.G., Holguin, AN., McMahon-Pratt, . and D'Alessandro, A. (1985)
Mucocutaneous leishmaniasis in Columbia; Leishmaniasis braziliensis sub species

diversity. American Journal of Tropical Medicine and Hygiene 34, 714-720.

Schaible, U.E., Schiesinger, P.H., Steinberg, T.H., Mangel, W F., Kobayasni, T. and
Russell, D.G. {1999) Parasitophorous vacuoles of Leishmania mexicana acquire
macromolecules from the host cell cytosol via two independent routes. Journal of
Cell Science 112, 681-693.

268




Bibliography
Schiein, Y., Jacobson, R.1L.. and Messer, G. {1992) Leishmania wfections damage
the feeding mechanism of the sandfly vector and implement parasite fransmission by

bite. Proceedings of the National Academy of Science, /5S4 &9, 9944-9348.

Schofield, I.. and Tachado, $.D. (1996) Regulation of host cell function by GPIs of
the parasitic protozoa. Immunology and Cell Biology 74, 555-563.

Scory, 8., Cafficy, C.R., Stierhol, Y., Ruppel, A. and Steverding, D. (1999)
Trypanosoma brucei. killing of bloodstreams forms in wvifro and in vive by the

cysteine proteinase inhibitor Z-Phe-Ala-CHN,. Fxperimental Parasitology 9%, 327-
333,

Scott, P., James, S. and Sher, A. {1985) The respiratory burst is not required for
killing of intracellular and extracellular parasites by a lymphokine activated

macrophage cell line. Furopean Journal of Immunology 13, 553-558.

Seay, M.B., Heard, P.L. and Chaudhuri, G. (1996) Surface Zn-metalloproteinase as
a molecule for defense of Leishmania mexicana amazonensis promastigotes against

cytolysis inside macrophage phagolysosomes. Infection and Immunity 64, 5129-
5137.

Seeber, F., Dubremetz, J. and Boothroyd, J.C. (1998) Analysis of Toxoplasma
gondii stably iransfected with a transmembrane variant of its major surface protein,

SAGIL. Journal of Cell Science 111, 23-29.

Selzer, P.M,, Pingel, S., Hsieh, 1,, Chan, V.1, Engel, J.C., Russell, D.G., Sakanari,
JA. and McKerrow, J.H. (1999) Cysteine protease inhibitors as chiemotherapy:
Lessons from a parasife target. Proceedings of the National Academy of Science,
USA 96, 11015-11022.

269



Bibliography
Serrano-Luna, I.d., Negreti, E., Regis, M. and de la Garzia, M. (1998) [ntamoeba
nistolyice FMIIMSS  hemoglobin  degrading neutral cysteine proteinase.

Experimental Parasitelogy 98, 71-77.

Smelt, 5.C., Engwerda, C.R., McCrossen, M. and Kaye, P.M. (1997) Destruction of
follicular dendritic cells during chronic visceral leishmaniasis. Jownal of
fmmunology 158, 3813-3821

Soares, M.B.P., Titus, R.G., Shoemaker, C.B., David, J.R. and Bozza, M. (1998)
The vasoactive pepiide maxadilan from sandfly saliva inhibits TNF-c and induces IL-
6 by mouse macrophages through interaction with the pituitaryadenylate cyclase-

activating polypeptide (PACAP) receptor. Journaf of Immunology 160, 1811-1816.

Sorensen, AL., Hey, A.S. and Kharazmi, A, (1994) Leishmania mojor surface
protease Gp63 interferes with the function of human monocytes and neutrophils iz
vitro. APMIS 102, 265-271.

Soteriodou, K.P., Remoundos, M.S., Katsikas, M.C., Tzinia, A K., Tsikaris, V.,
Sakarellos, C. and Tzartos, S.J. {1992) The Ser-Arg-Tyr-Asp region of the major
surface glycoprotein of Leishmania mimics the Arg-Gly-Asp-Ser cell attachment

region of fibronectin, Jowrnal of Biological Chemistry 267, 13980-13985.

Souza, AE., Bates, P A., Coombs, G.H. and Mottram, J.C. (1994} Null mutants for

the /mcpa cysteine proteinase gene i Leishmania mexicana. Moleculay and

Biochemical Parasitology 63, 213-220.

Souza, A.E., Waugh, S., Coombs, G.l{. and Mottram, J.C. (1992) Characterization

of a multi-copy gene for s major specific cysteine proteinase of Leishmania

mexicana. FEBS Letters 311, 124-127,

270



Bibliography
Streit, J.A., Donelson, JLE., Agey, MW. and Wilson, MLE. (1996) Developmental
changes m expression of Leishmania chagasi GP63 and heat shock proteins in 2

human macrophage cell line. Infection and Immunity 64, 1810-1818.

Sturgill-Koszycki, S., Schlesinger, P.H., Chakraborty, P., Hadlix, P L., Collins, J.L.,
Fok, AKX, Allen, RD., Gluck, S.L., Heuser, J. and Russell, D.G. (1994) Lack of
acidification in Mycobacteritm phagosomes produced by exclusion of vesicular

protoi-ATPase. Science 263, 678-681.

Tachado, SD., Gerold, P, Schwarz, R, Novakovic, 3., McConville, M. and
Schofield, L.  (1997)  Signal  transduction in  macrophages by
glycosylphosphatidylinositols of Plasmodium, Trypanosoma, and Leishmania.
activation of protein kinase € by inositolglycan and diacylglyceral moieties.
Proceedings of the National Academy of Science, USA 94, 4022-4027.

Talamas-Rohana, P., Wright, S.D., Lennariz, MR, and Russell, DG, (1990)
Lipophosphoglycae from Leishinania mexicana promastigotes binds to members of
the CR3, p150,95 and LFA-1 family of leskocyte integrins. Journal of Immunology
144, 4817-4824.

Tao, K., Stearns, N.A, Dong, J., Wu, Q. and Sahagian, G.G. (1994) The proregion
of Cathepsin L is required for proper folding, stability and endoplasmic reticulum

exit. Archives of Biochemistry and Biophysicy 311 19-27.

Taylor, M.A.J., Baker, K.C., Briggs, G.S., Connerton, LF., Cummings, N.J., Prait,
K.A, Revell, D.F. and Freedman, R B. (1995) Recombinant pro-regions from papain
and papaya proteivase IV are selective high affinity inhibitors of the mature papaya
enzyme. Protein Engineering 8, 59-62.

271




Bibliography
Thabur, C.P., Pandey, AX., Sinhi, G.P., Roy, S., Behbehani, K. and Olkaro, P.
{1996} Comparison of three treatment regimens with liposomal amphotericin B
(AmBisome) for visceral leishmaniasis in India: a random dose finding study.

{ransactions of the Roval Sociely of Tropical Medicine and Hygiene 90, 319-322

Theodos, C.M., Ribeiro, I M.C. and Titus, R.G. (1991) Analysis of enhancing effect

of sand fly saliva on Leishmania infection in mice. Iifection and Immunity 59, 1592-
1568.

Tomas, AM., Miles, M. A, and Keily, JM. {(1997) Qverexpression of cruzipain, the
major cysieine proteinase of Trypamosoma cruzi, is associated with enhanced

metacyclogenesis. Luropean Journal of Biochemistry 244, 596-603.

Troeberg, T., Morty, RE, Pike, RN, Londsale-Eecles, J.D., Palmer, J.T,
McKerrow, JH. and Coetzer, TH.T. (1999) Cysteine proteinase inhibitors kill
cultured bloodsiream forms of Trypanosoma brucei brucei.. Experimental

Parasitology 91, 349-355.

Turca, 8.J. and Descoteaux, A. (1992) The Lipophosphoglycan of Leishmania
species. Anrual Review of Microbiology 46, 65-94,

Veras, P.S.T., Topilko, A.., Gouhier, N., Morean, M., Rabinovitch, M, and
Pouchelet, M. (1996) Fusion of Leishmania amuzonensis parasitophorous vacuoles
with phagosomes containing zymosan particles: cinemicrographic and ultrastructural

observations. Brazilion Jowrnal of Medical and Biological Research 29, 1009-1018,

Villalta, F., Zhang, Y., Bibb, K.E. and Xappes, J.C. (1998) The Cys-Cys family of
chemokine RANTES, MIP-1o and MIP-1 induce trypanocidal activity in infected
macrophages. Infection and Immunity 66, 4690-4695.




Bibliography
Viney, J.L., Mowat, A M., O'Malley, J M., Williamison, E. and Fanger, N A, (1998)
Expanding dendritic cells iz vivo enhances the induction of oral tolerance. Journal of

Immurnology 160, 5815-5825,

Von Stebut, ., Belcaid, Y, Jakob, T., Sacks, D.L. and Udey, M.C. (1998) Uptake
of Leishmania major amastigotes resulfis in activation and Interleukin 12 release
from murine skin-derived dendritic cells: implications for the initiation of anti-

leishmania immunity. Jowrnal of Experimental Medicine 188, 1547-1542.

Voth, B.R,, Kelly, BL,, Joshi, P.B., ivens, A.C. and McMaster, WR. (1998)
Differentially expressed Leishmania major gp63 genes encode cell surface
Leishmanolysin with distinct signals for glycosylphosphatidylinositol attachment.
Molecular and Biochemical Parasitology 93, 31-41.

Vouldoukis, 1., Becherel, P, Riveros-Moreno, V., Arock, M., Da Silva, O., Debre,
P., Mazier, D. and Mossalayi, D. (1997) Intetleukin-10 and Interleukin-4 inhibit
intraceilular killing of Leishinania infamtum and Leishmania major by human
macrophages by decreasing nitric oxide generation. FEwropean Jowrnal of

Immunology 27, 860-865.

Wang, W. and Chadee, K. (1995) Lmiamoeba histolvtica suppresses gamma
interferon-induced macrophage class II major histocompatibility complex Ta
molecute and I-Ab mRNA, expression by a prostaglandin E -dependent mechanism.
Infection and Immunity 63, 1089-1094.

Wei, X, Charles, 1.G., Smith, A, Ure, J., Feng, G., Huang, ¥, Xu, D., Muller, W,
Moncada, S. and Liew, F.Y. (1996) Altered immune responges in mice lacking

inducible nitric oxide synthase. Narure 375, 408-411.



Bibliography
Weinheber, F., Wolfram, M., Harbecke, I3. and Acbischer, T. (1998) Phagocytosis
of Leistanania mexicanc amastigotes by macrophages leads to a sustained

suppression of IL-12 production. Kurapean Journal of Immunology 28, 2467.-2477.

WHG (1999) WWW site: http://www. WHO.org

Wilson, MLE. and Pearson, R . (1986) Evidence that Leishmania dorovani utilizes
a mannose receptor on human moncnuclear phagocytes to cstablish intraceilular

parasitism. Journal of Immunology 136, 4681-4688.

Wilson, MLE., Young, B.M., Davidson, BL., Mente, ¥.A. and McGowan, SE.
(1998) The importance of TGF-§ in murine visceral Leishmaniaisis. Journal of
Immunology 161, 6148-6155.

Winter, G., Fuchs, M., McConville, M.J., Stiethof, Y. and Overath, P. (1994}
Surface antigens of Leisfmanic mexicono amastigtes: characterization of
glycoinositol phospholipids and a macrophage derived glycosphingolipid. Journal of
Cell Science 107, 2471-2481,

Wolfram, M., Fuchs, M., Wiese, M., Stierhof, Y. and Overath, P. (1996) Antigen
presentation by Leishmania mexicana-infected macrophages: activation of helper T
cells by a model parasite antigen secreted into the parasitophorous vacuole or
expressed on the amastigote surface. European Journal of Immunology 26, 3153-
3162.

Wolfram, M., llg, T., Mottram, J.C. and Overath, P. (1995) Antigen presentation by
Leishmania mexicona-infected macrophages: activation of helper T cells specific for
amastigote cysteine proteinases requires intracellular killing of the parasites.

Furopean Journal of Immunology 25, 1094-1100.

274



http://www.WHO.org

Bibliography
Wright, S.D. and Silverstein, S.L. (1983) Receptors for C3b and iC3b promote
phagocytosis but not the release of toxic oxygen from human macrophages. Journal

of Experimental Medicine 158, 2016-2023.

Wu, G. and Morris, S.M. (1998) Arginine metabolist: NO and beyond. Biochemical
Journal 336, 1-17.

Wyler, D.J., Sypek, JP. and McDonald, J.A. (1985) In vitro parasite-monocyte
interactions in human Leishimaniasis: possible role of fibronectin in parasite

attachment. Infection and Immunity 4%, 305-311.

Zaffran, Y., Zbang, L. and Ellner, §. (1998) Role of CR4 in Mycobacterium
fubercylosis - huiman macrophages binding and signal transduction in the absence of

serum. Infection and Immunity 66, 4541-4544,

a2
~3
%3]




appendix one

Appendix L: Statistical anaiysis of data

The analyses detailed below are not a complete set, but illustrate a selection of the

statistics discussed within each chapter.

Chapter 5; The effect of peptidyi cysteine proteinase inhibitors on the life-cycle

stages of Leishmania mexicana

Figure 5.2: The growth of wild-lype axenic amastigotes in the presence of peptidyl

cysteine proteinase mnhibitors

% inhibition

Experiment K02 Z¥A

1 55.33 63.69
2329 831
R 5533 60.19

Average -t sidey 54.98 + 0.6 60.73 + 2.73

Question: Is there a statistically significant difference between the conirol density

and that of the amastigotes grown in ZFA, by day 37

F-Test Two-Sample for Variances student t test
density at day 3

comrof ZFA confrol ZFA
Mean 6.76 6353323 Mean 6.76 6.353233
Variance 0.0711 0.008233 Variance 00141 0.008233
QObservatio 3 3 Qbsenatio 3 3
df 2 2 df 4
F 1.348178 i Stat 5.085774
F (two tail) 39 t Criticat tv 2.776451

Therefore by day three there is a significant difference between the control and
inhibitor grown culture. (t: = 5.07, P < 0.01).
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Figure 8.7: lofection of peritoneal exudate macrophages with wild-tvpe

promastigotes with KO2..

Question: Is there a statistically significant difference in the % infected cells by day 7

atter application of KO2 at time 07

F-Test Two-Sample for Variances
control vs KO2 d0, 168h

controfl  KO2dO
Mean 33.63333 19.51667
Vafance 7.523333' 17.94333

Ohbservatio 3 3
df 2 2
F 0.419283
F (two tait) 39

student T test
control vs KO2 d0, 188h

control  KO2d0

Mean 33.63333. 19.81667
Varance 7.523333 17.94333
Observatio 3 3
df 4
t Stat 4.8453145
t Critical tv 2.776451

Therefore there is a sigmificant difference in the number of infected cells by day 7 (t4

=4.85, P <0.01).

Question: Does the time of inhibitor application affect the reduction in survival?
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F-Test Two-Sample for Variances

72h 24h
‘Mean 5 27.6
Vatiance 907.48 12.49
Observatio 3 3
df 2 2
F 72.65653

F max 87.5

Anova: Single Factor

SUMMARY

Groups Count

Sum ' Average Varnance

Row 1 3 1247 4156667 197.6693

Row 2 3 828 2786 1249

Row 3 ¥ 183 51 907 .48

ANOVA |

ree of Vare  SS of MS F Pwvalve  Fcnt
Between ¢ 831.6156 2 4158078 1.11593 0.387222 5.14324¢
‘Within Gro 2235.667 & 372.6111

Total 3067.282 g

Therefore the time of application of mhibitor has no effect on the percentage

reduction in infectivity (Fye = 1.1, P > 0,05}

Chapter 6: The response of macrophages to infection with L. mexicana

promastigotes in vitro.

Figure 6.1; The relative infectivity of stationary phase promastigotes to resident and

elicited peritoneal macrophages
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Question: 1s there any difference in the tevel of infection by 8h with any parasite line

and in either macrophage type?

F-Test Two-Samgle for Vatances

Variable 1 Yariable 2
Mean 23.83333 19.28333
Varance 18.08333 5.010833

Qbsenvatio 3 3
df 2 2
F 3.608847
P{F<=f) on 0.216974
F max 266

Anova: Single Factor

SUMMARY
Groups Count Sum Average Varance
WT R 3. 57.85 19.28333 5.010833
ACPB R 3 42.3 14,1  13.5675
G2.8R 3 71.5 23.83333 18.08333
WTE 3 78.25 2541667 8.493333
ACPB E 3 52.4 17.48667 7.155833
g8 E 3. 8875 2225 7.77
ANCVA :
rce of Varie  8S df MS F P-value F orit
Between G 269.7546 5 5395092 5.387833 0.007936¢ 3.105875
Within Gra 120.1617 12 10.01347
Total 389.9163 17
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Tukey test
Sample 2 3 4 5 8
WTR K1x2 x1x3 X1-x4 X1-x5 X1x6
19.28333 1.368 4.54087 B5.13334 1.31666 2.96657
DCPB R X2%x3 X2=x4 x2x8  x2x6
14.1 9.73332 11.31867 3.36667 8.15
g28R x3x4  x3x5  x3x6
23.83333 1.58334 6.36666 1.58333
WTE x4-x5 x4-x6
25.41667 7.95 3.16687
DCPBE x5X8
17.46667 4.78333
g2.8 E
22.25

T=q x  [var within/n] q=4.5

I'=8.673

Therefore the difference observed between the % infected by 8 h was due to

differences observed in ACPB uptake and wild-type or ACPB/g2.8 uptake.

Chapter 7: The uptake of Leishmania promastigotes and amastigotes by

macrophages in vifro

Figure 7.2: The kinetics of entry of stationary phase promastigotes into petitoneal

exudate cells.

Question: Is there any difference between the number of wild-type parasites and

ACPR parasites attached at any time point investigated?
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F-Test Two-Sample for Variances

=2 min WT 4 CPB

‘Mean 10.98333 7.016667
Variance  5.741667 9.381667
‘Observatio 8 6
df 5 5
F 1.633962

F (two taily 7.15

F-Test Two-Sample for Variances

T=Smin  WT 4 CPB

‘Mean  16.43333 7.683333
Variance 6.214667 5.205667
‘Cbservatic & 6
af 5 5
F 1.193827
F 9two tail 7.15

F-Test Two-Sample for Variances

. =10 min WwrT A CPB

Mean 1558333 8.133333

Variance 2868167 13.72267
Observatio 6 6
df 5 5
F 2.090094

F (two taif) 7.15

F-Test Two-Sample for Varances

t=15 min wr A CPB

Mean 15.1 9.833333
Variance 1.832 4.078667
‘Obsetvatio 8 &
of 5 5
F 2111111

F (two tail) 7.15

student t test
f=2min wt A CPB
Mean - 10.98333 7.018667
Variance 3.741887 ©.381667
Ohservatio 8. 6
f 10

i Stat 2.49849
1 Critical ty 2.228139

student 1 test

t=5min WwT 4 CPB
‘Mean - 16.43333 7.683333
Vafiance 6.214667 5.205667
Observatio 8 8
di 0

t Stat 6.342264

i Critical tv 2.228139

student t test
=10 min wr 4 CPB
Mean 15.58333. 8,133333
Variance  28.68167  13.72267
Obsenatio 8 8
df 10

t Stat 2.802378

t Gritical iy 2,228138
-sfudent t test

f=15 min Wr - 4 CPB
Mean 15.1: 9.933333
Variance 1.922 4.078667
Observatio g 6
of 10

t Stat 516208

t Critical tv 2.228139.
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F-Test Two-Sample for Vanances student { test

t =20 min Wi 4 CPB {= 20min WT A CPB
Mean 16.6 13.15 Mean 16.6 13,15
Vanance 7.88 5.855 Varance 7.88 . 5.955
Observatio 6 8 Qbsemnvatio B8 5]
df 5 5 df 10

F 1.34005 t Stat 2.263817

F {two tail) 715 t Crtical tv 2.22813%9

F-Test Two-Sample for Variances student 1 test

£ = 30 min WT A CPB { = 30 min WwT A CPB
Mean 29.33333 11.68333 Mean 2533333 1168333
Varnance 48.66687 81.58167 Varance 49.66687 61.58167
Qbsevatio 8 ) Observatio & 6
df 5 5 of 10

F 1.239889 t Stat 4.098959

F {two taily 7.15 t Critical tv 2.228132

F-Test Two-Sample for Vadances student t test

=860 min WT A CPB ¢ = 60 min w7 A CPR
Mean 26.7 242 Mean 26.7 242
Variance  30.072 149.2733 Vadance  30.072 148.2733
Ohservatio 6 4 Obsenvatio 6 4
df 5 3 dof 8

F 4.963883 t Stat 0.447893

F otwo tail: 7.15 t Critical tv 2.306006

F-Test Two-Sample for Variances student t test

t=120min  WT A CPB t=120min ~ WT A CPB
Mean 32. 5_66!_3_? 23,55 Mean 32.56667 23.55
Variance  137.1587 106.3033 Vaiance 137.1587 108.3033
Observatic 6 4 Observatio a 4
df 5 3 df ' 3

F 1.280257 ¢t Stat 1.246458

F Gwo tail) 14.88 1 Critical fv 2.306006

F-Test Two-Sample for Varances student t test

t=240min WT A CPB F=240min WT A CPB
Mean 23.03333 12.65 Mean 23.02333 12.65
Varance 21.51467 36.38333 Variance 21.31467 36.38333
Observatio 6 4 Observatio 6 4
df 5 3 of 3

F 1.691004 t Stat 3.080541

F (two tail) 7.76 t Critical tv 2.306006
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Theretore there are some differences in the numbers of parasites attached at different

time points.
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