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Profile of HumanT Cell Response to Leishmanial Antigens
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Abstract

Control and resolution of leishmanial infection depends pri-
marily on T cell-mediated immune mechanisms. The nature of
the leishmanial antigens involved in eliciting T cell immunity is
unknown. Wehave examined the pattern of peripheral blood
lymphocyte responses in patients with active, healed, or sub-
clinical leishanial infection to fractionated leishmanial anti-
gens using a T cell immunoblotting method in which nitrocel-
lulose-bound leishmanial antigens, resolved by one or two di-
mensional electrophoresis, are incorporated into lymphocyte
cultures.

The proliferative and IFN-'y responses of cells from pa-
tients with healed mucosal or cutaneous leishmaniasis were
remarkably heterogeneous and occurred to as many as 50-70
distinct antigens. In contrast, responses from subjects with
active, nonhealing, diffuse cutaneous leishmaniasis were either
absent or present to only a small number of antigens. Control
and resolution of leish is, and resistance to reinfection, is
therefore associated with a T cell response to a large and di-
verse pool of parasite antigens. The method of T cell immuno-
blotting appears to offer a powerful, rapid, and relatively sim-
ple approach to the identification of antigens involved in elicit-
ing a T cell response in human leishmaniasis.

Introduction

The intracellular parasite Leishmania causes a wide spectrum
of human disease. Localized cutaneous ulceration (LCL),'
caused by Leishmania major, L. tropica, or the L. mexicana or
L. braziliensis complexes, is generally localized and heals
spontaneously over time or with specific therapy (1, 2). Meta-
static spread to distant skin occurs in diffuse cutaneous leish-
maniasis (DCL), (3) which is caused by L. ethiopica in Africa
and L. mexicana in the new world. Patients with muscosal
(mucocutaneous) disease (ML) develop destructive, disfigur-
ing lesions of the oral and/or nasopharyngeal mucosa months
to years after apparent resolution of the primary skin lesion
(4). These lesions, usually due to L. braziliensis, are often
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refractory to therapy, or may reoccur after successful initial
treatment. Visceral leishmaniasis (VL) or Kala-azar, caused by
L. donovani, is characterized by fever, hepatospienomegaly,
peripheral blood cytopenias, and progressive wasting, and may
lead to death if untreated (5, 6). In areas endemic for Kala-
azar, however, subclinical infection with L. donovani has also
been shown to occur (5-7).

The host-immune response to the different clinical forms
of leishmaniasis is quite varied. In the cutaneous and mucosal
forms, there is generally a low-to-moderate level of antibody
production and a strong cellular response as evidenced in vivo
by a positive delayed-type hypersensitivity (DTH) skin test and
in vitro by Leishmania specific lymphocyte proliferation (1, 2,
8). In contrast, in the face of a strong humoral immune re-
sponse, there is little evidence of a specific cellular immunity
in active DCL (8-10) or Kala-azar (7, 11-14). Successful
treatment, however, is associated with the development of
both a positive DTHskin test and in vitro lymphocyte prolif-
erative response to leishmanial antigens (7, 13, 14). In addi-
tion, subclinical or asymptomatic infection with L. donovani
can result in detectable Leishmania-specific cellular immune
responses (5-7).

There is strong clinical and experimental evidence that res-
olution of leishmanial infection depends primarily on cell-me-
diated immune mechanisms (15-17), and recovery from in-
fection confers immunity to reinfection (18, 19). The nature of
the parasite antigens involved in eliciting this immunity is not
known. Because discordant B and T cell responses to antigenic
sites have been described (20-22), attempts to define these
antigens with the use of immune sera, or polyclonal or mono-
clonal antibody reagents may not be productive. Therefore, in
a disease such as leishmaniasis, it would be advantageous to
directly use T lymphocyte populations from immune individ-
uals to identify potentially protective antigens. Wehave devel-
oped a technique to look directly at the pattern of human T
cell reactivity to individual leishmanial antigens that is similar
to, and we believe simpler and more discriminatory, than that
described by Young and Lamb (23, 24). It involves the separa-
tion of complex antigens by one- and two-dimensional PAGE,
transfer of the proteins to nitrocellulose (NC), and incorpora-
tion of the NC-bound antigen into a lymphocyte stimulation
assay. In this report, we have characterized the pattern of
Leishmania-specific lymphocyte responses in patients with
past cutaneous leishmaniasis and ML, subclinical or self-heal-
ing L. donovani infection, and nonhealing DCL.

Methods

Subjects. 14 patients with healed or active leishmaniasis were studied.
Six subjects had healed or healing LCL (all were residents of the United
States who had acquired the disease after traveling in endemic areas);
one had healed ML; three had previous subclinical or self-limited L.
donovani infection; and four had active DCLat the time of study. The
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first patient (LCL-1) had a single cutaneous lesion on his lower lip that
had been acquired in Surinam. The organism was cultured and identi-
fied as L. braziliensis guyanensis. He had complete resolution after
one course of pentavalent antimony therapy. A second patient (LCL-2)
had a single lesion on his chin caused by L. brasiliensis panamensis
that was acquired in Panama. It had been present for 6 wk and was
nearly resolved with pentavalent antimony therapy at the time of
study. Another patient (LCL-3) had a large lower extremity ulceration
with adjacent subcutaneous nodules that healed slowly after two
courses of antimony therapy. His infection was acquired in Peru and
the organism was typed as L. brasiliensis brasiliensis. A fourth patient
(LCL-4) acquired infection with L. major in Northwest Africa. She had
multiple cutaneous lesions on her trunk and extremities of several
months duration that responded to two courses of antimony therapy.
Another patient (LCL-5) had multiple cutaneous ulcerations on his
arms due to L. major infection acquired in Cameroon. These lesions,
which had been present for 6 mo, resolved after a single course of
antimony. The final patient with cutaneous disease (LCL-6) acquired
L. major infection in Afghanistan. He had several small lesions on his
hand that healed with antimony therapy.

The patient with ML, a native of Columbia, had extensive involve-
ment of the nasal mucosa for > 10 yr. Leishmania parasites, presum-
ably L. braziliensis braziliensis or L. b. panamensis, were isolated
from the lesion but failed to grow in culture medium. She underwent
extensive surgical debridement and reconstruction, in addition to
pentavalent antimony therapy.

Two patients had a remote history of accidental laboratory inocula-
tion of L. donovani. One occurred 10 yr before study and resulted in a
small subcutaneous nodule that resolved spontaneously. She was later
noted to have developed a positive Leishmanin skin test. The other,
which occurred 5 yr before study, developed a large subcutaneous
inflammatory nodule at the site of inoculation with no clinical signs or
symptoms of visceral infection. The nodule was surgically excised and
no further treatment was given. The final subject resided in an area of
India endemic for Kala-azar and was studied at the Rajendra Memo-
rial Research Institute in Patna, India. He had a positive Leishmanin
skin test but no history or clinical evidence of Kala-azar. Four patients
with active diffuse cutaneous leishmaniasis due to L. mexicana mexi-
cana were studied. Two patients were from the Dominican Republic.
One (DCL-1) had a single large nodular lesion on his right ear that had
been present for - 10 yr. He had received no treatment. Because of the
chronic nonhealing nature of the lesion and a negative Leishmanin
skin test, he was felt to have an atypical form of DCL. The second
patient (DCL-2) had a 25-yr history of raised, hyperpigmented, nodu-
lar lesions on his arms, legs, face, and ears. He had a negative Leish-
mann skin test but positive PPDskin test, and had received no anti-
leishmanial therapy. The other two DCLpatients were from Mexico.
One patient from Tobasco (DCL-3) had nodular lesions over his ears,
face, chest, back, and extremities that had been present for 6 yr. Some
lesions had ulcerated and some subcutaneous nodules were present on
his extremities. He was unresponsive to Leishmanin skin test antigen
and had received antimony treatment 2 yr before this study without
clinical improvement. The last patient (DCL-4) was from Michoacan
and had extensive debilitating disease consisting of nodular, noduloul-
cerative and plaque-like lesions over his entire body that had been
present for - 20 yr. He had received several courses of antimonials in
the past with only transient improvement, and was Leishmanin skin
test negative.

Mononuclear cells. PBMCwere isolated by centrifugation of hepa-
rinized blood over lymphocyte separation medium (LSM; Organon
Teknika Corp., Durham, NC). The interface cells were washed three
times in RPMI 1640 (Advanced Biotechnologies, Inc., Silver Spring,
MD)and stored frozen in liquid nitrogen in RPMI-1640 with 10% fetal
bovine serum and 7.5% DMSO. Before use, the cells were rapidly
thawed, washed three times in RPMI 1640, and resuspended in com-
plete culture medium containing RPMI 1640 with 10% human type
AB negative serum (single donor), 2 mMglutamine, 12 mMHepes
buffer, and 50 ,ug/ml gentamycin.

Antigens. Soluble L. donovani (SLDA) was prepared from promas-
tigotes from an Indian strain of L. donovani (National Institutes of
Health, Mongi strain) that were grown in Graces Insect Tissue Culture
media (Gibco Laboratories, Grand Island, NY) with 20% fetal bovine
serum, 2 mMglutamine, 100 U/ml penicillin, and 100 ,gg/ml strepto-
mycin. After 5 d growth, the promastigotes were washed four times in
cold PBS, and resuspended in 100 mMTris-HCl, 1 mMEDTA(pH
8.0) with 50 ug/ml leupeptin, 50 tg/ml a-2 macroglobulin, and 1.6 4M
PMSF. The promastigotes were then sonicated with a Sonic disrupter
(Tekmar Co., Cincinnati, OH), centrifuged at 27,000 g for 20 min, and
the supernate was recentrifuged at 100,000 g for 4 h. The supernate was
then dialyzed against PBS, the soluble antigen filter was sterilized, and
the protein concentration was determined. Aliquots of antigen were
stored at -70 C and were used in lymphocyte culture at a final con-
centration of 20 ug/ml. L. major soluble antigen (World Health Orga-
nization, designation MRHO/SU/59/P) was a gift of Dr. Phillip Scott,
NIH, and was prepared in identical fashion, as previously described
(25). The soluble antigen preparation was used because of its ability to
induce a strong T cell-proliferative response, and its ease of prepara-
tion in the absence of detergents enabling it to be used directly in
lymphocyte cultures.

Preparation ofsingle dimension immunoblots. SDS-PAGE(26) was
performed under reducing conditions using a 7.5-15% gradient or
12.5% gel in a standard-size electrophoresis apparatus. Antigen sam-
ples were boiled for 5 min in an equal volume of SDSsample buffer
(125 mMTris HCI, pH 6.8, 25% glycerol, 2.5% SDS, 2.5% 2-mercap-
toethanol) and 0.3-0.5 mgof protein was applied in a 9-cm strip using
a single-well stacking gel. Molecular weight markers were run with the
antigen. Electrophoresis was carried out until the dye front reached
12-13 cm from the top of the gel and a small strip of the gel was then
used for silver staining (Rapid-Ag-Ostain; ICN Radiochemicals, Irvine,
CA). The remainder of the gel was washed extensively over 4 h in
transfer buffer (25 mMTris, 192 mMglycine, 20%methanol, pH 8.2).
Transfer of the proteins to nitrocellulose was accomplished using the
method of Towbin (27) with a constant current of 0.2 A for 12-16 h.
The NCwas then handled aseptically, washed in PBSwith 100 Mg/ml
gentamycin for 4 h, and overlaid on a 96-well flat-bottom tissue culture
plate (Costar Corp., Cambridge, MA) so that the horizontal bands of
transferred protein would run parallel to the eight-well rows (short
dimension) of the plate. NCdiscs were then punched into individual
wells over half the plate using a 6-mm skin biopsy punch (Baker-
Cummins, Division of Key Pharmaceuticals, Inc., Miami, FL) to give
12 rows of quadruplicate wells. The NCwas then moved horizontally
to the second half of the plate and offset slightly so that the NC that
remained between the first 12 rows was punched into the second 12
rows of quadruplicate wells. In this way, the entire NC sheet was
incorporated into the 96-well plate, with each antigen fraction repre-
sented in quadruplicate wells. Additional discs of blank NC (blotted
from a blank portion of the gel) were punched into wells for the ap-
propriate antigen controls.

Preparation of two-dimensional immunoblots. Two-dimensional
gel electrophoresis consisting of isoelectric focusing (IEF) over a pH
range of 4.5-7.0 in the first dimension and SDS-PAGEin the second
dimension was carried out according to the method of Hochstrasser et
al. (28). SLDA in PBS was dialyzed against deionized water, lyophi-
lized, and solubilized in IEF sample buffer (8.1 Murea, 1% SDS. 3.6%
3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate, 1.2%
DTT, 5% Ampholytes 3.5-10 [LKB Instruments, Inc., Gaithersburg,
MD]). 25-50 Mgof SLDA in 20 Ml of IEF sample buffer was focused on
a 1.5 mmX 6 mmtube gel for 1,600 V-h using a minitube gel isoelec-
tric focusing apparatus (Mighty-Small II; Hoefer Scientific Instru-
ments, San Francisco, CA). This concentration of protein showed op-
timal resolution without the vertical streaking frequently seen with
higher protein concentrations. The tube gel was then extruded and
immediately transferred to the second-dimension slab gel (standard
size, 14 X 16 cm) for SDS-PAGE. The gel was then washed and elec-
troblotted to NCas in the single dimension immunoblots. The finished
dimensions of the two-dimensional immunoblot approximated those
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of a 96-well tissue culture plate. After washing the two-dimensional
immunoblot in PBS it was stained with 0.2% Ponceau S in 3% TCA
(filter sterilized) and the background destained with sterile, deionized
water. By this method, 20-30 protein spots could be visualized that
could serve to reproducibly orient the immunoblot on the 96-well
culture plate. The stained immunoblot was placed over a 96-well plate,
the cover placed over it and the location of the stained protein spots
marked on the cover. In this way, the position of proteins in each
culture plate could be reproducibly correlated with their position on a
replicate gel from the same electrophoresis run, silver stained by the
method of Oakley et al. (29). NC discs were then punched into the
96-well plate and the strips of NC left between the punched-out rows
were then punched into the wells of a second culture plate. Thus, the
entire two-dimensional immunoblot was represented in the two plates,
and an individual antigen, transferred from the two-dimensional gel to
the NC, would be incorporated into a single well (or possibly several
wells). Control wells were included as in the single-dimension immu-
noblots.

Antigen stimulation of lymphocytes. PBMCwere cultured at 2
X I05 cells per well in 96-well flat-bottom plates in 200 Ml of complete
medium. Wells contained electrophoretically fractionated NC-bound
antigen, or blank NCwith or without unfractionated antigen as con-
trols. Cultures were incubated at 370C in a 95% air/5% CO2 atmo-
sphere, and were pulsed with 1.0 MCi [3H]thymidine per well (6.7
Ci/mmol; New England Nuclear, Boston, MA) 18 h before termina-
tion of the culture. Antigen-stimulated cells were harvested on the fifth
or sixth day of culture onto glass fiber filter paper and the incorporated
3H was measured with a scintillation counter (Beckman Instruments,
Fullerton, CA). It was not necessary to remove the NCbefore harvest-
ing. The results are expressed as the change in counts per minute
(Acpm; mean counts per minute in experimental wells-mean counts
per minute in control wells) or stimulation index (SI; mean counts per
minute in experimental wells/mean counts per minute in control
wells).

IFN-,y production. Supernatants from antigen stimulated cells were
collected just before harvesting of cells after 5-6 d of culture. IFN-y
activity was initially tested using a cytopathic effect inhibition assay
with vesicular stomatitis virus in WISH cells (Biofluids, Inc., Rock-
ville, MD). Experimental wells were considered positive if the IFN-y
titer was twice that of control wells. In subsequent experiments, super-
natants were assayed for IFN-'y using a double-sandwich ELISA tech-
nique (30) using a murine MAb against human IFN-'y (Interferon
Sciences, Inc., New Brunswick, NJ) bound to microtiter plates (Im-
mulon-2; Dynatech Laboratories, Inc., Chantilly, VA), followed by 50
Ml culture supernatant, a rabbit polyclonal anti-IFN-'y, and peroxi-
dase-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA). After addition of the peroxidase
substrate (ABTS; Kirkegaard and Perry Laboratories, Inc., Gaithers-
burg, MD) the ODwas read and the IFN--y concentration was deter-
mined by comparison to a human recombinant IFN-'Y (Genentech,
Inc., San Francisco, CA) standard curve. Experimental wells were con-
sidered positive if an IFN-'y concentration 2 1.0 ng/ml was detected.
In all subjects studied, this level was at least 4 SD above the mean
concentration in control wells.

Results

Electrophoretic separation of leishmanial antigens. Single di-
mension SDS-PAGEof a soluble leishmanial antigen prepara-
tion under reducing conditions resulted in separation of multi-
ple proteins (Fig. 1). Under these conditions, there were rela-
tively few proteins in the upper molecular weight range
(molecular mass > 80 kD) and numerous small bands in the
middle and lower molecular weight ranges. Two-dimensional
electrophoresis, under reducing conditions, consisting of IEF
on a minitube gel in the first dimension, and SDS-PAGEin the
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Figure 1. Silver stain of 300 ug of SLDAseparated by 7.5-15% gra-
dient SDS-PAGE(left) and 25 MAg of SLDAseparated by two-dimen-
sional electrophoresis (right). Corresponding molecular weight
markers are noted for each gel.

second dimension, resolved SLDA into - 200 discrete pro-
teins (Fig. 1). The majority of proteins migrated within a pH
range of 5.0-6.5.

Proliferative and IFN-y responses of PBMCto electropho-
retically separated, NC-bound antigen. The proliferative re-
sponses of PBMCto soluble leishmanial antigens separated by
one-dimensional SDS-PAGE and electroblotted on NC are
shown in Fig. 2. Cells from donors who had no history of
leishmaniasis and no travel within an area endemic for leish-
maniasis showed no proliferative response to leishmanial anti-
gens above background levels (Fig. 2, a and b).

The pattern of lymphoproliferative response among cuta-
neous and mucosal patients was remarkably heterogeneous
(Fig. 2, c-f). Amongcutaneous patients, reactivity was strong
and diffuse, more pronounced to antigen fractions of molecu-
lar masses of 60 kD or less. Cells from the patient with ML
responded to virtually every antigen fraction and the level of
response in general was much greater than that seen in the
cutaneous patients. In both instances, peak proliferative re-
sponses were consistently seen in fractions with very low mo-
lecular weight antigens (10-20 kD). There was no obvious
difference in the pattern of proliferative response of cells from
one cutaneous patient tested with homologous (L. major) and
heterologous (L. donovani) antigens (Fig. 2, e and J). A large
proportion of the lymphocyte-proliferative response to un-
fractionated soluble antigen was seen in the responses to many
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Figure 2. Profile of proliferative responses of PBMCfrom normal
donors and patients with healed leishmaniasis, to electrophoretically
separated leishmanial antigens (SLDA unless otherwise noted). The
immunoblots consisted of 24 continuous fractions (quadruplicate
wells) with the relative molecular weights indicated on the horizontal
axis. The mean Acpm of each fraction is represented on the vertical
axis. The numbers above the figures indicate the SI of that fraction.
The single column to the right of each figure represents the prolifera-
tive response of those cells to unfractionated soluble antigen in the
presence of nitrocellulose. (a) normal donor, (b) normal donor; (c)
ML(control: 2,341 cpm); (d) LCL-, (control: 936 cpm); (e) LCL-4
(control: 836 cpm); (f) LCL-4, L. major antigen (control: 1,884 cpm).

of the antigen fractions. Because the concentrations of individ-
ual antigen present on the immunoblot were unknown, con-
clusions based on the comparative magnitude of the individual
responses are somewhat tenuous.

The lymphocyte-proliferative response of three patients
with past L. donovani infection were also tested by this method
(Fig. 3). In the cases with prior subclinical infections and spon-
taneously resolved laboratory inoculation, the proliferative re-
sponse was restricted to lower molecular weight antigens. In
the patient who had localized L. donovani infection with a
subcutaneous inflammatory nodule (which did not resolve
spontaneously), the response was extremely strong and hetero-

geneous (similar to that of the mucosal patient). In this case,
the peak response also occurred in the low molecular weight
ranges.

The patterns of the proliferative and IFN-y responses of
lymphocytes to SLDA in two-dimensional immunoblots are
shown in Figs. 4, 5, and 6. By using a small size two-dimen-
sional format, the entire immunoblot could be incorporated
into two 96-well culture plates, limiting the number of cells
necessary for a single assay. Because of the large number of
leishmanial antigens resolved by this procedure, spatial separa-
tion of antigens was somewhat limited, and in some instances
there may have been more than one T cell antigen localized
within a single well. In addition, the proliferative response to a
single antigen may have overlapped into more than one well,
as seen in our studies with T cell clones.2 Despite these limita-
tions, two-dimensional immunoblotting resolved the heteroge-
neity of the response in considerably more detail. In many
instances, there were responses to multiple antigens having the
same relative molecular mass; evidence that the response seen
within a single fraction of the one-dimensional immunoblot
was directed toward multiple antigens. By using replicate gels
from the same electrophoresis run and staining the NC-bound
antigens before incorporation into the lymphocyte prolifera-
tion assay, we could accurately and reproducibly locate the
stained protein antigens associated with a proliferative re-
sponse. In some instances (especially with cells from the pa-
tients with old world cutaneous leishmaniasis) a proliferative
response was present where there were no antigens visualized
by silver stain of the replicate gel. These responses were con-
sistently seen in repeat experiments, and gels from the same
electrophoresis run showed an identical silver stain pattern.

Lymphocytes from normal donors, as in the single dimen-
sion analysis, showed no significant response to any region of
the two-dimensional immunoblot above background levels
(data not shown). Data from studies of 11 different patients
(two different experiments) are shown. In the first experiment
(Fig. 4), three patients having very strong Leishmania-specific
proliferative responses were studied. Lymphocytes from the
patients with MLshowed very strong proliferative responses to
many different immunoblotted antigens (approximately one-
third of the culture wells were positive) with the majority of
responses occurring within a pI range of 5.0-6.0 and peak
responses occurring to antigens of 40-90 kD. Cells from the

2. Melby, P. C., and D. L. Sacks. 1988. Identification of antigens
recognized by T cells in human leishmaniasis: analysis of T cell clones
by immunoblotting. Manuscript submitted for publication.
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Figure 3. Profile of proliferative responses of
PBMCfrom subjects with past L. donovani in-
fection to electrophoretically separated SLDA.
Data are plotted as in Fig. 2. (a) Subclinical
infection from exposure in an endemic area in
India (control: 1,090 cpm); (b) subclinical in-
fection from accidental laboratory inoculation
(control: 3,275 cpm); (c) locally contained
clinical infection (unfrozen cells, control:
12,868 cpm).
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Figure 4. Profile of lymphoproliferative and IFN-,y responses of
PBMCfrom patients with healed MLand LCL to SLDAseparated
in two dimensions. The wells of the immunoblot culture plates are
represented graphically with antigens having been separated by
charge in the direction of the horizontal axis and by size in the direc-
tion of the vertical axis. (a) Schematic localization of individual
silver-stained antigens (from a replicate gel) within the wells of the
two-dimensional immunoblot. (b-d) Proliferative responses of
PBMNCsto an antigen or antigens within a well are recorded as the
SI of that well. Only responses with a SI > 3 are recorded. A shaded
well indicates that significant IFN-y production was present in that
well (IFN-'y was measured in this experiment in supernatants from
wells having positive proliferative responses using a viral inhibition
assay). Individual patients were studied in two to four different ex-
periments; the data shown are from replicate gels from the same ex-
periment. (b) ML(control: 1,675 cpm, log IFN-y titer 1.6; experi-
mental range: 5,036-5058,161 cpm, log IFN-y titers 1.9-2.4); (c) lo-
calized cutaneous L. donovani infection (control: 5,028 cpm, log
IFN-y titer 1.6; experimental range: 15,201-15,255,583 cpm, log
IFN-'y titers 1.9-2.3), LCL-4 (control: 1,582 cpm, log IFN-y titer
1.0; experimental range: 5018-5027,489 cpm, log IFN-y titers
1.3-1.9).

patient with localized L. donovani infection responded to an-
tigens in a pattern similar to that of the patient with ML,
though the magnitude of responses was somewhat less. The
patient with old world cutaneous leishmaniasis showed an
equally heterogeneous but different pattern of response with
more responses seen to antigens at the extremes of the pH
gradient. Overall, - 40% of the individual proliferative re-
sponses were shared among these three patients. In this exper-
iment, IFN-'y production by lymphocytes proliferating in re-

sponse to immunoblotted antigens was measured in superna-
tants collected from individual wells using a viral inhibition
bioassay. In the three patients studied, significant IFN-y pro-
duction was measured in 21-35% of wells having a prolifera-
tive response. In general, the level of IFN-"y production re-
flected the magnitude of the proliferative response; however,
there were exceptions. In some instances, a very strong prolif-
erative response occurred without significant IFN-'y produc-
tion, and minimal proliferation was occasionally associated
with a high IFN-'y titer.

In the second experiment shown, eight different patients
were studied; four had healed or resolving LCL and four had
active DCL. The profiles of lymphoproliferative responses of
the patients with past LCL to SLDAseparated in two dimen-
sions (Fig. 5) were also heterogeneous, though less so than
those represented in Fig. 4. In general, these patients had had
less extensive disease of shorter duration, and proliferative re-
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Figure S. Profile of lymphoproliferative and IFN.- responses of
PBMCsfrom patients with healed or healing LCL to SLDA sepa-
rated in two dimensions. The data are presented as in Fig. 4 except
that IFN-y production was measured in all wells using the double-
sandwich ELISA technique. (a) LCL-5 (control: 488 cpm, IFN-^y
concentration 0.8 ng/ml; experimental range: 1,496-11,093 cpm,
IFN-y concentration 1.0-4.2 ng/ml); (b) LCL-6 (control: 645 cpm,
IFN-'y concentration 0.65 ng/ml; experimental range: 1,920-10,565
cpm, IFN-y concentration 1.0-8.5 ng/ml); (c) LCL-3 (control: 828
cpm, IFN-y concentration 0.6; experimental range: 2,498-17,571
cpm, IFN- concentration 1.0-> 25 ng/ml); (d) LCL-2 (control:
599 cpm, IFN-y concentration < 0.5 ng/ml; experimental range:
1,793-4,765 cpm, IFN-y concentration 1.0-12.0 ng/ml).
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Figure 6. Profile of lymphoproliferative and IFN-y responses of
PBMCsfrom patient with active DCL to SLDA separated in two di-
mensions. The data shown are from the same experiment as that
shown in Fig. 5 and are presented in identical fashion. (a) DCL- I
(control: 1,190 cpm, experimental: 3,831 cpm); (b) DCL-2 (control
IFN--y concentration 0.7 ng/ml, experimental IFN-y concentration
4.6 fig/ml); (c) DCL-3 (control IFN-y concentration 0.8 ng/ml, ex-

perimental IFN-y concentration range 1.0-2.7 ng/ml); (d) DCL-4
(control IFN-'y concentration 0.7 ng/ml, experimental IFN--y con-
centration 1.5 ng/ml).

sponses to unfractionated SLDA of less magnitude than the
patients shown in Fig. 4. IFN-y production was measured in
these studies using a double-sandwich ELISA technique,
which has the advantages over the viral inhibition assay of
being much more sensitive and specific (not detecting the an-
tiviral activity of tumor necrosis factor/lymphotoxin or
IFN-a/f3) (30). Using this IFN-y assay, the T cell response to
immunoblotted antigens was far more heterogenous than that
seen with the proliferative responses. In general, strong prolif-
erative responses were associated with strong IFN-y responses,
and overall 25-85% of proliferative responses had associated
IFN-,y responses. In many instances significant IFN-,Y produc-
tion occurred in the absence of a significant proliferative re-
sponse, which is probably a reflection of the very sensitive
method used for detection of IFN-y.

Discussion

Immunity to leishmanial infection is mediated through cellu-
lar mechanisms involving sensitized T lymphocytes and their

lymphokines acting on infected macrophages (15-17, 31-33).
T lymphocytes from patients with active or cured leishman-
iasis are reactive to complex soluble antigens of both homolo-
gous and heterologous species, but specific T cell antigens have
not been defined. By using high-resolution two-dimensional
electrophoresis techniques and measurement of antigen-spe-
cific lymphoproliferation and IFN-y production, we have been
able to characterize the polyclonal T cell response to a complex
pool of parasite antigens at a level that has not been previously
approached. Wepresent evidence in this report that the Leish-
mania-specific T cell response in patients with acquired im-
munity (after resolution of active infection) is remarkably het-
erogeneous compared with nonimmune individuals. In studies
of six patients with past LCL and one with healed ML, this
heterogeneity appeared to be due to sensitization to a large and
diverse pool of T cell antigens during infection. Many of the
responses to separated, immunoblotted antigens appeared to
be shared among the patients studied; the variation in the
patterns of response may be due to antigenic differences
among the different infecting (and sensitizing) Leishmania
species, differences in the level of intensity (extent and dura-
tion) of infection, or genetic restriction of the host antileish-
manial T cell response. In contrast to this pattern seen in
immune individuals, T cells from patients with active DCL
responded to an extremely limited number of separated anti-
gens. Because these individuals have progressive, nonhealing
infections, it would appear that these isolated responses are
insufficient to promote resolution of infection. In addition,
this paucity of responses suggests that T cell reactivity cannot
be uncovered by the separation of antigens that might suppress
T cell responses from those that might be stimulatory.

The possibility that the heterogeneous T cell response of
immune individuals results from recognition of a fewer num-
ber of repetitive or cross-reactive epitopes, or that protein deg-
radation during sample preparation and electrophoresis con-
tributes to the heterogeneity of the response cannot be ex-
cluded. That the proliferative response of T cell clones could
be localized to a highly restricted region of a two-dimensional
immunoblot2 would argue against these possibilities. The pres-
ence of proliferative and IFN-y responses in areas of the im-
munoblots where there was no stainable protein suggests re-
sponsiveness to either poorly stainable proteins or to nonpro-
tein antigens, in particular the Leishmania lipophosphoglycan
(LPG). This complex surface molecule has been postulated to
be a T cell antigen because of its ability to immunize mice
against cutaneous leishmaniasis (34, 35), though direct evi-
dence of T cell stimulation has not been reported. In our own
unpublished studies, we found that T cells from cutaneous
patients responded poorly to purified LPGfree of protein con-
taminants, which argues against the possibility that the ob-
served heterogeneity was due to the presence of LPGdispersed
throughout the immunoblot.

The presence of this remarkably heterogeneous T cell re-
sponse in immune individuals, in the absence of any obvious
immunodominant antigen, raises issues concerning the iden-
tification of protective T cell antigens. Because these individ-
ual T cell responses arise from sensitization during the course
of active infection, it is possible that each of these antigens
might contribute in part to the control and resolution of infec-
tion, and to the immunity to reinfection that these patients
acquire (18, 19). Identification of antigens that stimulate
IFN--y production are further predictive of those antigens that
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might be involved in immunity. In experimental models, lym-
phokine production, specifically IFN-'y production, is asso-
ciated with activation of macrophages and killing of intracel-
lular parasites (31-33). Antigen-stimulated lymphocytes from
patients with cutaneous and mucosal leishmaniasis also pro-
duce IFN-y, which can then activate macrophages and effect
intracellular killing (2). In addition, cure of active visceral dis-
ease is associated with restoration of T cell responsiveness and
IFN-'y production (36), and resistance to reinfection (18).

In our two-dimensional immunoblot studies, IFN-y pro-
duction, when measured by the ELISA technique, was fre-
quently detectable in the absence of a significant proliferative
response. This is likely the result of the greater sensitivity of the
ELISA, and possibly the inefficient harvest of cells from the
NC-containing wells. On the other hand, the presence of a
proliferative response without IFN-'y production, suggests that
T cell subsets with differing capacities to produce IFN-'y may
be present (37, 38). The pattern of lymphokine production can
be further defined as methods for measuring production of
other lymphokines become available.

The characterization of the T cell response of patients with
past subclinical or self-resolving infection with L. donovani
offers an approach to further identify antigens that may be
important in the development of immunity to VL. In areas
endemic for Kala-azar, there appears to be a significant popu-
lation who have had a subclinical or self-healing infection with
L. donovani. Ho et al. (5) in Kenya, and Bodaro and co-
workers (6) in Brazil, have estimated the ratio of subclinical to
clinical cases to be 5:1 and 6.5:1, respectively. Sacks et al. (7)
studied asymptomatic family members of patients with active
Kala-azar and found that 50% showed an in vitro lympho-
cyte-proliferative response to soluble L. donovani antigen. It is
presumed that this T cell responsiveness is associated with
protective immunity.

One-dimensional immunoblot analysis of the lymphocyte
response of a patient with past subclinical infection acquired
by exposure in an endemic area shows that a significant re-
sponse was restricted to antigen(s) in the molecular mass range
of 10-20 kD. In addition, this highly restricted pattern of re-
sponse was also seen in one subject who acquired an acciden-
tal, self-healing laboratory infection with L. donovani. This
restricted pattern of response probably reflects the low inten-
sity of infection and T cell sensitization, because the locally
contained, but unresolving infection with L. donovani in one
of our subjects resulted in profound and heterogeneous T cell
reactivity. These limited data suggest then that in subclinical,
or very self-limited infections, T cells are sensitized by a fewer
number of antigens, and that the responses to these antigens
may be sufficient to confer immunity. Wehope in future stud-
ies to obtain sufficient numbers of cells from individuals with
either cured or subclinical L. donovani infections to better
localize the responses on two-dimensional immunoblots.

In summary, we have characterized the T cell response in
healed LCL and ML, on the basis of both proliferative re-
sponses and IFN-'y production, to be remarkably heteroge-
neous, whereas the response in active DCLpatients is absent
or restricted to a small number of antigens. These results pro-
vide an analysis of a polyclonal T cell response in human
disease at a level not previously attained, and provide a frame-
work for the study of individual antigens involved in T cell
immunity.
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