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Genetic susceptibility to leprosy is a
widely studied field but, although there is
now accumulating evidence for the impor-
tant role of genetic factors in the host re-
sponse to the ctiologic agent, Mycobacte-
rium leprae, the nature of this genetic
component remains largely imprecise. One
fact that emphasizes the genetic contribu-
tion to the expression of leprosy is the large
individual variation in the response to A.
leprae which is correlated with the cellular
immune response of the patient ('?). Where-
as most infected individuals develop an ef-
fective immunity without disease, the oth-
ers present a wide spectrum of clinical
manifestations with, at one pole, tubercu-
loid patients displaying a positive, acquired
cell-mediated immunity and, at the other
pole, lepromatous patients showing an ab-
sence of specific T-cell response to M. lep-
rae.

Animal models have allowed us to de-
termine the genetic mechanisms of the host’s
ability to respond to mycobacterial infec-
tions. Experimental infections in mice have
shown that the gene located on chromo-
some 1, which controls the natural resis-
tance to different intracellular pathogens (*%),
also regulates the distribution of the trait of
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resistance/susceptibility to AL lepraemu-
ritvim among mouse strains (*2%). The ac-
quired resistance, occurring at a later stage
of the immune response and related to the
specific cell-mediated response, seems to
depend on more complex genetic mecha-
nisms, among which the major histocom-
patibility complex (MHC) has been shown
to play a role (%).

In humans, approaches to the genetic sus-
ceptibility to leprosy have progressed along
two complementary lines—on one line are
studies of familial aggregation of leprosy,
including various investigations as twin
studies (reviewed in * ?°) and, more recent-
ly, complex segregation analyses; on the
other line are the relationships between lep-
rosy and genetic markers, especially HLA,
at either the population or the familial level.
Segregation analysis is a statistical method
used to determine from family data the mode
of inheritance of a given trait, especially with
the goal to elucidate single gene effects. Sev-
eral segregation analyses already have been
performed on leprosy but no definite con-
clusion could be reached. Whereas segre-
gation of a recessive major gene for lepro-
matous (*°) and nonlepromatous (>''")
leprosy respectively was proposed by some
authors, it was not supported by others
(*"3?). Studies between leprosy and HLA
have provided other sources of evidence for
the role of genetic factors. At the population
level, the most consistent results were found
with the HLA class II antigens, principally
HLA-DR?2 (associated with tuberculoid lep-
rosy and lepromatous leprosy) and HLA-
DR3 which is associated with tuberculoid
leprosy and decreased among lepromatous
patients (reviewed in '7-2¢). Population
studies with Gm immunoglobulin allotypes
have recently shown a significant excess of
some Gm haplotypes in lepromatous Viet-
namese patients (°) and in nonlepromatous
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TABLE 1. Number of pedigrees, informative matings, individuals and leprosy patients
available for linkage analysis according to each marker with the chromosome location of

the marker.

Marker Ch{omqsomc No. pedigrees o infqrm;‘llivc No. individuals No. leprosy
ocation matings* patients
RH 1 8 30 (52%)® 263 40 (27)
Km 2 8 18 (31%) 263 40 (27)
HLA 6 7 26 (83%) 107 33(22)
ABO 9 9 29 (47%) 278 44 (29)
Gm 14 8 32 (55%) 263 40 (27)

* A mating is informative if at least onc of the parents is heterozygous for both the disease locus and the

marker locus.

" The first number represents the number of informative matings; the second in parentheses is the proportion
of informative matings among all the matings considered for the marker.
¢ The first number represents the number of all leprosy patients; the second in parentheses is the number of

nonlepromatous patients.

patients from Desirade, a Caribbean island
).

Familial studies are of greater interest and
allow one to demonstrate the genetic nature
of the disease’s relationship with the mark-
er. Significant results have been obtained
when studying the segregation of parental
HLA haplotypes among affected siblings. A
nonrandom segregation of parental HLA
haplotypes among sects of tuberculoid lep-
rosy children was observed in families from
Surinam (7), India ('?), and Venezuela (*7).
The same results were found among lep-
romatous leprosy siblings from Venezuela
(*7) and China (*°). However, the observed
random segregation of HLA haplotypes
among all leprosy patients ('°) and among
healthy siblings (*°) in multicase leprosy
families argued against the existence of
HLA-linked factors playing a role in sus-
ceptibility to leprosy per se ('7).

Another way to characterize a disease gene
is to perform linkage analysis which allows
one to test whether this susceptibility gene
and a marker locus are located, more or less
closely, on the same chromosome. Two pre-
vious linkage analyses limited to the study
of the tuberculoid form of leprosy could not
demonstrate a tight linkage between a sus-
ceptibility gene and the HLA system, and
suggested a more complex genetic mecha-
nism (''-29). Another linkage analysis, per-
formed on 75 families from 11 different
countries, showed the exclusion of close
linkage between HLA and leprosy per se;
from the same data, a tight linkage between
HLA and in vivo response to lepromin was
observed (%).

Our recent complex segregation analysis
performed on 27 multigenerational pedi-
grees from a Caribbean island (Desirade)
has led to the detection of recessive major
gene(s) controlling susceptibility to leprosy
per s¢ and nonlepromatous leprosy respec-
tively ('). The aim of the present study is to
perform linkage analysis between each of
these two traits and any one of five mark-
ers typed in this population, HLA, ABO,
Rhesus, Gm and Km, in an attempt to de-
termine the location of these susceptibility
genes and to assess whether or not they are
different.

MATERIALS AND METHODS

Family data. The data and sampling pro-
cedure have been published elsewhere ()
and will be briefly summarized here. The
pedigrees were ascertained through all lep-
rosy patients living in Desirade, a small
French West Indies island, in 1984. The
accurate form of the disease was assigned
to them according to present knowledge by
using the available clinical, histological,
bacteriological and immunological infor-
mation. For the analysis, the patients were
classified as either lepromatous—including
the borderline lepromatous (BL) and the po-
lar lepromatous (LL) forms of the Ridley
and Jopling classification ('¥)—or nonlepro-
matous—including the polar tuberculoid
(TT), the borderline tuberculoid (BT), and
the borderline (BB) forms. The whole sam-
ple comprised 27 multigenerational pedi-
grees with a total of 953 individuals includ-
ing 82 leprosy patients (54 nonlepromatous
and 28 lepromatous).
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TABLE 2. Results of segregation analysis performed on 27 large pedigrees from Desirade,

a Caribbean island.

Affected status considered

No. and type of
affected patients

Conclusion

Leprosy per se (LPS) 82 with leprosy
Nonlepromatous leprosy (NLL)

Lepromatous leprosy 28 lepromatous

54 nonlepromatous

Presence of a recessive major gene controlling
susceptibility to LPS (LPS gene)

Presence of a recessive major gene controlling
susceptibility to NLL (NLL gene)

No significant result

The pedigrees, including at least two af-
fected subjects, informative for linkage, were
selected from this sample. Table 1 presents
the number of predigrees, informative mat-
ings, individuals and leprosy patients avail-
able for linkage analysis according to each
marker.

Marker determinations. Five markers
were considered for the present linkage
analysis: HLA, Gm and Km immunoglob-
ulin allotypes, ABO and Rhesus (RH). Ta-
ble 1 indicates the chromosomal assign-
ment of each marker.

Typing of the HLA-A and HLA-B spec-
ificities was performed by means of the stan-
dard lymphocyte microlymphocytotoxicity
technique with a set of 120 allo human anti-
sera ('*). HLA-DR typing was possible in
only a few cases, but since the distance be-
tween the HLA-D and the HLA-B locus is
less than 1% recombination, the recombi-
nation estimate between the D locus and
the disease locus should be very similar to
the one observed in this analysis.

Typing for Gm and Km immunoglobulin
allotypes was carried out with the conven-
tional agglutination inhibition technique (*%).
There are 10 Gm haplotypes (3 usually en-
countered in Europeans and 7 in Africans)
which can account for the 37 observed phe-
notypes in Desiradians.

ABO and Rhesus determination was per-
formed using classical techniques.

Genetic analyses. To evaluate the linkage
relationship between two loci, the relative
distance between two genes on the same
chromosome is assumed to be related to the
number of crossing-overs that occurs be-
tween them during meiosis. Because a cross-
ing-over corresponds genetically to a re-
combination, an increased distance between
two loci is expected to be associated with a

higher recombination fraction, ©. A © value
of 0.5 corresponds to the independence be-
tween two loci (i.e., the two loci are on two
different chromosomes or on the same chro-
mosome but far enough apart so that nu-
merous crossing-over events occur between
them and their segregation is independent).
The lod score method (!7) is used to test
linkage. It measures the odds of linkage for
different recombination values (0 =0.0, . . .,
0.5) versus no linkage (0 = 0.5). A lod score
of 3.0 (1000 to 1 odds) is considered as
significant evidence in favor of linkage and
a score of —2.0 1s taken as evidence against
linkage at a given © value.

Linkage analysis assumes that the pres-
ence of the disease locus itself already has
been suggested from other sources of evi-
dence. Successive segregation analyses were
previously performed ('), separately consid-
ering as affected a) all leprosy patients, b)
nonlepromatous patients only, and c) lep-
romatous patients only. The results, sum-
marized in Table 2, were consistent with
the presence of a recessive major gene con-
trolling susceptibility to leprosy per se and
nonlepromatous leprosy, respectively. Two
successive linkage analyses were then per-
formed using the computer program LINK-
AGE ('?) between the five markers and a)
the detected major gene controlling suscep-
tibility to leprosy per se (LPS gene) and b)
the detected major gene controlling suscep-
tibility to nonlepromatous leprosy (NLL
gene).

Linkage analysis needs to know some pa-
rameters at the disease locus: a) the fre-
quency of the susceptibility allele, q, and b)
the probability for an individual with a giv-
en genotype to express the disease pheno-
type (i.e., leprosy per se or nonlepromatous
leprosy), or penetrance, which was consid-
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TABLE 3. Genetic parameter values of the two detected recessive major genes for
susceptibility to leprosy per se (LPS gene) and nonlepromatous leprosy (NLL gene) es-
timated from segregation analysis and used for linkage analysis.

Gene frequency q

LPS gene

NLL gene

0.312

0.305

Individual genotype

Age
(yrs.) AA? Aa or aa AA* Aa or aa
0-4 0.008 0.000 0.006 0.000
5-9 0.052 0.000 0.039 0.000
10-14 0.139 0.000 0.102 0.000
I 15-19 0.228 0.001 0.168 0.000
Penetrance values assigned 20-24 0.282 0.002 0.205 0.000
© ‘0.1‘.‘3%"5]"??"? 25-29 0.344  0.003 0.243  0.000
iahility classcs 30-39 0.411 0.005 0.289 0.000
40-49 0.464 0.007 0.328 0.000
50-59 0.533 0.012 0.395 0.000
>60 0.620 0.020 0.502 0.000

* A represents the deleterious allele.

ered to vary with age, categorized here into
10 classes. The maximum likelihood esti-
mations of these parameters, taken from
segregation analysis, were used for linkage
analysis and are presented in Table 3. Since
the method used in segregation analysis,
breaking up the pedigrees into nuclear fam-
ilies, may have led to an overestimation of
q, linkage analyses were repeated by divid-
ing the q estimates by 10.

For ABO, Rhesus, Gm and Km, the al-
lelic frequencies were estimated from the
Desiradian population by maximum like-
lihood (results not shown). For HLA, if all
the haplotypes are known, it is sufficient to
take into account four “‘artificial” HLA al-
leles with equal frequencies in linkage anal-
ysis, as shown by Ott ('°). In our sample,
since HLA haplotypes are lacking for some
individuals, it was necessary to consider five
““artificial” alleles with equal frequencies.

RESULTS

Results with leprosy per se. Table 4 pre-
sents the lod scores between the LPS gene
and the five markers. No hint of linkage was
discovered with these markers, the maxi-
mum lod scores all being close to 0. How-
ever, close linkage was excluded (z < —2)
for RH (at ® < 0.01 or ® < 0.10) and Gm
(at ® < 0.001 or ® < 0.05) whether q or
q/10 was considered. When q was divided
by 10, tight linkage was also excluded for
HLA and ABO.

Results with nonlepromatous leprosy. Ta-
ble 5 presents the lod scores between the
NLL gene and the five markers. The highest
lod score, although not significant, was ob-
served for ABO with z = 0.71 (1.02 with
q/10) at © = 0.0. When q was divided by
10, exclusion of tight linkage was obtained
for RH (at ® < 0.001) and HLA (at © <
0.001).

DISCUSSION

These linkage analyses do not show a sig-
nificant linkage between either of the two
susceptibility genes and the five markers
typed in this Desirade population. For lep-
rosy per se, close linkage was excluded with
Rhesus and Gm. Results with ABO are of
interest; whereas exclusion of tight linkage
was observed for leprosy per se (when q was
divided by 10), a positive maximum lod
score of 0.71 (or 1.02 with q/10) was ob-
tained at © = 0.0 for nonlepromatous lep-
rosy. No previous linkage analysis has been
performed with ABO and the results of pop-
ulation studies were not consistent, varying
from the absence of association between
ABO groups and leprosy to associations of
either O, A or AB groups (?). Our finding
needs further investigation to accumulate
information and reach a significant conclu-
sion. However, these opposite results with
the same marker, as well as the previous
observations in HLA family studies and ex-
perimental data, strengthen the hypothesis
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TABLE 4. Lod scores for linkage analysis between the detected major gene of suscepti-
bility to leprosy per se (LPS gene) and the five markers according to the LPS gene fre-
quency used (q or q/10).

Lod scores* at various recombination fractions

Gene Marker
frequency 0.0 0.01 0.05 0.10 0.20 0.30 0.40
q® Rhesus -2.80 -2.59 —-1.94 —1.38 -0.68 -0.28 -0.07
Km -0.22 -0.19 -0.10 -0.02 +0.05 +0.05 +0.03
HLA -0.28 -0.21 -0.02 +0.10 +0.16 +0.11 +0.04
ABO —0.71 -0.66 -0.47 -0.29 -0.09 -0.01 +0.01
Gm ~2.02 —1.85 -1.36 —-0.94 -0.45 -0.18 —-0.05
q/10 Rhesus -7.66 —-5.84 -3.56 -2.31 -1.05 -0.42 -0.10
Km -1.19 -0.84 -0.35 —=0.11 +0.06 +0.08 +0.04
HLA -4.80 -3.41 -1.59 -0.69 —-0.02 +0.11 +0.05
ABO -2.60 -2.04 -1.08 -0.57 -0.16 —-0.04 0.0
Gm -9.43 -6.40 -3.34 —-1.96 -0.78 -0.29 -0.08

2 A lod score of +3.0 is considered as significant in favor of linkage; a score of —2.0 is taken as evidence
against linkage.
 q is the maximum likelihood estimation of the LPS gene frequency from segregation analysis (see Table

3).

that the susceptibility genes controlling lep-
rosy per se and nonlepromatous leprosy
might be different. The observed exclusion
of close linkage with HLA for leprosy per
se (with q/10) is also in agreement with this
last assumption and with the previous ob-
servations of a genetic factor controlling
susceptibility to leprosy per se not linked to
HLA. Although no positive and even neg-
ative lod scores were observed between HLA
and nonlepromatous leprosy, these results
are not in complete disagreement with the
previous family studies demonstrating the

role of HLA-linked factors in tuberculoid
leprosy (7-10-27).

First, our familial data for HLA and non-
lepromatous leprosy might be not infor-
mative enough to detect a linkage between
these two loci. Secondly, the methods used
in these family studies, in contrast to linkage
analysis, need no assumption on the un-
derlying genetic model and our results show
that a single HLA-linked gene cannot alone
explain the familial distributions of nonlep-
romatous leprosy. Furthermore, if the sus-
ceptibility to a disease is controlled by two

TABLE 5. Lod scores for linkage analysis between the detected major gene of suscepti-
bility to nonlepromatous leprosy (NLL gene) and the five markers according to the NLL
gene frequency used (q or q/10).

Lod scores* at various recombination fractions

Gene Marker
frequency 0.0 0.01 0.05 0.10 0.20 0.30 0.40
q® Rhesus -0.91 -0.80 -0.50 -0.29 —-0.09 -0.01 +0.01
Km —-0.04 -0.03 -0.01 +0.01 +0.02 +0.01 0.0
HLA -0.59 -0.50 -0.27 -0.10 +0.02 +0.03 +0.02
ABO +0.71 +0.64 +0.55 +0.44 +0.26 +0.13 +0.05
Gm +0.27 +0.25 +0.22 +0.16 +0.06 -0.01 -0.02
q/10 Rhesus —-2.78 -1.92 -0.92 -0.48 -0.12 0.0 +0.03
Km -0.02 -0.01 +0.02 +0.04 +0.05 +0.03 +0.01
HLA -2.34 -1.66 -0.69 -0.25 +0.04 +0.08 +0.06
ABO +1.02 +0.96 +0.84 +0.70 +0.45 +0.25 +0.10
Gm -0.71 -0.62 —-0.41 -0.30 -0.21 -0.15 -0.08

a A lod score of +3.0 is considered as significant in favor of linkage; a score of —2.0 is taken as evidence
against linkage.
b q is the maximum likelihood estimation of the NLL gene frequency from segregation analysis (see Table

3).
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interacting genes (two-locus model), it has
been shown that linkage analysis gives rise
to erroncous and misleading results, show-
ing frequent exclusion of tight linkage and
a fairly large (15%-30%) estimation of the
0 value for the maximum lod scores (*'?).
Besides, it could be seen that in the two
previous linkage analyses limited to the tu-
berculoid form (''-2°), the maximum lod
scores were obtained for O values between
20% and 30%.

In conclusion, our whole genetic analyses
in this Desirade sample, joined with the pre-
vious HLA family studies and experimental
data, argue for a two-locus model of genetic
susceptibility to leprosy. The detected ma-
jor gene controlling susceptibility to leprosy
per se might be an analog of the mouse nat-
ural-resistance gene acting at a first stage of
the host response and is, in all probability,
not linked to any of the five markers we
have tested. The manifestation of leprosy
forms then would be determined by at least
another gene regulating later phases of the
specific immune response. This genetic
model might have important practical im-
plications for prevention and treatment of
leprosy. To confirm this hypothesis, we are
planning segregation and linkage analyses
using new models to take into account a
two-locus mechanism, and a large survey in
another population where epidemiological,
biological and immunological data will be
combined.

SUMMARY

Our recent segregation analysis, carried
out on 27 large pedigrees from a Caribbean
island (Desirade), has shown the presence
of recessive major gene(s) controlling sus-
ceptibility to leprosy per se and nonlepro-
matous leprosy, respectively. Linkage anal-
ysis was performed between each of these
two detected genes and each of five markers
typed in the Desirade population: HLA,
ABO, Rhesus, Gm and Km. No positive
significant lod score was observed. How-
ever, for leprosy per se close linkage was
excluded with Rhesus and Gm (and also
with ABO and HLA, considering a lower
value for the frequency of the gene con-
trolling susceptibility to leprosy per se). The
highest lod score, although not significant,
was obtained between the gene for nonle-
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promatous leprosy and ABO. Our overall
results, joined with previous studies and ex-
perimental data, suggest that the gene con-
trolling susceptibility to leprosy per se and
that controlling susceptibility to nonlepro-
matous leprosy might be different, acting at
successive stages of the immune response
to infection with Mycobacterium leprae.

RESUMEN

Un analisis de segregacion reciente de 27 gencealogias
importantes de una isla del Caribe (Desirade) de-
monstré la presencia de gen(es) mayor(es) recesivo(s)
que controlarian la susceptibilidad a la lepra per se,
como asi, a la lepra no lepromatosa. Se efectuaron
analisis de linkage entre cada uno de estos dos genes
detectados y cada uno de los 5 marcadores determi-
nados en la poblacion de Desirade: HLA, ABO, Rhe-
sus, Gm y Km. No s¢ obtuvo linkage positivo. Sin
embargo, s¢ excluyo linkage proximo entre ¢l gen de
la lepra per se y Rhesus y Gm; el mismo resultado se
obtuvo con HLA y ABO, considerando un valor menor
de frequencia del gen que controlla la susceptibilidad
a la lepra per se. El lod score mas alto, aunque no
significativo, se obtuvo entre ¢l gen de la lepra no le-
promatosa y ABO. Nuestros resultados, conjuntamen-
te con aquellos de estudios previos y con los hallazgos
experimentales, sugieren que el gen que controla la
susceptibilidad a la lepra per se vy aquel que controla
la susceptibilidad a la lepra no lepromatosa podrian
ser diferentes, interviniendo en etapas succesivas de la
respuesta inmune a la infeccidon por Mycobacterium
leprae.

RESUME

Notre récente analyse de ségrégation menée sur 27
grandes généalogies d’une ile antillaise (la Désirade) a
mis en évidence 'existence de géne(s) majeur(s) réces-
sif(s) controlant d’une part la susceptibilité a la lépre
per se et d’autre part la susceptibilité a la 1épre non
Iépromateuse. Une analyse de linkage a ici é1é réalisée,
entre chacun de ces deux génes détectés et chacun des
5 marqueurs qui ont ¢t¢ typés dans la population dési-
radienne: HLA, ABO, Rhesus, Gm et Km. Aucun link-
age significatif n’a été observé. Cependant, pour la 1¢pre
per se, un linkage étroit a ¢1é exclu avec Rhesus et Gm
(et aussi avec ABO et HLA en considérant une fré-
quence plus basse pour le géne controlant la suscep-
tibilité a la 1épre per se). Le lod score le plus élevé, bien
que non significatif, a été obtenu entre le géne contro-
lant la 1¢pre non lépromateuse et ABO. L’ensemble de
nos résultats, combiné avec ceux des études précé-
dentes et les données expérimentales, suggérent que le
géne controlant la susceptibilité a la I¢pre per se et celui
controlant la susceptibilité a la Iépre non Iépromateuse
pourraient étre différents, intervenant a des étapes suc-
cessives de la réponse immunitaire a I'infection par
Mbycobacterium leprae.
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