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Serologic Responses to Nerve Antigens in Sooty
Mangabey Monkeys with Experimental Leprosy'

Sang-Nae Cho, Bobby J. Gormus, Keyu Xu, Rudolf P. Bohm, Jr.,
Gerald P. Walsh, Wayne M. Meyers, and Joo-Deuk Kim2

Nerve damage has been noted, with vary-
ing degrees of involvement, in virtually all
leprosy patients. Although the pathogenic
mechanisms of nerve destruction are not
fully understood, antibodies to various nerve
antigens have been implicated in the patho-
genesis of nerve damage in leprosy ( 22, 27).

However, whether or not antineural anti-
bodies are significantly elevated in sera
from leprosy patients is controversial
(2, 5, 14, 23, 24, 27) In addition to technical dif-
ferences between studies, this may be due
partly to the fact that leprosy patients are
diagnosed at different stages of the Myco-
bacterium leprae infection and have wide
variations in nerve damage (3' "' 18). Thus,
it may be almost impossible to predict con-
sistent relationships between antineural an-
tibodies and the degree of nerve involve-
ment in leprosy patients.

As a model of human leprosy, experi-
mental animals such as armadillos and
monkeys have been explored (13 26)• Sooty
mangabey monkeys are reported to be an
excellent model for leprosy, with clinical
signs and humoral responses resembling hu-
man leprosy, including neurological defor-
mities (6). In this study, serial serum sam-
ples, taken at regular intervals from
mangabey monkeys before and after inoc-
ulation with M. leprae, were examined for
antibodies to nerve tissue antigens such as
ceramide, galactocerebroside (GC), and asi-
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alo-GM, (AGM I). The antineural antibod-
ies were then compared with clinical find-
ings, including nerve involvement before
and after chemotherapy. In almost every
animal, antibodies to one or more of the
nerve antigens were elevated significantly 1
to 2 years prior to neurological deformities.
In this study we present convincing evi-
dence that antineural antibodies are pro-
duced during the course of M. leprae infec-
tion and are associated with clinical status
and/or the development of subsequent nerve
damage.

MATERIALS AND METHODS
Animals and M. leprae inoculation. Eight

sooty mangabey monkeys (Cercocebus tor-
quatus atys) were divided into four groups,
two animals in each group. Each pair of
mangabeys was inoculated intravenously
and intracutaneously with a total dose of M.
leprae ranging from 4.8 x 107 to 4.8 x 10")
(morphological index 10%) in one-log in-
crements between groups. The biological
history of mangabeys, the preparation ofM.
leprae, inoculation procedures, and clinical
evaluations have been described in detail
previously (6). When the animals needed
treatment, rifampin was given at approxi-
mately 10 mg/kg daily.

Serum specimens. Serum specimens were
obtained from mangabeys 2 months before
inoculation and at intervals of approxi-
mately 3 months postinoculation (p.i.). Se-
rum samples were stored frozen until used
for detecting antineural antibodies.

Nerve antigens. Ceramide and GC an-
tigens were prepared from formalinized hu-
man peripheral nerve tissues. After soaking
the formalinized nerve tissue in distilled
water for 3 days with several changes, the
tissues were freeze-dried. Lipids were then
extracted with a chloroform : methanol (2:
1) solution. After washing with a chloro-
form : methanol : water (4:2:1) solution, the
lipids were applied to a silica gel (70 to ap-
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proximately 230 mesh; Aldrich Chemical
Co., Inc., Milwaukee, Wisconsin, U.S.A.)
column and eluted with 2 bed volumes of
chloroform, followed by 5%, 10%, and 20%
(v/v) methanol in chloroform, respectively.
Ceramide was identified from the lipid frac-
tion eluted with 10% methanol and GC from
the 20% methanol fraction, respectively, by
comparing with standard ceramide and GC
(Sigma Chemical Co., St. Louis, Missouri,
U.S.A.) in thin-layer chromatography
(TLC). Ceramide and GC antigens were then
purified by preparative TLC. AGM, was
obtained commercially from Sigma.

Detection of antibodies to nerve antigens.
Antibodies to nerve antigens were detected
using an enzyme-linked immunosorbent as-
say (ELISA) (") with minor modifications
as previously described (4). Briefly, the nerve
antigens were dissolved in ethanol at a 5.0
ptg/m1 concentration. A volume of 50 i..t1 of
each antigen was added to wells of a 96-
well, U-bottom microtiter plate (Dynatech
Laboratories, Inc., Alexandria, Virginia,
U.S.A.), and incubated at room tempera-
ture until completely evaporated. The wells
were then washed with phosphate buffered
saline (PBS), pH 7.4, and blocked by the
addition of 200 pa of PBS-0.5% (w/v) BSA
(ICN ImmunoBiologicals, Lisle, Illinois,
U.S.A.). After emptying the wells, 50 /21 of
serum diluted 1:200 in PBS-5% normal goat
serum (NGS) (Gibco Laboratories, Grand
Island, New York, U.S.A.) was added to the
wells and incubated at 37°C for 90 min. This
was followed by the addition of peroxidase-
conjugated goat antihuman IgG or IgM
(Cappel, Organ ontecknika Corp., West
Chester, Pennsylvania, U.S.A.) diluted
1:3000 in PBS-5% NGS and of substrate
solution, H20-, + 0-phenylenediamine. The
absorbance was read at 490 nm.

Each serum was tested against all three
antigens in the same plate. A pooled posi-
tive control serum was examined in each
plate, and minor variations in the absorb-
ances were corrected based on positive con-
trol values. Each test was performed in du-
plicate, and the absorbance of the wells
without antigens was subtracted from those
with the antigens before analysis.

RESULTS
Following inoculation of mangabey mon-

keys with M. leprae, serial serum specimens

were obtained and examined for antibodies
to nerve antigens such as ceramide, GC, and
AGM,. The results were then compared with
the clinical findings, especially for nerve in-
volvement. Although both IgG and IgM an-
tibodies to the antigens were investigated,
only the ones which were elevated are shown
in the figures. In general, there was no cor-
relation between the inoculation doses ofM.
leprae and the antibody responses to the
nerve antigens. Even between animals in-
oculated with the same doses of M. leprae,
no consistent antibody responses to the
nerve antigens were noted.

Mangabey D171, inoculated with 4.8 x
10)"M. leprae, developed lepromatous (LL)-
type leprosy 5 months postinoculation (p.i.)
and was treated at 38 months ((). In this
mangabey, small peaks of IgG antibodies to
ceramide and GC antigens appeared at 6
and 3 months p.i., respectively (Fig. 1A).
The first major IgM antibody peaks ap-
peared at 15 months, followed by the second
major IgM antibody responses between 30
and 44 months p.i. After chemotherapy was
initiated at 38 months, IgM antibodies to
ceramide and GC remained at a high level
for an additional 6 months and then de-
clined sharply by 54 months p.i. Mean-
while, major peaks of IgG antibodies to the
ceramide and GC antigens were shown at
21 months and were followed by another
minor IgG peak at 42 months p.i. A small
peak of IgM antibodies to AGM, was noted
at 24 months only, and there were no sig-
nificant IgG antibodies to the AGM, anti-
gen noticeable throughout the study period.
Despite early strong antineural antibody re-
sponses and clinical leprosy by 15 months,
neurologic deformities appeared obvious
only at 75 months and persisted beyond 105
months p.i. Therefore, antineural antibod-
ies were detectable 60 months earlier than
neurologic deformities in this animal.

In mangabey D172, also inoculated with
4.8 x 10") Al. leprae, clinical signs of dis-
seminated lepromatous (LL) leprosy were
found about 9 months p.i. and regressed
spontaneously, but the disease recurred and
regressed several times during the study pe-
riod (6). Although antibody responses to the
nerve antigens were not strong, there were
several IgM antibody peaks to AGM, (Fig.
1B). Interestingly, the major antibodies to
ceramide and GC were of the IgG class; no
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FIG. I. Longitudinal antibody responses to nerve antigens in mangabeys D171 (A) and D172 (B) before and
at intervals after inoculation with 4.8 x 10'"^leprae.

significant IgM antibodies to the antigens
were noted in mangabcy D172. Neurologic
damage was first noted at 39 months p.i.
and became progressively worse beyond 90
months p.i. even though chemotherapy was
received at 65 months p.i.; neurologic de-
formities were shown beyond 90 months
p.i. In this animal, antineural antibodies
were detectable about 30 months before
clinical nerve damage. Of particular inter-
est, antibody to nerve antigens peaked about
5 months prior to the recurrence of clinical
leprosy after a spontaneous remission of the
initial disease at 9 months p.i.

Mangabey monkeys D173 and D174 were
inoculated with 4.8 x 109 M. leprae. In

mangabey D173, early lesions of leprosy ap-
peared 5 months p.i. but regressed by 14
months. At 86 months p.i., the first neu-
rologic damage and bone absorption were
noted, followed by progression of lepro-
matous (LL) leprosy. The animal required
chemotherapy at 105 months p.i. This an-
imal had significant IgM antibodies to
AGM, before inoculation for unknown rea-
sons, and had small fluctuations with low
levels of antibodies (Fig. 2A). Meanwhile,
there was a slight increase in IgG and IgM
antibodies to ceramide at 3 months, but no
major antibody response was shown until
63 months p.i. at which time there was a
strong IgG antibody response to ceramide.

FIG. 2. Antibody responses to nerve antigens in mangabeys D173 (A) and D174 (B) before and at intervals
after inoculation with 4.8 x l0li. leprae.
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FIG. 3. Antibody responses to nerve antigens in inangabeys D175 (A) and D176 (B) before and at intervals
after inoculation with 4.8 x 108M. leprae.

This was followed by a steady increase in
IgM antibodies to ceramide and GC anti-
gens which peaked at 85 months p.i., just 1
month before the first sign of neurologic
damage. However, the IgM antibodies de-
clined sharply within 4 months after onset
of clinical nerve damage in the absence of
chemotherapy. In this animal, therefore, a
major antineural antibody peak was noted
about 23 months prior to clinical nerve
damage.

Mangabey D174 developed lepromatous
(LL) leprosy by 10 months p.i. but regressed
at 14 months. However, clinical signs of
leprosy recurred in this animal at 35 months
p.i. and persisted, requiring chemotherapy
at 59 months. Neurologic deformities be-
came obvious at 50 months and worsened
after the initiation of chemotherapy. In this
monkey, moderate levels of IgM antibodies
to all three antigens appeared at 36 months
p.i., coinciding with clinical reactivation,
and were maintained until 63 months (Fig.
2B). Thus, antineural antibodies were de-
tectable about 14 months earlier than neu-
rological deformities, and the antibody lev-
els decreased shortly after starting
chemotherapy.

Mangabey D175, inoculated with 4.8 x
108M. leprae, developed no clinical leprosy
to date, 9 years p.i. There also has been no
significant antibody response to the nerve
antigens under investigation except for a
small peak of IgM antibodies to ceramide
at 59 months p.i. (Fig. 3A).

In mangabey D176, also inoculated with
4.8 x 108M. leprae, lepromatous (LL) lep-
rosy was noted at 4 months p.i., and the
disease was extensive by 15 months. At 27
months p.i., rifampin treatment was initi-
ated, resulting in complete remission at 35
months. There were strong IgM responses
to ceramide and GC antigens at 15 months
which lasted until 27 months p.i. (Fig. 3B).
There were also small IgM antibody peaks
to AGM, during the study period. Despite
these strong antineural antibody responses,
however, no neurological signs have been
observed.

Mangabeys D177 and D178 received 4.8
x 107 Al. leprae. In mangabey D177, there
was a slow development of clinical leprosy
(LLs) by 26 months p.i. At 42 months, treat-
ment with rifampin was started. Nerve en-
largement was first detectable at 47 months
p.i. and persisted after successful chemo-
therapy. There were minor peaks of anti-
bodies to ceramide which were followed by
a strong IgG-antibody peak at 40 months
p.i. (Fig. 4A). The antibodies to ceramide
and GC declined after starting chemother-
apy. Thus, antineural antibody responses
appeared 7 months prior to palpable nerve
enlargement.

In mangabey D178, an enlarged nerve was
the first sign of leprosy at 35 months p.i.
Histopathologically, there were indetermi-
nate lesions of leprosy in the skin which
later regressed spontaneously. However,
neurological damage continued beyond 105
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FIG. 4. Antibody responses to nerve antigens in mangabeys D177 (A) and D178 (B) before and at intervals
after inoculation with 4.8 x 10 M. leprae.

months. No chemotherapy was given. De-
spite the presence of nerve enlargement,
there were no major antibody responses to
the three neural antigens except for a small
peak of IgM antibody to AGM, at 37 months
p.i., 2 months after the nerve enlargement
was noticed (Fig. 4B).

The observations obtained in the eight
animals are summarized in The Table. Of
8 mangabey monkeys inoculated with M.
leprae, 7 animals had clinical leprosy; 6 of
them had clinical evidence of damage to
nerves—neurologic deformities and nerve
enlargement. The median time for the ini-
tial signs of leprosy was 10 months (range
4 to 35 months). In contrast, nerve damage
was noted rather late, about 35 to 86 months
p.i. (median 54 months). The major im-
munoglobulin class to ceramide, GC and
AGM, antigens was IgM, and the antibody
responses to the nerve antigens were de-
tectable from 15 to 63 months p.i. (median
37 months). Antineural antibodies were de-
tectable at a mean of about 15 months (range
—2 to 60 months). Thus, antineural anti-
bodies appeared long before clinical evi-
dence of nerve damage.

DISCUSSION
In this study, we present clear evidence

that antineural antibodies are produced
during the course of M. leprae infection.
Consequently, the antineural antibodies ap-
pear to be indicative of future damage to
nerves with neuropathic deformities. After

inoculation of mangabey monkeys with M.
leprae, humoral antibody responses to M.
leprae antigens, such as phenolic glycolipid
(PGL)-I and lipoarabinomannan (LAM),
appeared relatively early (3 to 6 months af-
ter infection 6' 7). In contrast, the median
time for the first major peaks of antineural
antibodies was 37 months p.i. (range 15 to
63 months). This was a rather late response
considering that the initial signs of clinical
leprosy appeared 5 to 10 months p.i. in the
majority of the monkeys. This may, in turn,
indicate that destruction of neural tissue
proceeds slowly and, perhaps, is related to
the slow growth rate of M. leprae. Once the
nerve tissues are damaged by mechanisms
which remain to be determined, the host's
immune system appears to initiate antibody
responses to the nerve antigens.

Of particular interest is that high levels
of antibodies to nerve antigens were strong-
ly associated with the onset and progress of
clinical leprosy. For example, strong anti-
neural antibody responses were found dur-
ing rapid progression of the disease or de-
velopment of extensive disease in
mangabeys D171, D174, D176, and D177.
In addition, an increase in antineural anti-
bodies preceded by several months the re-
currence of clinical leprosy or neurologic
signs, as shown in mangabeys DI72, D173
and D174. Therefore, one can assume that
during the early stage ofAl. leprae infection,
the bacterial load is not large and, despite
clinical signs of leprosy, nerve involvement
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may be very limited and, thus, may not be
detectable during regular physical exami-
nation. Thus, by detecting antineural anti-
bodies, it may be feasible to predict future
clinical eruption of leprosy and/or nerve
damage in persons infected with Al. leprae.

There also seem to be several fluctuations
of antineural antibody levels during the
course of M. leprae infection in the absence
of chemotherapy, as shown in mangabeys
D171, D172, D173, and D177. This may
imply that nerve tissues are destroyed in-
termittently, thus boosting antibody re-
sponses to the antigens. This suggests that
there may be a wide variation in antineural
antibody reactivity in sera from leprosy pa-
tients at the time of diagnosis, depending
on the natural history of Al. leprae infection
in each patient.

In leprosy-endemic areas, many new lep-
rosy patients are diagnosed with extensive
disease long after initial signs have ap-
peared. Since nerve damage is one of the
cardinal signs of leprosy, almost all new lep-
rosy patients have more or less nerve in-
volvements, such as anesthesia, nerve en-
largements and/or neurologic deformities,
at the time of diagnosis (31 18). Therefore, it
is not surprising that 40°/0-70°/0 of new lep-
rosy patients had elevated antibodies to cer-
amide, GC, or AGM, antigen. In addition,
antineural antibodies are strongly associ-
ated with the extent of nerve involvement
in leprosy patients at the time of diagnosis
(24; Cho, et al., unpublished data).

As shown in this study, antineural anti-
bodies were studied in leprosy patients in
an attempt to elucidate the pathogenic
mechanism(s) of nerve damage. This hy-
pothesis was based on the concept that the
antibodies may be directly involved in nerve
tissue destruction, such as in Guillain-Barre
syndrome (20, 21,,) motor neuron diseases
(16, 17,,) systemic lupus erythematosus with
neurological disorders (81 19), and multiple
sclerosis ('). Antibodies to GC, AGM , , or
other gangliosides have been reported to play
a role in demyelination of the nerves in these
diseases. However, although abnormal my-
elin changes were observed in nerve fibers
(9), demyelination is not a prominent fea-
ture in leprosy. Rather, delayed-type hy-
persensitivity to M. leprae antigens in nerve
tissues may provoke granuloma formation
and destroy the nerves (10, '5). Once the
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nerves are damaged, humoral antibody re-
sponses to nerve tissue antigens would un-
doubtedly follow, resulting in high anti-
neural antibody levels.

During hypersensitivity as seen in lepra
reactions (e.g., erythema nodusum lepro-
sum or reversal or upgrading reactions), im-
mediate nerve pain or damage will be noted,
but in a majority of leprosy patients, a slow
progress of nerve destruction will occur ()
and eventually result in neurologic defor-
mity, as seen in experimentally infected
mangabey monkeys in this study. There-
fore, despite hypersensitivity perhaps being
the initial trigger of nerve damage along with
M. leprae growth in the tissues, antineural
antibodies still may be associated with the
autoimmune-mediated destruction of nerve
trunks leading to neurological deformities
or nerve enlargement (22). Further study is
warranted to explain the exact role of an-
tineural antibodies in the pathogenesis of
leprosy. Meantime, the detection of anti-
bodies to nerve tissue antigens may be used
for the assessment of leprosy patients by
providing information on the degree of nerve
tissue damage. Antineural antibody reactiv-
ity could be used as a parameter for the
diagnosis of leprosy if combined with tools
detecting M. leprae infection using Al. lep-
rae- specitic antigens such as PGL-I (4).

In this study, we inoculated a relatively
large number of M. leprae compared to the
dose presumed to be involved in the natural
transmission of leprosy between animals or
between leprosy patients and their contacts.
Therefore, we do not know how to extrap-
olate precisely the clinical course of leprosy
from these mangabey monkeys to human
leprosy. However, as far as antibody re-
sponses to nerve antigens are concerned, this
study produced unequivocal evidence that
antineural antibodies usually preceded neu-
rologic deformities or other neuropatholog-
ic events. It remains to be determined if
these antibodies to nerve antigens are just
bystander responses or if they play a role in
the pathogenesis of nerve damage.

SUMMARY
Eight sooty mangabey monkeys were in-

oculated intravenously and intradermally
with varying doses ofillycobacterium leprae
from 4.8 x 107 to 4.8 x 1010. Serum sam-
ples were obtained from the animals at in-

tervals of about 3 months for 90 months,
and were examined for IgM and IgG anti-
bodies to nerve antigens, including ceram-
ide, galactocerebroside (GC), and asialo-
GM, (AGM,), using an enzyme-linked
immunosorbent assay (ELISA). The sero-
logical results were then compared with
clinical findings, particularly nerve involve-
ment. Of 8 mangabey monkeys inoculated
with Al. leprae, 7 animals had clinical lep-
rosy; 6 of them had nerve damage, including
neurologic deformities in 4 monkeys and
nerve enlargement in 2. Median time for
the initial signs of leprosy was 10 months
postinoculation (p.i.), a range from 4 to 35
months. In contrast, nerve damage was not-
ed rather late, about 35 to 86 months p.i.
(median 54 months). The major immuno-
globulin class to ceramide, GC, and AGM,
antigens was IgM, and the antibody re-
sponses to the nerve antigens appeared from
15 to 63 months p.i. (median 37 months).
Antineural antibodies were thus detectable
about 18 months (range —2 to 60 months)
prior to observable nerve damage. In ad-
dition, elevation of antineural antibody lev-
els were predictive of clinical exacerbation
of the disease and neuritic damage. This
study suggests that antineural antibodies are
produced during the course of Al. leprae in-
fection and may be indicative of nerve dam-
age, such as neurological deformities or
nerve enlargement, in leprosy patients.

RESUMEN
Sc inocularon 8 monos mangabey pardos con dile-

rentres cantidades de Mycobacterium leprae (de 4.8 x
10 a 4.8 x 10'") por las vias intravenosa e itradérmica.
Después, a intervalos de 3 meses, se obtuvieron mucs-
tras de suero durante 90 meses, y en los sueros se
buscaron anticuerpos I gM e IgG contra antigenos del
sistema nervioso, incluyendo un eel-amid°, un galac-
tocerebrOsido (GC), y un asialo-GM, (AGM,), usando
un inmunoensayo enzimatico (ELISA). Los resultados
serolOgicos se compararon con los hallazgos clinicos,
particularmente con el claim a nervios. De los 8 monos
mangabey inoculados con M. leprae, 7 animales de-
sarrollaron la enfermedad: 6 de ellos mostraron daiio
a nervios, incluyendo deformidades neurolOgicas en 4
monos y engrosamiento nervioso en 2 de ellos. El tiem-
po promedio de apariciOn de los sintomas de la lepra
Inc de 10 meses postinoculaciOn (p.i.), con un rango
de 4 a 35 meses. En contraste, el datio a nervios se
notó más tardiamente, entre los 35 y los 86 meses p.i.
(mediana d3 54 meses). La inmunoglobulina predo-
minante contra los tres antigenos (eel-amid°, GC y
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AGM 1) fue de la clase IgM, y las respuestas en anti-
cuerpos contra los antigcnos aparecieron entre los 15
y los 63 meses p.i. (mediana de 37 mescs). Asi, los
anticuerpos antineuralcs fueron detectados aproxi-
madamente 18 meses (rango de —2 a 60 meses) antes
de la aparición clinica del dafio a nervios. Ademds, la
elevación de los niveles de anticuerpos antineurales fue
predictiva de la exacerbación clinica de la enfermedad
y del datio neuritico. Este estudio sugiere que los anti-
cuerpos antineuralcs se producen durante el curso de
la infección por el Al. leprae y que su presencia puede
ser indicativa del claim a nervios. Esto podria ocurrir
en los pacientes con lepra que muestran alteraciones
neurolOgicas o engrosamiento de nervios.

RESUME
On a inoculé huit singes mangabcy par voles intra-

vcincuse et intradermique avec du Mycobacterium lep-
rae a des doses variant de 4,8 x 10 a 4,8 x 10'.
On a prélevé des echantillons de serum chez les ani-
maux a intervalles d'environ trois mois durant nonante
mois, et on a recherché la presence d'anticorps IgG et
IgM vis-à-vis d'antigénes nerveux, y compris le cera-
mide, le galactocebroside (GC) et l'asialo-GM, (AGM ,)
par un test immuno-enzymatique (ELISA). Les résul-
tats sérologiques ont été compares avec les observa-
tions cliniques, en particulier l'atteinte nerveuse. Parmi
les huit singes mangabey inocules avec du Al. leprae,
sept avaient une lépre clinique; six d'entre eux avaient
une atteinte nerveuse, avec des déformités d'origine
neurologique chez quatre singes et un épaississemente
de nerfs chez deux d'entre cux. L'intervalle de temps
median pour l'apparition des premiers signes de lépre
suite a l'inoculation était de 10 mois, allant de 4 6 35
mois. Par contre, l'atteinte nerveuse a été notée plutôt
tardivement, environ 35 6 86 mois aprés l'inoculation
(médiane 54 mois). La principale classe d'immunoglo-
bulines vis-a-vis des antigénes ceramide, GC, et AGM
était du type IgM et les réponses par anticorps aux
antigènes nerveux sont apparus entre le quinzième et
le soixante-troisième mois apres l'inoculation (me-
dianc 37 mois). Des anticorps dirigés contre les nerfs
étaient done détectables environ 18 mois (de 2 6 60
mois) avant qu'on puisse observer des dégats nerveux.
De plus, une augmentation des taux d'anticorps vis-a-
vis des nerfs prédisait une exacerbation clinique de la
maladie ct une deterioration nerveuse. Cette etude sug-
Ore quc des anticorps vis-avis des nerfs sont produits
dans le décours de l'infection par M. lepraect peuvent
indiquer une atteinte nerveuse chez les malades de la
lépre, telle que des déformités d'origine neurologique
ou un épaississement des nerfs.
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