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Expression Cloning of a Protective
Leishmania Antigen
Evelyne Mougneau,* Frédéric Altare,” Adil E. Wakil, Shichun Zheng,

Thierry Coppola, Zhi-En Wang, Rainer Waldmann,
Richard M. Locksley,T Nicolas Glaichenhaust

Parasite-specific CD4* T cells have been shown to transfer protection against Leishmania
major in susceptible BALB/c mice. An epitope-tagged expression library was used to
identify the antigen recognized by a protective CD4* T cell clone. The expression library
allowed recombinant proteins made in bacteria to be captured by macrophages for
presentation to T cells restricted to major histocompatibility complex class II. A conserved
36-kilodalton member of the tryptophan-aspartic acid repeat family of proteins was
identified that was expressed in both stages of the parasite life cycle. A 24-kilodalton
portion of this antigen protected susceptible mice when administered as a vaccine with

interleukin-12 before infection.

The immunology of Leishmania major in-
fection has been characterized in inbred
strains of mice. The response is CD4-depen-
dent, presumably reflecting the residence of
the obligate intracellular amastigotes in
macrophages within endolysosomal com-
partments that contain major histocompat-
ibility complex (MHC) class II molecules
(I). Thus, mice with disruption of the
MHC class 1I or B,-microglobulin genes
are, respectively, susceptible or resistant to
primary L. major infection, reflecting re-
quirements for CD4" but not CD8" T cells
(2). Most mice control an infection in as-
sociation with the development of a type 1
T helper (Ty1) cell response that ensures
production of the macrophage-activating
cytokine interferon y (IFN-vy), which is
required for cure (3). In contrast, suscepti-
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ble BALB/c mice develop a T2 cell re-
sponse that is incapable of mediating para-
site clearance and that interferes with the
actions of Ty;1-derived cytokines, primarily
through the production of interleukin-4
(IL-4) (4).

The importance of Tyl cells for the
development of protective immunity
against infection with L. major has been
confirmed by means of clonally derived par-
asite-specific T cells. After adoptive trans-
fer, a number of parasite-specific CD4™"
Ty! cell clones and lines protected suble-
thally irradiated BALB/c mice (5, 6). Al-
though protective T cell clones belong to
the Ty1 subset, some parasite-specific Ty;1
T cell clones are not protective and even
exacerbate the disease (7). Taken together,
these results suggest that the ability of T
cells to eliminate L. major from the infected
host depends both on the cells’ fine speci-
ficity and the type of cytokines that they
secrete after antigen stimulation.

To identify antigens capable of eliciting
this protective T cell response, we identi-
fied the parasite antigen recognized by the
protective T cell clone 9.1-2, a Tyl clone
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derived from spleen of BALB/c mice that
had been vaccinated with an antigenic frac-
tion separated from a soluble extract of L.
major promastigotes (6). This T cell clone
uses a heterodimeric Vg4, V.8 T cell anti-
gen receptor (TCR) representative of the
clonotypic, restricted TCR expansion that
occurs early after the infection of mice with
L. magjor (8). We used L. major promastigote
mRNA to construct a complementary
DNA (cDNA) library in prokaryotic ex-
pression vector pET3a-89 (9). This vector
was designed for the high-level expression
of cloned ¢cDNA molecules in Escherichia
coli as fusion proteins containing an epitope
from influenza hemagglutinin (HA); this
epitope is recognized by monoclonal anti-
body (mAb) 12CA5 (10). Pools of 5000
transformants were grown, and the expres-
sion of recombinant proteins was induced
after infection with a recombinant \ bacte-
riophage carrying the T7 DNA polymerase
gene. The recombinant proteins were puri-
fied from crude bacterial lysates by means of
affinity columns and dialysis against isoton-
ic buffer (11).

We incubated bone marrow—derived
macrophages from BALB/c mice (12) in
the presence of pools of recombinant pro-
teins with mAb 12CA5 to facilitate tar-
geting to MHC class Il compartments
through Fc receptor (FcR)-mediated in-
ternalization. Subsequently, LMR 16.2 T
cell hybridoma cells, which were derived
from the parasite-specific Ty;1 clone 9.1-2
(13), were added, and the supernatants
were screened for IL-2 secretion as an
index of T cell activation. Three pools
from ~150,000 cDNA clones induced
IL-2 secretion that could be abolished by
the addition of mAbs to I-Ad. Antigen-
presenting cells from mismatched MHC
class II mice (C57BL/6, CBA) did not
stimulate IL-2 secretion from LMR 16.2 in
this assay. One of the three pools was
sequentially fractionated and rescreened
until a single colony (clone 23.12.10.33)
that gave rise to IL-2 secretion by hybrid-
oma LMR 16.2 was identified.

The recombinant protein expressed by
this clone had a molecular size of 24 kD.
Incubation of the purified protein with
LMR 16.2 or clone 9.1-2 resulted in the
release of IL-2 or IFN-y, respectively, in a
dose-dependent manner (Fig. 1). Produc-
tion of IFN-v was inhibited by incubation
with mAbs to either I-Ad or CD4 (14). No
IFN-y was generated when cells were in-
cubated with recombinant ovalbumin that
had been fused with the HA epitope and
produced in E. coli by the same method
(14).

The 950—base pair (bp) cDNA insert
from clone 23.12.10.33 hybridized to two L.
major transcripts of 1500 and 1800 nucle-
otides as revealed by Northern (RNA) blot-
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ting. Similar results were obtained with
RNA prepared from related Leishmania spe-
cies, including L. donovani, L. amazonensis,
and L. chagasi (Fig. 2A) (15). Using poly-
merase chain reaction (PCR) technology
and RNA prepared from L. major promas-
tigotes, we isolated a full-length cDNA
clone containing an open reading frame of
312 amino acids (Fig. 3). The predicted
36-kD protein exhibited homology with in-
tracellular receptors for activated protein
kinase C, or RACKSs, that are members of
an ancient family of regulatory proteins
containing regularly spaced Trp-Asp (WD)
amino acid sequence motifs (16). Cloning
of the corresponding cDNA from L. cha-
gasi promastigotes revealed 96% identity
between the two related Leishmania spe-
cies, suggesting that this protein is highly
conserved (Fig. 3). Finally, antiserum
raised against the 24-kD protein expressed
by clone 23.12.10.33 reacted with a 36-kD
protein in both L. mgjor and L. amazonen-
sis promastigote and amastigote lysates
as assessed by protein immunoblotting, in-

—o—-SLA
—e—p24
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IFN-y (W/mL)
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Fig. 1. The 24-kD recombinant protein expressed
by clone 23.12.10.33 triggers the secretion of (A)
IL-2 by LMR 16.2 T cell hybridoma cells and (B)
IFN-y by clone 9.1-2 T cells. Fifty thousand LMR
16.2 or 9.1-2 cells per well were plated in 96-well
tissue culture plates with 10° BALB/c splenocytes
and varying doses of p24 recombinant protein or
soluble L. major antigen (SLA) [prepared as de-
scribed in (6)] in DMEM containing glucose (4.5
mg/ml; Gibco-BRL), 10% FCS, 2 mM glutamine,
penicillin (100 U/ml), streptomycin (100 pg/ml), and
5 X 1075 M B-mercaptoethanol. Supematants
were harvested at (A) 24 or (B) 48 hours and were
immediately assayed for IL-2 or IFN-y activity with
the IL-2—dependent cell line CTLL-2 or a specific
two-site ELISA, respectively. The concentrations of
IL-2 and IFN-y were calculated by comparison with
standard curves generated with recombinant hu-
man IL-2 or murine IFN-y (Gibco-BRL).
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dicating that this antigen, which we des-
ignated LACK (Leishmania homolog of re-
ceptors for activated C kinase), was ex-
pressed in both stages of the parasite (Fig.
2B).
The identification of a potential target of
the early immunodominant response by
CD4"* T cells that use the VB4 V.8 TCR
(8) suggested that vaccination in a manner
that could stably induce Ty1 cell differenti-
ation might provide protection against Leish-
mania infection. Stimulation during subse-
quent parasite challenge could provide in-
hibitory signals for Ty;2 cell differentiation
in response to parasite antigens presented
later in infection. IL-12 has proven effective

Fig. 2. The cDNA insert from clone 23.12.10.33
hybridized to two Leishmania transcripts and cor-
responds to a 36-kD protein that is expressed in
both promastigotes and amastigotes. (A) RNA
blot analysis. Polyadenylated RNA (2 p.g) from L.
major, L. chagasi, L. amazonensis, and L. dono-
vani promastigotes (715) was loaded in a 1% form-
aldehyde agarose gel. After electrophoresis, the
RNA was blotted onto Hybond-N (Amersham),
and the filter was hybridized at 42°C with the nick-
translated insert from clone 23.12.10.33(6 X 10°
cpm/ml). The filter was washed at 65°C in 2X
saline sodium citrate (SSC); nts, nucleotides. (B)

when administered as an adjuvant with un-
characterized soluble Leishmania antigens
(SLAs) in immunizing susceptible BALB/c
mice (17), but protection by a recombinant
protein plus IL-12 has not been demonstrat-
ed. BALB/c mice were immunized in the
right footpad twice with 25 ug of recombi-
nant p24 expressed from clone 23.12.10.33
and 1 pg of recombinant murine IL-12 at 4
and 2 weeks before infection as described
(17). Additional groups of mice received
antigen p24 alone or recombinant ovalbu-
min expressed as a fusion protein with the
HA epitope with IL-12. Recombinant L.
major gp63, an abundant protease expressed
by all Leishmania species (18), was also tested

A B

L. amazonensis
L. chagasi

L. major
Promastigotes

L. donovani
Amastigotes
Promastigotes
Amastigotes

1800 nis . . .
1500 ms:“ '. - <36 k0

L. major L.amazonensis

Protein immunoblot analysis. Lysates were prepared from L. major and L. amazonensis promastigotes
and amastigotes and analyzed by immunoblotting with a rabbit polyclonal antiserum against the protein

expressed by clone 23.12.10.33.
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p36chag.
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Fig. 3. The 36-kD protein is highly conserved among related Leishmania species and exhibits homology
with intracellular receptors for activated protein kinase C (RACKSs). The deduced amino acid sequences
of L. major and L. chagasi 36-kD proteins were aligned and compared with the RACK1 sequence (76).
Residues identical or similar are boxed in gray. Identical residues are in bold. Abbreviations for the amino
acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M,
Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. Dashes indicate spacing for

optimal sequence alignment.
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with IL-12. This antigen did not react with a
panel of L. major—specific hybridomas that
expressed the dominant Vg4, V8 TCR ex-
panded early after infection (19). Control
groups included untreated mice, mice that
received IL-12 alone at the times of immu-
nization, and mice that received antibody to
IL-4 (anti-IL-4) at the time of infection to
induce healing (4). After challenge with 2 X
10° metacyclic promastigotes [purified as de-
scribed in (20)] of L. major, we followed the
course of the disease by measuring the size of
the local lesion with a metric caliper (Fig. 4).

As compared with untreated animals,
mice that received p24 plus IL-12 were
significantly protected from disease, as as-
sessed both by lesion size after 6 weeks
[mean * SEM, 4.7 * 0.4 mm versus 2.6 *
0.3 mm for untreated and vaccinated ani-
mals, respectively; probability (P) < 0.001]
and by recovery of parasites through quan-
titative culture of tissues (mean parasite
burden of 107 and 10° in untreated animals
versus 10° and 10! promastigotes per 1 ml of
homogenate in treated animals in footpad
or spleen, respectively; P < 0.01 for both
tissues). Protection under these conditions
was bimodal, with 72% of mice in two
experiments protected comparably to mice
immunized with SLAs plus IL-12 or treated
with anti-IL-4; the remaining 28% of ani-
mals had slow but progressive local swelling,
although lesions were significantly smaller

51 —a— BALB/c
—eo—p24 +1L-12
—o0— SLA +IL-12

Lesion size (mm)
n w

-

0 1 2 3 4 5 6
Time after infection (weeks)
Fig. ‘4. BALB/c mice immunized with the p24
recombinant protein and IL-12 are protected
against infection with L. major. Groups of 4 to 10
BALB/c mice were infected in the hind footpads
with metacyclic promastigotes of L. major after no
prior treatment (BALB/c); or vaccination twice,
once at 4 weeks and once at 2 weeks, before
infection with the antigens listed with or without
concomitant IL-12; or a single dose of anti-IL-4 at
the time of infection. The size of the local lesions
was monitored weekly with a metric caliper. One
of three representative experiments is shown.
Symbols represent mean + SEM. Abbreviations
are as follows: p24, recombinant L. major-HA fu-
sion protein; SLA, soluble Leishmania antigens;
and gp63, recombinant L. major gp63 protease.

(3.4 = 0.2 mm at 6 weeks) than in untreat-
ed mice. Approximately half of such ani-
mals maintained for prolonged periods (>3
months) continued to control parasite rep-
lication, as assessed both by the size of the

. footpad lesion and by the recovery of para-

sites measured by quantitative tissue cul-
ture. Animals that received p24 without
IL-12, recombinant gp63 with IL-12, re-
combinant ovalbumin-HA fusion protein
with IL-12, or IL-12 alone resembled un-
treated mice during the subsequent course
of the disease. Optimal protection was
achieved with anti-IL-4 or with SLAs with
IL-12, consistent with the ability of these
vaccination protocols to effect priming of
greater numbers of T cells.

Other reports have documented that im-
munologic manipulations that enable
BALB/c mice to control L. major infection
are associated with the down-regulation of
IL-4 expression (4, 21). Analysis of popliteal
lymph node cells from mice vaccinated with
p24 plus IL-12 showed a diminution of IL-4
transcripts as compared with untreated ani-
mals or animals vaccinated with p24 alone
(Fig. 5). Additionally, mice given p24 plus
IL-12 showed an up-regulation of IFN-y
transcripts. Similarly, as assessed by an ELIS-
POT assay (22) to quantitate the numbers of
spontaneous IL-4—secreting cells, we found
that mice vaccinated with p24 plus IL-12
had down-regulated the numbers of 1L-4—
producing cells in the draining lymph nodes
6 weeks after infection (18 *+ 4 per 10° cells)
as compared with untreated mice (67 * 7
per 10° cells) or mice vaccinated with p24
alone (54 =+ 6 per 10° cells). Quantitation of
total serum immunoglobulin E (IgE) con-
centrations by enzyme-linked immunosor-
bent assay (ELISA) demonstrated signifi-
cant reduction in these mice (untreated
mice, 14,000 = 2800 ng/ml; p24 + IL-12-
treated mice, 1200 * 400 ng/ml; P < 0.01),
consistent with the down-regulation of IL-4
production in vivo. Thus, immunization
with this recombinant antigen successfully
redirected the natural development of detri-

Fig. 5. Immunization with p24 redirected the naturally occurring
T2 development in infected BALB/c mice. Popliteal lymph
nodes draining the site of infection were harvested after 6 weeks
from groups of three mice in the designated groups and from
uninfected mice and used for the immediate isolation of MRNA.
After reverse transcription, cDNA was used in a competitive PCR
assay with a polycompetitor construct containing authentic se-
quences for IL-4, IFN-y, and the constitutively expressed control
gene, hypoxanthine-guanine phosphoribosyitransferase (HPRT),
as described (26). A constant amount of competitor was used,
and the input cDNAs were adjusted until the wild-type amplifica-

mental Ty;2 cells in infected BALB/c mice.

Why the 24-kD truncated portion of the
LACK antigen is so effective in inducing
protective immunity remains a matter of
speculation but presumably relates to its
capacity to target the CD4* T cells that use
the Vg4, V.8 TCR and that are clonally
expanded early after natural infection in
BALB/c mice (8). Although we do not
know the biological significance of this
phenomenon, our data confirm that there
occurs a restricted Vg4, V,8 TCR response
to this antigen. BALB/c mice were immu-
nized with p24, and we harvested the lymph
node cells and used them to generate T cell
hybridomas. Seven consecutive hybridomas
that produced IL-2 in response to p24, but
not in response to control ovalbumin re-
combinant protein (that shared the same
vector-encoded leader sequence), were an-
alyzed. All used Vg4, V. 8 TCR hetero-
dimers (23). Although junctional diversity
was apparent, the presumptive peptide-
binding CDR3 regions of the B chain from
all of the hybridomas contained a charged
amino acid motif, consisting of Gln-Glu
(QE) or Gln-Asp (QD). Similarly, five of
six hybridomas established from the lymph
node cells of infected BALB/c mice that
used the Vg4, V,8 TCR contained the QE
motif in the CDR3; one had a charged WD
motif at the same position (8, 23). Such
findings suggest that the Vg4, V, 8 CD4* T
cells expanded during natural infection re-
act to the LACK antigen.

Thus, it is likely that the p24 protein
contains an immunodominant epitope that
represents the target of the early immune
response. The immunodominance of this
epitope presumably accounted for its suc-
cess in protection, in contrast to gp63, an
abundant cell surface protease that was not
protective under the conditions used. Al-
though the cell biology of Leishmania might
underlie our ability to identify a dominant
MHC class II-associated antigen, it is pos-
sible that additional pathogens elicit similar
restricted TCR responses early after infec-

SLA +IL-12
11B11
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8
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Infected
p24
p24 + IL-12

tion product (lower band in each lane on the HPRT gel) from all samples competed equivalently with the
larger competitor sequence (upper band in each lane) after HPRT amplification and separation in an
ethidium bromide-stained agarose gel. These standardized amounts of cDNA were used in repeated
amplifications with primers specific for IL-4 and IFN-y. This allowed us to quantitate the relative induction
of these cytokines among the different samples by their abilities to out-compete the larger competitor
construct amplified from the identical primer pairs. We documented band intensities by imaging densi-
tometry to confirm the visual impressions. 11B11 designates mice treated with anti-IL-4.
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tion. Analysis of the host T cell response,
although indirect, constitutes an approach
to reveal the presence of immunodominant
antigens expressed early after invasion. This
approach would allow vaccine development
to concentrate on eliciting strong immune
responses during subsequent infection to
create the greatest effect in modulating the
developing effector cell response.

The pathology, clinical manifestations,
and course of leishmanial infections are de-
pendent on a complex interaction between
genetically determined virulence character-
istics of the Leishmania species and the cell-
mediated immune responses of the host. In
humans, a small subset of people with L.
brazliensis  brazgliensis  infection develop
chronic, mutilating mucosal lesions of the
nose, face, or oral pharynx (24). Although
infected individuals evidence vigorous de-
layed type hypersensitivity responses to
leishmanial antigens, amastigotes are scant
in these mucosal lesions, suggesting that an
autoimmune response against self-proteins
could occur. The 36-kD LACK antigen is
highly conserved among related Leishmania
species and exhibits strong homology with
the mammalian RACK1 protein. Although
none of the T cell hybridomas against p24
that we have generated react with a murine
RACK1 homolog (14), it is possible that
the high level of conservation between this
mammalian protein and its Leishmania ho-
molog could explain some of the clinical
manifestations of this disease.

We have identified an antigen from L.
major capable of inducing protection
against virulent organisms in susceptible
BALB/c mice. The success of this strategy
relied on a cloning and screening method
for the identification of MHC class [I-asso-
ciated antigens and on the isolation of par-
asite-specific CD4* T cell clones that rep-
resented a class of cells expanded early after
infection. A similar strategy could be used
with other infectious diseases in which pro-
tective CD4-dependent T cell responses
have been described (25), thus paving the
way for the development of new vaccines.
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