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Testing for antibodies to the Mycobac-
terium /eprae-specific phenolic glycolipid-I
(PGL-I) antigen has been suggested as a
possible tool for detection of new cases of
leprosy ( I, 4, 6, 21, 25, 32, 33

) and for monitor-
ing leprosy patients under treatment
( 4, 8, 19, 22, 29. 32 ) We have previously de-
scribed a significant correlation between IgM
antibodies to PGL-I and the bacterial index
(BI) ( 19 • 30), indicating that anti-PGL-I IgM
reflects the total bacillary load of the leprosy
patient and, thus, might be of value in fol-
lowing patient response to antibacterial
therapy and possible future immunotherapy
(24). In this study, to evaluate the usefulness
of antibodies to PGL-I in following re-
sponse to therapy, anti-PGL-I IgM and IgG
were measured sequentially in patients un-
der treatment in the New York Regional
Hansen's Disease Program. Because PGL-I
is obtained from armadillo-derived mate-
rial, supplies of it are limited. In addition,
the water insoluble PGL-I is not easily used
in aqueous solutions. In order to resolve
these problems, in recent years several
groups have produced synthetic PGL-I an-
alogs, with one or more of the antigenic sug-
ar residues of PGL-I covalently attached to
protein carrier molecules ( 3 . 5). These re-
ports indicate good correlation between na-
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tive and synthetic PGL-I ELISAs. In order
to determine the suitability of synthetic
PGL-I for patient monitoring, we have
tested one of these glyconjugates, ND-BSA
( 5), in ELISA for sequential determination
of antibodies to PGL-I and compared the
performance of ND-BSA to that of native
PGL-I. Leprosy patients have been shown
to develop high titers of antibodies to my-
cobacterial arabinomannan antigens. IgG to
arabinomannan from Al. smegmatis was
found to correlate with the BI in leprosy
patients and the titer was seen to decrease
during treatment ( 23). Lipoarabinomannan
(LAM) from M. leprae and M. tuberculosis
have been purified and partially character-
ized structurally and immunologically, with
serological crossreactivity seen between the
LAMs of the two different bacteria ( 12). In
leprosy patients, a correlation has been seen
between the BI and both IgG and IgM to
M. tuberculosis LAM ( 18), suggesting that
anti-LAM antibodies might also be useful
for following leprosy patients' responses to
therapy.

To determine to what extent changes in
antibodies to PGL-I and LAM reflect
changes in the bacillary load, sequential anti-
PGL-I and LAM antibodies were quanti-
tated in patients who had also been tested
for sequential BI. Results indicate that in
most patients with a steadily declining BI,
a decrease in the BI was accompanied by a
decrease in antibodies to PGL-I and/or
LAM. ND-BSA and native glycolipid both
appeared to be suitable for detection of se-
quential antibodies to PGL-I.

MATERIALS AND METHODS
Patients. Antibody determinations were

performed on patients at various stages of
treatment at the New York Regional Han-
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sen's Disease Program. The treatment reg-
imen for individual patients depended upon
the stage of treatment and disease activity.
Patients showing bacillary activity were
treated with standard multidrug therapy
consisting of dapsone and rifampin, and in
cases of chronic or recalcitrant reaction, clo-
fazi mine. Most inactive patients were main-
tained on dapsone monotherapy. Thalido-
mide and/or prednisone were used for
treatment of reactions ( 13 • ' 7 ). Patients were
classified clinically and histopathologically
according to the Ridley-Jopling scale ( 27).
The BI was measured according to the
method of Ridley (26). The BI and histo-
pathology were determined on punch biop-
sies at the Gillis W. Long Hansen's Disease
Center, Carville, Louisiana, U.S.A. Sera
were collected by venipuncture and stored
in aliquots at —70°C until used. Previous
studies (16, 18.2R) had indicated patients that
were positive for antibodies to PGL-I and/
or LAM. Three groups of patients were used
for analyses in this report. The first group,
consisting of 47 patients, was used to test
for sequential detection of anti-PGL-I in-
corporated into liposomes. A second group
of 22 patients was used to compare detec-
tion of specific IgM by native PGL-I li-
posomes and the synthetic PGL-I analog
ND-BSA. A third group of 24 patients was
chosen to study the relationship between
sequential BI and sequential antibodies to
PGL-I and LAM. The criteria for inclusion
in this group were: a) A total length of time
of at least 24 months between the first and
last serum studies for each individual; b) A
BI determination had to have been done
within ±2 months of each serum sample
assayed.

Antigens for ELISA. PGL-I, LAM, and
ND-BSA were provided under a National
Institutes of Health contract by Dr. P. J.
Brennan (Colorado State University, Fort
Collins, Colorado, U.S.A.). PGL-I was pur-
ified from armadillo-derived material as
previously described ("). The synthesis of
several of the synthetic PGL-I glycoconju-
gates has been reported ( 5 9 ). The protocol
for the purification of LAM (called LAM-B
in the original reference) from AI. tubercu-
losis and M. leprae was previously described
(12)

•

ELISA for antibodies to PGL-I using
PGL-I liposomes. Antibodies to the PGL-I

antigen of M. leprae were detected by an
enzyme-linked immunosorbent assay as
previously described 28 ). Briefly, PGL-I
was incorporated into liposomes with
sphingomyelin, cholesterol, and dicetyl
phosphate. Control liposomes were made
without PGL-I. PGL-I and control lipo-
some suspensions were coated onto poly-
styrene microtiter plates (Dynatech Labo-
ratories, Inc., Alexandria, Virginia, U.S.A.).
After the plates were coated, they were
washed three times with phosphate buffered
saline (PBS) and then blocked with PBS plus
3% bovine serum albumin (PBS-BSA). Sera
diluted in PBS-BSA were added in duplicate
to wells containing PGL-I liposomes and
control liposomes and incubated at 37°C.
Plates were then washed three times with
PBS, and goat anti-human IgM (or IgG)
peroxidase conjugate (Cooper Biomedical,
Inc., West Chester, Pennsylvania, U.S.A.)
diluted 1:1000 in PBS-BSA was added.
Plates were washed again, and the sub-
strate solution was added (1.8 mM 2, 2'azino-
di[3-ethylbenzthiazolin-6-sulfonic acid]
(Boehringer Mannheim Biochemicals, In-
dianapolis, Indiana, U.S.A.) —0.1 mM H 202

in phosphate buffer) for 1 hr at room tem-
perature. The reaction was stopped with
0.32% NaF and extinction (E) was read at
405 nm. Results were expressed as AE = E
(PGL-I liposome coat) — E (control lipo-
some coat). Initial antibody readings to
PGL-I were designated as AEi and final
readings as AEI A AE ?.: 0.10 at serum di-
lution of 1/20 was considered a positive
reading for anti-PGL-I IgM and IgG (20).
Patients that were positive by preliminary
screening for AE anti-PGL-I IgM and/or IgG
were tested sequentially for both isotypes.
Patients exhibiting either a positive zEi or
AEf for a given isotype were used for sta-
tistical analysis of that isotype. Initial and
final sera for each individual were assayed
simultaneously on the same microtiter plate.
Previous experience ( 19.28) showed that,
with a serum dilution of 1/20, the above
protocol was effective for detection of anti-
PGL-I IgM and IgG in most patients. How-
ever, a number of patients were found to
have very high levels of anti-PGL-I IgM,
such that, with sera diluted 1/20 the enzy-
matic reaction would plateau well before the
1-hr substrate incubation period. In order
to prevent changes in antibody level from
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FIG. 1. Rate of decrease of anti-PGL-1 IgM in patients grouped by bacterial index (131). Pearson's correlation

coellicient for rate of decrease (corrected for serum dilution) versus 131: r = 0.4040, p < 0.01.

being obscured in this way, high anti-PGL-I
IgM patients' sera were diluted such that
serial dilutions yielded proportional .AE val-
ues. These values were then corrected to
1/20 by multiplying by the dilution factor
(i.e., x 4 for sera tested at 1/80). In order
to determine whether sequential anti-PGL-I
IgM levels were significantly different,
regression analysis was performed on du-
plicate serum samples from 37 patients
whose anti-PGL-I IgM levels ranged from
negative to very high. Pearson's correlation
coefficient between duplicate serum sam-
ples was calculated (r = 0.98). A figure of
two times the standard deviation of the dif-
ferences in the means was used to determine
significant differences (AE = 0.16, p < 0.03).

ELISA for antibodies to PGL-I using ND-
BSA. The ELISA using ND-BSA was sim-
ilar to ELISA with PGL-I liposomes with
the following exceptions: a) For coating
plates, ND-BSA was dissolved in carbon-
ate-bicarbonate buffer, pH 9.6, at 0.5 µg car-
bohydrate/ml. Control wells were coated
with BSA at a concentration identical to that
in the ND-BSA-coated wells. b) Blocking
and diluent for sera and antibody-enzyme
conjugate was PBS + 1% BSA + 0.05%
Tween 20.

ELISA for antibodies to LAM. The
ELISA for antibodies to LAM was identical
to the ELISA using PGL-I liposomes with

the following exceptions: a) LAM antigen
was coated onto microtiter plates at 2 pig/
ml in carbonate-bicarbonate buffer, pH 9.6.
Control wells were treated with coating
buffer alone. b) Sera were diluted routinely
1/200, 1/100, and 1/20 for detection of anti-
LAM IgG, IgM and IgA, respectively. For
sequential detection of anti-LAM anti-
bodies in patients with very high levels,
higher dilutions of serum were used. c) Sub-
strate buffer was citrate-phosphate buffer,
pH 5, with a 20-min substrate incubation
period. d) Cut-off points for seropositivity
were established as AE = 0.27, 0.14, and
0.19 for anti-LAM IgG, IgM, and IgA, re-
spectively. These values represent the mean
+ 2 S.D. of 35 control sera ( 18 ).

Statistical analysis. The initial and final
antibody values were compared by the non-
parametric Wilcoxon signed rank test. Pear-
son's correlation coefficient was calculated
to examine the relationship between the BI
and the rate of decrease of anti-PGL-I IgM.
Correlation coefficients were also calculated
to compare detection of antibodies by PGL-I
liposomes and ND-BSA.

RESULTS
Sequential analysis of serum antibodies

indicate that anti-PGL-I-positive leprosy
patients experienced a drop in the level of



No. 131 Time" AEih AE11

1gM, all patients 47d 2.2 ± 2.1 12.9 ± 4.4 0.47 (0.07-I6.4)' 0.28 (-0.06-10.6)
fligh AEi IgMr /7g 3.1 ± 2.1 13.9 ± 4.5 0.84 (0.42-16.4) 0.51 (0.12-10.6)
Low AEi IgMh 20' 1.1 ± 1.4 11.6 ± 4.0 0.20 (0.07-0.36) 0.16 (-0.06-0.91)
IgG 15' 2.7 ± 2.4 13.0 ± 4.5 0.28 (0.06-0.74) 0.22 (0.04-0.69)

Mean time between sera for ..1Ei and ..\Ef (mos. ±
S.D.).

h Median initial AE (range).
Median final ...1E (range).
Ridley-Jopling classification: LL = 34, BL = 7, BB

= 1, BT = 4, symptomatic patient contact = 1.
' Significantly higher than AEf (p < 0.01, Wilcoxon

signed rank test).

anti-PGL-I IgM over time. However, pa-
tients positive for anti-PGL-I IgG did not
exhibit a significant drop in anti-PGL-I IgG
over an almost identical mean time span
(Table 1). The final reading for anti-PGL-I
IgM was significantly lower than the initial
reading in the group of 47 patients tested
by PGL-I liposome ELISA. The group of
patients most responsible for the drop in
anti-PGL-I IgM were those with a high AEi
anti-PGL-I IgM (Table 1). These patients
had a significant decrease in anti-PGL-I IgM,

Patients with .1Ei^0.40.
R Ridley-Jopling: LL = 20, BL = 4, 1313 = 1, BT = 2.
h Patients with AEi < 0.40.
' Ridley-Jopling: LL = 14, BL = 3, BT = 2, symp-

tomatic patient contact = I.
Ridley-Jopling: LL = 9, BL = 4, 1313 = 1, BT = 1.

while those with a low AEi anti-PGL-I IgM
did not. While the former group had a
slightly longer mean time between AEi and
AEf than did the latter, it was not signifi-
cantly longer and, thus, probably did not
contribute to the differences seen between
these two groups. Additionally, the rate of
decrease of anti-PGL-I IgM was found to
correlate with the BI, indicating a faster
drop-off in anti-PGL-I IgM levels in high
BI patients (Fig. 1).

ND-BSA gave similar results to PGL-I

TABLE 2. Comparison of sequential determination of anti-PGL-I IgM by PGL-I Lipo-
somes and ND-BSA.
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TABLE 1. Sequential anti-PGL-I IgM and IgG detected by PGL-I Liposomes.

Patient no. Ridley-
Jopling

Time

(mos.)

PGL-I Liposomes ND-BSA

AEi ..1Ef AEf

4 LL 16.0 0.59 0.16 1.60^0.75
23 LL 9.5 1.16 0.32 1.40^0.72
24 LL 22.0 3.68 2.00 1.20^0.48
25 LL 15.0 0.44 0.24 1.82^1.52
28 BL 14.5 0.74 0.63 1.67^1.31
29 BL 16.0 0.65 0.22 0.82^0.41
33 LL 12.5 0.68 0.59 1.65^1.23
38 LL 6.0 1.68 1.48 1.36^1.20
40 BL 13.5 0.64 0.60 1.21^1.17
42 LL 14.0 0.14 0.28 0.31^0.62
48 LL 7.0 0.36 0.41 0.67^0.58
49 BL 10.0 0.66 0.25 0.48^0.22
54 LL 19.0 11.10 6.20 7.60^4.30
65 LL 10.5 0.36 0.91 0.31^0.48
67 BL 6.0 1.76 0.96 2.68^2.08
68 LL 6.0 0.24 0.21 0.41^0.38
73 LL 11.0 4.80 4.20 2.80^2.20
76 LL 13.0 0.64 0.29 0.92^0.35
77 LL 8.5 1.64 1.48 1.88^1.20
94 LL 9.0 0.56 0.22 0.99^0.37

104 LL 19.0 0.80 0.67 1.35^1.01
107 BL 20.5 0.19 0.07 0.53^0.09

Median 12.75 0.66' 0.50 1.28'^0.88
(Range) (6-20.5) (0.14-11.10) (0.07-6.20) (0.31-7.60)^(0.09-4.30)

Significantly higher than ..1Ef (Wilcoxon signed rank test, p < 0.01).
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liposomes in sequential analysis of anti-
PGL-I IgM (Table 2). In testing of identical
scrum samples, both ELISA systems showed
significantly lower AEC anti-PGL-I IgM.
There was good correlation between the two
assays in the detection of anti-PGL-I IgM
for AEi (r = 0.9203, p < 0.001) and LIEf (r
= 0.8454, p < 0.001). It should be noted
that only 2 of 22 patients (nos. 42 and 65)
surveyed by both PGL-I liposomes and ND-
BSA showed a marked increase in anti-PGL-I
IgM, and that both assays detected this in-
crease. Twelve of the 22 patients shown in
Table 2 decreased significantly in anti-PGL-I
IgM as measured by PGL-I liposomes (de-
crease in AE > 0.16); 2 increased signifi-
cantly, 7 showed decreases that were not
significant, and 1 had an increase that was
not significant.

The results of sequential determination
of antibodies and BI are presented in Fig-
ures 2 and 3. Sequential antibody levels are
shown only for those antibodies that exhib-

ited at least one positive reading. Figures 2
and 3 show 12 patients with an initial BI of
> 3+. It can be seen that in patients with
a consistently declining BI (Fig. 2 A, B, C,
D, E; Fig. 3 A, E, F) most also experienced
a decline in antibody levels (Fig. 2 A, B, C,
D; Fig. 3 E, F). Thus, among patients with
a consistently declining BI, 6 of 8 showed
declining antibody levels, and 1 (Fig. 2E)
showed a decline in three of four antibodies.
Among patients with an initial BI of > 3+
and a BI that did not drop consistently (Fig.
2F; Fig. 3 B, C, D) antibody patterns were
less predictable.

In addition to the 12 patients depicted in
Figures 2 and 3, 12 additional patients were
tested for sequential antibodies and BI.
Three of these were negative for both the
BI and antibodies throughout the study.
Four had BIs that decreased consistently,
with 3 of the 4 showing a consistent decrease
in antibodies; the remaining 5 had BIs that
did not decrease steadily and, as with such
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FIG. 3. Sequential determination of BI and antibodies to PGL-I and LAM in patients with a BI of >3+.

patients depicted in Figures 2 and 3, their
antibody patterns were unpredictable (data
not shown). Thus, overall, in this study we
have seen that among patients with a stead-
ily declining BI, 75% also showed steadily
declining antibody levels. In patient B, Fig-
ure 3, the decline and then rise in BI was
reflected by increases in antibody level's. The
patient, who had dapsone-resistant disease
by mouse foot-pad testing and elevated liver
function tests, received clofazimine and
dapsone. Eight months before the rise in the
BI and antibodies was seen, dapsone was
decreased from 100 to 50 mg daily because
of mild renal insufficiency. During the course
of the study there was evidence of disease
progression. Specifically, the patient expe-
rienced impotence with elevated FSH and
LH (data not shown) which was successfully
treated with 200 mg twice monthly of dela-
testryl (Squibb, Princeton, New Jersey,
U.S.A.). Disease progression in this patient
was also evidenced by a deterioration in
nerve function as measured by nerve con-
duction testing (data not shown).

DISCUSSION
This study indicates that monitoring of

leprosy patients' responses to therapy with
antibodies to PGL-I and LAM provides a
valuable adjunct to skin biopsy and slit-skin
smears. The largest and most rapid de-
creases in anti-PGL-1 IgM were found to
occur in patients with a high initial anti-
PGL-I IgM and a high BI. This may reflect
clearance of large numbers of bacilli in pa-
tients early in treatment. The tendency for
low anti-PGL-I IgM patients to remain
seropositive may be related to bacillary per-
sistence, a known phenomenon of leprosy
(3 !). Alternatively, the PGL-I antigen itself
is not water soluble and may remain in tis-
sues for long periods of time, stimulating a
low-level antibody response in the absence
of viable bacilli.

IgG to PGL-I did not drop in the group
of patients who were initially positive for
this antibody. Similarly, Bach, et al. (2) found
that IgG to whole M. leprae decreased more
slowly than IgM to whole M. leprae and
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PGL-I in lepromatous patients. Douglas, et
al. (8) also found a decrease in antibodies to
both PGL-I and a synthetic PGL-I glycon-
jugate in leprosy patients under treatment,
although this study did not distinguish be-
tween the immunoglobulin class of the anti-
PGL-I response. So far, studies in humans
suggest that anti-PGL-I IgG is indicative of
upgrading or an intact T-cell response ( 16 ' 19 ).

Factors regulating IgG production are being
studied intensely in a variety of systems.
IgG production seems to depend on a va-
riety of soluble T-cell products in mice and
probably also in humans ( 10). In leprosy,
evidence exists for the deficiency of T-cell
products ( 14), and factors involved in the
isotype switch mechanism may be a part of
the various forms of disease seen through-
out the leprosy spectrum.

IgM is a classical neoantigenic response.
Therefore, IgM persistence may be indica-
tive of antigenic persistence. Findings sim-
ilar to those herein reported with leprosy
have been noted in Lyme disease ( 7), where
persistent specific IgM is indicative of pro-
longed and severe disease, and in hepatitis
B infection, where IgM levels to hepatitis B
core antigen correlated with disease activity
( 15). Currently, prevalent clinical practice for
monitoring multibacillary leprosy involves
detection of bacilli in the skin. Our findings
show some correlation with serum antibod-
ies to PGL-I and LAM and the prevalence
of bacilli in the skin. However, a significant
percentage of patients who are negative by
skin bacillary criteria still show elevated
levels of antibody to PGL-I and/or LAM.
Further studies are needed before it can be
determined whether an individual's anti-
body levels have stabilized, or whether in-
creasing or persistently elevated antibody
readings are indicative of inadequate ther-
apy or relapse.

SUMMARY
Sequential serum samples from leprosy

patients at various stages of antibacterial
treatment were tested by an ELISA for an-
tibodies to phenolic glycolipid I (PGL-I), a
synthetic PGL-I analog (ND-BSA), and li-
poarabinomannan (LAM) from Mycobac-
terium tuberculosis to determine if these an-
tibodies could be useful in monitoring
response to therapy. Among patients with

positive initial anti-PGL-I IgM, a signifi-
cant decrease in this antibody was seen over
time (p < 0.01), whether assayed by PGL-I
or ND-BSA. The two antigens showed good
agreement in the detection of decrease in
anti-PGL-I IgM. The greatest decrease was
seen in patients with a high initial anti-
PGL-I IgM and a high bacterial index (BI).
Patients with a declining BI were seen to
have generally declining antibody levels to
PGL-I and to LAM; in those patients with
a fluctuating BI, antibody levels were less
predictable. We conclude that antibodies to
PGL-I and LAM can be useful in following
response to therapy in leprosy patients and
that either the native PGL-I or ND-BSA
can serve as antigen for the ELISA.

RESUMEN
Usando la têcnica de ELISA se probaron muestras

secuenciales de sueros de pacientes con lepra con di-
ferentes tiempos de tratamiento antibacteriano, para
buscar anticucrpos contra el glicolipido fenOlico I (PGL-
I), contra un analog° sintetico del PGL-I (ND-BSA),
y contra lipoarabinomanana (LAM) de Mycobacterium
tuberculosis para determinar si cstos anticuerpos po-
drian ser utiles en el seguimiento de la respuesta a Ia
terapia. Entre los pacientes positivos al inicio para 1gM
anti-PGL-I, se observe) una disminuciOn significativa
en los niveles de este anticuerpo proporcional al tiempo
del tratamiento (p < 0.01), tanto con el PGL-I como
con el ND-BSA. La mayor diminuciOn ocurrie) en pa-
cientes con elevados niveles iniciales de 1gM anti-
PGL-I y con altos indices bacteriolOgicos (BI). Los pa-
cientes con un BI decreciente tambien mostraron ni-
veles decrecientes de anticucrpos anti-PGL-I y anti-
LAM; cn aquellos pacientes con un BI fluctuante, los
niveles de anticucrpos fueron menos predeciblcs. Con-
cluimos que los anticuerpos anti-PGL-I y anti-LAM
pueden ser utiles en el scguimicnto de Ia respuesta a
la terapia en los pacientes con lepra y que tanto el PGL-
I nativo como el ND-BSA pueden usarse como anti-
geno en la tecnica de ELISA.

RÉSUMÉ

Des echantillons seriques successifs de patients le-
preux a difFerentes &tapes du traitement antibacterien
furent testes par un ELISA pour Ia presence d'anticorps
vis-a-vis du glycolipide phOnolique I (GPL-I), un an-
alogue synthetique du GPL-I (ND-BSA), et un lipoar-
abinomannan (LAM) de Mycobacterium tuberculosis
pour determiner si ces anticorps pourraient etre utiles
dans la surveillance de Ia reponse au traitement. Parmi
les patients positifs au depart pour la presence d'IgM
anti-GPL-I, une diminution significative de cet anti-
corps fut observes au cours du temps (p < 0,01), que
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^Ic titrage soit fait par GPL-I ou ND-BSA. Les deux
^

9.
antigenes montraient une bonne concordance dans la
detection de Ia diminution des IgM anti-GPL-I. La
diminution la plus importante fut observee chcz des
patients avec des 1gM anti-GPL-I et un indice bacter-
iologique (IB) Cleves a I'origine. Les patients avec un
indice bacteriologique en diminution avaicnt getter-

^alement des taux decroissants d'anticorps vis-à-vis de^10.
GPL-I et LAM; parmi les patients avec des 113 varia-
bles, les taux d'anticorps etaient moms previsibles. Nous

^

concluons que les anticorps vis-a-vis de GPL-I et LAM
^

1 I.
peuvent etre utiles pour suivre la reponse au traitement
des malades de Ia lepre, et que soit le GPL-1 nature!
ou Ic ND-BSA peuvent servir d'antigene pour l'ELISA.
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