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Prospects for New Generation Vaccines for Leprosy:
Progress, Barriers, and Future Strategies

The First Vaccilep Workshop ou the Im-
munology of Leprosy was held in Anan-
daban, Nepal, 29-31 March 1989. Despite
the availability of effective chcmotherapy
for the past three decades, leprosy remains
a major public health problem in many arcas
of the world. An antilcprosy vaccine is con-
sidered a compelling alternative to interrupt
transmission and lead to the eventual erad-
ication of the disease. Many individuais can
mount a protective immune response to in-
fection by Mycobacterilan leprae, and do
not develop disease. Individuais in whom
mycobacteria evade the protective host re-
sponse in various ways are at risk in terms
of clinicai leprosy. These individuais pose
a particular problem when considering vac-
cine development since they may not re-
spond adequately to simple vaccines. This
question and other issues were debated by
the 38 participants vvho reviewed recent
progress in understanding the immunology
of leprosy and considered future strategies
to overcome the barricrs to developing new
vaccines for prophylactic and therapeutic
use.

Progress in basic knowledge
Antigens of M. leprae. The cloning of the

genome ofM. lepra(' as a Àgt 11 expre'ssion
libraryi has had a major impact on leprosy
research since it has led to the idcntification
of a number of recombinant proteins which
react with monocional antibodies devei-
oped using sonicates of whole 1í. leprae.2
A series of proteins known by their Mr vai-
ues, the 70, 65, 36, 30/31, 28 and 18-kDa
antigens, have been identified and their B
and T epitopes are now being determined

' Young, R. A., Mehra, V., Sweetser, D., Buchanan,
T. M., Clark-Curtiss, J., Davis, R. W. and Bloom, B.
R. Genes for the major protein antigens of the leprosy
parasite Mycobacteriutn leprae. Nature 316 (1985) 450—
452.

= Engers, H. D., Abe, M., Bloom, 13. R., Mehra, V.,
Britton, W., Buchanan, T. M., Khalolkar, S. K., Young,
D. B., Closs, O., Gillis, T., Harboe, M., Ivanyi, J., Kolk,
A. H. J. and Shepard, C. C. Workshop: results of a
World Health Organization-sponsored workshop on
monoclonal antibodies to .Ifycobacterium leprae. In-
fect. Immun. 48 (1985) 603-605.

with a view to examining their potential as
diagnostic and vaccine candidates. A sum-
mary of the structure and function of these
protein antigens that emerged from the First
Vaccilep Workshop can be found cise-
where.3 Attention was focussed ou identi-
fying epitopes for two reasons. First„ I/. lep-
rae - specific B-cell epitopes may offer
diagnostic potential, particularly for early
infection. Second, T-cell epitopes cross-
reactive to a number of mycobacteria may
have a wider role in the development of a
general anti-mycobacterial vaccine. In this
regard, the crossreactive epitopes of the 70-
kDa and 65-kDa protein antigens would ap-
pear to be the prime candidates.4'5

T-cell-mediated immunity is the basis of
protection against M. leprae, but the above
proteins were initially defined by murine
monoclonal antibodies. Therefore, it is im-
portant to continue to search for other pro-
tein antigens. Three strategies have recently
been developed. Three groupsó-8 have frac-
tionated protein antigens from sonicated M.
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caryotes. Infect. Immun. 57 (1989) 204-212.
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Embden, J. D. A. and Young, R. A. The etiologic agents
of leprosy and tuberculosis share an immunoreactive
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bons BCG. Infect. lmmun. 55 (1987) 1932-1935.
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munol. Methods 98 (1987) 5-10.
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leprae on the basis of molecular weight and
tested them for cellular reactivity in leprosy
patients and their contacts. This approach
has defined additional putative T-cell an-
tigens which were not previously recog-
nized. Although there is considerable indi-
vidual variation in the antigens recognized,
M. leprae antigens of ME 19-22, 35-40 and
65-kDa8 and 11-16 and 22-26-kDa7 were
important in two studies. A common find-
ing was that some lepromatous leprosy pa-
tients or contacts who were unresponsive to
whole soluble sonicate responded to partic-
ular fractions, suggesting that a "suppres-
sor" constituent of the soluble leprosy an-
tigen had been removed. A second approach
is to purify protein antigens from large
quantities of Al. leprae by chemical means.
Recently, Hunter, Mehra, and co-workers9. '°
have defined a cell-wall-associated protein
complex which is highly immunoreactive
with human T-cell clones. This com plex ap-
pears to contam n proteins of M, 7, 16, and
28 kDa in addition to traces of the 65-kDa
protein. A third approach is to use M. lep-
rae-reactive T-cell clones to screen the AI.
leprae DNA library and by these means, one
new antigen has been identified."

Understanding T-cell function. T cells in
the periphery bear the CD3 marker and most
bind to antigenic peptides in the context of
major histocompatibility complex (MHC)-
encoded molecules.'2 These T cells segre-
gate into two nonoverlapping T-cell sets of
reciprocal phenotype. CD4 T cells recognize
antigenic peptides plus MHC class II mol-
ecules, whereas CD8 T cells are specific for

9 Hunter, S. W., McNeil, M., Modlin, R. L., Mehra,
V., Bloom, Il. R. and Brennan, P. J. Isolation and
characterization of the highly immunogenic cell wall-
associated protcin ofM. leprae. J. Immunol. 142 (1989)
2864-2872.

Mehra, V., Bloom, 13. R., Torigian, V. K., Man-
dich, D., Reichal, M., Young, S. M. M., Salgamc, P.,
Convit, J., Hunter, S. W., McNcil, M., Brennan, P. J.,
Rea, T. H. and Modlin, R. L. Charactcrization of
cobczeterium leprae ccll wall-associatcd proteins with
the use of T lymphocyte cloncs. J. Immunol. 142 (1989)
2873-2878.

" Mustafa, A. S., Oftung, F., Dcggerdal, A., Gil, H.
K., Young, R. A. and Godal, T. Gene isolation with
human T lymphocyte probes. J. Immunol. 141 (1988)
-)729-2733.

Marrack, P. and Kappler, J. Thc T cell receptor.
Science 238 (1987) 1073-1079.

peptides plus MHC class I molecules. An-
tigen recognition is a function of a specific
T-cell receptor (TcR) which in both cell types
is composed of an alpha (a) and a beta (0)
chain.12 There is growing interest in a small
percentage of peripheral T cells which lack
both the CD4 and CD8 markers and use a
different TcR composed of a gamma (-y) and
delta (S) chain, which is normally lost in
most T cens early during development in
the thymus.13. 14 These -y/(5 T cells are less
stringent in their antigen specificity and ge-
netic restriction than the more common af3
receptor-bearing T cens. These -y/ô T cells
appear to bind some mycobacterial antigens
‘vhich belong to the conserved family of
heat-shock proteins, but their role in im-
munity is unclear.'4

The two major effector functions of a03
cells are T-cell help (both for antibody pro-
duction and the activation of macrophages
by cytokines) and direct cytolysis. Helper-T
cells (Th cells) secrete a variety of cytokines
including (interleukin-2) TL-2, IL-3, IL-4,
IL-5, IL-6, and (gamma-interferon) IFN--y.'3
In most cases Th Mis are CD4, although
some CD8 T cells can also provide help.
Cytolytic-T cells (CTL), which are mostly
CD8, lyse their target cells by direct cell
contact." Some CD4 T cens can express
cytolytic function as can CD8 -y/(5 T edis.

Murine helper-T cens have been divided
into two subpopulations, Th 1 and Th2,
based on cytokine secretion patterns,45• but
this separation is not so clear cut in human
T cells. The functional significance of these
observations appears to lie in two direc-
tions: the ability of Th cells to both promote
and inhibit cell-mediated and humoral im-
munity, and the biological activities of cy-
tokines. Arcas of importance to leprosy lie
in analyzing the effects ofcytokines on mac-

13Janis, E. M., Kaufmann, S. H. E., Schwartz, R. H.
and Pardoll, D. M. Activation of T cells in the
primary im mune response to .11yrobacteriwn tuber-
culosi.s'. Science 244 (1989) 713-716.

Raulct, D. H. Antigens for -y/ST cells. Nature 339
(1989) 342-343.

Mossmann, T. R. and Coffman, R. L. Heteroge-
neity of cytokine sccretion patterns and functions of
helper T Mis. Adv. Immunol. 46 (1989) 111.

'6 Kaufmann, S. H. E. Immunity against intracellular
bacteria: biological effector functions and antigen spec-
ificity of T lymphocytes. Curr. Topics Micro. Immu-
no!. 138 (1988) 141.
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rophages, leading to increased killing of in-
tracellular parasites, and in enhancing cy-
totoxicity of killer-T cells.

Until recently, the CD4 Th cells have been
consiciered the major T-cell type mediating
protective immunity against mycobacteria.
In vitro studies using human lymphocytes
clemonstrated that ilf. /eprae-specific CD4
T cens released IL-2 and IFN-y which ac-
tivated anti-mycobacterial functions in in-
fected macrophages:6 This has now been
complemented by elegant immunohisto-
chemical studies showing the predominance
of activated CD4 cells in tuberculoid skin
lesions and their paucity in lepromatous le-
sions:7 However, experimental studies in
mice infected with Al. titherculosis and Al.
lepraelnurium suggest that both CD4 and
CD8 T cells may have a role in protection.'6
These studies highlight the contribution that
accessible laboratory models using other
mycobacteria make to our understanding of
leprosy. Mice selectively depleted of CD8
T cells are more susceptible to mycobac-
teria! infection. Thus, CD8 cells which lyse
infected host macrophages can also be re-
garded potentially as both protective and
harmful. Lysis of the infected host edis may
reduce bacterial growth by destruction of
the cellular habitat of the obligate intracel-
lular pathogen, but this benefit could be at
the cosi of damaging host tissue, such as the
infected Schwann cell. Thus, both re-
sponses, while protective, may lead to in-
flammatory reactions which aggravate the
pathway of clinical disease.

The importance ofcytolytic responses has
been supported by the recent demonstration
of AI. leprae-speci fie CTL in man, but these
were of the CD4 phenotye. 18, 19 Further, in

17 van Voorhis, W. C., Kaplan, G., Sarno, E. N.,
Horowitz, M. A., Steinman, R., Levis, W. R., No-
gueira, N.. Hair, L. S., Gattass, C. R., Arrick, 13. A.
and Cohn, Z. A. The cutaneous infiltrates of leprosy;
cellular characteristics and the predominant T-cell pite-
notype. N. Engl. J. Med. 307 (1982) 1593-1597.

Ottenhoff, T. H. M., Kale, B., van Embden, J. D.
A., Thole, J. E. R. and Kiessling, R. The recombinant
65-kD heat shock protein of Mycobacterium bons ba-
cillus Calmette Guerin/M. tuberczdosis is a target mol-
ecule for CD4+ cytotoxic T lymphocytes that lyse hu-
man monocytes. J. Exp. Med. 168 (1988) 1947-1952.

Hancock, G. E., Cohn, Z. A. and Kaplan, G. The
generation of antigen-specific, major histocompatibil-
ity complex-restricted cytotoxic T lymphocytes of the
CD4+ phenotype; enhancement by the cutaneous

studies of the effects of intralesional IFN
and I L-2 in lepromatous leprosy patients, a
prom i nem feature ■,'as the in flux ofcytolytic
CD4 T cells which lysed the infected mac-
rophages. Liberated bacilli were apparently
phagocytosed and then destroyed by freshly
recruited monocytes.20 2'

The relevance of these findings to vaccine
development is that any subunit or recom-
binant vaccine must be presented in a form
capable of activating the correct T-cell sub-
set or subsets that mediate protective im-
munity.

FILA and the immune response. A major
function of the FILA class I and II molecules
encoded by MHC genes is to present pro-
cessed antigens to T cens and so activate
them.22 Class I antigens, which are present
on virtually ali nucleated cells, bind to CD8
T cens. Class II antigens are restricted to
cens of the immune system, especially den-
dritic cens and Langerhans' cells, macro-
phages and B cens and bind CD4 edis. For
most protein antigens "processing" in-
volves unfolding and/or cleavage of the pro-
tein into peptides vvhich then bind to the
highly polymorphic HLA class I and II mol-
ecules. This complex is then expressed on
the surface of the cell and can react with the
antigen receptor of the T cell. Binding of the
peptides to HLA molecules shows a degree
of specificity in that certain peptides bind
more strongly to certain aneles. This differ-
ential binding may explain the HLA-con-
trolled differences in antigen-specific reac-
tivity among different individuals.23

administration of interleukin 2. J. Exp. Med. 169 (1989)
909-919.

Kaplan, G., Sarno, E. N., Job, C. K., McElrath,
J., Proto, J. A., Nathan, C. F. and Cohn, Z. A. Cellular
responses to the intradermal injection of recombinant
human gamma-interferon in lepromatous leprosy pa-
tients. Am. J. Pathol. 128 (1987) 345-353.

Kaplan, G., Kiessling, R., Teklemariam, S., Han-
cock, G., Sheftel, G., Job, C. K., Converse, P., Otten-
hoff, T. H. M., Becx-Bleumink, M., Dietz, M. and Cohn,
Z. A. The reconstitution of cell-mediated immunity in
the cutaneous lesions of lepromatous leprosy by re-
combinant interleukin 2. J. Exp. Med. 169 (1989) 893—
907.

" Bjorkman, P. J., Saper, M. A., Samraoui, 13., Ben-
nett, W. S., Strominger, J. L. and Wiley, D. C. The
foreign antigen binding site and T cell recognition re-
gions of class 1 histocompatibility antigens. Nature 329
(1987) 512-518.

" de Vries, R. R. P., Ottenhoff, T. H. M. and van
Schooten, W. C. A. Human leukocyte antigens (HLA)
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Because binding to HLA molecules is
necessary for antigen recognition by T cells,
the quantitative expression of HLA mole-
cules may also exert a regulatory influence
ou immune responses. Schwann cells which
normally express only class I HLA mole-
cules can be induced to express class II HLA
antigens on their surface. They could then
act as antigen-presenting cells to the CD4
Th cells leading to immunopathology.

Susceptibility to and expression of lep-
rosy is controlled by host genetic factors.
Evidence for this comes from twin studies,
pedigree analysis and genetic marker studies
(particularly HLA) (reviewed in 23). Where-
as the influence of HLA-linked genes ap-
pears to be predominantly on the type of
leprosy developing in susceptible individ-
uais, a marker for the hypothetical suscep-
tibility gene(s) has not yet been identified.
The molecular basis of HLA control of the
immune response has been demonstrated
using the 65-kDa mycobacterial protein. The
response ofhuman T-cell clones to nine sep-
arate epitopes on the protein was controlled
by a single HLA-DR haplotype in each
case.23 Subjects with different DR haplo-
types respond to a different subset on epi-
topes of the protein. The implication for
vaccine development is that proteins with
a range of epitopes must be included in a
vaccine to ensure that individuais with
varying HLA phenotypes can respond to at
least one epitope on the protein.

Nature of the immunological defect in lep-
romatous leprosy. h is now apparent that
there may be multiple reasons for the un-
responsiveness to the antigens of AI. leprae
in lepromatous leprosy :24-26 a) The macro-
phages of some individuais may lack the
ability to process the antigens of AI. leprae.

and mycobacterial disease. Springer Semin. Immu-
nopathol. 10 (1988) 305-318.

Bloom, B. R. and Mehra, V. Immunological un-
responsiveness in leprosy. Immunol. Rev. 80 (1984)
5-28.

" Modlin, R. L., Kato, H., Mehra, V., Nelson, E. E.,
Fan, X.-D., Rea, T. H., Pattengale, P. K. and Bloom,
B. R. Genetically restricted suppressor T-cell clones
derived from lepromatous leprosy lesions. Nature 322
(1986) 459-461.

Ottenhoff, T. H. M., Elferink, D. G., Klatser, P.
R. and de Vries, R. R. P. Cloned suppressor T edis
from a lepromatous leprosy patient suppress Myco-
bacterium leprae reactive helper T cells. Nature 322
(1986) 462-464.

b) Peptides from the processed antigen may
not bind to HLA molecules in the host cell,
which are then unable to present the antigen
to T cells. c) An individual may lack T edis
that recognize key "protective" epitopes of
M. leprae proteins, leading to a "hole" in
the T-cell repertoire. d) Antigen processing
may result in "inappropriate" antigen pre-
sentation leading to a T-cell-dependent in-
hibition of the anti-M. leprae response. At
present the exact nature of suppressive phe-
nomena in M. lepra(' infection is unclear, as
are the epitopes and cens responsible. How-
ever, the interaction of Th 1 and Th 2 cells' 5

must also be taken imo account.
Suppressor-T cells have been difficult to

demonstrate in the majority oflepromatous
patients, although clones have been isolated
from some leprosy patients.23 24 These
clones inhibit M. /eprae-specific T edis only,
and their effects are restricted by HLA-DR
molecules but not related to the CD4 or
CD8 status of the cens involved. This an-
tigen-specific suppression contrasts with the
nonspecific inhibitory effects of mycobac-
terial lipoarabinomannan on T-cell re-
sponses.27

Issues in vaccine design
Unresponsiveness to vaccine. Subjects in

an endemic region may fail to respond to
vaccines for any of the mechanisms under-
lying hyporesponsiveness in lepromatous
disease mentioned in the previous section.
Therefore in the construction of a vaccine
these potential problems must be consid-
ered to ensure that "susceptible" individ-
uais are adequately immunized. Ap-
proaches to this include ensuring that a) each
protein lias a range of epitopes with a range
of DR-restriction patterns, b) that putative
suppressor epitopes be deleted from pro-
teins, and c) a range of proteins is included
so that subjects who lack responsive T cells
for one protein are able to respond to other
proteins. This emphasizes the need for ex-
tensive study of T-cell antigens in endemic
populations before the inclusion of such

" Kaplan, G., Gandhi, R. R., Weinstein, D. E., Le-
vis, W. R., Patarroyo, M. E., I3rennan, P. J. and Cohn,
Z. A. Mycobacteriiint frprae antigen-induced suppres-
sion of T cell proliferation in vitro. J. Immunol. 138
(1987) 3028-3034.
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proteins or epitopes in a molecularly de-
lined vaccine.

Vaccine delivery. A number of delivery
systems, including vaccinia and recombi-
nant Salmonella, are being tested in other
vaccine programs. Such vacci nes expressing
AL leprae antigens may be relevant to lep-
rosy vaccine development by providing car-
riers for immunization rather than using re-
combinant proteins alone. Recent attention
has focusseci on the possibility that live at-
tenuated I3CG expressing "protective" AI.
leprac antigens may be a suitable carrier for
human use. For example, Jacobs and co-
workers have developeci a shuttle plasmid
which enables foreign DNA to be incor-
porated into a rapidly growing mycobac-
terium's which will allow this possibility to
be tested.

Goals of a new-generation vaccine. 13e-
cause of the long incubation period of lep-
rosy, the goais are: a) to elicit long-lasting
protection from the leprosy bacillus in in-
dividuais prior to the transmission of M.
hprae (prophylactic vaccine); b) to prevent
the development of clinicai leprosy in in-
dividuais already infected with Al. leprac
who may develop the disease (stabilizing
vaccine); and c) to reverse the effects Of the
disease and accelerate self-healing in sub-
jects with undiagnosed clinicai disease
(therapeutic vaccine).

These are different goals and may well
require separate vaccines with distinct
properties. However, in assessing the im-
pact of a candidate vaccine in a community,
these various cffects must be considered.
Vaccination in subjects with subclinical in-
fection or undiagnosed disease may poten-
tiate T-cell-mediated responses against
infected host cells, resulting in immuno-
pathology. This may precipitate clinicai
symptoms so that in the early years after
vaccination there could be an increased in-
cidence ofclinical lesions. In the longer term,
as susceptible subjects are protected from
infection, the incidence of new cases should
fali.

" Jacobs, W. R., Jr., Tuckman, M. and Bloom, B.
R. Introduction of foreign DNA into mycobacteria us-
ing a shuttle phasmid. Nature 327 (1987) 532-535.

Assessing efficacy of new vaccines
Identifying new assays as predictors of

subclinical or early infection. A persisting
problem in assessing the effect of a vaccine
is the ability to distinguish cases of subclin-
ical infection from those who have been ex-
posed and become immune. Initial assays
for antibody to AI. lepra(' did not attain the
desired specificity to detect the low bacillary
load in tuberculoid leprosy.29 The devei-
opment of M. /eprac-specific antibody as-
says followed the purification of a novel
phenolic glycolipid (PGL-V and synthesis
of the immunodominant terminal sugars.3'
Although these antigens can be synthesized
in pure forni and reasonable amounts, there
is still a need to develop synthetic peptide
antigens for AI. /eprae-specific epitopes of
known protein antigens to complement in-
hibition assays which detect antibodies to
specific epitopes, for example, on the 35-
and 36-kDa proteins.32 In this way, it is
hoped that better diagnostic tests will be-
come available for patients at the tubercu-
loid end of the clinicai system.

Thus far, investigations using synthetic
antigens to detect early infections have been
conducted in three endemic regions, Ma-
lawi," Ethiopia,34 and French Polynesia."

" Sinha, S., Sengupta, U., Ramu, G. and Ivanyi, J.
Serological survey ofleprosy and control subjects by a
monoclonal antibody-based immunoassay. Int. J. Lepr.
53 (1985) 33-38.

3° Hunter. S. W. and Brennan, P. J. A novel phenolic
glycolipid from .1lycobacterium leprae possibly in-
volved in immunogenicity and pathogenicity. J. Bac-
teriol. 147 (1981) 728-735.

Fujiwara, T., Hunter, S. W., Cho, S.-N., Aspinall,
C;. O. and 13rennan, P. J. Chemical synthesis and se-
rology of disaccharides and trisaccharides of the phe-
nolic glycolipid antigens from the leprosy bacillus and
preparation of a disaccharide protein conjugate for se-
rodiagnosis of leprosy. Infect. Immun. 43 (1984) 245—
252.

" Klatser, P. R., de Wit, M. Y. L. and Kolk, A. H.
J. An ELISA-inhibition test using monoclonal anti-
body for the serology of leprosy. Clin. Exp. Immunol.
62 (1985) 468-473.

" Burgess, P. J., Fine, P. E. M., Ponnighaus, J. M.
and Draper, C. Serological tests in leprosy. The sen-
sitivity, specificity and predictive value of ELISA tests
based on phenolic glycolipid antigens, and the impli-
cations for their use in epidemiological studies. Epi-
demiol. Infect. 101 (1988) 159-171.

" Menzel, S., Harboe, M.,13ergsvik, H. and Brennan,
P. J. Antibodies to a synthetic analog of phenolic gly-
colipid-1 of Mycobacterium leprae in health■,, house-
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The results of these emphasize the need to
standardize methodology and internai stan-
dards among investigators before the pre-
dictive value ofserological responses in sub-
clinicai disease can be assessed.

The lymphocyte transformation test lias
been the main lu litro assay of T-cell im-
munity in leprosy. The response strengthens
with lymphocytes from tuberculoid patients
and diminishes with cells from those toward
the lepromatous end of the spectrum.3' In
general, occupational leprosy contacts have
a frequency of response higher than that of
unexposed control groups, and this in-
creases with duration of exposure.37 Crude
leprosy antigens contam n many proteins in-
cluding the immunodominant heat-shock
proteins of 65- and 70-kDa.1-5 Therefore, a
positive cellular immune response may be
due to previous BCG vaccination or to ex-
posure to environmental mycobacteria. Al-
though it is likely that an individual with
strong lymphocyte proliferation would de-
velop tuberculoid rather than lepromatous
leprosy, it is not possible at present to dis-
tinguish the T-cell response of a fully im-
mune contact from that of a person with
tuberculoid leprosy.

The study of contacts using individually
purified antigens is increasing. The MLW I
cell-wall fraction from M. leprae, containing
antigen 7, stimulated strong responses in
both tuberculoid patients and healthy con-
tacts, but not in lepromatous patients or
nonexposed controls." Recombinant pro-
tein antigens are nos' being used in assays
with T-cell clones bui the results are com-
plicated by the extent of reactivity at the
T-cell levei. For example, although AI. leP-

hold contacts of patients with leprosy. Int. J. Lepr. 55
(1987) 617-625.

" Chanteau, S., Cartel, J.-L., Roux, J., Plichart, R.
and Bach, M.-A. Comparison of synthetic antigens for
detecting antibodies to phenolic glycolipid I in patients
with leprosy and their household contacts. J. Infecto
Dis. 157 (1988) 770-776.

Godal, T. Immunological aspects of leprosy—
present status. Prog. Allergy 25 (1978) 211-242.

" Godal, T., Lofgren, M. and Negassi, K. Infinune
response to .5/. /eprae of healthy leprosy contacts. Int.
J. Lepr. 40 (1972) 243-250.

" Closs, O., Reitan, L. J., Negassi, K., I larboe, M.
and Belehu, A. In vitro stimulation of lymphocytes in
leprosy patients, healthy contacts of leprosy patients,
and subjects not exposed to leprosy. Scand. J. Im-
munol. 16 (1982) 103-115.

rae-specific clones reactive with the 18-kDa
antigen have been isolated, it is now clear
that the antigen shares an epitope with My-
cobacterium ti and elicits a response in BCG-
vaccinatect European donors.39 The 70-kDa
protein shows extensive sequence homol-
ogy between lí. leprae, AI. tuberculosis and
M. bons (BCG),'• 4 and the 65-kDa protein
from 3/. teprae" also has extensive se-
quence homology with similar proteins from
other mycobacteria. The next step will be
to evaluate synthetic peptides containing M.
/eprae-specific epitopes from these and oth-
er antigens as T-cell antigens in leprosy pa-
tients and their contacts.

Epidemiological evaluation of vaccines.
A thorough understanding of the epide-
miology of leprosy in trial arcas is vital to
the planning for and performance ofvaccine
leveis. It is important that precise defini-
tions ofdiagnostic criteria and survey meth-
odology for case detection be standardized.
Much of the confusion in the literature over
the effects of vaccines, especially BCG, is
because ofmethodological issues. The prev-
alence rates of leprosy vary considerably
within a country and districts, and even be-
tween villages only short distances apart.
The confounding effects of such clustering,
which could be due to genetic or environ-
mental factors, must be considered in the
trial design. The prolonged incubation pe-
riod ofleprosy means that the vaccine's pro-
tective effects will, ifgiven to ali age groups,
only be seen in successive age cohorts. The
stabilizing or therapeutic effect on already
infected individuais will be more immedi-
ate and may include the precipitation ofself-
healing lesions. The vaccine's effect may also
be diluted if multiple infections rather than
a single infection are necessary to produce
disease. The role ofsubjects with subclinical
infection in furthering the spread of infec-
tion is unclear, but may have implications
for assessing vaccine efficacy.

In light of these considerations, Dr. En-
gers (WHO, Geneva) presented the char-
acteristics of the two WHO-sponsored trials
of heat-killed armadillo-derived AI. leprae
with BCG, compared to BCG alone. The

" Mustafa, A. S. Identification of T-cell-activating
recombinant antigens shared among three candidate
anti-leprosy vaccines, killed M. lepra', .5/. banis BCG
and .5/ycobacterium Int. J. Lepr. 56 (1988) 265-273.
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Venezuelan trial is a double-blind trial in a
population of close contacts of known lep-
rosy patients; the Karonga trial in Malawi
is a ranclomized, controlled trial ina general
population. Preliminary residis from these
studies are expected in 1991 and 1995, re-
spectively.

New animal models for testing new lep-
rosy vaccines. The evaluation o f ellicacy of
these and second-generation vaccines in hu-
mans requires 10 or more years with pop-
ulations of 80,000-100,000 people, and are
very expensive. It is worth evaluating the
results of existing trials before new forniu-
lations are embarked upon. Although the
final efficacy of a vaccine must be deter-
mined in man, candidate vaccines or anti-
gens should first be evaluated in an animal
model which reflects some of the charac-
teristics of human leprosy. Assays for T-cell
reactivity, such as lymphocyte proliferation
or delayed-type hypersensitivity, are not
necessarily related to protection. The mouse
foot-pad protection model described by
Shepard4" and Rees4' is currently the best
characterized system for studying protec-
tion, although it lias the drawback that the
infection is minimal and self-limiting.
However, the protective effect of vaècina-
tion with armadillo-derived I. leprae 'as
first demonstrated in this system, and other
candidate vaccines have recently been tested
with it.42-44 The 65-kDa protein of1Í. leprae
was the first recombinant molecule to be
tested as a single protein and was not found
to be protective.43The cell-wall complex re-
cently isolated has been shown to be pro-
tective against foot-pad infection by Gelber

Shepard, C. C. The experimental disease that fol-
lows the injection of human leprosy bacilli into foot-
pads of mice. J. Exp. Med. 112 (1960) 445-454.

41 Rces, R. J. W. Limited multiplication of acid-fast
bacilli in the foot-pads of mice inoculated with .11y-
cobacteriton leprae. Br. J. Exp. Pathol. 45 (1964) 207—
218.

Singh, N. B., Lowe, A. C. R. E., Kees, R. J. W.
and Colston, M. J. Vaccination of mice against My-
cobacterium lepraeinfection. Infect. Immun. 57 (1989)
653-655.

Lamb, F. I., Kingston, A. E., Estrada-G., I. and
Colston, M. J. Fleterologous expression of the 65 kilo-
dalton antigen of .1firobacteriton leprae and murine
T-cell responses to the gene product. Infect. Immun.
56 (1988) 1237-1241.

44 Gelber, R. H., Hunter, S. W., Mohagheglipour, N.,
Murray, L., Siu, P., Tsang, M., I3rennan, P. J. Protec-

and co-workers,44raising the possibility that
protective molecules may eventually be dis-
sected out from this mycobacterium com-
plex.

The immunocleficient, athymic nude
mouse provides another host for AI. leprae
growth and can be developed as a model for
defining the relevance of antigens for im-
munotherapy and, possibly, vaccines.45
Low-dose infection of the foot pad with M.
leprae increases exponentially until satura-
tion of the developing macrophage granu-
toma is reached at approximately 6 months.
Since the nude mouse is thymus-deficient,
M. /eiva(' infections proceed unchecked.
Accordingly, adoptive transfer ofT cells de-
rived from syngeneic, normal mice should
provide a model to study recognition, kill-
ing and clearance off. lepra(' on a delined
cellular and antigen-specific basis. The re-
cem demonstration that Mimai] hemato-
poietic and lymphoid cells can develop in
mice with a severe immunodeficiency dis-
order, SCID,46 could lead to development
of an alternative model for evaluating pro-
tective antigens. Such approaches, com-
bined with available transgenic models, may
lead to the construction of better systems
for testing potential leprosy vaccines.

Ultimately, however, vaccine candidates
need to be assayed in immunologically in-
tact animal models that develop multiba-
cillary leprosy. Only two suei] species are
currently documented —the nine-banded
armadillo and the mangabey monkey. Ar-
madillos are more susceptible to leprosy than
humans, and up to 90% of armadillos in-
oculated with ,1/. Ieprcze develop leproma-
tous leprosy. The manifestations of the
disease in armadillos also suggest hypersus-
ceptibility and, unlike humans where the
disease is confined primarily to the skin and

tion of mice by vaccines from cell walls of Mycobac-
terium leprae. In: Proceedings ai the 28111 Interseience
Confrrenee ou Amuas and Chemother-
apy (1C.-1..10, October 1988, Los Angeles. Washington,
D.C.: ASN1 Publications, abstract no. 1038.

Colston, M. J. and Hilson, G. R. F. Growth of
Mycobacterium lepraeand .1/. marinum in congenitally
athymic (nude) mice. Nature 262 (1976) 399-401.

" McCune, J. M. Namikawa, R., Kaneshima, 1-1.,
Shultz, L. D., Lieberman, M. and Weissman, I. L. The
SCID-hu mouse: murine model for the analysis of hu-
man hematolymphoid differentiation and function.
Science 241 (1988) 1632-1639.
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peripheral nerves, virtually ali major tissues
and organs of armadillos are invaded by M.
leprae.47.48 The high count of infected tis-
sues lias made armadillos the primary source
of leprosy bacilli for the preparation of ex-
perimental vaccines and related studies.
However, there have been no sustained at-
tempts to develop the armadillo as a model
for the evaluation of vaccines or, for that
matter, for testing the efficacy of new drugs
proposed for use in leprosy.

Most armadillos are lepromin skin-test
negative but the 9% which are lepromin
positive show a reduced susceptibility to in-
fection with /11. leprae.'" One approach to
the testing of vaccines in armaclillos could
be to attempt to induce skin-test reactivity
in lepromin-negative animais and, subse-
quently, to test these preparations for their
ability to protect against, or at least signif-
icantly delay, development of infection in
inoculated armadillos.

Objections to the use of the armadillo as
a model for evaluation of vaccines are that
they are expensive to maintain, difficult to
manage in captivity, and can be naturally
infected with M. leprae in the wild prior to
capture. The cost of maintaining armadillos
is greater tilai] the cost of most conventional
laboratory animal species, but much less ex-
pensive than trials in humans. Also, from
the standpoint of time, armadillos could
provide information in 3 years or less on
the efficacy of a preparation and enhance
the likelihood of success in humans. The
natural disease in armadillos lias been ex-
tensively studied,50-52 and appropriate
quarantine measures can minimize the risk

Binford, C. H., Storrs, E. E. and Walsh, G. P.
Disseminated infection in the nine-banded armadillo
(Dasypus novenwinctus) resulting from inoculation with
.1/. leprae; obscrvations made on 15 animais studied
at autopsy. Int. J. Lepr. 44 (1976) 80-83.

" Walsh, G. P. Experimental leprosy in the nine-
banded armadillo (Dasypus 1:01.cm:dna:Is). In: The
Artnadillo as ali Experimental Mode! in Bionzedical
Research. Washington, D.C.: Pan American Health
Organization. 1978, pp. 57-61. PAHO Sei. Pub. No.
366.

" Job, C. K., Sanchez, R. M., Hunt, R. and Hastings,
R. C. Prevalence and significance of positive Mitsuda
reaction in the nine-bzinded armadillo (Dasypus no-
vemcinctus). Int. J. Lepr. 55 (1987) 685-688.

5° Walsh, G. P., Meyers, W. M. and I3inford. C. H.
Naturally acquired leprosy in the nine-banded arma-
dillo: a decade of experience— 1975-1985. J. Leuko-
cytc Biol. 40 (1986) 645-656.

of using armadillos already naturally in-
fecteel with M. leprae.

Nonhuman primates constitute the other
model for assessing the efficacy of vaccines
because of their dose phylogenetic relation-
ship to humans. The first successful attempt
to infect monkeys was in 1980, and was
based on the discovery ofnaturally acquired
leprosy in a mangabey monkey.53' 54 In re-
lated studies, rhesus and African green
monkeys have shown a certain degree of
susceptibility to leprosy but neither appear
to be as suitable as the mangabey for vaccine
studies. Approximately 70% of mangabeys
inoculated with M. leprae develop dissem-
inated lepromatous leprosy, the manifes-
tations of which in mangabe,,,s are similar
to those in humans. Mangabeys can be either
lepromin positive or negative, and it is con-
ceivable that. like armadillos, vaccine prep-
arations could first be assessed for their abil-
ity to induce lepromin skin test reactivity
in mangabeys followed by attempts to assess
the ability of effective preparations to delay
or prevent the development of leprosy in
M. /eprae-inoculated mangabeys.

Application of immunology to screen vac-
cine candidates. In 1989, it is appropriate
to ask what clevelopments in immunology
should be utilized in the screening of new-
generation candidate vaccines. Clearly the
emphasis today is directed toward T-cell
function. Therefore, in vitro tests employed
following immunization in animal models
will focus on T-cell reactivity, and will be
used to compare responses of T cells from
peripheral blood of humans from contacts,

5' Job, C. K., Harris, E. 11, Allen, J. and Hastings,
R. C. A random survey ofleprosy in wild nine-banded
armadillos in Louisiana. Int. J. Lepr. 54 (1986) 453—
457.

Truman, R. W., Shannon, E. J., Hagstad, H. V.,
Hugh-Jones, M. E., WolIT, A. and Hastings, R. C. Eval-
uation of the origin of.t/trobacterium hprae infections
in the wild armadillo, Da.sypus novetncinctus. Am. J.
Trop. Med. Hyg. 35 (1986) 588-593.

" Meyers, W. M., Walsh, G. P., Brown, H. L., Ilin-
ford, C. H., Imes, G. D., Jr., Hadfield, T. L., Schlagel,
C. J., Fukunishi, Y., Gerone, P. J., Wolf, R. H., Gor-
mus, B. J., Martin. L. N., Harboe, M. and Imaeda, T.
Leprosy in a mangabey monkey—naturally acquired
infection. Int. J. Lepr. 53 (1985) 1-14.

N1eyers, W. M., Walsh, G. P., I3rown, H. L., Fu-
kunishi, Y., Binford, C. H., Gerone, P. J. and Wolf,
R. H. Naturally acquired leprosy in a mangabey mon-
key (Cercocebussp.). Abstract in Int. J. Lepr. 48 (1980)
495.
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tuberculoid, and lepromatous patients. The
following might be envisaged in such
screening: a) T-cell proliferation assays us-
ing known proteins and peptides. Since this
assay appears to measure prol i feration of Th
cells, it is important to determine the range
of Th responsiveness and whether there are
different functional subpopulations, such as
Th 1 and Th 2.' b) The profile of cytokines
released by Th cens following their response
to vaccine epitopes. Heterogeneity of cy-
tokine secretion pattems is beginning to have
greater significance as the effects of IL-2,
IL-4, IL-5, and IL-6 on B- and T-cell re-
sponses are beginning to emerge. c) The ef-
fect of adoptive transfer of T cens in animal
models where mycobacterial disease can be
studied. This may allow a direct analysis of
specific T-cell function in the disease pro-
cess. d) The construction of virai vectors
containing vaccine epitopes will allow the
development of cells where such epitopes
may be associated with the expression of
class I MHC molecules. Such cens are the
targets needed to reveal peptides associated
with class I MHC to measure, quantitative-
ly, the activity of cytotoxic T cens. It is im-
portant to now use recombinant technology
to delineate helper and cytotoxic T-cell
function in protective immunity. e) Anti-
body response patterns should not be for-
gotten. As B-cell epitopes are defined on

proteins from AI. leprae, it remains impor-
tant to scrcen them to determine whether
they have a predictive value in the devei-
opmcnt of clinicai disease.

Finally, it is worth stressing that the prob-
lems of new-generation vaccine develop-
ment are not unique to leprosy. There is
considerable use of similar knowledge and
technology in the study of immunity to ma-
laria, leishmania, and AIDS. It is important
for research workers in leprosy to be aware
and make use of knowledge and solutions
to problems in other fields. II is this com-
bined effort that will bring new, effective
vaccines to infectious diseascs.

—James D. Watson, Ph.D.
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The University of Auckland
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Auckland, New Zealand
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