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Heat shock protein (HSP) expression was examined in murine bone marrow-derived macrophages infected
with stationary-phase promastigotes of Leishmania donovani. Immunoblotting performed with a rabbit
polyclonal antiserum raised against HSP60 from Heliothis virescens (moth) revealed the de novo appearance of
65- and 67-kDa proteins in leishmania-infected macrophages. A third protein of 60 kDa, which represented
murine HSP60, was also detected, and its expression did not change in response to infection. In contrast,
expression of the novel 65- and 67-kDa proteins in infected cells was coordinately regulated and, at 24 h of
infection, reached maximal levels of 52 to 100% increases above initial levels determined at 3 h. Proteins which
had identical electrophoretic mobilities and were similarly regulated in response to heat were also detected in
promastigotes. The appearance of these proteins in macrophages was specific to leishmania infection in that
neither protein was detected in noninfected cells either in the basal state or following several treatments,
including (i) infection with Yersinia pseudotuberculosis, (ii) phagocytosis of Staphylococcus aureus, (iii) NaAsO,
treatment, and (iv) heat shock. Expression of the 65- and 67-kDa heat-regulated Leishmania proteins was also
observed to be selective, in that as their concentration was increasing, the abundance of the Leishmania surface
protease gp63 in infected cells was noted to decrease. Murine HSP60 but not the Leishmania heat-regulated
proteins was also recognized by a distinct rabbit antiserum raised against human HSP60, suggesting the
presence of specific determinants within these Leishmania proteins. A monoclonal antibody that recognizes
both mammalian HSP70 and HSP70 from plasmodia detected single isoforms of both Leishmania and murine
HSP70 in infected cells, and the level of neither protein changed during infection. Moreover, although a murine
HSP of 73 kDa was induced in response to both heat shock and NaAsO, treatment, it was not induced to
detectable levels by infection. The rapid and relatively high level of expression of inducible HSP60-related
proteins of L. donovani and Leishmania HSP70 in infected macrophages suggests that these proteins are

involved in pathogenesis and may be important targets of the immune response.

Heat shock proteins (HSPs) are a ubiquitous, highly
conserved set of molecules that have become a focus of
intense interest, particularly within the fields of immunology
and infectious diseases (13, 43). Increased expression of
some but not all HSPs by individual cells may be observed
under conditions of stress, such as exposure to high temper-
atures, chemical agents, oxidative injury, and inflammation
(13, 22, 43). Microbial invasion also represents a form of
stress to the host, and infections represent particularly
interesting situations, since invading pathogens have the
potential not only to induce HSP expression by host cells but
also to elicit immune responses to their own HSPs (13, 24,
43).

Numerous investigations on the role of HSPs during
host-pathogen interactions have revealed that HSPs of mi-
crobial origin are potent immunogens. For example, mem-
bers of the HSP70 family are among the most abundant and
immunogenic proteins present within pathogenic organisms
(7, 10, 13, 16, 27, 32, 34). Members of the HSP60 family have
also been found to be predominant immunogens in a diverse
range of prokaryotic, intracellular infections, including lep-
rosy, tuberculosis, Q fever, syphilis, Lyme disease, and
Legionnaires’ disease, and during infection with Chlamydia
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spp.- (reviewed in reference 13). In both human leprosy and
tuberculosis, mycobacterial HSP65 has been found to be a
principal antigen recognized by T cells (14, 43), and a form of
HSP65 was observed to be expressed in vivo by peritoneal
macrophages from mice infected with Toxoplasma gondii
(28). Induction of the latter protein correlated with protec-
tion against infection, but it was not possible to determine
whether it was of pathogen or host origin. Taken together,
these findings provide substantial evidence to implicate the
HSP60 and HSP70 families as important elements in the
pathogenesis of intracellular infection.

Leishmania spp. are dimorphic organisms that spend part
of their life cycle in the alimentary tract of a sandfly vector
as flagellated promastigotes and the remainder as obligate
intracellular, nonflagellated amastigotes within mononuclear
phagocytes of a mammalian host. When exposed to high
temperatures (in the range from 34 to 37°C), diverse species
of Leishmania promastigotes have been shown to respond
by synthesizing HSPs (11, 20, 21, 36, 37, 40-42), and this
response is postulated to be a principal event in bringing
about the accompanying morphologic transformation of pro-
mastigotes to amastigotes (21, 41, 42). In fact, raising the
temperature of cultured Leishmania promastigotes was
found to induce a morphological change from the flagellated
form to an amastigote-like, nonflagellated form in vitro (21,
38, 42). It is presumed but not proven that when Leishmania
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promastigotes are transferred from the ambient temperature
of the poikilothermic insect vector to the mammalian host
(37°C), analogous changes in the expression of Leishmania
HSPs accompany morphologic conversion to the amastigote
form within macrophages. Although little is known about the
expression of Leishmania HSPs in infected cells, these
findings suggest that during in vivo infection, these mole-
cules may be expressed at high levels and become important
immunogens. This inference is supported by the finding that
HSP70 of Leishmania donovani was recognized by more
than 50% of serum samples obtained from patients with
visceral leishmaniasis (23).

To investigate further the potential role of HSPs in the
pathogenesis of infections with Leishmania spp., the expres-
sion of HSP60 and HSP70 during in vitro infection of murine
bone marrow macrophages (BMM) with L. donovani was
examined. There were no detectable changes in the levels of
murine HSP60 or HSP70 in response to infection. In con-
trast, the abundant, regulated expression of 65- and 67-kDa
heat-regulated Leishmania proteins and the expression of
one constitutive isoform of Leishmania HSP70 were ob-
served.

MATERIALS AND METHODS

Reagents and antibodies. Rabbit polyclonal antiserum
(SPA 805) raised against Heliothis virescens (moth) HSP60
(26) was from Stressgen Victoria, Canada. Mouse monoclo-
nal anti-HSP70 antibody D4F18 (immunoglobulin G1 [IgG1])
raised against a recombinant 72-kDa protein from Plasmo-
dium falciparum (1) and known to recognize both mamma-
lian HSP70 and HSP70 from P. falciparum was a kind gift
from O. Bensaude, Génétique Moléculaire, Ecole Normale
Superiore, Paris, France. Mouse monoclonal anti-HSP70
antibody (IgG1) specific for the inducible form of HSP70 was
also from Stressgen (SPA 810). Mouse monoclonal antibody
(IgG1) to the Leishmania surface protease gp63 was kindly
provided by W. R. McMaster, University of British Colum-
bia, Vancouver, Canada. Horseradish peroxidase-conju-
gated goat anti-rabbit IgG was from Bio-Rad, Richmond,
Calif., and horseradish peroxidase-conjugated goat anti-
mouse IgG was from Tago, Inc., Burlingame, Calif. To
control for specificity of the rabbit polyclonal anti-HSP60,
separate blotted membranes were probed with normal rabbit
serum (Sigma, St. Louis, Mo.), and to control for specificity
of the mouse monoclonal antibodies, MOPC 21 (IgGl)
(Sigma) was used. As a positive control for HSP60, recom-
binant mycobacterial HSP65 was used (kindly provided by
R. van der See, National Institute of Public Health and
Environmental Hygiene, Bilthoven, The Netherlands), and
recombinant gp63 protein was provided by W. R. McMaster.
The size markers used were Rainbow Markers (Amersham).

Leishmania strain. The Sudan strain 2S of L. donovani was
maintained by serial passage in Syrian hamsters. For exper-
iments, hamster spleens were processed as described before
(30), and promastigotes were obtained by culturing amastig-
otes in Senekjie medium (35) for 10 days (stationary phase)
at room temperature. Promastigotes were harvested by
centrifugation at 1,200 x g for 10 min, washed three times in
Hanks’ balanced salt solution (HBSS), and resuspended at
1.6 x 107 organisms per ml in RPMI 1640 medium containing
10% fetal calf serum (FCS) plus penicillin (100 U/ml) and
streptomycin (100 pg/ml) (RPMI-FCS-P/S).

BMM. Cells were flushed from the tibias and femurs of
four 8-week-old female C57BL/6 mice with a 21-gauge nee-
dle attached to a 10-ml syringe containing 10 ml of RPMI
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medium as described before (4). Cells were centrifuged at
800 x g for 10 min and then incubated at 4°C in 5 to 10 ml of
Tris-NH,Cl (9 volumes of 0.83% NH,CI to 1 volume of 0.17
M Tris [pH 7.2]) to lyse contaminating erythrocytes (30).
Cells were washed once in RPMI, and debris and nondis-
persed tissue were removed by filtering the cell suspension
through a 10-ml disposable pipette fitted with a piece of
sterile cotton. The cells were then centrifuged, resuspended
in 16 ml of RPMI-FCS-P/S with 10% conditioned medium
obtained from EMT-6 cells as a source of colony-stimulating
factor type 1 as described before (8), and dispensed into a
single cell culture dish (100 by 15 mm; Fisher Scientific Co.).
After incubation for 24 h at 37°C in a 95% air-5% CO,
humidified atmosphere, nonadherent cells (~16 ml) were
collected in a 50-ml tube, and the cell suspension was
brought to a final volume of 48 ml, including 10% EMT-6-
conditioned medium. The suspension was divided in equal
portions, dispensed into four disposable 75-cm? cell culture
flasks (Corning) and incubated at 37°C in 95% air-5% CO,
for 7 days, with the addition of fresh 10% EMT-6-condi-
tioned medium on day 3. At the end of the incubation period
(day 8), homogeneous monolayers of approximately 107
adherent cells per flask were obtained. The monolayers were
washed gently with warm RPMI and incubated for another
24 h in fresh RPMI without EMT-6-conditioned medium. On
day 9, phagocytic activity was assessed and found to be
>98% when the cells were incubated for 24 h with a 0.002%
(wt/vol) suspension of fixed Staphylococcus aureus cells as
described before (31).

Infection of macrophages. Monolayers were infected with
L. donovani by adding 12 ml of a suspension of stationary-
phase promastigotes at 1.6 x 107 parasites per ml to each
flask. After 3 h of incubation at 37°C, noningested organisms
were removed by washing each flask three times with warm
HBSS. To monitor infection, cytocentrifuged preparations
were routinely prepared at this point from cells dislodged
from monolayers. These analyses showed that no extracel-
lular promastigotes were present and that all intracellular
forms had the morphology of amastigotes. For experiments,
cells were then either harvested immediately and processed
for Western immunoblotting or allowed to incubate in 12 ml
of fresh medium to complete 24 or 48 h of culture. For
infection with yersiniae, the YP IIIP* strain of Yersinia
pseudotuberculosis was used (kindly provided by B. Finlay,
Department of Microbiology, University of British Colum-
bia). Bacteria were grown overnight in Luria broth at 30°C
with moderate agitation (250 cycles per min) in a rotary
shaker. The concentration of bacteria was adjusted by the
optical density at 600 nm (ODgq), with an ODg, reading of
2 being equal to 1.6 x 10° organisms per ml. Yersiniae were
washed three times in warm HBSS, resuspended at a con-
centration of 0.8 X 108 per ml in RPMI-FCS-P/S, and used to
infect macrophage monolayers at an approximate ratio of
100 bacteria per cell.

Sodium arsenite treatment and heat shock. Macrophage
monolayers were washed with warm RPMI and then incu-
bated for 3 h in RPMI-FCS-P/S with NaAsO, (40 pM)
(Fisher Scientific). After incubation, the cells were washed
and then incubated for another hour in RPMI-FCS-P/S but
without NaAsO,. Control cells were processed in parallel
but without addition of NaAsO,. Treated and untreated cells
were harvested and prepared for Western blotting. For heat
shock treatment, macrophage monolayers were gently
washed in warm RPMI, replenished with fresh RPMI-FCS-
P/S, and incubated at 42°C for 20 min. After incubation, cells
were allowed to recover at 37°C for 1 h and then processed
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for the Western blotting. Control cells were prepared in
parallel but were incubated at 37°C instead of 42°C.

Immunoblotting. After the indicated treatments and incu-
bations were completed, monolayers of BMM were placed
on ice for 10 min, dislodged with a disposable cell scraper
(Costar Corporation, Cambridge, Mass.) into 10 ml of
HBSS, and centrifuged at 800 X g for 10 min. Cells were
then resuspended in HBSS and washed three times by
microcentrifugation (Microcentrifuge E; Beckman) for 30 s.
Before the final wash, sample aliquots were taken to deter-
mine cell number, intensity of infection (Diff Quik stain;
American Scientific Products), and protein concentration as
indicated below. Cells were then suspended in Laemmli
sample buffer (17) at a concentration of 2 X 107 cells per ml
and boiled at 95 to 100°C for 5 min. Samples were either used
immediately or stored at —20°C. For immunoblotting, 60 p.g
of cell protein was separated by electrophoresis on 10%
polyacrylamide-sodium dodecyl sulfate slab gels and then
transferred to a nitocellulose membrane (Bio-Rad) with a
Multiphor II electrophoresis unit (LKB, Bromma, Sweden).
After transfer, the membrane was washed briefly in phos-
phate-buffered saline with 0.1% (wt/vol) Tween and then
processed according to the manufacturer’s instructions for
enhanced chemiluminescence (ECL) (Amersham). Briefly,
the membrane was blocked for nonspecific binding with 5%
skim milk (Difco Laboratories, Detroit, Mich.) for 1 h and
then probed with the indicated primary antibody for 1 h.
After extensive washing, an appropriate secondary antibody
was added for 40 min; the membrane was then washed again,
and the ECL signal was detected with ECL film according to
the manufacturer’s instructions.

Protein measurements. The protein content of samples was
determined by the DC Protein Assay System (Bio-Rad) for
measurement of protein content in the presence of detergent
with an enzyme-linked immunosorbent assay plate reader
(Multiscan MC; Titertek, Helsinki, Finland) at a wavelength
of 690 nm.

RESULTS

Regulated expression of novel 65- and 67-kDa proteins in
Leishmania-infected macrophages. Immunoblots performed
with a rabbit polyclonal antibody to moth HSP60 (SPA 805)
demonstrated that infection of BMM with L. donovani
resulted in the expression of 65- and 67-kDa heat-regulated
proteins (Fig. 1, lanes 2, 3, and 4) that were not present in
control cells. These molecules were coordinately expressed
in a time-dependent manner (Fig. 1 and Table 1). Both
proteins, which were detectable at 3 h after infection (Fig. 1,
lane 2), were induced to higher levels of expression at 24 h
(52 and 100% increases above 3-h levels, respectively, for
the 65- and 67-kDa proteins) and were coordinately some-
what diminished at 48 h (Fig. 1, lanes 3 and 4, respectively).
The anti-HSP60 reagent SPA 805 also recognized an addi-
tional protein in both noninfected and infected BMM of 60
kDa (Fig. 1, lanes 1 to 4), which presumably represented
murine HSP60. The expression of murine HSP60 was con-
stitutive but, in contrast to the 65- and 67-kDa proteins, did
not change with infection (Table 1).

Further experiments indicated that the 65- and 67-kDa
proteins detected in infected cells were heat-regulated Leish-
mania proteins. Both of these proteins were observed to be
constitutively expressed in promastigotes cultured in vitro at
room temperature (Fig. 2, lane 4) and were increased in
abundance when promastigotes were subjected to heat
shock in culture for either 3 or 24 h at 37°C (Fig. 2, lanes 5
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FIG. 1. Anti-HSP60 immunoblot of Leishmania-infected BMM.
Cells were either uninfected (lane 1) or infected with stationary-
phase promastigotes of L. donovani at a ratio of 20 extracellular
organisms per macrophage and incubated at 37°C for either 3, 24, or
48 h (lanes 2 to 4, respectively). After incubation, the cells were
detached with a cell scraper. Diff-Quik-stained cell samples indi-
cated an intensity of infection of 94 to 97%, with 8.7 + 3.6 (mean +
standard deviation) amastigotes per macrophage. Cells were lysed in
Laemmli sample buffer, electrophoresed, and transferred to nitro-
cellulose membranes. Membranes were probed with polyclonal
rabbit antibodies to HSP60 (Stressgen) and developed by ECL
(Amersham). The positions of molecular size markers are shown in
the left margin. The data shown are from one of three independent
experiments which yielded similar results.

and 6, respectively; Table 2). Because promastigotes cul-
tured at 37°C for more than 24 h became nonviable, it was
not possible to follow the expression of these proteins at 48
h and to compare this with expression in infected BMM at 48
h. Nevertheless, both in infected macrophages (Fig. 2, lanes
2 and 3) and in Leishmania promastigotes, the expression
and modulation of the 65- and 67-kDa heat-regulated pro-
teins was coordinate with respect to both time and relative
abundance (Tables 1 and 2).

To provide further evidence that these two heat-inducible
proteins were in fact leishmanial in origin and that they were
not macrophage derived in a nonspecific stress response to
infection, parallel cultures of BMM were infected with viable
Y. pseudotuberculosis or allowed to ingest inactivated S.
aureus cells. As shown in Fig. 2, neither infection of
macrophages with Y. pseudotuberculosis (1ane 7) nor phago-
cytosis of S. aureus (lane 10) brought about expression of the
65- and 67-kDa proteins detected in Leishmania-infected
BMM (Fig. 2, lanes 2 and 3). Of interest, infection of cells
with Y. pseudotuberculosis resulted in the appearance of a
relatively abundant protein (Fig. 2, lane 7, upper band)
which was not present in either control or Leishmania-

TABLE 1. Expression of HSP60-related proteins in BMM
infected with L. donovani®

Mean OD units + SD at:

Protein

(kDa) 3h 24h 48h
67 0.9 +0.3 1.8+1.3 1.6°
65 2.1 +0.7 32+13 2414
60 3.3+0.7 2.9 £ 0.7 29+1.0

“ Monolayers of BMM were infected with stationary-phase promastigotes
of L. donovani at a ratio of 20 parasites per macrophage. Infected cells were
incubated at 37°C for either 3, 24, or 48 h, detached mechanically, and
assessed for intensity of infection as indicated in the legend to Fig. 1. Infected
cells were washed with warm HBSS and solubilized in Laemmli sample
buffer, and proteins (60 pg per lane) were separated by electrophoresis.
Separated proteins were then transferred to nitrocellulose membranes and
immunoblotted with polyclonal rabbit antibodies to HSP60. The resulting
bands were scanned for determination of OD units (Video Densitometer 620;
Bio-Rad). The level of expression of the 60-kDa protein (HSP60) in control
noninfected cells was 3.1 = 0.7 OD units. The data shown are the mean values
obtained in three independent experiments with different batches of BMM.

b Average of two values.
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FIG. 2. Anti-HSP60 immunoblot of BMM, promastigotes of L.
donovani, and Y. pseudotuberculosis. Macrophages were unin-
fected (lane 1), infected with stationary-phase promastigotes of L.
donovani and incubated for either 3 or 24 h (lanes 2 and 3,
respectively), infected for 3 h with an overnight culture of Y.
pseudotuberculosis (lane 7), or exposed to a suspension of fixed S.
aureus (lane 10). Stationary-phase L. donovani promastigotes were
cultured at either room temperature or 37°C for 24 h (lanes 4 and 6,
respectively) or incubated at room temperature for 21 h and at 37°C
for a final 3 h (lane 5). Broth cultures of Y. pseudotuberculosis were
incubated overnight at 30°C (lane 8) or incubated for the final 3 h at
37°C (lane 9). Lane 11 contains recombinant mycobacterial HSP65
as a standard. For other details, see the legend to Fig. 1. The
positions of molecular size markers are shown in the left margin.
The data shown are from one of two independent experiments that
yielded similar results.

infected cells. This protein appeared to represent a consti-
tutive form of Yersinia HSP60, as it was detected in cultures
of Y. pseudotuberculosis alone and its expression was not
temperature dependent (Fig. 2, lanes 8 and 9).

Additional evidence, shown in Fig. 3, indicated that the
65- and 67-kDa heat-regulated proteins that appeared de
novo in infected macrophages were not the result of a
nonspecific stress response. Neither of these proteins was
detected when noninfected macrophages were exposed to
either heat shock or NaAsO, (Fig. 3). Western blot analysis
with the rabbit polyclonal anti-moth HSP60 antiserum de-
tected murine HSP60 in all treatment groups. A protein of 65
kDa was also detected in Leishmania-infected macrophages
(Fig. 3, lane 2) which corresponded to the smaller and more
abundant of the two heat-regulated proteins expressed dur-
ing Leishmania infection in other experiments. However,
the 65-kDa protein was not detected in cells exposed to
either NaAsO, or heat shock (Fig. 3, lanes 3 and 4, respec-
tively), even though both treatments brought about in-
creased expression of murine macrophage HSP60 (Fig. 3,
lanes 3 and 4).

Comparative expression of Leishmania 65- and 67-kDa
heat-regulated proteins and Leishmania gp63 in infected
BMM. Experiments were carried out to examine whether the
abundant, regulated expression of the two Leishmania heat-
regulated proteins was a specific event or was a general

TABLE 2. Expression of HSP60-related proteins in
promastigotes of L. donovani®

Avg OD units at:

Protein
(kDa) 0h 3h 2%h
67 1.8 3.0 2.7
65 3.3 4.3 4.0

@ Stationary-phase promastigotes of L. donovani growing in Senekjie me-
dium were harvested, washed three times in HBSS, resuspended in RPMI-
FCS-P/S, and then incubated for either 3 or 24 h at 37°C. After incubation,
motile promastigotes were adjusted to a concentration of 4 x 10%/ml and
solubilized in Laemmli sample buffer. Electrophoresis, Western blotting, and
densitometry were carried out as indicated in Table 1, footnote a. The results
shown are the averages of values obtained in two separate experiments.
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FIG. 3. Anti-HSP60 immunoblot of BMM. Cells were either un-
treated (lane 1), infected with Leishmania promastigotes for 24 h (lane
2), exposed to NaAsO, (40 pM for 3 h) (lane 3), or heat shocked (42°C
for 20 min) (lane 4). After treatment, cells were allowed to recover at
37°C for 1 h and then processed for Western blotting as indicated in
the legend to Fig. 1. The positions of molecular size markers are
shown in the left margin. The data shown are from one of two
independent experiments that yielded similar results.

phenomenon applicable to other (nonstress) Leishmania
proteins. As shown in Fig. 4, comparison of the 65- and
67-kDa Leishmania heat-regulated proteins with the abun-
dant Leishmania surface protease gp63 in BMM demon-
strated that expression of the heat-inducible proteins was
selectively upregulated during infection. In this particular
experiment, only the smaller, more abundant 65-kDa Leish-
mania protein was observed to be expressed in a time-
dependent manner in infected BMM (Fig. 4A, lanes 2 to 4).
When extracts from the same cells were subjected to immu-
noblotting with a monoclonal antibody specific for Leishma-
nia gp63, initial low-level expression of the Leishmania
surface protease was apparent (Fig. 4B, lanes 2 to 4). In
contrast to the heat-regulated 65-kDa protein of L. donovani,
however, expression of gp63 decreased markedly by 24 h
and was no longer detectable at 48 h, at a time when
expression of the 65-kDa Leishmania protein was still high.
Time-dependent downregulation of gp63 expression within
infected cells correlated with a negligible decrease in the
expression of gp63 by promastigotes subjected to heat shock

kDa
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FIG. 4. Anti-HSP60 (A) and anti-gp63 (B) immunoblots of Leish-
mania-infected BMM and promastigotes of L. donovani. Macro-
phages were either uninfected (lanes 1, both panels) or infected with
stationary phase promastigotes and then incubated for either 3, 24,
or 48 h (lanes 2 through 4, respectively, both panels). Stationary-
phase promastigotes were incubated for 24 h at either room temper-
ature (lanes 5, both panels) or 37°C (lanes 6, both panels) or
incubated at room temperature for 21 h and for a final 3 h at 37°C
(lane 7, both panels). Lane 8 contained either recombinant myco-
bacterial HSP65 (A) or recombinant Leishmania gp63 (B). The
remainder of the details are described in the legend to Fig. 1. The
positions of molecular size markers are shown in the left margin.
The data shown are from a single experiment.
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FIG. 5. Anti-HSP70 immunoblot of Leishmania-infected BMM
and promastigotes of L. donovani performed with monoclonal
antibody DA4F18, specific for a constitutive form of HSP70, as
described in Materials and Methods. Macrophages were either
untreated and cultured for 48 h (lane 1) or incubated with stationary-
phase promastigotes and then cultured for either 3, 24, or 48 h (lanes
2 through 4, respectively). Stationary-phase promastigotes were
incubated for 24 h at either room temperature (lane 5) or 37°C (lane
7) or incubated for 21 h at room temperature and for a final 3 h at
37°C (lane 6). Lane 8 shows BMM exposed to fixed S. aureus, and
macrophages exposed to NaAsO, (40 pM for 3 h) are shown in lane
9. Integrated OD units for lanes 1 to 9 were, respectively, 1.8, 4.0,
4.0, 3.5,5.2, 6.0, 6.2, 1.9, and 1.8. The remainder of the details are
described in the legend to Fig. 1. The positions of molecular size
markers are shown in the left margin. The data shown are from a
single experiment.

during culture at 37°C for either 3 or 24 h (Fig. 4B, lanes 5 to
7.

Expression of HSP70 in Leishmania-infected BMM. To
examine whether other Leishmania HSPs are also expressed
during infection, lysates of infected BMM were analyzed by
immunoblotting with murine monoclonal antibody D4F18,
raised against a recombinant 72-kDa protein from P. falci-
parum (1) and known to recognize both mammalian HSP70
and HSP70 from plasmodia (4a). This antibody recognized a
protein with an apparent subunit M, of 70,000 in control cells
(Fig. 5, lane 1), which presumably represented a constitutive
form of mammalian HSP70. Of interest, in comparison to its
reactivity in control cells, antibody D4F18 showed markedly
increased reactivity with a protein with an approximate
subunit M, of 70,000 in BMM that were infected with L.
donovani for 3, 24, or 48 h (Fig. 5, lanes 2 to 4). The
expression of this protein appeared to be maximal at 3 h, was
stable through 24 h, and appeared to decrease slightly by 48
h postinfection.

Three findings indicated that this protein likely repre-
sented Leishmania HSP70 and not an inducible form of
mammalian HSP70. First, antibody D4F18 also detected a
protein with an identical subunit M, which was expressed
constitutively in promastigotes cultured at 25°C and which
appeared to be only modestly upregulated (approximately
20%) during promastigote culture at 37°C for either 3 or 24 h
(Fig. 5, lanes 5 to 7). Second, when noninfected BMM were
stressed either by phagocytosis of inactivated S. aureus or
by treatment with 40 pM NaAsO, for 3 h (Fig. 5, lanes 8 and
9, respectively), there was no change in signal intensity
generated with antibody D4F18 in comparison to its intensity
in control cells. Third, when BMM were stressed by either
heat shock or NaAsO, treatment and lysates were examined
with an anti-HSP70 monoclonal antibody (SPA 810; Stress-
gen) that specifically recognizes an inducible form of the
HSP70, a protein with a higher apparent subunit M, of 73,000
was detected (Fig. 6, lanes 2 and 3, respectively). This
73-kDa protein was not detected either in control cells in the
basal state (Fig. 6, lane 1) or in Leishmania-infected macro-
phages (data not shown) and presumably represents the
inducible form of mammalian HSP70, which is known to be
about 72 kDa in size.
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FIG. 6. Anti-HSP70 immunoblot of stressed macrophages. Cells
were untreated (lane 1) or exposed to either NaAsO, (40 uM for 3 h,
lane 2) or heat shock (42°C for 20 min, lane 3). The remainder of the
details are given in the legend to Fig. 1. The anti-HSP70 monoclonal
antibody (SPA 810; Stressgen) specific for the inducible form of
HSP70 was used. The positions of molecular size markers are shown
in the left margin. The data shown are from one of three independent
experiments that yielded similar results.

DISCUSSION

During infections of mammalian hosts with either intracel-
lular or extracellular pathogens, HSPs become principal
targets of the immune response (7, 13, 16, 23, 24, 43).
Specifically with respect to intracellular organisms, includ-
ing, for example, Leishmania spp., Plasmodium spp.,
Trypanosoma cruzi, and Mycobacterium spp., immune re-
sponses to HSP at both the B-cell and T-cell levels have been
described (7, 16, 23, 43). Notwithstanding the apparent
importance of these responses, there is relatively little direct
information available about the expression of either host- or
pathogen-derived HSPs within infected cells. For example,
it has been observed that both the GroEL and DnaK proteins
of Salmonella spp. are expressed within infected macro-
phages (2). It has also been shown that normal murine BMM
contain a 68- to 70-kDa protein that is recognized in Western
blots by monoclonal antibody IA10, specific for mycobacte-
rial HSP65 (15). Furthermore, when BMM were infected
with Mycobacterium bovis, expression of mycobacterial
HSP65 was also detectable in infected cells and HSP65 could
be distinguished from the slightly larger, cross-reactive
murine macrophage protein of 68 to 70 kDa. Whether the
expression of ecither mycobacterial HSP65 or the corre-
sponding host protein was regulated during infection was not
examined. In addition, the same mycobacterial HSP65-
specific monoclonal antibody, 1A10, was also shown to
recognize a 65-kDa protein in peritoneal macrophages from
Toxoplasma-infected mice but not in cells from correspond-
ing control animals (28). It was not possible from these
studies, however, to determine whether this protein was of
host or Toxoplasma origin.

To develop a better understanding of the nature and extent
of HSP expression during intracellular infection, the expres-
sion of proteins reactive with antibodies to HSP60 and
HSP70 was examined directly in the present study in mac-
rophages infected with L. donovani. In immunoblots with a
rabbit anti-HSP60 antiserum raised against purified moth
HSP60, both control and infected cells were observed to
express a single isoform of mammalian HSP60 with an
apparent subunit molecular size of 60 kDa. Quantitatively,
the amount of this protein detected in infected cells was not
affected by infection. In contrast to control cells, two
proteins appeared de novo in infected BMM, and these
heat-inducible proteins were shown to be leishmanial in
origin. In comparison to the amount of mammalian HSP60
present in the same cells, these two proteins, with subunit
molecular sizes of 65 and 67 kDa, were relatively abundant.
They also appeared rapidly (within 3 h of infection) and were
inducible, with maximal expression observed at 24 h. In-
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creased expression of these proteins at between 3 and 24 h
postinfection was coordinate and appeared to be an induc-
ible event, since it could not be accounted for by increasing
intensity of infection during this interval (data not shown).
That these two proteins were indeed Leishmania HSPs
and not novel forms of murine HSP60 is supported by two
observations. First, they were not induced to detectable
levels in noninfected cells - which had been exposed to
several conditions known to bring about the expression of
stress proteins. Second, two proteins with identical electro-
phoretic mobilities and in the same relative abundance were
demonstrated in stationary-phase Leishmania promastig-
otes. Furthermore, these two proteins, which were observed
to be expressed constitutively in promastigotes cultured at
room temperature, demonstrated the same kinetics of induc-
ibility in response to heat shock as did the 65- and 67-kDa
proteins detected in infected BMM. Moreover, the specific-
ity of the appearance of the 65- and 67-kDa heat-regulated
proteins for Leishmania infection was illustrated by the
finding that they were not detected in cells that had been
exposed to several alternative treatments known to induce
stress protein expression, including (i) infection with Y.
pseudotuberculosis, (ii) phagocytosis of S. aureus, (iii)
NaAsO, treatment, and (iv) heat shock. It is also of note that
the abundant expression of the 65- and 67-kDa heat-regu-
lated Leishmania proteins was selective, in that expression
of the Leishmania surface protease gp63 within infected cells
was observed to decrease at a time when expression of these
heat-regulated Leishmania proteins was increasing.
Infection of BMM with L. donovani was also accompanied
by the expression of what appeared to be a minimally
inducible Leishmania protein belonging to the HSP70 fam-
ily. This protein had an apparent subunit size of 70 kDa and
was thus essentially identical in size to murine HSP70. The
latter was also recognized by the anti-HSP70 monoclonal
antibody D4F18, raised against HSP70 from P. falciparum,
and was expressed constitutively in noninfected cells. This
murine HSP70 appeared to correspond to the 70-kDa heat
shock cognate protein, which is known to be noninducible
(13, 22, 43), since its expression did not change significantly
in response to either treatment with NaAsO,, phagocytosis
of S. aureus, or infection with L. donovani. Moreover, a
larger, approximately 73-kDa protein that was not detectable
in the basal state and which was strongly induced in re-
sponse to both NaAsO, treatment and heat shock was
detected in immunoblots performed with a monoclonal anti-
body specific for the inducible form of mammalian HSP70,
which is known to be about 72 kDa in size. As was the case
for the 65- and 67-kDa heat-regulated Leishmania proteins,
Leishmania HSP70 was also expressed constitutively in
stationary-phase promastigotes. Unlike the 65- and 67-kDa
proteins, however, the 70-kDa Leishmania HSP was ob-
served to be only minimally inducible either in promastigotes
or in infected BMM (about 15% above the baseline value).
Leishmania HSPs belonging to the HSP60 and HSP70
families have been the subject of considerable interest, and
the findings of the present study provide direct evidence that
Leishmania HSPs are expressed in infected cells. Moreover,
they show that two heat-regulated Leishmania proteins,
which appear to be immunologically related to the HSP60
family of proteins, are expressed and coordinately induced
both in promastigotes and in infected cells. In light of these
findings, an important objective will be to determine whether
the 65- and 67-kDa heat-regulated Leishmania proteins rep-
resent products of distinct genes, alternative processing of a
single gene transcript, or posttranslational modifications of a
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common translation product. An additional important objec-
tive will be to determine the extent to which these 65- and
67-kDa Leishmania HSPs are, by the criterion of sequence
identity, related to the well-characterized HSP60 family of
proteins.

The data presented above also indicate that, in contrast to
the 65- and 67-kDa heat-regulated Leishmania proteins, host
proteins belonging to the 60-kDa and 70-kDa HSP families
do not appear to alter their expression in response to
infection. This finding is of significant interest, as it is well
known, for example, that viral infections frequently bring
about increased expression of host HSPs, and it has been
postulated that other intracellular infections with bacteria as
well as with more complex organisms may do the same (13).
At least with respect to L. donovani (and, for that matter, Y.
pseudotuberculosis and HSP60) and members of the murine
HSP60 and HSP70 families, this appears not to be the case.

Seven distinct HSP70 genes have been cloned and se-
quenced either partially or completely from Leishmania
major (3, 21, 33). All of the mRNAs for these genes were
observed to be transcribed constitutively, and four showed
markedly increased levels in response to heat. Whether the
expression of these genes was regulated further at the
posttranscriptional level has not been addressed (21, 33), and
the protein products of these genes remain to be character-
ized. Only one HSP70 gene has been cloned from L. dono-
vani, and it was found to be present in the genome on a single
chromosome in multiple tandem repeats (23). The corre-
sponding mRNA and protein for this gene were both consti-
tutively expressed and only minimally induced by heat in

* either promastigotes or amastigotes. The expression of this

protein also did not change during conversion from amastig-
otes to promastigotes in culture. The 70-kDa HSP observed
to be expressed in infected BMM in the present study also
had limited inducibility and likely corresponds to the HSP70
from L. donovani (23). Moreover, in respect to its limited
inducibility, this HSP likely represents the Leishmania ho-
molog of the 70-kDa heat shock cognate protein described
for other organisms. While little is known about the immune
response to this protein, its abundant expression in infected
cells suggests that it may be of significance, and this is
consistent with the finding that serum samples from 50% of
patients with visceral leishmaniasis recognized a fusion
protein containing HSP70 from L. donovani (23).

In contrast to HSP70, relatively little information is avail-
able about the HSP60 family in Leishmania spp. It is known
from metabolic labeling studies of Leishmania promastigotes
that during exposure to either NaAsO, or heat shock,
increased expression of several proteins, including proteins
in the 60- to 70-kDa range, is observed (20, 36, 40). From the
findings of the present study, it is clear that at least two
HSPs of 65 and 67 kDa are present in L. donovani and that
both of these are relatively abundantly expressed in infected
macrophages. In the context of what is known from other
systems of intracellular infection, it seems likely that this has
important implications for the immune response to Leishma-
nia infection. The most extensive studies concerned with the
mammalian immune response to HSP60 during intracellular
infection have been carried out with mycobacteria. The
results obtained with Mycobacterium tuberculosis, M. bo-
vis, and Mycobacterium leprae indicate that the mycobacte-
rial HSP65 is an immunodominant antigen that elicits both T-
and B-cell responses (43). At least six distinct B-cell deter-
minants (6, 12, 25) and a dozen distinct T-cell determinants
(18, 19, 39) have been identified within this protein. Some of
the latter appear to be recognized by vy T cells (9, 29), and
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this has led to the suggestion that mycobacterial HSP65, and
perhaps its analogs in other microbes, is an important
immunodominant antigen during the early response to mi-
crobial invasion. Thus, the observation that two heat-regu-
lated Leishmania proteins of 65 and 67 kDa, which appear to
be immunologically related to the HSP60 family of proteins,
are rapidly and abundantly expressed in infected macro-
phages raises the clear possibility that these proteins may be
critical targets of the immune response.

Members of individual HSP families from different species
have greater than 50% amino acid sequence identity, and this
fact has led to the concern that conserved determinants
within pathogen- and host-derived HSPs may engender
autoimmune disease (reviewed in references 13 and 43).
While findings in clinical forms of leishmaniasis do not a
priori suggest the presence of autoimmune components
directed at HSPs, this remains a possibility to be considered.
On the other hand, it may be reasonable to anticipate the
existence of Leishmania-specific determinants for both T-
and B-cell responses within the 65- and 67-kDa Leishmania
heat-regulated proteins and in Leishmania HSP70. Support
for this argument is provided by at least two observations.
First, notwithstanding the 73% amino acid sequence identity
between the HSP70s from humans and 7. cruzi, serum
samples from persons with Chagas’ disease were shown to
recognize only the latter (7). Second, in the present study,
murine HSP60 was recognized by two different rabbit anti-
sera, one raised against purified moth HSP60 (26) and the
other raised against human HSP60 (5). Only the former
antiserum recognized the 65- and 67-kDa heat-regulated
Leishmania proteins; the latter antiserum recognized neither
(data not shown). Thus, Leishmania-specific HSP determi-
nants likely exist, and defining their role in disease patho-
genesis is an important objective.
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