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Study of the Safety, Inmunogenicity and Efficacy of Attenuated
and Killed Leishmania (Leishmania) major Vaccines in a Rhesus
Monkey (Macaca mulatta) Model of the Human Disease
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We have compared the efficacy of tweshmania (Leishmania) majeaccines, one genetically attenuated
(DHFR-TS deficient organisms), the other inactivated [autoclaved promastigotes (ALM) with bacillus Calmete-
Guérin (BCG)], in protecting rhesus macaqescaca mulattaagainst infection with virulert. (L.) major. Positive
antigen-specific recall proliferative response was observed in vaccinees (79% in attenuated parasite-vaccinated
monkeys, versus 75% in ALM-plus-BCG-vaccinated animals), although none of these animals exhibited either
augmented in vitro gamma interferon (IRfNproduction or positive delayed-type hypersensitivity (DTH) response
to the leishmanin skin test prior to the challenge. Following challenge, there were significant differences in
blastogenic responses g0.05) between attenuated-vaccinated monkeys and naive controls. In both vaccinated
groups very low levels of antibody were found before challenge, which increased after infective challenge. Protective
immunity did not follow vaccination, in that monkeys exhibited skin lesion at the site of challenge in all the groups.
The most striking result was the lack of pathogenicity of the attenuated parasite, which persisted in infected animals
for up to three months, but were incapable of causing disease under the conditions employed. We concluded that
both vaccine protocols used in this study are safe in primates, but require further improvement for vaccine applica-
tion.

Key words:LeishmanigL.) major - rhesus macaqueBlacaca mulatta- vaccination - attenuated and killed promastigotes -
bacillus Calmete-Guerin (BCG)

Leishmaniasis is one of the major parasitic diseaséact that sustained vector control utilizing large scale in-
targeted by the World Health Organization (WHO). Thereecticide spraying (Dye 1996) in developing countries is
are an estimated 12 million cases worldwide. Two milliorostly and not feasible; (iDeishmaniaspp. readily ac-
new cases occur each year and 350 million people aregaires resistance to antimonial drugs (which despite their
risk of infection (WHO/CID/Leish/98.9 Add.1). Control of toxic properties still remain the treatment of choice); and
leishmaniasis in several (sub)tropical areas is complicatéd) response to treatment varies considerable depending
by the variety of differenteishmaniaspecies and their on the parasite species involved and the clinical form or
diverse clinical manifestations and by the fact that eactage of the disease (reviewed by Grimaldi & Tesh 1993).
parasite species has a unique epidemiologic pattern. Until Leishmania(L.) major is the causative agent of
effective vaccines are available, environmental-orientembonotic cutaneous leishmaniasis (CL) and affects mil-
control measures (such as vector and reservoir contfimns of people in many parts of the world (WHO/CID/
and epidemiologic surveillance) and chemotherapy d&feish/98.9 Add.1). Clinical studies have shown that heal-
leishmaniasis (based on the use of leishmanicidal drugsy of CL and immunity irL. (L.) major-infected patients
will continue to be the best options for prevention andre correlated with increased production of dnd
containment of the disease. Current problems are (i) thesitive leishmanin skin test (LST) response (Kemp et al.
1994). Following convalescence to CL or the resolution of
an induced skin lesion by artificial infection (called
‘leishmanization’), individuals are protected from
subsequent natural or experimental infection (Guirges
1971). These data have suggested that vaccination may
This work was supported by grants from the UNDP/Worlgrove to be the most cost-effective intervention method
Bank/WHO Special Program for Research and Training ifor the prevention of clinical disease. However, preventive
Tropical Diseases, from Fiocruz and from Faperj. vaccination with live parasites produces lesions in a small
The data presented in this paper have been submitted by %ﬁoportion of the vaccinees that requires medical treatment
e Fa o B 0 4o angre aragy. " *(Nagoan ot al. 1972). As a consequence,  this type o
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protective immunity using either inactivated or attenuand vegetables, was fed twice dailje primate facilities
ated live vaccines would be a significant step in the coare maintained according to the guidelines of the Commit-
trol of the disease. The use of nonlivingishmaniavac- tee on the Care and Use of Laboratory Animals of the
cines against New World CL is only in experimental stageBistitute of Laboratory Animal Resources, National Re-
The first field trial in Brazil evaluating the efficacy of asearch Council and Health and Human Services (NIH: MD,
polyvalent vaccine showed that more than 70% of tHdSA).

vaccinees became LST positive, but the study was The experiments were conducted using a protocol
inconclusive by low incidence rate in the control grouppproved by the Institutional Committee of the Center for
(Mayrink et al. 1979). In two placebo-controlled ranBiological Evaluation and Care of Research Animals
domized trials in the Amazon region of Brazil the resultSCEUA-Fiocruz, Protocol # P0048-00). The monkeys were
showed 23% and 60% protection, respectively, but eaaleclimatized to the laboratory conditions for at least two
study failed to reach statistical significance (Antunes ateeks before the experimental procedures were begun.
al. 1986). In a more recent human leishmanial vaccine trisdlonkeys were anaesthetised before infection and prior
in Equador (Armijos et al. 1998) the protective efficacyo each sampling or testing procedure. Animals were
obtained (of 73% at one year) indicates this may beigitially restrained in their cages, and subsequently they
promising approach. In contrast, a vaccine consisting wfere given, intramuscularly, Ketamine (Ketalar: Ketamine
a single dose of whole-cell ALM mixed with BCG washydrochloride; Parke Davis; 15 mg/kg body weight) for
recently shown to be ineffective in a controlled large scabnesthesia.

human trial in Iran. The preferential protective efficacy (of = Vaccine preparation The genetically attenuatéd
18% and 78% for the first and second years, respectivelyf)e of L. (L.) major testedhere was a non-revertible
observed in boys during the study period may hawemozygouslhfr-ts (-/-) mutant organism devoid of drug
resulted from a greater booster effect produced hgsistant genes (Gueiros-Filho & Beverley 1996). Attention
repeated exposure to infected sand flies (Sharifi et alas focused to avoid parasite contamination of/the
1998). In a second trial (Momeni et al. 1999), LSTine (which was cultivated under controlled conditions
conversion was significantly greater in vaccinees than and the authenticity oflhfr-ts culturestested by
the BCG group (36.2% vs 7.9% on day-80 and 33% whecking for thymidine auxotrophy). Parasites were also
18.5% after one year, respectively), but cumulative incmonitored with PCR analysis fBHFR-TS gene [using a
dence rates for 2 years were similar in both groups (188%flanking forward primer (SMB389) combined with both
vs 18.5%). These observations indicate therefore th@MB390 (eDHFR-TS3'-flanking) and SMB391 (an inter-
there is still much to be done for assessing the effectivieal) reversal primers, which give different DNA sizes] prior
ness of vaccination in the absence of natural challeng® induce infection.

Nonhuman primates appear to have significant advan- The autoclaved. (L.) major (ALM) vaccine was pre-
tages over conventional laboratory animals in terms gfared as reported (Sharifi et al. 1998), but using the strain
modeling CL for purposes of vaccine evaluation. The&V39 (MRHO/SU/59/P). Freshly suspended BCG produced
Asian rhesus macaqued.(mulattg are quite susceptible by Fundacado Ataulfo de Paiva (Rio de Janeiro, Brazil) was
to leishmanial infection, develop a human-like diseasgdded to each vaccine vial just before vaccination. The
(namely, the self-healing CL and resistance to homologodsse of BCG administered corresponded to one-tenth of
challenges), exhibit antigen-induced T lymphocyt¢he standard dose used for vaccination against tubercu-
reactivity both in vivo and in vitro (Amaral et al. 1996,losis, equivalent to 5 x f@olony forming units (CFU).
2001), and can be protected quite effectively b¥he final formulation contained either 1 mg ALM + this
Leishmaniavaccination (Kenney et al. 1999, Camposdose of BCG or the same dose of BCG alone.

Neto et al. 2001). The present study was aimed to compare Vaccination groups and injectior-total of 32 young
the safety and protective potential of two(L.) major adult rhesus macaques of either sex were used in this
vaccines (one attenuated parasites, the other heat-kilEddy. Animals were separated into five groups and each
promastigotes + BCG) in the rhesus monkey model of tiggoup was inoculated as follows: Group A (n = 8), injected
disease. The induction of parasite-specific immunwith attenuated parasites; Group B (n = 8), injected with
responses was assessed following vaccination atlM + BCG; Group C (n = 6), injected with BCG alone;
challenge infection with virulent. (L.) major. and Group D (n = 6), unvaccinated control (injected with

MATERIALS AND METHODS :saline).,AdditionaIIy, four naive monkeys were used as

] ) o normal’ controls.

Animals - Primates used in this study were laboratory- - Taking in account previous studies showing either
bred and -reared young adult (3- to 10-year-old, weighingie dose effect of the mutalnt (L.) major (Titus et al
between 4,360 and 14,420 g) rhesus macalyuesiflattd  1995) or route for administration on the evolution of CL in
obtained from the Oswaldo Cruz Foundation Primate Reéhesus monkeys (Amara| et al. 1996, 2001)7 we used a
search Center (Rio de Janeiro, Brazil). Experimental aﬂjaccine Consisting of a Sing|e dose oft Hitenuated
mals were housed indoors in individual steel squeezgarasites, inoculated in above the left eye. The virulence
back cages in a temperature@%— and humidity (60 + of the dhfr-ts mutantis attenuated when compared to
5%) — controlled environment. Water was provided askrain LV39 (clone 5 line), requiring about 10-fold more
libitum via an automatic watering system, and High Pryarasites to give similarly rapid progression of the disease
tein Monkey Diet (NUVILAB; Ministério da Agriculturae in mice (Titus et al. 1995). Following a standardized
Reforma Agraria, Brasil), supplemented with eggs, fruitgaccine protocol used in humans (Momeni et al. 1999),
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the ALM + BCG vaccine was given in three doses (at 30-lowLab). Radioactive incorporation into DNA was
day intervals) in the left deltoid muscle region. determined by liquid scintillation spectrometry. Results
Challenge infection- The strain LV39 (MRHO/SU/ are expressed as the stimulation index (SI, mean cpm
59/P) of L. (L.) major was used in the challengestimulated cultures/mean cpm unstimulated cultures). To
experiments. The strain was typed by serodeme addtermine significance, data from the lymphocyte
zymodeme analyses (Grimaldi et al. 1991) in our laboratopyoliferative responses (LPR) of vaccinated and/or
before being used for infection. The parasite washallenged monkeys were compared with those of naive
maintained by serial subcutaneous passage in hamstarsimal controls using the unpaired Studetitast.
To obtain suspensions of promastigotes for infection, Cell supernatant IFNsproduction by stimulated cells
tissue from chronically infected hamsters was cultureagnd measurements of IFNvere determined as described
initially in NNN blood agar medium. When promastigotegAmaral et al. 2001). Briefly, purified PBL were adjusted to
appeared, the parasites were passaged (no more tBan10f cells mt! in medium and stimulated with either
three times) into Schneider’s Drosophila medium (GibcopHA-P or SLA. Cell culture media were pooled from
supplemented with 10% heat-inactivated fetal bovinduplicate wells after 72 h of stimulation. A rhesus monkey
serum. Parasites were harvested (stationary phaskiN-y ELISA immunoassay kit obtained commercially
washed three times using centrifugation in phosphatéBiosource International, Camarillo, CA) was used for the
buffered saline (PBS), and counted in a Neubauér vitro determination of IFN¢ in the supernatants.
hemocytometer before use for infection. Primates weStreptavidin-peroxidase (HRP) conjugate and stabilized
each infected in above the right eye by intradermahromogen, tetra-methylbenzidine (TMB) substrate were
inoculation of 1 x 1@promastigotes in 0.1 ml. used for detection, as per the manufacturer’s instructions.
Safety and immunogenic assay$o- evaluate the  Antigen-specific serum antibody (Ab) concentrations
inability of attenuated parasites to cause disease Were determined by adapting a standard ELISA technique
primates, the infected monkeys were examined every@ detect rhesus immunoglobulins (Amaral et al. 2001),
days during 2 weeks following vaccination and thegising microtiter plate wells coated with SLA, sera of
weekly. Parasitological cure was determined using PGigesus monkeys (1:50 dilution), and diluted rabbit anti-
parasite DNA amplification in skin biopsy samples (Plfmemonkey immunoglobulin G (IgG)-peroxidase (Sigma
etal. 1999) from inoculation site and/or histopathologicathemical Co., St. Louis-MO, USA). The reaction was re-
analysis. o i , vealed with biotin-avidin peroxidase system. The sub-
‘Analyses of specific immune responses in experiment&ate consisted of 0.04% OPD and 0.012% hydrogen per-
animals were performed prior to vaccination, every 2-gyiqase in phosphate-citrate buffer, pH 5. The lower limit
wee_ks foIIowmg_v_accmatlon_unt|I week 18 (evaluation ofy¢ positivity (cut off) was determined by the mean of the
the immunogenicity of vaccine), then at 3, 8, 13, and Zbgative control + 2 s.d. Moreover, the immunoreactivity
weeks after the challenge infection (evaluation of immunitys corum antibodies to leishman{&M39) antigens was

after vaccinat!on). h | d . _determined by Western blot analysis as described (Amaral
DTH reaction to the LST was evaluated as previously, 51 1996). The nitrocellulose strips were incubated with
described (Amaral et al. 2001). The leishmanin antig

[consisting of pooled heat-killet. (L) major L. (L.) &%ra, then with rabbit anti-monkey IgG-peroxidase conju-

iandL. (Vianni . oot gate. After rinsing, strips were developed in a satured
amazonensignat.. ( _|ann|a) guyanensgromastgotes o, siqn of 3,3'-diaminobenzidine in Tris-HCL buffer con-
suspended in PBS with 0.5% phenol] was prepared at erning 0.01% HO
Fiocruz (Biomanguinhos Unit), Brazil. A volume 0.1 ml . A . :
containing 5 x 10 parasites was injected into the IeftI Pathology- The size and appearance of leishmanial

: S : sions (lesion development) was followed sequentially in
forearm. DTH reaction (skin induration) was measured g ; : .
the site of injection after 72 h. all challenge-infected animals. Lesion area was calculated

The methods followed for peripheral blood leukocyt si'ng t_he fgrmulaurlrz, as described (Amaral et al. 1996).
kin biopsies were removed from the border of cutaneous

PBL) preparations and in vitro lymphocyte blastogenes]s . . .
gssay)/:? wgre those as describet)j/ (A?mareill etal. 19%6). Rons during active stages (3 and 6 weeks post challenge)

soluble leishmanial (strain LV39) antigens (SLA) for inus'ngﬁ.a 4-mm punch and fixeddifn 10% buff(laretzjformar:in. |
vitro blast transformation and ELISA assays were prepared” 211N Sections were prepared from central and periphera
as described by Dennis et(d1986). Briefly, promastigotes 2°"€S Of the lesion and stained with hematoxylin-eosin.
were washed and suspended at a final concentrationfé@’ PCR analysis, genomic DNA was extracted from bi-
10° mIlin PBS and sonicated at 14-18 amplitude microrf@PSY fragments using an anion-exchange chromatography
for five periods of 45 sec each on ice. The sonicafPin-column following the manufacture’s instructions
preparation was centrifuged at 10,000g for 30 min. Purifidé’harmacia, Upsalla, Sweden). Final DNA pellet was sus-
PBL were cultured in the presence of an optimal cultu@®@nded in 20 ul of 10 mM Tris-HCL/ImM EDTA
concentration of mitogen (PHA-P at 12.5 pglrigma)  PH 8.0, and stored frozen a_tOEDunuI use. A hot-start

or SLA (10 pg protein/well). Cultures were incubated &t CR was performed using oligonucleotides that anneal to
37°C in a humidified atmosphere containing 5%.3ar the origin of replication of both strands of the minicircle
three days in the case of mitogen or for four days in t@olecules as previously described (Pirmez etal. 1999).
case of antigens. The cells were pulsed iifithymidine Statistical analysis When appropriate, Student's
(Amersham, Co., U.K.; 1 uCi/well; 5 uCiM) over the last unpaired t test was used to determine the statistical sig-
18 h and harvested onto glass fiber filter mats (TiterteRificance of the differences between groups.
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RESULTS L. (L.) majorvaccines resulted in th&imulation of a

Vaccine safety The monkeys were vaccinated inParasite-specific Iymphoproliferative response in a high
groups, as indicated (Fig. 1). The attenuéte(d.) major percentage of vaccinated monkeys (Fig. 2). It was found

vaccine dose was given as a single 0.1 ml s.c. injecti@nVe"y high degree of variability in the level of T-cell

(containing 18 stationary phase promastigotes) in abovEESPONsiveness by individual over time, but a mean
the left eye on day 0. The ALM + BCG vaccine was giveHOS|tlylty rate of 93% was detected by 10 weeks followmg
in three doses administered at 30-day intervals, while t§@ccination. The overall lymphocyte blastogenesis

other groups (treated similarly with either BCG alone dfoSitivity (measured at 4, 10, 15 and 18 weeks post-
saline) served as controls. vaccination) in attenuated parasite-vaccinated monkeys

Using PCR assay follow-ups (data not shown), w&as 79% (versus 75% in ALM + BCG-vaccinated animals),

monitored the estabiishment and resolution of infectioffnile the positivi][y rates meﬁsurec_i at 18 weekso post-
caused by attenuated parasites. The results indicate ffggcination V\_/erle owe”r in bot hvahccme groups (67% and
the infection persisted in all attenuated parasite-vaccinatet 0: respectively). Following challenge, groups receiving
animals for up to 2-3 months, nonetheless they welaccine had higher but similar levels of in vitro lymphocyte

incapable of causing disease in susceptible monkey§SPONSE, €xcept at one time point (8 weeks p.i.) when

Leishmani2DNA was not detected at the site of inoculatioratt€nuated.. (L.) major-vaccinated monkeys had

by 18 weeks following vaccination. The histopathologic 'gn'f'C?‘”t'y (P <0.05) higher Sl values as compared with
findings at this time point of infection showed a non-specifit'® Saline group.

focal mononuclear cell infiltrate in the dermis, which
included small lymphocytes clustered around post capillal
venules of the vascular plexus (Fig. 5E).

There was no severe post-vaccination reaction in tt, 604 —B— killed vaccine
two experimental groups that had received BCG, such ¢ | ¢ BCGalone
those (induration, ulceration, or secretions at the injectic$ —*— control
site) usually associated with BCG vaccination in humars °
(Armijos et al. 1998, Momeni et al. 1999). Side-effects duz * |
to the local inflammatory reaction (such as redness ar? x|
swelling), mostly confined to the initial three days, were |
more marked and frequent in the ALM + BCG-vaccinate ]
group as compared to the controls. T . w1 . s n a

Immunogenicity The DTH reaction to LST was used Weeks post-vaccination and post-challenge
as in vivocorrelates of cellular immunity. As illustratedrig. 2: proiiferative responses in vitto soluble leishmanial antigen
(Fig. 1), abortive infection with the attenuatedL.) major  of peripheral blood leukocytes from experimental rhesus monkeys
and/or periodic boosting in vaccinated monkeys usingior to and following vaccination and challenge infection. Results
nactivated parasites did not promote LST conversioffe ©0resse a e stmaton e (S mean com st
bu_t DTH responses develc_)ped m_ all (_:ha"enge'mfe(:t an = SE of 8 (vaccinees) or 6 (controls) monkeys. The animals
animals. However, the LST induration size values (meanggere challenged withirulent Leishmania (L.) majoon week 18
SE) were not significantly different (p > 0.05) in vaccin@ost-vaccination, as indicated (arrowgignificant difference (p <
groups when compared with controls. In contrast, bofh05) compared with the saline (control) group.

701 —a— live vaccine

14

12 1 A livevacdne Following vaccination, however, no evidence of Ag-
—8—kiledvaccing » specific IFNy response was detected in monkeys from
—4—BCGdore either experimental group when compared with healthy
— ¢ control : monkeys (data not shown). In fact only three animals from
1 each vaccine group, after challenge, produced y40-
80 pg/ml) above the level found at time zero or in healthy
control monkeys (10-15 pg/ml).
The serum levels of specific antibodies against SLA
were assessed by ELISA at different time points following
o 4 1 5 1 s s 15 o vaccination and/or challenge infection (Fig. 3_). All
Weeks post-vaccination and post-challenge experimental groups developed at least a 2-fold increase
Fig. 1: leishmanin skin test responses were measured to assess Ie%ég-speuflc IgG tltgr by 10 weeks po_st—yaccmatmn, Wh_lle
of cell-mediated immunity in vivo developed in experimental rhesuth€ saline group failed to develop significant antibodies
macaques following vaccination and/or challenge infection (at thbefore challenge. Three weeks following challenge, all
time point indicated by arrow)_vx_/ithe_ishmania (L) major_A_nimaIes roups had h|gher levels of Specific ahn(L) major
\r/]vere measured at 72 h after injection of 0.1 ml containing 5°x 1 ntibodies, but IgG responses in vaccinated monkeys
eat-killed promastigotes into the shaven area of the right forearm
and results are expressed as the diameter of skin induration \ygre not above those of the controls. The amount of Ag-
millimeters. Each point represents mean + SE of 8 (vaccinees) 8pecific IgG antibodies continued to increase during
6 (controls) monkeys. active infection (peaking at 8 weeks p.i.), after which lev-
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els declined in animals with healing lesion. Western blo#). A typical ulcerating nodular CL lesion progressed
analyses of SLA were performed employing immune serapidly (peaking at 5 to 8 wks p.i.) and subsequently
from monkeys at various times post-vaccination and/eegressed and healed (most of the skin lesions had
after challenge (data not shown). The IgG antibodies prdisapeared from infected animals by 11 wks p.i.).
duced byL. (L.) majorchallenged animals bound to mul-  Distinct histopathological patterns were observed
tiple components (bands ranging from 35 to 210 kDAQuring lesion development lin (L.) majorinfected rhesus
most notably &eishmaniantigen of 35 kDA, which was monkeys, but similar pathologic features were found at
also recognized by sera from vaccinated animal groupkin lesion biopsies obtained among control and
collected prior to challenge infection. vaccinated animal groups. In early phases (3 weeks p.i.)
of developing ulcerated skin lesions, a non-specific
S rw——— chronic mononuclear infiltrate predominate in the dermis,
—&— kiled vaccind which evolved to the formation of tuberculoid-type granu-
—+—BCG alone lomatous nodules (Fig. 5F), then representing the princi-
—¢— conwo pal feature in late stages (8 weeks p.i.).

DISCUSSION

The enhanced protective immunity following self-
healing CL is attributed to the development of a strong

2,0 q

1,5

OD (450 nm)

1,0 4

0,5 4

# 5/ : h .
on [T =t Leishmaniaspecific CD4 Th1 cell response (Kemp et al.
T e 4 w15 18 s s 1m 2 1994). Although results from animal studies can not be
Weeks post-vaccination and post-challenge directly extrapolated to human disease, the use of

Fig. 3: changes in serum levelslafishmaniaspecific IgG antibodies apprqprlate ammal models in evalgatlng th,e efflcacy of
in rhesus macaques detected among vaccine and control groug@ndidate vaccines can be very informative. Current
Each point represents the optical density value (mean + SE) at 488search employing rodent (Gurunathan et al. 1998) and
nm (ODy50 of sera from 8 (vaccinees) or 6 (controls) monkeygrimate (Kenney et al. 1999, Campos-Neto et al. 2001,
tested (1:50 dilution), as determined by enzyme-linke¢sichary et al. 2001) models is providing the foundation
immunosorbent assay. Experimental animals were challenged wi di desi d defini . .
virulent Leishmania (L.) majoat the time point as indicated by 107 Studies designed to defining vaccine requirements
arrow. (such as candidate antigens and adjuvants or delivery
systems) for sustained cellular immunityLisishmania
Efficacy - The poor response to vaccination (usin infection.
y P P Y The only prophylactic vaccination strategy so far

either attenuated or killed vaccine) obtained was eVideQanloyed in humans with proved success against CL has
when lesion development was followed over time afterrequired prior controlled induction of disease with a

challenge infection with virulenk. (L.) major. As ; :
) X : virulent parasite (Naggan et al. 1972). Both cellular and
lllustrated (Fig. 4), all of the animals developed CL at th umoral immune response to leishmanial antigens (Green

site of infection (Fig. 5A-D). The time of skin lesion onse tal. 1983) and resistance to reinfection usually developed

and healing was similar in infected monkeys from eitheg '\ o - inees (Naggan et al. 1972). Clinical and field studies
control or experimental groups. Although vaccinate dicate that nonlivingLeishmaniavaccines are

animals (in particular those receiving ALM + BCG) showe% arently safe and possess immunogenic properties, but

accentuated disease (Fig. 5B), the mean lesion SIZ€ i protective efficacy is unclear (reviewed by Grimaldi

different time points of infection in vaccine groups V‘.’ai995). Positive DTH response to the LST developed in
hot significantly different from the control groups (F'g'vaccinees, which seems to increase the recipient's chance
of being protected (Armijos et al. 1998). However, whether

180 - . . . .
nonliving Leishmaniacan promote similar levels of

160 —a— Live vaccine . L5 . . ..
140 | —= Kiled vaccine immunity in humans as virulehtishmanias at present
120 | o Bosane unknown.

Problems associated with the use of a virulent vaccine
could be avoided using recombinant attenuated
LeishmaniaThe successful immunization of susceptible
strains of mice (Titus et al. 1995) with(L.) majormutants
lacking the dihydrofolate reductase-thymidylate

— ‘ ‘ synthetaseHFR-TS by gene replacement (Gueiros-
0 3 5 8 11 13 15 A .
Weeks postinfections Filho & Beverley 1996) has established an approach us-
Fig. 4: time course of skin lesion development Macaca mulatta Ing r_atlonally-de&gned se}f_e avirulent vaccmelsensh-
monkeys injected with either attenuated or killeeishmania Maniavacinology. The ability oflhfr-ts parasites to in-
vaccine, and in control monkeys, after challenge with 10(L.) vade macrophages and persist briefly in the animal host

major virulent promastigotes. The animals were inoculateggr yp to three months [as shown in both rodent (Titus et
intradermally on the upper eyelid at weeks 18 post-vaccinatio

(arrow indicates start of the challenge infection). Lesions werél' 1995) and primate models (th|$ StUdy)] may reflect a
scored by calculating the total lesion area as indicated (see MateriEPé:USj3peC|f|C advantage Of_ genetlcal_ly att_enuated para-
and Methods). Data are mean + SE of 8 (vaccinees) or 6 (contro&ifes in prolonging the period and diversity of antigen

monkeys. delivery byLeishmaniaConsidering the potential appli-

100
80 -
60 -
40 4
20 -

0
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cation of this vaccination approach to humans, the first Our results demonstrate that both vaccine protocols
guestion that we addressed was whether primates abaere able to induce positive parasite-specific recall
tively infected with the mutant parasite would be proproliferative responses in vaccinated monkeys, but neither
tected against subsequent challenge with virdle(t.) enhanced production of IF)Nby responding lympho-
major. Our rationale to have comparatively tested the ALMytes nor LST conversion was detected in vaccinated or
+ BCG vaccine was based on the current question whetlventrol animal groups prior to the challenge. Immunity
inactivated parasites would promote similar levels aid not follow vaccination, since neither of these groups
protection in monkeys as living parasites. was protected against CL. In our previous studies (Amaral

" MET L

Fig. 5: self-healing cutaneous leishmaniasis in rhesus macaques following challengeistithania(L.) major. Shown are pictures of skin

lesion development at 8 week p.i. among experimental groups. A: monkey vaccinated with attenuated, live parasites; B: monkey
vaccinated with ALM + BCG; C: monkey immunized with BCG alone; and D: monkey unvaccinated control (injected with saline). Also
shown are microscopic characteristics of the inflammatory reactions in a monkey injected with attenuated parasites, asydbsected
weeks following vaccination (E) and in a control animal challenged with virdlei§t.) major (F). Note in this section (F) from a
developing skin lesion (D), a mononuclear cell infiltrate containing differenciated macrophages (arrows) in the dernhisf gymieh-

mediated immune response-induced granuloma reaction. Hematoxylin and eosin stain; bar = 50 ym.
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et al. 1996, 2001), both. (L.) amazonensisandL. (L.) vaccine via intravenous injection was due to potential
majordnfected rhesus monkeys that had recovered froproblems that would be associated using this vaccine
skin lesions developed clinical resistance to homologoysotocol in humans. Another factor that can influence
challenge, indicating that acquired protective immunityaccine-induced protection is the time between the last
against the parasite occurred. Moreover, excellent prota@ccination and challenge infection. In the murine studies,
tive effects of vaccination of rhesus monkeys have beamimals were challenged one week after vaccination (Titus
obtained when a mixture of IL-12 and alum is combineet al. 1995, Veras et al. 1999), while in the present study
with either heat-killed.eishmanigromastigotas (Kenney monkeys were not challenged until four months after the
et al. 1999) or recombinant parasite antigens (Campgsimary infection with attenuated parasites. However, at
Neto et al. 2001). the same time intervals, the abortive infection persisted,

A likely explanation for the failure in promoting as well as specific proliferative responses were detected
immunity is that none of the immunizing regimens used iim a proportion of attenuated parasite-vaccinated mon-
this study stimulated a Thl response and, askays (67%).
consequence, primates could not control the subsequentWhether the intensity of duration of the elicited
challenge. In rodent models, protective immunity isesponses and their roles in ALM-plus-BCG vaccine-
dependent on the ability to mount an IL-12-driven ¢D4induced immunity may vary according to the nature or
type 1 helper T-cell (Th1) response (Reed & Scott 2000Jose of the BCG used as adjuvant, or the genetic variability
Unlike as it occurs with proven protective immunity inof the host remains to be established in primate models.
self-healing CL (Kemp et al. 1994), in the present studyhe protective potential of killeld (L.) majoralong with
little or no IFNy was detected in tested animals, whicBBCG was also evaluated agaihs(L.) donovanin Indian
may indicate a limit of the model. Nevertheless, it is verlangur monkeys (Dube et al. 1998). All challenge-infected
possible that this could in fact represent a false-negatipeimates developed infection, but effective protection was
result, either because the time point to measure thpparently observed in monkeys receiving a triple dose
cytokine was not the optimal one, or because the kit waaccination (each of 1 mg ALM plus 1 mg BCG). In our
not sensitive enough to detect its production. experiments the dose of BCG used was much lower, but

Studies with the vervet monkey model for CL haveeveral consistent patterns of sensitivity development
demonstrated that resistance to the challenge in this aniroalld be discerned in healthy rhesus macaques that had
system is correlated with a Thi-like activity response asceived 3.9 x 1DCFU of BCG vaccine, as described
revealed by an increased production of NfHWy the (Chaparasetal.1975).
responding T cells and strong DTH responses (Olobo et With respect to humoral response, a 2-fold increase in
al. 1992). However, more recent data suggest thAg-specific IgG titer was seen in all experimental groups,
protection against CL in either vaccinated rhesusut only by 10 weeks post-vaccination. These data are
macaques (Kenney et al. 1999) or vervets (Gicheru et similar with those obtained in field studies (Sarples et al.
2001) may require more than the activatioh@thmania 1994) showing a pattern of anti-leishmanial antibody titers
specific IFNy-producing T cells. Of special interest areconsistent with a response to the skin test antigen.
more recent data from vaccine trials in the rhesus monkey For evaluating the safety of both vaccine protocols, we
model combining recombinahtishmanieantigens with have examined all tested monkeys for side effects over time
IL-12 and alum as adjuvants (Campos-Neto &(f1). In  following vaccination and challenge infection. Injection of
those experiments, the immunizing regimen was fullgither one dose attenuated parasites or three doses ALM
effective, but neither augmented Ag-specific IFN-with BCG, or BCG alone used in this study was not
response nor DTH reaction to LST was a good predictiassociated with appreciable skin alteration at the site of
parameter of protection. These data have importaimjection, but vaccination sometimes resulted in
implications for designing or evaluating a vaccine againskacerbation of the skin lesion following challenge. Given
the disease. that none of the monkeys injected with attenuated.)

The relative variability in level of protection inducedmajor developed disease, potentiatipfr-ts mutant
by vaccination against CL is probably due to severgarasites could be used as a delivery system for other
factors influencing the nature of immunity attained. It haantigen and/or adjuvant (e.g., IL-12), which would elicit
been shown that protective immunity induced in micsubstantial Th1-like response in vaccinees. Taken together,
following vaccination is variable according to the size othese observations show that the rhesus model can be
number of immunizing dose, or route of immunization (Lieveffective for evaluating safety, immunogenicity, and efficacy
etal. 1985, Menon & Bretscher 1996). Therefore, succest candidate vaccines against leishmanial infection.
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