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We have studied the effect of granulocyte-macrophage colony-stimulating factor (GM-CSF) on the infectivity
of promastigotes of Leishmania amazonensis, an obligate intramacrophage parasite. We measured the capacity
of the promastigotes to infect macrophages after preincubation at different temperatures (28, 34, and 37°C)
with recombinant murine GM-CSF, as well as the effect of an anti-murine GM-CSF antibody on the in vitro
and in vivo infectivity of the parasite. GM-CSF increases the capacity of the promastigotes to infect cells when
preincubated at 34 and 37°C, whereas the anti-GM-CSF antibody exerts the opposite effect: it decreases the
internalization rate and the progression of infection in macrophage cultures and slows the growth of the lesion
in infected BALB/c mice. Neither of the described effects were observed when the in vitro and in vivo infections
were made with amastigotes. Promastigotes die in a time-dependent manner when incubated at temperatures
higher than 28°C in the absence of GM-CSF. They are protected from this heat-induced death by incubation
with the recombinant hormone. Our interpretation of these data is that the increase in the infectivity of
promastigotes when incubated with GM-CSF at the temperatures at which infection occurs (34 and 37°C) is due
to the larger number of surviving forms within the infecting population. The decrease in infectivity when they
are incubated with the antibody is due to inhibition of the protection conferred by the GM-CSF produced by

the macrophages during the in vitro and in vivo infections.

Leishmanias are eukaryotic parasites which infect cells of
the reticuloendothelial system of several mammalian species
including humans. They occur as flagellated promastigote
forms in the intestinal tract of the insect vector, where they
multiply extracellularly, and as amastigote forms, growing
within the phagolysosome of macrophages (15). The dimor-
phic life cycle of these parasites requires the operation of
biological mechanisms for survival in very different milieus.
The differentiation from an extracellular promastigote into
an intracellular amastigote certainly represents a dramatic
example of biological adaptation to a hostile environment.
During infection of susceptible mammals, most of the pro-
mastigotes die (9) as a consequence of adaptation to stresses,
including heat shock. Therefore, only thermotolerant forms
are really infective and are thus able to invade macrophages,
transform into amastigotes, and replicate intracellularly. We
have previously shown that granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), a hematopoietic growth
factor produced by macrophages, endothelial cells, and
activated T lymphocytes, acts as a growth factor for promas-
tigotes of Leishmania amazonensis (1). Here we show that
this hormone is able to protect promastigotes from heat-
induced death and that one consequence of this effect is an
increase in the infectivity of a population of promastigotes.
Besides the very interesting biological phenomenon by
which a vertebrate hormone protects an infective microor-
ganism from death, our results may be an alternative expla-
nation for data showing, on the one hand, correlations
between GM-CSF and other hematopoietic factors and sus-
ceptibility to leishmanial infections in in vivo experimental

* Corresponding author.

3523

models of cutaneous leishmaniasis (4, 5, 12) and, on the
other, a stimulating effect of this hormone on the intramac-
rophagic killing of different Leishmania species (7, 10, 25).

MATERIALS AND METHODS

Mice. BALB/c female mice aged 6 to 8 weeks, raised in
our own facilities, were used throughout these studies.

Parasites. L. amazonensis MHOM/BR/68/H-21 (H-21),
kindly donated by the Wellcome Parasitology Unit, Evandro
Chagas Institute, Belem, Brazil, and MPRO/BR/72M/1841
(LV-79), maintained by sequential passages in vitro and in
vivo, were used. For in vitro growth, parasites were incu-
bated at 28°C in screw-cap tubes containing brain heart
infusion broth (37 glliter; Difco Laboratories, Detroit,
Mich.), hemin (0.01 g/liter dissolved in 2 M NaOH; Micro-
biologica, Rio de Janeiro, Brazil), and 10% heat-inactivated
fetal calf serum (Culti-Lab, Campinas, Brazil). The passages
were done with an inoculum of 10° parasites per ml every 7
days. For in vivo maintenance, the BALB/c mice were
routinely injected in the footpads with 107 promastigotes.
Amastigotes were collected by aspirating infected cells di-
rectly from the lesion into a syringe and plating them at 28°C
in brain heart infusion broth. After differentiation to promas-
tigotes, they were maintained as described above. Amasti-
gotes for infecting cells in vitro were obtained by dissecting
mouse lesions and disrupting the tissue with a glass pestle.
The homogenized tissue was then centrifuged at very low
speed (50 X g) to eliminate large debris. The amastigote-rich
supernatant was collected in cold Hanks balanced salt solu-
tion (GIBCO Laboratories, Grand Island, N.Y.) and sub-
jected to two cycles of centrifugation at 500 x g. After each
cycle, the supernatant crowded with small debris was dis-
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TABLE 1. Effect of rmGM-CSF on infectivity of promastigotes of L. amazonensis preincubated at different temperatures®

% of macrophages infected

Mean no. of parasites/infected

Infectivity index?

Preincubation macrophage
temp (°C
P (0 -rmGM-CSF +rmGM-CSF —rmGM-CSF +rmGM-CSF —-rmGM-CSF +rmGM-CSF
28 77.00 29.00 1.27 268.73 36.83
34 22.50 41.00 1.46 30.82 59.86
37 39.60 46.00 2.21 59.86 101.66

@ Each incubation contained 3 X 10° parasites and was carried out for 4 h in duplicate cultures at the described temperatures.
® Differences between groups without and with GM-CSF were significant at P < 0.01, P < 0.04, and P < 0.15 for experiments at 28, 34, and 37°C, respectively.

carded, and finally the amastigotes were pelleted by centrif-
ugation at 1,300 X g, counted in a hemocytometer, and
resuspended to the desired concentration in RPMI 1640
(GIBCO)-2.5% fetal calf serum.

Reagents. Recombinant murine GM-CSF (rmGM-CSF)
was kindly donated by Boehringher, Mannheim, Germany).
Goat anti-murine GM-CSF antisera and affinity-purified an-
tibodies were kindly donated by Jolanda Schreurs, DNAX,
Palo Alto, Calif.

Assays for thermotolerance. For the direct measurement of
promastigotes viability, we used a slightly modified version
of the adaptation to Leishmania spp. (11) of the colorimetric
assay described by Mosmann (17). This assay measures the
cleavage by living, metabolically active cells, of 3-(4,5-di-
methylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT;
Sigma Chemical Co., St. Louis, Mo.). Stationary-phase
promastigotes (10’/ml) were incubated in 3-(N-morpholino)
propanesulfonic acid (MOPS)-buffered saline (116.0 mM
Na(Cl, 5.4 mM KCl, 0.8 mM MgSO,, 5.5 mM p-glucose, 30.0
mM MOPS) for different times at the desired temperatures,
after which MTT cleavage was measured by using a multi-
well scanning spectrophotometer (model 3550; Bio-Rad Lab-
oratories, Richmond, Calif.) with a reference wavelength of
656 nm and a test wavelength of 595 nm.

Infectivity assays. In vitro infectivity was assayed by
analyzing the number of amastigotes that infected macro-
phage monolayers. To this end, resident macrophages were
collected from the peritoneal cavity of BALB/c mice, plated
in round glass coverslips inside the wells of a 24-well culture
dish (A/S Nunc, Roskilde, Denmark) at a concentration of
10° cells per coverslip in RPMI 1640 supplemented with 5%
fetal calf serum, 2 mM L-glutamine (Sigma), and 10 pg of
gentamicin (Schering S.A., Rio de Janeiro, Brazil) per ml.
After 2 h of incubation at 37°C in an atmosphere of 5% CO,,
the medium was changed and the cells were left for an
overnight incubation. Then promastigotes were added to the
wells at different concentrations, and the cultures were
further incubated at 34°C in a 5% CO, atmosphere. After 4
and 48 h of incubation, the coverslips were washed and
stained with Giemsa stain, and the number of amastigotes
per macrophage and the percentage of infected macrophages
were assessed by light microscopy observation. An infectiv-
ity index was obtained by multiplying those two parameters
of infection. The numbers obtained at 4 h of infection
indicate the capacity of promastigotes to enter macrophages
(internalization rate), whereas the numbers obtained after 48
h of culture indicate the capacity of the amastigotes for
intracellular multiplication and for infecting new cells (pro-
gression rate). Comparisons were made of those parameters
in macrophage cultures infected with promastigotes preincu-
bated at 34°C, with and without GM-CSF, and with promas-
tigotes and amastigotes in the presence of affinity-purified
anti-GM-CSF antibodies or normal goat immunoglobulin G

(IgG) used as control. In vivo studies were conducted by
measuring lesion size in BALB/c mice infected in the hind
footpads with culture-derived stationary-phase promasti-
gotes and lesion-derived amastigotes. Disease progression
was assessed by comparing the sizes of the infected and
noninfected footpads.

Measurement of GM-CSF activity. GM-CSF present in the
supernatants of infected macrophages was measured by
GM-CSF-interleukin-3-dependent cell proliferation, as de-
scribed previously (21). Briefly, the myelomonocytic cell
line FDC-P1 was removed from its maintenance medium,
washed three times in Hanks balanced salt solution, and
resuspended in RPMI 1640-10% fetal calf serum-10 mM
L-glutamine to the desired cell concentration. Then 2 x 10*
cells per well were plated in a 96-well round-bottom culture
plate and incubated for 48 h at 37°C in a 5% CO, atmosphere
in the presence of macrophage supernatants (20%, vol/vol).
At 18 h before termination, the culture was pulsed with 1 wCi
of [*H]thymidine (specific activity, 247.9 GBg/mmol; New
England Nuclear, Boston, Mass.) per well, the cells were
collected on fiberglass filter paper, and the isotope incorpo-
ration was measured by liquid scintillation.

Statistical analysis. Differences between experimental
groups were determined by using the two-tailed Student ¢
test for unpaired samples.

RESULTS

GM-CSF modulates the infectivity of a population of pro-
mastigotes. Resident peritoneal macrophages from BALB/c
mice were infected with stationary-phase promastigotes af-
ter preincubation for 4 h with and without 100 U of rmGM-
CSF per ml at 28, 34, and 37°C. At 4 h after initiation of
culture, the internalization rate was assessed by measuring
the percentage of infected macrophages and the number of
amastigotes per infected cell. As seen in Table 1, treatment
of the parasites at 28°C with GM-CSF reduces both param-
eters of infection. In contrast, preincubation at 34 and 37°C
with GM-CSF increases their internalization into macro-
phages over that of parasites preincubated in the absence of
the factor. The progression of infection, assessed by count-
ing the number of amastigotes after 48 h of culture, is
affected in the same way: it is reduced by preincubation at
28°C and augmented by preincubation at 34 and 37°C (results
not shown).

GM-CSF protects promastigotes from heat-induced death.
To clarify the mechanism by which GM-CSF exerts the
above-described phenomenon, we measured the effect of the
hormone on the thermotolerance of promastigotes. Figure 1
shows the effect on the viability of promastigotes incubated
for 4 and 8 h at 37°C, in the absence and in the presence of
100 U of rmGM-CSF per ml, as measured by the conversion
of MTT, a substrate for various mitocondrial dehydrogena-
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FIG. 1. Effect of heat shock on the survival of L. amazonensis
promastigotes. MTT activity was measured in triplicate cultures of
107 promastigotes after different periods of incubation at 37°C, in the
presence and in the absence of 100 U of rmGM-CSF per ml. Bars
show the mean values and standard deviations of triplicate determi-
nations from one of four experiments.

ses (17). The figure shows that cell viability decreases in a
time-dependent manner when the cells were incubated in the
absence of the recombinant hormone. However, promasti-
gotes are significantly protected by GM-CSF from death for
up to 4 h of incubation at 37°C. Furthermore, the thermotol-
erance-inducing activity of GM-CSF was confirmed by as-
sessing the viability of the heat-shocked parasites by vital-
dye exclusion (results not shown).

Anti-GM-CSF antibody inhibits the infectivity of promasti-
gotes but not of amastigotes of L. amazonensis. Using a
dependent cell line, we showed that macrophage infection at
34°C with L. amazonensis induces very early production of
GM-CSF. Figure 2B shows the GM-CSF activities in super-
natants from infected macrophages after different times of
infection, measured by FDC-P1 cell line proliferation, and
Fig. 2A shows a dose-response curve of the same cell line to
rmGM-CSF. It is clear that as early as 4 h postinfection,
large amounts of biologically active GM-CSF can be found in
the supernatants of the infected cells. Within this context, an
anti-GM-CSF antibody should decrease the infectivity of a
population of promastigotes by reducing the number of
thermotolerant forms and exert no effect on the infectivity of
amastigotes which are already adapted for survival at this
temperature. Table 2 shows the results of different experi-
ments in which promastigotes and amastigotes were incu-
bated with macrophages in the presence of 0.5 pg of affinity-
purified anti-GM-CSF or normal goat IgG per ml and the
rates of infection were measured. It can be seen that the
anti-GM-CSF antibody reduces both the internalization (at 4
h) and progression (at 48 h) rates when macrophages are
infected with promastigotes and is unable to alter the rate of
infection when amastigotes are used to infect the cells. In
this last situation, no internalization rate could be measured
since the amastigotes, because of their small size, can be
easily confused with small cellular debris still present in the
early cultures. Similar results were obtained when BALB/c
mice were infected with both differentiation forms of the
parasite in the presence and in the absence of anti-murine
GM-CSF. Figure 3 shows the progression of lesions in mice
injected in the footpads with 2 x 107 promastigotes or 2 X
10° amastigotes of L. amazonensis together with 5 pg of the
same anti-GM-CSF antibody used for the in vitro infections
per ml. The anti-GM-CSF antibody is able to slow lesion
progression in animals infected with promastigotes (Fig. 3B)
but has no such effect on the progression of disease in
animals infected with amastigotes (Fig. 3A). In this last
situation an increase in lesion size was consistently ob-
served.
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FIG. 2. GM-CSF activity measured by the proliferation of the
addicted cell line FDC-P1. (A) Dose-response curve of FDC-P1 cell
line proliferation induced by rmGM-CSF. (B) GM-CSF activity
present in the supernatants of murine peritoneal macrophages
collected at different times postinfection with L. amazonensis pro-
mastigotes and measured by proliferation of the FDC-P1 cell line.
Results represent mean values and standard deviations of triplicate
cultures from one of five experiments. The control value (Ctr)
represents the activity of a supernatant of noninfected macrophages
after 24 h of incubation.

DISCUSSION

Several different microorganisms produce and respond to
vertebratelike hormones (2, 13, 14). Examples of protozoa
that use host-produced cytokines for their own growth and
differentiation have also been described (1, 8, 16). Here we
describe a situation in which such a direct interaction
modulates the course of an infectious disease by interfering
with the infectivity of a parasite. We postulate that this type
of interaction is part of the natural history of a leishmanial
infection.

GM-CSF, in the form of a recombinant molecule, exerts a
temperature-dependent effect on the ability of L. amazonen-
sis promastigotes to infect macrophages. Incubation of pro-
mastigotes with the hormone at 28°C for 4 h preceding
infection decreases the infectivity of the parasite, whereas
incubation at 34 or 37°C produces the opposite effect (Table
1). In the first situation, fewer parasites are internalized and
these are less effective in intramacrophage multiplication
when infectivity is compared with that of parasites preincu-
bated in the absence of GM-CSF. In the second situation,
however, more promastigotes, with a fully preserved capac-
ity to differentiate into amastigotes and multiply, enter the
macrophages, and consequently the overall infectivity of the
parasite population is significantly increased. The effect
observed at 28°C can be explained by the ability of GM-CSF
to induce cell proliferation in the promastigotes (1). Since the
infectivity of those parasites is cell cycle dependent (19), we
can postulate that the metabolic changes induced by the
interaction with the growth factor shift them from a fully
infective stage to a low-internalization stage. This hypothe-
sis is still to be confirmed. At 34 and 37°C the survival of the
promastigote population is increased by interaction with
GM-CSF, and thus more promastigotes are able to infect
macrophages. This was observed by comparing promasti-
gote viability, using the MTT assay (Fig. 1), of parasite
populations preincubated with and without the hormone, at
a high temperature (37°C) for different periods. The mecha-
nism by which GM-CSF exerts its protective effect on
promastigotes is yet to be established. It is interesting that
the action of GM-CSF as a hematopoietic factor is also to
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TABLE 2. Effect of affinity-purified anti-GM-CSF antibody on the infectivity of promastigotes and amastigotes of L. amazonensis®

Infectivity index for infection with:

Expt no.? Promastigotes (4 h p.i.)° Promastigotes (48 h p.i.) Amastigotes (48 h p.i.)
—Anti-GM-CSF +Anti-GM-CSF —Anti-GM-CSF +Anti-GM-CSF —Anti-GM-CSF +Anti-GM-CSF
1 11.4 4.2 63.0 29.0 639.0 639.0
2 21.6 9.4 97.0 70.8 185.0 171.0
3 12.6 6.9 142.0 19.1 474.7 546.3
4 46.0 39.0 368.0 139.4
5 174.0 166.0 498.0 218.0

“ Infections were performed with a 5:1 ratio of promastigotes per macrophage and 0.5:1 amastigotes per macrophage.
& Experiments 1, 2, and 3 were performed with a strain less infective (H-21) than the one used in experiments 4 and 5 (LV-79).
¢ Experiments performed with and without GM-CSF showed differences of P < 0.10.

protect bone marrow precursor cells from death (26). It has
already been shown that a particular heat shock protein
protects Saccharomyces cerevisiae from death at very high
temperatures (20). A heat shock protein-dependent thermo-
tolerance mechanism in Leishmania spp. is amenable to
experimental procedures (27), and its description will be
very helpful in understanding the host-parasite interaction.
Preliminary results from our laboratory indicate that GM-
CSF induces calcium release from promastigotes subjected
to heat shock.

Considering that our experimental method for measuring
the in vitro infectivity of promastigotes is conducted at 34°C,
it is reasonable to expect that the GM-CSF produced in large
amounts by the macrophages (Fig. 2B) increases the number

L

Wesks post-infection

FIG. 3. Lesion size in the footpad of BALB/c mice infected with
amastigotes (A) and promastigotes (B) of L. amazonensis in the
presence of affinity-purified anti-GM-CSF or normal goat IgG.
Affinity-purified anti-GM-CSF antibodies (5 pg/ml) ( ) or normal
goat IgG (L) were injected at the moment of infection and at 24
and 48 h postinfection in groups of five BALB/c mice. The contra-
lateral footpad, used as a control, received the same doses of
anti-GM-CSF or normal goat IgG at the same times. Results are
expressed as the means and standard deviations of the differences
between the experimental and control footpad of each mouse per
group.

3 4 7

of surviving forms within an infecting population of promas-
tigotes via direct interaction with the parasite. Since the
indicator cell line used in this assay responds to GM-CSF
and interleukin-3 (3), and since no interleukin-3 mRNA can
be detected in murine macrophage cultures even after lipo-
polysaccharide stimulation (21), it becomes clear that the
cytokine being measured during infection is really GM-CSF.
In this context, the observed effect of an anti-GM-CSF
antibody reducing the infectivity rates of promastigotes
(Table 2) reinforces the hypothesis that a direct effect of the
hormone on the parasite is important for the survival of the
infectious form at 34°C. It is interesting that no effect of the
antibody was observed in in vitro infections with amasti-
gotes (Table 2). This form of the parasite is naturally adapted
to the temperature of the mammalian host and suffers no
heat shock during an ongoing infection. Furthermore, the
fact that similar results were obtained in an experimental
infection in susceptible mice (Fig. 3) indicates that the
postulated mechanism also operates in vivo and can be
important in determining the outcome of naturally occurring
infections.

The above results allow us to propose a novel mechanism
for host-parasite interaction in which growth and differenti-
ation factors produced by the host are used by the microor-
ganism for its own survival. The encounter of promastigotes
of L. amazonensis with host-produced GM-CSF immedi-
ately after the passage of the parasite from the disease-
transmitting insect to the skin of the warm-blooded mammal
increases the percentage of surviving forms of the infecting
population. Considering that most of the transmitting flies, at
least as shown with Phlebotomus papatasi and Leishmania
major, egest only 7 to 100 parasites (24) and that fewer than
0.1% of the injected forms can be recovered 24 h after
infection (9), an increase in the survival rate of the inocu-
lated promastigote will have a dramatic effect on the fate of
the infection. Indeed, we have shown that, in in vitro
infection with L. amazonensis, macrophages from suscepti-
ble BALB/c mice produce significantly larger amounts of
GM-CSF than do macrophages from the resistant C57BL/10
strain (20a). One of the most restrictive factors in the present
hypothesis, i.e., the encounter of the parasite with the
secreted hormone, is postulated to happen in the microen-
vironment generated by the bite of the transmitting sand fly,
where GM-CSF-producing macrophages encounter infective
promastigotes. It has been shown that sand fly saliva en-
hances leishmanial infection (22) by interfering with the
ability of gamma interferon to activate macrophages (23). At
present we are assessing the ability of sand fly saliva to
induce murine macrophages to produce GM-CSF, since this
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hormone also inhibits macrophage activation by gamma
interferon (6). Our results can explain why different methods
of measuring the effect of GM-CSF on the fate of a leishma-
nial lesion yield contradictory results. GM-CSF enhances
the lesion when interacting with promastigotes (5), but it
accelerates the cure of the disease by activating macrophage
leishmanicidal activity in already established infections (7,
10) or during pretreatment of macrophages (25), and thus the
disease is exclusively dependent on the infectivity of amas-
tigotes.
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