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Recruitment, migration and adherence of macrophages and their interaction with inoculated promastigotes are
key steps in the initiation of the inflammatory process in cutaneous leishmaniasis. Parasite- and nervous
system-derived factors might be involved in this process. In the present study the chemotactic activities of
live, killed and sonicatetdeishmania majopromastigotes and of the promastigote culture supernatant as well

as thel.. majorsurface protease gp63 towards a murine macrophage cell line, Raw 264.7, were investigated,
using the Boyden technique. The sensory neuropeptides SOM, CGRP and SP, and the autonomic neuropep-
tides VIP and NPY, were also investigated for possible modulatory effects on this chemotaxis, using the living
promastigotes. Living promastigotes were the most efficient attractants for macrophages compared with other
forms of the parasites. Prior incubation of the macrophages with the parasites completely abolished the
chemotactic activity. This might indicate that the living promastigote chemotaxis is a receptor-mediated
process. On the other hand, paraformaldehyde-killed promastigotes not only failed to induce macrophage
chemotaxis but also inhibited it in comparison with the control. The surface protease gp63 tended to inhibit the
macrophage chemotactic activity and the sonicate tended to stimulate it compared with controls. The culture
supernatant had no effect, indicating that the chemoattractive factors putatively synthesized by the living
promastigotes are not released to the surrounding medium. Somatostatin inhibitegor promastigote-
induced macrophage migration at a high concentration® M0 while substance P inhibited it at both low
concentrations, 10:° and 10°°M, and a high one, I0M, the last-mentioned having the greatest inhibitory
effect. A stimulatory effect of calcitonin gene-related peptide was found at high concentratiorsariD

10~®M. Vasoactive intestinal peptide stimulated macrophage chemotactic activity at both a highivi10

and at a low, 10° M, concentration, the same concentration at which neuropeptide Y exerted its maximum
inhibitory effect.
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macrophages of the skin after transformation into the non-

flagellated amastigote form [2]. Thus, macrophages play a
Leishmaniases are caused by the intracellular protozoan parasitesntral role in the course of infection, because they serve not
belonging to the genuseishmaniaLeishmania major, L. tropica  only as the host target cells for the parasites but also as antigen-
andL. aethiopica,are the classic causative agents of cutaneoupresenting cells for T lymphocytes, which govern the specific

leishmaniasis in the Old World [1]. The flagellated pro- cellular immune response, and thereafter, following adequate
mastigotes, which develop in the gut of the female sandflyactivation, they act as effector cells for intracellular parasite

of the genera Phlebotomus, invade and multiply within thekilling [3].

INTRODUCTION
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Chemoattraction of the host target cells towards the parasite L. major parasites (JIHI 18 strain) were obtained from Dr D. Evans,
not only ensures the parasite entry into the right cell type, but alsondon School of Hygiene and Tropical Medicine, University of
minimises extracellular existence of the parasites and hence al$@ndon, UK. The parasites were kept virulent by monthly passage in
extracellular lysis [4—7] or uptake and killing by neutrophils [8]. BALB/c mice. The maintenance, cultivation and isolation of the pro-

However, the signals initiating and regulating the recruitment of"aStigote stage of thie. major parasite has been described in detail by
. ' . . - .. Louis etal. [25].
various cell types and their migration towards the parasite Preparation of neuropeptidesSOMy_ys (batch no. A11227) was

inocullation §ite are only ploorly understood.. Contributions of |\ -4 from Novabiochem Wtelingen, Switzerland). Human
parasite-derived factor(s) in the chemotaxis process througpgrp II, SP and NPY (lot nos. 032880, 035262 and 035598, respec-
soluble mediator(s) and/or receptor/ligand interactions for migrajyely) were obtained from Peninsula (Merseyside, England). Native VIP
tion, as suggested previously [9], need to be considered at leagis purified from porcine upper intestine by sequential chromatography
for the target cells, macrophages. and countercurrent distribution and was found to be homogeneous by
The intimate link of the neuroendocrine and immune systemsigh performance liquid chromatography and capillary electrophoresis,
in a bidirectional communication is now accepted. The idea of essentially as described [26]. The neuropeptides were dissolved in sterile
modulating effect of the nervous system on immune and inflamdistilled water, aliquoted at 1¢ or 10°° molar concentrations and
matory responses has been supported by the identification gfored at—70°C until used. They were then diluted with sterile

neuropeptide receptors on immunocompetent cells [10] and thghosphate bgffer(_ad saline (PBS) to a working concentration immediately
finding that neuropeptides are able to regulate leucocyte functzefore the migration assay.
Preparation of the sonicatd.. major promastigote-derived sonicate

tions [11]. For example, neuropeptides haYe been shown t&/as prepared as described by Sgrensea. [9]. Briefly, stationary-
modulate lymphocyte and macrophage functions, such as adheﬂfhase promastigotes were sonicated five times for 45 s at 25000 Khz on
ence and migration [12], their chemoattractant function [13],ice, using an ultrasound disintegrator (Rapidis 350, 19-mm probe with a
phagocytosis [14], production of oxygen and nitrogen radical.5 mm tip). The lysate was then centrifuged at 48@66r 1 h at 4°C.
[15], and production of cytokines [16] and immunoglobulins [17, The supernatant was sterile filtered using a qua2Millipore filter. The
18]. Moreover, neuropeptides have been shown to be synthesisedlloidal/antigen concentration was #@/ml as measured by refracto-
by immune cells such as mast cells [19], eosinophils [20], T cellgnetry, using human immunoglobulin as a standard. The sterility was
[21] and macrophages [22], and an autocrine action has bediecked at every point in the preparation procedure by plating the
suggested. Thus, it has been postulated that neuropeptides pl icate‘ on 5% blood agar for ba::terial growth and by gram staining.
an important regulatory role in inflammatory conditions [23]. /'€ Sonicate was then stored-a20°C before use. -
Recruitment, adherence and migration of macrophages to the Purification of gp63L. major gp63 was prepared and purified under

ite of tiootes’ i lation in the ski t the initi Iaseptic conditions as described previously [27-29]. In brief, gp63 was
site of promastigotes” inoculation in the skin represent the INttiale e 56 from parasite membranes using phospholipase C, type lli

and critical steps in the inflammatory process in cutaneou%igma, St. Louis, MO, USA) and purified by affinity chromatography
leishmaniasis. Whether inoculated promastigotes have any rolg, a concanavalin-A-conjugated Sepharose 5B column and FPLC ion-
in vivo in this migration was the basis for the present investiga-exchange chromatography on a Mono Q column (Pharmacia & Upjohn,
tion. The study was designed to investigate the chemoattractantppsala, Sweden). The purity was checked by SDS-PAGE and silver
capacities of living, compared with sonicated and killednajor  staining of the gel. The enzymatic activity was evaluated in an azocasein
promastigotes and of the parasite culture supernatant and ti#say [30]. The protein concentration was determined by use of a
parasite surface protease gp63 for a murine macrophage cell |in@9mmercially available protein quantification kit (Bio-Rad, Munich,
Raw 264.7,in vitro. In addition, it was evaluated whether the G€™many). N N
sensory neuropeptides, substance P (SP), calcitonin gene_relate&hemoattractant assaylhe chemoattractant activity of living.

. . .major promastigotes was assessed according to the original technique
peptide (CGRP) and somatostatin (SOM), and the autonomlaescribed by Boyden [31], which consists basically of the use of a

peuropeptldes, yasoactlve mtestmall pept-lde (VIP) and NEUrOPERA A mber with two compartments separated by a polycarbonate Millipore
tide Y (NPY), which have been localized in normal and Inflameclfilter with a pore diameter of Bm. The lower surface of the filter was

skin of humans by immunohistochemical and radioimmunoassayoated with fibronectin (which in itself has a chemotactic effect on

techniques (see, e.g. [24]), have modulatory effects on thenonocytes [32]), which was found to give the best results as compared
suggested promastigote-induced migration of macrophages. with the other tested matrices such as collagen or laminin. Fifty

microlitres of resting macrophages or of macrophages activated by
MATERIALS AND METHODS incuba.tion.with promastigotes for 2h at 37 and 5% CQ were

deposited in the upper compartment of the Boyden chamber apt 30
Cells and parasites A murine monocyte/macrophage cell line, of either living (2x 10/ml) promastigote suspension, the concentration
Raw 264.7, was obtained from the American Tissue Type Culturethat was used for botim vivo andin vitro challenge in previous studies,
Collection (ATCC) (Maryland, USA). This cell line is an Abelson sonicated (7@g/ml), killed promastigotes (210"/ml), gp 63 (0.2 mg/
leukaemia virus-transformed macrophage cell of BALB/c origin. The ml), or L. major supernatant, in DMEM- 5% FBS, was placed in the
cells were cultured in Dulbecco's modified Eagle’s medium lower compartment. The chambers were then incubated for 4 h°&t. 37
(DMEM) supplemented with 10% fetal bovine serum (FBS). For Following the incubation period the filters were washed, fixed in
various assays, the cells were detached by vigorous pipetting anchethanol for 10 min and stained, and a homogenous cell population
resuspended at the desired concentration &fl®/ml in DMEM on the lower surface of the filter were counted in at least two randomly
+ 5% FBS. selected areas of*912 cm.
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The modulatory effects of the neuropeptides at various concentrationghemotaxis compared with the controls (Fig. 1). The sonicate
namely 10°~10"**M for SOM and 10°~10"*°M for CGRP, SP, VIP  derived fromL. major promastigotes showed a chemoattractant
and NPY, were evaluated on the liviig major promastigote-induced  tendency, but this was not statistically significant in comparison
macrophage migration. The various neuropeptides were dissolved if}ith the control. The cell surface glycoprotein gp 63 showed an

0 - 2 . ) with t : _
DMEM +5% FBS containing 2 10°/ml of L. major parasites. As & jnpinitory tendency, while the promastigote culture supernatant
control DMEM + 5% FBS was used throughout the experiments. had no effect

Statistical analysisin order to evaluate hypotheses of an overall
concentration-dependent effect of the actual peptideLormmajor
induced macrophage migration, analysis of variance for repeated mea-
surements was used. If such an effect was found, a test between eabiifects of neuropeptides

concentration and the control was performed. In order to control theSOM inhibited the macrophage migration induced by the living

significance level in the pairwise comparisons the method proposed b . . . L h
Dunnett [33] was used. All analyses were carried out by use of the SAS’ majorpromastigotes ata high concentration, i (Fig. 2A).

system, and # = 0.05 was the adopted level of significance. (.:GRP' on the other.hand, showed a tendency towards St'mm.a'

tion at all concentrations tested, but the effect was only statisti-

cally significant at the highest concentrations; 2@nd 10°M

(Fig. 2B). In contrast, SP was inhibitory at both low concen-

trations, 102°-10"°M, and at a high concentration, 10M

Macrophage chemotactic activity (Fig. 2C). The autonomic neuropeptides VIP and NPY showed

In an attempt to determine whethker majoractivated macro- opPé)site effe(;ts. VIP stimulateq the maf:ro'pr']age.migration at

phages have a better potential for migration than the resting oned? ~ and 10°M (Fc')g' 2D), wgule NPY inhibited it at low

macrophages were incubated with stationary phase promasfoncentrations, 10° and 107M, the maximal inhibitory

gotes for 2h at 37C before the migration assay. This prior Eff€Cts occurring at 1M (Fig. 2E).

incubation of macrophages completely abolished their capacity

for chemotaxis towards the living promastigotes.

Living L. major promastigotes had a pronounced chemoatP!SCUSSION

tractive effect on the resting macrophages, while the paraforThe present data provide evidence that viability of thenajor

maldehyde-killed parasites significantly inhibited macrophagepromastigotes is essential for effective attraction of macro-
phages. The mechanism(s) by which the livingnajorpromas-
tigotes induce their chemoattractant effect on macrophages is not

RESULTS

350 clear. Upon entering the vertebrate host, promastigotes may
activate complement via the alternative [34] or classical [35]
300 pathway. This complement activation, among an array of other
E factors, creates a Cba gradient along which macrophages are
250 chemotactically attracted [36]. Furthermore, differential expres-
o sions of chemokines such as macrophage chemoattractant
§200 | protein (MCP)-1, macrophage inflammatory protein (Mlikg)-1
§ and -18, RANTES (Regulated on Activation, Normal T cell
£ | Expressed and presumably Secreted), 1-309, interleukin (IL)-8,
S 150 and adhesion molecules, have been reported in American cuta-
2 neous leishmaniasis [37, 38]. The chemotaxis could also occur
1007 through continuous synthesis by living promastigotes of a cell
membrane-associated factor(s), because promastigote culture
50 7] supernatant failed to modulate the macrophage migration, indi-
cating that the factor(s) responsible for chemotaxis is not
o-

released into the surrounding medium. The latter suggestion
sounds realistic, as preincubation of macrophages with promas-
tigotes for 2 h completely abolished the chemotactic capacity of
these cells towards the living parasites. This indicates that the

) ) L . ) ) chemoattractant activity of the living promastigote is a receptor-
F'g'.l'ChemOtaCt'c aCt'V't'eS.Of Iving.. major promastigotes mediated process, which possibly becomes saturated during
(Living), paraformaldehyde-killed parasites (Killed), major '

promastigote-derived sonicate (Sonicated), surface protease gp63 angihe .paraSIte—macrophage preincubation p?rlod, rgsultlng in
L. major promastigote culture supernatant for a murine macrophage abolishment of the macrophage chemotactic capacity towards

o
2
¥4

Control
Living
Sonicated
gp 63
Supernatant

cell line in comparison with the control (DMEM- 5% FBS). Data pargsites. Furthermore, the promast?go_t(.a-derived .son_icate had
represent meart SEM of three separate experiments run in triplicate. @ Stimulatory effect, although not significant, which is con-
* P<0.05, ** P<0.001. sistent with a previous observation of a chemoattractant effect
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Fig. 2. The effects of SOM (A), CGRP (B), SP (C), VIP (D) and NPY (E) on macrophage migration induced by livingjor promastigotes in
comparison with the control (DMEM- 5% FBS). Data represent meanSEM of five separate experiments run in triplicate? £0.05,
*P<0.01.

of L. mexicana amazonendigrived sonicate on human are responsible for the chemotactic activities of monocytes and
monocytes and neutrophils [9]. neutrophils [9]. Moreover, the most abundant cell surface glyco-
On the other hand, paraformaldehyde-killed promastigoteprotein, gp63 ori. major as well as on the othdreishmania
significantly inhibited the macrophage chemotactic activity,spp, showed a tendency to inhibit the macrophage attraction,
indicating that the living promastigote chemotactic factor(s)which concurs with a previous report that heating of the protease
may be proteinacious in nature. The inhibitory effect of paraf-gp63 at 70C for 15min completely abolished the inhibitory
ormaldehyde-killed promastigotes on macrophage attractioeffect on monocyte chemotaxis [28]. In addition to the inhibitory
might be due to the failure of the dead promastigotes tceffect of gp63 on chemotaxis, it has also been shown to cleave
synthesise chemoattractive factors on their surfaces, whic&D, receptors on the surface of T cells, which might explain its
normally might occur in response to a macrophage signalinhibitory effect in this migration assay [39]. Fractionation
Another explanation could be that paraformaldehyde destroystudies are needed for characterization of the chemoattractant
or masks the chemoattractive receptors on the parasite cetfbmponents of promastigotes to elucidate the mechanism for
surface, with subsequent exposure of other inhibitory surfacehemotaxis during this critical step of infection, which could be a
factors such as gp63 protease, which would block macrophageuccessful target for future disease prevention and therapy.
chemotactic activity. In this context, heating. mexicana Some neuropeptides have shown an ability to induce inflam-
amazonensiglerived-sonicate at 6& for 30min resulted in  matory cell influx and expression of cell adhesion molecules in
loss of chemoattraction for monocytes, while such treatmennhormal human skin after intradermal injection of immunogens
increased that for neutrophils, suggesting that different factorf40]. In the present study, SOM inhibited the chemotactic
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migration of macrophages towards livilg major promasti-  enhance the adhesion of human peripheral mononuclear cells and
gotes, at a high concentration, TM, a concentration that might  cells of the monocyte cell line U 937 to cultured human umbilical
be available in the nerve terminals at the periphery. Thisvein endothelial cells (HUVECS) in a dose- and time-dependent
corresponds with the reported direct inhibitory effect of SOMmanner. The enhancing effect of NPY on the adhesiveness of
on the chemotactic response of neutrophils to IL-8 [41]. these cells to HUVECs was not due to induction of adhesion

In contrast, CGRP at high concentrations; 4@nd 10°M, molecules but rather to a direct action on the endothelial cells
stimulated the parasite-induced macrophage migration. Thif52].
stimulatory effect conforms to a previous observation that this The mechanisms underlying the modulating effects of the
neuropeptide enhanced the adhesion of human leucocytes tavestigated neuropeptides at variable concentrations, and the
vascular endothelial cells, possibly through a direct effect orlack of a dose-dependent effect, &n majorinduced macro-
the microvessels [42]. In addition, CGRP has been shown tphage migration are not known. In view of that, the neuropep-
induce human endothelial cell proliferation [43]. Furthermore, intides might exert their effects both through receptor- and
both its forms andB@, CGRP has been found to be chemotactic nonreceptor-mediated mechanisms [53], the possibility of a
to human T cells in a receptor-mediated fashion, becausesceptor-mediated mechanism of action seems likely at low,
preincubation of the cells with CGRP down-regulated thel0 '°-~10"°M, concentrations, as most of the neuropeptide
chemotactic activity towards this neuropeptide [13]. receptor Kd values are around M. On the other hand,

SP inhibited macrophage migration towards promastigotes atonreceptor mechanisms such as a direct action on cell mem-
1076 10°° and 10'°M, a finding that contradicts previous brane and calcium channels via its charge, is more likely with
reports on a chemotactic effect of SP on human T cells [44high, 10° and 10°M, concentrations.
and monocytes [45], in a receptor-mediated manner. Moreover, it The discrepancy between the present and previous findings on
enhanced granulocyte infiltration into mouse skin both througtthe effects of neuropeptides on various cell populations could be
degranulation of mast cells and by a direct action on endotheligttributed to the different experimental procedures and the origin
cells [46]. In addition, SP has been shown to induce expressioof cell population used. The previous studies used normal T cells,
of endothelial leucocyte adhesion molecule (ELAM)-1 [47] andgranulocytes or keratinocytes from human or mouse skin, while
P- and E-selectin on human skin microvascular endotheliunthe present study was carried out with macrophages challenged
[40]. Furthermore, SP receptors have been identified on humawith L. major parasites.
skin keratinocytes, and incubation of these cells with SP induced In conclusion, our findings provide evidence for an ability of
expression of intercellular adhesion molecule (ICAM)-1 andL. major promastigotes to attract macrophages. The nervous
production of cytokines, leading to keratinocyte activationsystem, represented by the sensory and autonomic nerve fibres
[48]. As the parasite—macrophage interactions and the suland their contents of neuropeptides at the periphery, may
sequent entry of the parasites into their target cells constitutenodulate these initial steps in the host—parasite interactions
the initial steps in the establishment of the disease, the inhibitorand, possibly, the subsequent development of disease.
effect of SP on macrophage migration towakdsnajorparasites
might result in abrogation of this initial step in the disease
process and hence give protection to the host. ACKNOWLEDGEMENTS
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