
Although global leprosy rates have de-
clined since the introduction of multidrug
therapy (MDT) in the 1980�s, in certain
countries the disease incidence remains sur-
prisingly high (19). Over 700,000 new cases
were reported last year, mostly in India,
Brazil, and South East Asia (19). The reasons
for the continued transmission of leprosy, in
an era of extensive MDT coverage, are not
understood. Humans are the reservoir for
Mycobacterium leprae, the causative agent
of leprosy, a disease well documented to be
transmitted by close contact. The fact that
only a minority of people exposed to the
bacillus develop clinical leprosy suggests
that underlying factors greatly inßuence sus-
ceptibility. A substantial component of lep-
rosy susceptibility is inherited, as shown by
complex segregation analyses of leprosy and
the high concordance rates of leprosy among
monozygotic twins (4, 7, 17). The identiÞcation
of genes with major effects would be useful
knowledge in the strategy of leprosy control
and elimination. Until recently, however,
limitations in dissecting the complex (i.e.,
non-Mendelian) genetics of susceptibility to
infectious diseases such as leprosy have re-
stricted studies to analyses of individual vari-
ants of known genes with small effect on the
risk of developing leprosy. 

BACKGROUND
The current work of Mira, et al. (13) [see

Current Literature, p. 181] has been brought
about by developments in the Þeld of leprosy
and in the Þeld of genomics. Since the early
1980�s, studies have documented that differ-
ent genes determine susceptibility to leprosy
per se, and the clinical subtypes of pau-
cibacillary (PB) and multibacillary (MB) lep-
rosy (2, 8, 9). These studies detected a major ef-
fect of non-HLA genes on leprosy per se,
whereas PB and MB leprosy were found to
be partly controlled by HLA genes. It was
also recognized that the two-stage pattern of
genetic control is reminiscent of mouse my-
cobacterial infection, where innate, non H-2
genes control early replication of bacteria
(i.e., the Nramp1 gene) and H-2 genes partly
control the acquired immunity to infection
(6). In searching for the effect of major genes
controlling susceptibility to leprosy, several
genes were found to have small effects pri-
marily on leprosy subtypes, such as the
NRAMP1, TNFA and VDR genes, but again,
any major gene effects remained unac-
counted for. The human genome project has
now provided geneticists with the ability to
perform �whole genome analysis.� This ap-
proach has the advantage that the entire
genome can be scanned in an unbiased fash-
ion for the presence of susceptibility genes. A
study in 2001 (18) conducted the Þrst whole
genome analysis on PB leprosy in India, and
found a locus on chromosome 10p13 linked
with the PB subtype. The recent Mira, et al.
paper has made another step forward as the
Þrst study to combine a full analysis of lep-
rosy per se, at the whole genome level. 

COMMENTARY
Leprosy Susceptibility Revealed1

ABSTRACT
In order for these Þndings to have practical signiÞcance in terms of leprosy control and

prevention, it will be necessary to extend the linkage of chromosome 6q25 to another region
endemic for leprosy. Replicative Þndings would likely mean that the chromosome 6q25 sus-
ceptibility gene is a variant of a common gene that promotes susceptibility to infection per
se. IdentiÞcation of the gene variant will hopefully reveal insight about transmission and dis-
ease incidence�the longstanding enigmas of leprosy. Whether a more effective, universal
MDT treatment or another type of prevention (either vaccine or environmental) could be
based on this knowledge, is an exciting prospect to contemplate.

1This is a Commentary on a recently published article
by Mira, et al., the abstract of which can be found in the
Current Literature section of this Journal on page 183.
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THE RESEARCH TEAM
The Mira, et al. study team was comprised

of four groups spread across three continents.
The Vietnamese families participated with
the aid of an excellent clinical infrastructure
and leprosy control at the Hospital for Der-
mato-Venereology in Ho Chi Minh City. The
leprosy epidemiology team has a stringent
ethic of pedigree collection and a precise
clinical analysis of leprosy and its subtypes.
This is particularly crucial as PB cases are not
as easily discerned from other disease condi-
tions as MB leprosy. The statistical analysis
group, at the INSERM U550, Necker Med-
ical School in Paris, has been working on ge-
netic analysis of infectious disease for many
years. In fact, the group provided crucial sup-
port for the two stage genetic model for lep-
rosy based on a study of leprosy inheritance
in Desirade Island (2). Recently this group de-
veloped the �maximum likelihood binomial�
(MLB) method for linkage analysis in fami-
lies with high numbers of affected children
and used in the Mira, et al. paper (1). In Mon-
treal, the McGill Centre for the Study of Host
Resistance is home to the discovery of the
Bcg/Nramp locus, and researchers at the Cen-
tre have studied genetic susceptibility to my-
cobacteria in humans for many years. In ad-
dition, the Genome Quebec Innovation Cen-
tre where the large scale mapping was carried
out, is a leading center for genomic technolo-
gies.

RESULTS

In Vietnam, it had been previously found
that leprosy per se was linked to a major
gene (4) and so a whole genome analysis
was undertaken to locate the gene(s). The 86
multiplex families (i.e., families with multi-
ple affected children) in the study comprised
over 200 leprosy affected children that pre-
sented pauci- and multibacillary forms of
leprosy in approximately equal numbers.
Genomic DNA was obtained from all af-
fected children and their parents, and each
DNA was genotyped with 388 anonymous
microsatellite markers covering the whole
genome at approximately 10 centimorgan
(cM)* intervals. The microsatellites em-
ployed are highly polymorphic repeat length

markers that �tag� all four parental chromo-
somes. Hence, the inheritance of speciÞc
parental chromosomal regions to affected
children can be followed with high accu-
racy. If a chromosomal region has no link-
age to a gene predisposing to leprosy, it is
expected that over a large number of fami-
lies pairs of affected siblings (representing 4
parental chromosomes) will share one copy
of the same chromosomal region in 50% of
all cases, i.e., the same chromosome from
one parent was inherited by both sibs while
two different chromosomes were inherited
by the two sibs from the other parent (The
Figure). In addition, 25% of all sib pairs will
either share no chromosomal region or both.
Any signiÞcant excess of sharing of chro-
mosomal regions among affected siblings is
indicative for the presence of a leprosy sus-
ceptibility gene on the shared chromosomal
segment. The MLB method used by Mira, et
al. expands this analysis to families with
more than 2 affected siblings. Analysis of
sharing of microsatellite alleles showed that
11 chromosomal regions were possibly
linked to leprosy per se. Next, to better re-
veal true linkages, the chromosomal seg-
ments underlying the 11 linkage peaks were
genotyped for an additional 89 markers
spanning the target regions at approximately
1 cM intervals. The results obtained with
this so-called high resolution linkage map-
ping demonstrated that only one region,
6q25 on the long arm of chromosome 6, was
signiÞcantly linked to leprosy susceptibility.
Criteria for signiÞcant linkage of a chromo-
somal region to a disease phenotype are
very stringent and nowadays, only odds of
approximately 10,000:1 are considered sig-
niÞcant. It is customary to express the odds
in favour of linkage as a logarithm to base
10, so called �lod� scores. The lod score for
linkage of chromosome region 6q25 to lep-
rosy was found to be 4.31. In addition, a lod
score of 2.62 was obtained for linkage of
leprosy susceptibility to the HLA region on
the short arm of chromosome 6. The latter,
while not signiÞcant, is considered �sugges-
tive� of linkage and it seems likely that
HLA loci inßuence leprosy susceptibility, as
previously suggested by other studies (16). 

Based on the excess of shared alleles,
Mira, et al. then computed the risk to de-
velop leprosy of siblings of affected patients
relative to the general population as 2.21.
This so called λ

s
value needs to be distin-
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* A unit of measure of recombination frequency. In
human beings, 1 centimorgan is equivalent, on aver-
age, to 1 million base pairs.



guished from the more commonly used rela-
tive risk measure in cohort studies. Indeed,
the relationship between these two risk mea-
sures is not straightforward, and it is difÞcult
to predict into what relative risk values the
observed λ

s
value of 2.21 will transform (10).

Linkage analysis of complex traits such as
susceptibility to leprosy is a tricky game and
the possibility of false positive results is al-
ways present despite the stringent criteria
employed. To counter this possibility, Mira,
et al. enrolled a second independent sample
of 208 simplex families (i.e., families with
one affected child). Simplex families are of
little use for linkage studies but are exquis-
itely suited to test for association between
genetic markers and phenotype. Mira, et al.
then employed 7 microsatellite markers di-
rectly underlying the major linkage peak de-
tected in the 86 multiplex families and tested
individual microsatellite alleles for associa-
tion with leprosy susceptibility. Since mi-
crosatellites are very polymorphic, i.e., con-
tain many alleles, this approach has the ma-
jor drawback that many tests need to be
conducted, strongly increasing the possibil-
ity that a detected association may be due to
chance. To adjust for this scenario, Mira, et
al. made two critical corrections, Þrst con-
sidering for association analysis only those
alleles that were informative in at least 20
families, and, second, all p-values obtained
for individual alleles were multiplied by the
total number of alleles tested. Even under
these stringent conditions, two alleles at
markers D6S1035 and D6S305 were found
highly signiÞcantly associated with leprosy
susceptibility providing conÞrmation of a
leprosy locus on chromosome 6q25 indepen-

dent of the linkage results in the multiplex
families.

The Mira, et al. study also has clariÞed re-
sults obtained in the Indian study (18) that de-
tected a locus for susceptibility to leprosy on
human chromosome 10p13. Since the Indian
families comprised only paucibacillary cases,
it was not clear if this locus was a leprosy
susceptibility gene per se, or a susceptibility
gene for paucibacillary leprosy only. Mira, et
al. were able to demonstrate, by testing link-
age of leprosy per se and paucibacillary lep-
rosy independently in their families, that the
locus on chromosome 10p13 was indeed a
susceptibility gene for paucibacillary leprosy
only. By contrast, the newly detected chro-
mosome 6q25 locus was linked to suscepti-
bility to both pauci- and multibacillary forms
of leprosy. However, if the locus on chromo-
some 6q25 is a susceptibility locus for lep-
rosy per se, why was this locus not detected
in the Indian families? There are many possi-
ble answers to this question, but the deÞnite
answer will only emerge once the underlying
molecular defect predisposing individuals to
higher risks of leprosy susceptibility per se in
the Vietnamese has been identiÞed. Testing
of such risk variants in the Indian population
will give the answer if the same genetic
mechanisms are operating in leprosy patients
of different ethnic and racial backgrounds.
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THE FIGURE. Expected allele sharing among affected sibpairs if marker and disease are unlinked.
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