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Mycobacterium leprae purified from liver tissue of an infected armadillo (the
A/10 preparation) was tested for antigenic composition by immunization of
rabbits and characterization of the antibody response by crossed immunoelectro-
phoresis. The rabbit antisera detected seven distinct components in the M. leprae
preparation. This number is far lower than in similar experiments with other
mycobacteria. The M. leprae sonic extract gave far fewer lines after polyacryl-
amide gel electrophoresis and staining with Coomassie brilliant blue than sonic
extracts prepared from BCG, M. smegmatis, and M. phlei adjusted to the same
protein concentration based on the Folin assay. The seven components detected
in M. leprae cross-reacted extensively with M. avium, BCG, M. lepraemurium,
M. smegmatis, and Nocardia asteroides. The seven components are involved in
immune reactions in leprosy; antibodies against all of them were demonstrated
in sera from patients with lepromatous leprosy, but the specificity of the antibod-
ies varied from patient to patient. The reason for the demonstration of so few
antigenic components and some of the implications of these findings for the use
of armadillo-grown M. leprae to develop specific skin test reagents and in other
aspects of leprosy research are discussed.

Since Mycobacterium leprae cannot be grown
in vitro, bacilli have been available in only lim-
ited amounts, and studies on the antigenic com-
position have previously been made on bacilli
purified from nodules of patients with leproma-
tous leprosy in comparison with cultivable my-
cobacteria. Carbohydrate antigens cross-react-
ing with other mycobacteria have been identi-
fied, but there is only limited information on
their molecular structure (1, 12, 13, 26, 34). By
immunodiffusion tests on soluble components
present in homogenates of lepromatous nodules,
Abe has provided evidence of an M. leprae-spe-
cific protein antigen (1, 2).

Since the demonstration that M. leprae may
grow and establish a severe systemic infection
in the nine-banded armadillo (8, 18-20), larger
amounts of M. leprae bacilli grown in vivo have
become available, and this source of M. leprae
is currently being intensively exploited to obtain
more information on the basic properties of the
leprosy bacillus. Increased information on its
antigenic structure is greatly needed.
The immune response ofthe host is of decisive

importance for the clinical course after infection
with M. leprae (14, 25, 28, 29, 36, 37). If the
response is effective after exposure to leprosy
bacilli, the individual may develop a few skin

lesions that heal spontaneously, or he may de-
velop no symptoms at all. In other cases, the
bacilli survive and multiply in host tissues, par-
ticularly in the skin and peripheral nerves. Im-
mune reactions against bacillary components
may then induce nerve damage and are thus
responsible for the deformities often associated
with leprosy. Lepromatous leprosy with appar-
ent uninhibited growth of the bacilli is charac-
terized by lack of cell-mediated immune reac-
tions against M. leprae (25, 36), and suppression
of cell-mediated immunity in M. leprae-infected
mice leads to systemic disease very similar to
lepromatous leprosy (27). Characterization of
the immune response to the various antigens of
M. leprae is of great interest, as it has been
demonstrated that variation in specificity may
be related to important clinical symptoms, par-
ticularly during reactions with induction of
nerve damage (7, 9). Advances in this field re-
quire additional information concerning the an-
tigenic composition of M. leprae.
Further development of reliable methods for

diagnosis of subclinical infection, e.g., by skin
testing, depends on the production of suitable
antigenic preparations of M. leprae and better
methods of characterizing their composition and
specificity.

792



ANTIBODY RESPONSE AGAINST M. LEPRAE

The taxonomic relationship of M. leprae to
other mycobacteria (23, 31-33) has not been
defined in detail, since most of the usual criteria
for such analyses cannot be applied due to lack
of growth in vitro. Additional information on
this matter is of crucial importance if an attempt
to develop a vaccine against leprosy is to be
based on the use of a related mycobacterium.
Studies on the antigenic structure of M. leprae
are expected to be of particular importance in
this respect.
The purpose of this investigation was to study

the antigenic composition of M. leprae by char-
acterization of the specificity of the antibody
response in rabbits during immunization with
purified M. leprae obtained from infected ar-
madillos. To obtain as much information as pos-
sible, the specificity of the antibodies was care-
fully followed during the early immunization.
Cross-reactions between the demonstrated an-
tigenic components of M. leprae and other my-
cobacteria were studied. Finally, evidence was
sought on whether the demonstrated antigenic
components are involved in antibody production
against the leprosy bacillus during clinical dis-
ease in man.

MATERIALS AND METHODS
Mycobacteria and related bacilli. M. leprae was

provided from the World Health Organization's Im-
munology of Leprosy (IMMLEP) program by R. J.
W. Rees and P. Draper as freeze-dried bacilli (the
A/10 preparation). The bacilli were purified by the
Draper method (11) from liver tissue of armadillo no.
29 received by IMMLEP from W. F. Kirchheimer in
February 1975. In the liver, 18% of the acid-fast bac-
teria were solid staining. Armadillo no. 29 was inocu-
lated with bacilli prepared from a skin biopsy from a
leprosy patient from the Phillipines. The animal de-
veloped a severe systemic infection with acid-fast ba-
cilli having features characteristic of the species M.
leprae. They were noncultivable on regular media,
and two separate inoculations into mouse footpads
gave histologically typical lesions with growth of acid-
fast bacilli within nerves. Among other armadillos
inoculated with the same material, three have devel-
oped severe systemic infection with noncultivable my-
cobacteria showing characteristic features ofM. leprae
upon mouse foot-pad inoculation and in the pyridine
extraction test (W. F. Kirchheimer, personal commu-
nication).
M. bovis (BCG) was obtained as 14-day cultures

on Sauton medium from K. Bunch-Christensen, Sta-
tens Seruminstitut, Copenhagen, and was identical to
the vaccine strain distributed by this laboratory.
M. avium (Maren Cecilie), M. smegmatis (NCTC

8159), and Nocardia asteroides (no. 9974, Emmons,
U.S.A.) were obtained from Mogens Magnusson, Sta-
tens Seruminstitut, Copenhagen.
M. duvaiji (NCTC 358) was obtained from Bj0rn

Myrvang, Armauer Hansen Research Institute, Addis
Ababa, Ethiopia. The bacilli were cultured on Sauton

medium, harvested as soon as sufficient growth had
been obtained, and stored at -20°C until they were
used for antigen preparation.
M. leprae antigen preparations for immuniza-

tion and testing. Sixty milligrams of freeze-dried M.
leprae was added to 10 ml of 0.9% NaCl and sonified
for 15 min under cooling on ice, using the Branson
B12 Sonifier (Branson Sonic Power Co., Banbury,
Conn.) with 80 W of effect. The sonic extract was
centrifuged at 20,000 x g for 15 min at 4°C. Three
milliliters of the supernatant fluid were pipetted off
to be used as antigen in crossed immunoelectropho-
resis (CIE). It contained 1 mg of protein per ml, as
determined by a modified Folin technique (24) with
human serum as standard, and was stored at 4°C with
15 mM NaN3. The pellet was suspended in the re-
maining supernatant, briefly sonified to ensure com-
plete mixing, and then used for immunization.
The M. keprae antigen was mixed with Freund

incomplete adjuvant (1/1, vol/vol) and injected intra-
dermally in five rabbits (3200, 3204, 3205, 3207, and
3217) in doses of 100 A1 delivered at multiple sites in
the neck region and above the scapulae at days 2, 16,
30, 44, 72, and 100 and every 4th week from then on.
About 50 ml of blood was taken from the ear vein at
day 0 (preimmune sample), 14 (tap 1), 28 (tap 2), 42
(tap 3), 56 (tap 4), 84 (tap 5), and 10 days after each
of the succeeding immunizations. The sera were stored
at 4°C with 15 mM NaN3.
Immunization with antigen preparations from

other mycobacteria and N. asteroides. Antigen
was prepared from M. avium, M. smegmatis, M. du-
vaiii, M. bovis (BCG), and N. asteroides as follows:
600 mg (wet weight) of bacilli was suspended in 10
ml of 0.9% NaCl and sonified in the same way as M.
leprae. After centrifugation, 3-ml portions of the su-
pernatants were taken off to be used as antigens in
CIE. They contained 1.0 to 1.4 mg of soluble proteins
per ml, as determined by the Folin technique, and
were stored at 40C with 15 mM NaN3. The remaining
materials were mixed and briefly sonified. They were
then mixed with Freund incomplete adjuvant (1/1,
vol/vol) and injected intradermally in rabbits in doses
of 100 pl, delivered at multiple sites on days 0, 14, 28,
42, and 56 and thereafter once a month. The rabbits
were bled 8 days after injection 4 and each of the
subsequent injections. For each mycobacterial species,
four or five rabbits were immunized.
Other antibodies. Four monospecific antisera

were made against selected bacterial antigens by im-
munization of rabbits with immune precipitates cut
out of gels after CIE. Such antisera were made against
two antigens of BCG (15, 16), two antigens of N.
asteroides, and antigen 13 of M. lepraemurium
(MLM) (10).
Lepromatous sera. The sera were obtained at the

Armauer Hansen Research Institute from patients
attending the Addis Ababa Leprosy Hospital. Age,
sex, and severity of disease were not taken into account
during selection of patients. Individual sera were ob-
tained from 21 previously untreated patients whose
disease had been clinically and histopathologically
classified as lepromatous leprosy (LL, LI, and BL)
(21, 29, 30). The lepromatous pool was made from 43
individual sera.

793VOL. 18, 1977



794 HARBOE ET AL.

CIE. CIE with intermediate gel was carried out and
the plates were washed, pressed, and stained with
Coomassie brilliant blue R-250 as described in detail
elsewhere (6). Briefly, CIE was performed on glass
plates (5 by 7 cm) in 1% agarose, Litex type HSA
with moderate electro-endosmotic flow, batch no. 0264
(Litex, Glostrup, Denmark). The top gel contained
200,ul of antiserum, and the intermediate gel contained
100 pl of buffer, preimmune serum, concentrated anti-
mycobacterial immunoglobulin, or antiserum, as spec-
ified in the text. The circular antigen well contained
10 IlI of antigen solution prepared as described above.
Polyacrylamide gradient gel electrophoresis.

This was kindly performed by B. G. Johansson at the
Clinical Chemistry Laboratory, University Hospital,
Lund, Sweden, using Pharmacia electrophoresis ap-
paratus GE-4 and prefabricated Pharmacia gel PAA
4/30. After electrophoresis, the gels were fixed and
stained with Coomassie brilliant blue.

Nomenclature. Various principles may be used for
designation of components in CIE when several com-

plex and partly cross-reacting systems are established
and compared with each other. We have decided to
number each system logically and independent of the
others and to specify the components that correspond
to each other as this is established. It is probable that
M. leprae contains more antigenic components than
those presently detected, but, to use the system, each
component must be given its own designation even

though it is provisional. Numbers were therefore as-

signed to the different components, starting with 1
for the most anodic component, and independent of
previous designations of antigenic components of M.
leprae. Table 1 indicates how these numbers corre-

spond to defined components of other mycobacteria.

RESULTS

Antibody response in rabbits. Preimmune
serum and sera from the subsequent bleedings
of each of the five rabbits immunized with M.
leprae were incorporated in the upper gel of

TABLE 1. Designation ofM. leprae antigens
Compo- Other designations and known cross-reactions
nent with defined components of other mycobacteria

1
2
3
4 CaUed M. leprae antigen 21 by Kronvall et

al. (21). Cross-reacts with M. smegmatis
antigen 21 (21, 22) and MLM antigen 13
(10) as defined by incorporation of mono-
specific anti-MLM 13 in intermediate gels
of CIE.

5 CaUed M. Ieprae antigen 1 by Kronvall et
al. (21). Cross-reacts with M. smegmatis
antigen 1 andMLM antigen 14.

6 Probably a carbohydrate antigen.
7 Cross-reacts with BCG antigen 60 (16) and

MLM antigen 38 (10) as defined by incor-
poration of monospecific anti-BCG 60 (16)
in intermediate gels of CIE.

CIE plates to characterize the antibody re-
sponse. When preimmune serum was used, a
faint fuzzy and skew precipitin line extended
from the antigen well in some instances. In CIE
of sonic extracts of M. bovis (BCG) with normal
rabbit serum in the upper gel, a similar fuzzy
precipitate often appears, probably due to inter-
action between BCG antigen 60 and normally
occurring antibodies in rabbit serum (16). A
cross-reacting antigen occurs in M. leprae sonic
extracts and is probably responsible for the fuzzy
precipitate seen in Fig. 1A, which is clearly dif-
ferent from all precipitates that appeared later
during immunization.
Serum from tap 1 of four rabbits gave two to

three distinct but rather faint precipitin lines.
From tap 2, strong precipitin lines appeared.
The overall picture was that the precipitin lines
became rapidly stronger and increased in num-
ber to five to seven distinct lines, and this num-
ber did not increase further during 3 to 4 months
of immunization. There was a striking similarity
in the response of the various rabbits. Precipitin
lines 2, 5, and 7 were very prominent, appeared
early in the response, and were developed with
serum from all of the five rabbits immunized
with M. leprae. Two additional lines were seen
with some of the antisera, but they were too
weak to permit further analysis.

Figure 1 illustrates the typical development
of antibody activity in rabbit serum during im-
munization with the M. leprae antigen. This
immune response was distinctly different from
the response during similar immunization ofrab-
bits with a series of cultivable mycobacteria. In
the latter case, antisera obtained 50 days after
beginning of immunization usually gave more
than 20 precipitin lines, and, after prolonged
immunization, usually precipitated more than
40 antigenic components in the mycobacterial
extracts. The difference in response to immuni-
zation with M. leprae and M. smegmatis antigen
is illustrated in Fig. 2. Concentrated immuno-
globulin from a pool of taps 3 and 4 of our anti-
M. leprae antisera reacted with the same but
not with more antigenic components than in the
A/10 preparation in sonic extracts prepared
from five different batches of armadillo-grown
M. leprae. The concentration of the various
antigens varied somewhat in the different sonic
extracts. The line of component 3 is quite weak,
and this antigen was not demonstrated in all
sonic extracts.
We chose to characterize the specificity of the

response to M. leprae in the five rabbits by
comparison with the pattern given by serum
from tap 5 of rabbit 3204. This serum gave the
maximal number of precipitin lines, and all of
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A R 3200
preimmune

Buffer

M. leprae

C
R 3200
3rd tap

6 Buffer

M.
M. leprae

B
R 3200
2nd tap

Buffer

/
1M.%
.M. leprae

D
R 3200
4th tap

C Buffer

4.
M. leprae

FIG. 1. Development of antibody activity in rabbit 3200 during immunization with M. leprae. The sera
were tested by direct precipitation in CIE against M. leprae sonic extract. The anode is to the right in the
first-dimension electrophoresis and at the top in the second-dimension electrophoresis in all CIE plates
shown.
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Number of precipitin lines in CIE

40

35

30

25

20

15

10

5

/ R 189

/ R 192

/ ,* R 191

1
, R 190

in the different rabbits is striking. Components
2, 5, and 7 induced strong and early responses
in all of the rabbits. Antibodies against the other
components usually appeared later; when they
appeared in an individual rabbit, they usually

anti- M.smeatis increased in strength in the next bleeding and
were detectable in later bleedings, but excep-
tions to this rule were noted. The sera obtained
from rabbit 3204 gave a double precipitin line
with component 4, whereas all of the other an-
tisera gave a sharp line with this component.

anti - M. leprae Control experiments were made to ascertain that

l~~~~h w ~ ~ ~ ~~~~~~~~~~~~~~~~~~~~~----------
I.

0 2 4 6 8 10 12

Immunization period (weeks)

FIG. 2. Number ofprecipitin lines detected by rab-
bit anti-M. smegmatis and anti-M. leprae antisera
in CIE against the corresponding antigens. Prepa-
ration of antigen from mycobacteria and immuniza-
tion scheduk were identical until day 50.

them were at least partially free of other lines
and hence easy to analyze. The sera of the other
rabbits were investigated by direct precipitation
tests and intermediate gel analysis. The experi-
mental setup is illustrated in Fig. 3.

Figure 3A shows the reference pattern where
the upper gel contained the selected reference
antibody, the intermediate gel contained the
nornal rabbit serum, and the antigen well con-
tained the M. leprae sonic extract. Figure 3B
shows the pattern obtained when serum from
tap 1 of rabbit 3207 was incorporated into the
upper gel, with normal rabbit serum in the in-
termediate gel and the A/10 preparation in the
antigen well. Three precipitin lines are seen.
Their position and appearance indicate that
they correspond to components 2, 5, and 7. Fig-
ure 3C shows the pattern with the reference
antibody in the upper gel and serum from tap 1
of rabbit 3207 in the intermediate gel. In this
case antigens 2, 5, and 7 were retained in the
intermediate gel. The internediate gel analysis
also revealed weak antibody activity in this sam-
ple against antigens 1 and 4, even though these
antibodies had not been detected by direct pre-
cipitation tests with the serum in the upper gel.
In the next sample from the same rabbit, these
antibodies had increased in strength and were
now detectable by direct precipitation.
The antibodies of the other rabbits reacted

with the same components ofthe A/1OM. leprae
antigen as the precipitating antibodies in
tap 5 of rabbit 3204. Table 2 summarizes the
findings concerning the specificity of the anti-
bodies. The similarity in the antibody response

A

7

R 3204

Q M. brae

B R 3207
1st tap

5

\.2

Jr R 3204
preuymsse

O M. bapra

C anti- M. leprae
3204 5th tap

4
6

1 13

5 R 3207
2

e tap

O MAbPrae

FIG. 3. Demonstration of antibody activity in se-
rum 3207 by CIE. 3A shows the reference pattern.
The different components have been numbered; for
the sake of clarity, component 3 is indicated with a
small pointer. 3B shows that three precipitin lines
were developed with tap 1 of serum 3207 in the top
gel. 3C shows that additional weak antibodies
againstM. leprae antigens 1, 3, and 4 were detectable
by incorporation of the same serum in the interme-
diate gel.

arti-M. Wpmae
3204 5th tap

6

2

,
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TABLE 2. Development of anti-M. leprae antibodies as shown by direct precipitation in CIE with serum in
the top gel and M. leprae sonic extract (A/10) in the antigen well

Rabbit no.
Compo- 3200 3204 3205 3207 3217 Reaction
nent

la 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

1 - - +?

2 + + + +I + + + + + - + + + ++ ++ + + + + + V r Verystroong line
3 - + ? ? - +++--+ + +---? -+
4 - + + + + -- + + + -+ + + + -+ + + + - + ---Stronglineinsome
5 (+)+ + + + _ + + + + + + + + + + + + + - - + + + Very strong line
6 - _ + - + - - - Diffuse
7 _+ I +I+I _(+ + 1+ + _ 11++ + +8+L + + L _ + + +1 + iVery strong line

a Tap number.
b Serum 3204 gave a double precipitate with this component.

none of these seven components were contami-
nating antigens of armadillo origin. Incorpora-
tion of potent antibodies against armadillo liver
or arnadillo liver homogenates in the interme-
diate gel of CIE did not affect any of these
precipitin lines.
Polyacrylamide gel electrophoresis of

sonic extracts of M. leprae and other my-
cobacteria. Since the rabbit antisera detected
far fewer components in the ultrasonic extract
made from the A/10 preparation of M. leprae
than in sonic extracts prepared from other my-
cobacteria, the M. leprae sonic extract was com-
pared with other sonic extracts by a completely
independent technique. Sonic extracts were
made in the same way from BCG, M. smegmatis,
M. phlei, and M. leprae suspended in saline.
The protein concentration determined by the
Folin technique varied from 1.0 to 1.4 mg/ml; it
decreased about 20% upon dialysis against phos-
phate-buffered saline probably due to removal
of peptides of low molecular weight. The con-
centration was adjusted to 1 mg/ml before dis-
continuous polyacrylamide gel electrophoresis.
Figure 4 shows the pattern obtained after stain-
ing with Coomassie brilliant blue. BCG, M.
smegmatis, and M. phlei sonic extracts gave
more than 30 distinct bands. The M. leprae
preparation showed only three bands (indicated
by the arrows); one line was very weak and did
not reproduce on the photograph. By similar
electrophoresis of M. leprae, with the sonic ex-
tract concentrated x5, the same pattern with
three lines was obtained. The experiment thus
confirmed that the M. leprae preparation con-
tained far fewer components than the other
sonic extracts.
Cross-reactions with other mycobacteria

and N. aateroides. Each of the antigenic com-
ponents detected in M. leprae was analyzed for
cross-reactions with other mycobacteria. As
shown previously (10), cross-reactions may be
detected by incorporating antibodies against

other mycobacteria in the intermediate gel. If
an antigenic component cross-reacts with an-
other mycobacterial species, and if it has induced
an antibody response during immunization of
rabbits with the other mycobacterium, an anti-
serum against the second species will retain the
relevant antigen when it is incorporated into an
intermediate gel in CIE. The results of such
experiments are summarized in Table 3. Table
3 shows how various antibodies reacted with the
individual antigenic components of M. leprae.
Anti-BCG 60 antiserum (16) had a profound

effect on M. leprae antigen 7. Antigen 6 was
also affected. A similar pattern is seen in several
mycobacterial species. Our current evidence in-
dicates that line 7 is due to reaction with a
glycoprotein that shows extensive cross-reac-
tions between various mycobacterial species,
whereas antigen 6 is of carbohydrate nature and
contains only some of the antigenic determi-
nants that are present on antigen 7. Serum 738
reacts with an antigen of BCG (15) that cross-
reacts with M. tuberculosis but few other my-
cobacteria. Serum 662 made against a precipi-
tate with an antigen from N. asteroides reacts
with a single antigen present in almost all my-
cobacteria tested (unpublished observations).
These two antisera did not affect any precipitin
lines in the M. leprae pattern. Monospecific
antiserum against N. asteroides antigen 10 re-
acted strongly with M. leprae antigen 4, as did
monospecific antiserum against MLM antigen
13 (10). Extensive separate experiments have
indicated that N. asteroides antigen 10 corre-
sponds to MLM antigen 13.
Table 3 also shows the reactions obtained

when antisera against five other mycobacterial
species and N. asteroides were incorporated into
the intermediate gel. These findings indicate
that the components detected in M. leprae show
extensive cross-reactions with the other bacte-
ria. Antigens 3, 5, 6, and 7 were in this way
shown to cross-react with all of the six other
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BCG M.smegm. M.phtei M.ieprae
FIG. 4. Polyacrylamide gel electrophoresis of sonic extracts from BCG, M. smegmatis, M. phlei, and M.

leprae adjusted to the same protein concentration based on the Folin test. After staining with Coomassie
brilliant blue, far fewer lines are seen in the M. leprae sonic extract than in the others.

species tested. Additional experiments showed
that these components were also detectable as
antigens by direct precipitation tests against the
bacterial species concerned.

Retention of a particular antigen in the inter-
mediate gel is a very strong indicator of cross-
reactivity. Lack of effect does not, however, ex-
clude cross-reactivity, e.g., because the corre-
sponding antigenic component has not induced
formation of precipitating antibodies upon im-
munization with the cross-reacting bacterium.
Further experiments were therefore set up to
evaluate whether cross-reactions might occur in

the situations where it had not been demon-
strated during the experiments summarized in
Table 3.

Figure 5 shows an example of experiments
made to evaluate antigen 2 with regard to BCG
and antigen 4 with regard to cross-reaction with
M. duvalii.

Figure 3A shows the reference pattern with
anti-M. leprae in the upper gel, Fig. 5A shows
the pattern with anti-BCG in the upper gel, and
Fig. 5B shows the pattern with anti-M. leprae
in the upper gel and anti-BCG in the interme-
diate gel. By direct precipitation with anti-BCG,

INFECT. IMMUN.
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precipitin lines were developed whose position
indicated that they corresponded to antigens 1,
4, 5, 6, and 7, whereas there was no line corre-

sponding to antigen 2. Figure 5B shows that
anti-BCG in the intermediate gel affected all

precipitin lines in the reference pattern except
line 2. In some cases, the antigens were com-

pletely retained in the intermediate gel, whereas
in others, the effect was definite but less marked.
Figures 5C and D illustrate similar experiments
with anti-M. duvalii in the upper and the inter-
mediate gel, respectively. In this case, we see

components corresponding to antigens 1, 5, 6,
and 7 in the direct precipitation test. By incor-
poration of anti-M. duvalii in the intermediate
gel, all of the precipitin lines of the reference
pattern were affected except line 4. It was con-

cluded that antigen 2 of M. leprae could not be
shown to cross-react with BCG and that antigen
4 could not be shown to cross-react with M.
duvalii, whereas these two components cross-

reacted with the other mycobacteria tested and
with N. asteroides.
As shown in Table 3, cross-reactions were not

demonstrated between antigen 1 of M. leprae
and M. avium, M. smegmatis, or N. asteroides
in tests where the corresponding antibodies were
incorporated in the intermediate gel. Attempts
were then made to demonstrate the correspond-
ing antigen directly in the species concerned, as

illustrated in Fig. 6. Fig. 6A shows CIE with
anti-M. leprae antibody in the upper gel and 5
,ul of the A/10 M. leprae antigen preparation
plus 5 ,ul of buffer in the antigen well to produce
a reference pattern. In this case, the anti-M.
leprae antibody was a pool of antisera obtained
from four of the five immunized rabbits. In the
plate shown in Fig. 6B, the antigen well con-

tained a mixture of 5 ,il of the M. leprae antigen
plus 5 ,ul of an ultrasonic extract of M. smeg-
matis. In the upper gel, the area below several
precipitin lines is increased, indicating increased
antigen concentration. This is clearly the case

for lines 2, 4, 5, and 7. Line 1 shows another
change, namely, an additional component with
slower electrophoretic mobility that fuses with
antigen 1 of the reference pattern. This shows
that a cross-reacting antigenic component with
different electrophoretic mobility is present in
M. smegmatis. Figure 6C is a control plate where
M. leprae antigen was mixed with diluted M.
smeggmatis sonic extract. The same effect is seen,
but the line caused by reaction with M. smeg-
matis antigen is lower due to decreased concen-
tration. A similar effect on line 2 is also shown
with an arrow. Cross-reaction with regard to
component 2 was demonstrated by the antibody
in the intermediate gel technique (Table 3), but
the experiment of Fig. 6 shows that the cross-
reacting component in M. smegmatis has a faster
electrophoretic mobility than component 2 of
M. leprae.
By similar experiments, cross-reacting antigen

corresponding to antigen 1 ofM. leprae was also
found in M. avium and N. asteroides.

It was concluded that the antigenic compo-
nents detected inM. leprae by the present rabbit
antisera showed wide cross-reactivity with other
mycobacterial species.
Antibody formation in human leprosy

against the antigenic components ofM. lep-
rae detected by rabbit antisera. To investi-
gate whether the components detected in the
M. leprae sonic extract by the rabbit antisera
are involved in immune reactions in leprosy,
CIE was carried out with serum 3204, tap 5 in

TABLE 3. Reactions of various antisera with antigenic components ofM. lepraea
Component

Antiserum
1 2 3 4 5 6 7

Anti-BCG 60 lb 44C
738
662
Anti-MLM 13
Anti-BCG 4 U U U U U
Anti-M. avium i 4 U U4
Anti-M. duvalii 4 44 4
Anti-M. smegmatis 44 4 44 44 4
Anti-MLM 4 44 44 44 44 44 4
Anti-N. asteroides 4 4 44 44 4
Lepromatous pool (4)d 44 4 4 44 44
aAntisera were incorporated into the intermediate gel of CIE plates with anti-M. leprae (3204, tap 5) in the

upper gel and M. leprae sonic extract (A/10) in the antigen well.
b 1, Precipitate was lower than normal, with its feet extending down into the intermediate gel.
c 11, Precipitate was located close to the bottom of the intermediate gel.
d (1), Indicates a slight but definite change in the precipitin line (often "the inward-feet reaction") (4).
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A anti-BO

R 3204

M. teptue

B arti-M. bpta
3204 5th tp

2

6 arnfi-BCG

C anti-M. du9vaii

6k

7 R 32D4

cM. Wmra
D ati-M. lepr8

3204 5th tap

62 1

Iy~1~ 7
FIG. 5. Cross-reaction between M. leprae, M. bovis

(BCG), and M. duvaii, as tested by direct precipita-
tion and intermediate gel analysis. For further expla-
nation, see text.

the upper gel, the A/10 M. leprae sonic extract
in the antigen well, and a lepromatous serum

pool and 20 individual sera from patients with
lepromatous leprosy in the intermediate gel (4,

5). The findings are summarized in Table 4 and
illustrated in Fig. 7. Two arrows indicate that
the precipitin line is located far down into the
intermediate gel. One arrow means that there
is a distinct retention of the antigen with the
precipitate extending far down into the inter-
mediate gel. An arrow in parentheses means a
slight but definite change in the precipitin line.
Table 4 shows that the precipitin lines corre-
sponding to all of these components were af-
fected by incorporating pooled lepromatous se-
rum in the intermediate gel, but some lines were
more affected than others. This shows that all
of the antigens detected are involved in the
antibody response against M. leprae during lep-
romatous leprosy in man. The tests with the
individual sera further illustrate that the speci-
ficity of the response varied from patient to
patient. The antibody response in lepromatous
leprosy is particularly strong with regard to com-
ponents 2, 5, and 7. All of the sera investigated
contained antibodies against component 2. Six-
teen of the 20 sera contained antibodies against
component 5, and 18 of them contained antibod-
ies against component 7. Antibody activity was
also demonstrated in individual sera against the
other components, but less frequently.

DISCUSSION
By immunization of rabbits with leprosy ba-

cilli purified from infected armadillo liver tissue,
we have obtained antisera that define seven
components in CIE. The precipitin lines were
distinct and the immune response showed a
striking similarity in the five rabbits during im-
munization. The CIE pattern was clear and
could be used for analysis of cross-reactions be-
tween these antigenic components in M. leprae
and other mycobacteria and for characterization
of the antibody response in lepromatous leprosy.
This pattern, with only seven distinct lines dif-
fers markedly from the patterns we have ob-
tained in CIE of antigen preparations made from
other mycobacteria and corresponding rabbit
antibodies (10, 15, 16), in which a much larger
number of components are detectable, usually
above 40. The latter finding corresponds to pre-
vious reports in which more than 40 antigenic
components have been demonstrated by CIE of
M. tuberculosis (17, 38) and M. smegmatis (21).
M. leprae preparations have previously been
found to give a low number of precipitin lines
in conventional double-diffusion tests in agar (1,
26, 33) and in CIE with pooled lepromatous
serum as antibody reagent (22). In several in-
stances, pooled lepromatous serum has given
more precipitin lines against cross-reacting my-
cobacteria than against M. leprae antigen prep-
arations (21).
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A anti-M. leprae
pool a

B

1

,2

l.eprae
-_. it + buffer

C

Buffer V
) M. seprae
) +M. smegmatis.

anti-M. leprae

pool a

1

2
a-om.

Buffer

M. leprae

dil. M. smegm.

FIG. 6. CIE of mixtures of M. leprae and M. smegmatis antigens against anti-M. leprae to demonstrate
cross-reacting antigen in M. smegmatis. Note the additional precipitin line in frames B and C, which fuses
with the line of M. leprae antigen 1. This shows that there is a cross-reacting antigen with slower
electrophoretic mobility in M. smegmatis. Similar but less pronounced changes are also seen with regard to
antigen 2.

anti-M. leprae
pool a

'1

a 2 r.-ft-
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TABLE 4. Reactions of the lepromatous serum pooi and individual lepromatous sera with antigenic
components ofM. lepraea

Component
Serum

1 2 3 4 5 6 7
Lepromatous pool (4) 44 4 4

30/75 (4) 44 4
31/75 44 4
45/75
46/75
49/75 4 44 4
52/75 44 4
55/75 44 4 44 44 44
62/75 4 4
63/75 4 4
65/75 44 44 44 44 (4) 44
71/75 44 4 44 4
69/75 4 44
72/75 4 4 (4)
73/75 (4) 44 4 44 4
74/75 4
75/75
77/75 44 44 4 44 4
78/75 44 4
79/75 44 (4) 44 4 44
80/75 44 (4) (4) 4 4

Experimental setup and recording as in Table 3.

These findings are of considerable interest and
pose the question: are the results due to the
presence of only a few distinct antigenic com-
ponents in the currently available antigen prep-
arations of M. leprae?
Some antigenic components might be present

in the A/10 preparation in too low concentra-
tions to give a distinct precipitin line in CIE,
whereas they might act as immunogens in the
rabbits. Evidence on this point was sought in
CIE by using mixtures of M. leprae antigen and
antigen from a series of other mycobacteria with
anti-M. leprae in the top gel (cf. Fig. 6). We
have detected two additional precipitin lines by
this technique.
The possibility that the A/10 preparation

might contain several components that are non-
precipitating and thus not detectable in regular
CIE was tested by absorption experiments.
When anti-BCG that was absorbed with the
A/10 M. leprae preparation was placed in the
top gel and BCG sonic extract was placed in
the antigen well, the position of five precipitin
lines differed from that on corresponding control
plates with unabsorbed anti-BCG antibody in
the top gel. These lines were those due to BCG
components cross-reacting with M. leprae anti-
gens 1, 4, 5, 6, and 7. Additional non-precipitating
components were thus not detected.
The M. leprae sonic extract gave far fewer

lines after polyacrylamide gel electrophoresis
and staining with Coomassie brilliant blue than

sonic extracts prepared from BCG, M. smeg-
matis, and M. phlei adjusted to the same protein
concentration based on the Folin assay (cf. Fig.
4). This shows, by a technique that is totally
independent of tests based on immunization of
rabbits, that the M. leprae sonic extract contains
far fewer components than the other sonic ex-
tracts. The findings by polyacrylamide gel elec-
trophoresis are, however, somewhat difficult to
reconcile with the observation that the four
sonic extracts gave identical results in the Folin
test. In separate experiments (Closs, unpub-
lished observations), concentrated BCG sonic
extracts, concentrated BCG culture fluid and
partially purified BCG antigen 60 were tested
by agarose gel electrophoresis followed by stain-
ing with Coomassie brilliant blue. In these tests,
the gels were not stained in the area close to
the application sites with maximal concentration
of BCG antigen 60, but showed a series of dis-
tinct bands in the area nearer the anode when
total sonic extract and culture fluid were tested.
BCG antigen 60 is an antigen of high molecular
weight that reacts in the Folin test but is not
stained by Coomassie brilliant blue; it reacts
with concanavalin A and is probably a glycopro-
tein (16). It is localized in the BCG cell wall,
cross-reacts markedly with other mycobacteria,
and corresponds to M. leprae antigen 7 (cf. Ta-
bles 1 and 3). The observations made by poly-
acrylamide gel electrophoresis and the Folin test
are thus compatible with each other ifM. leprae
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antigen 7 or similarly reacting components are
major constituents of the A/10 preparation.

It is well established that the concentrations
of different antigenic constituents may vary in
a given bacterial species, e.g., depending on the
conditions during culture (3). Recent studies by
Turcotte (35) have shown that tubercle bacilli
grown in vivo were antigenically deficient com-
pared with tubercle bacilli grown in vitro. The
leprosy bacilli used in this study were grown in
vivo in the armadillo, but our pool of rabbit
antisera against MLM grown in vivo in mice
gave a pattern with 42 distinct antigenic com-

A art-M. bpa8
32D4 5th tqP2A

nonmal pool

M. rmae

B arti M.WPsMe
3204 5th tp

6 IA
3

serum 73175 2_ ~ ~~~~~~ 2

( M. bpae

C at- M. bprae
3204 5th top

FIG. 7. Demonstration of antibody activity in lep-
romatous sera by CIE with intermediate gel. 7A
shows the reference pattern; 7B and 7C show the
result with individual lepromatous sera in the inter-
mediate gel. The effect ofthese two sera demonstrates
antibody activity against all of the components of
the reference pattern, but the antibody specificity is
different in the two cases.

ponents in CIE (10). Growth in vivo thus does
not appear to be the essential feature per se.
Different viability of the mycobacteria may be
an important feature. In mouse leprosy, MLM
was purified from heavily infected mice. The
bacilli had a higher morphological index than is
usually found in M. leprae preparations, indicat-
ing that a larger proportion of the bacilli have
an intact structure. Limited information is avail-
able on leprosy bacilli harvested from infected
arnadillos. The bacilli have been obtained from
the animals much later after inoculation, the
infection has been slowly progressing, and, in
some animals, the morphological index is low,
indicating that many of the bacilli are dying or
dead (8, 18, 20). Antigenic loss in vivo under
such conditions is not unexpected. Loss of anti-
gens during purification must also be considered,
since collagenase and proteinase from Strepto-
myces griseus are used in Draper's procedure
for purification of M. leprae from infected ar-
madillo liver tisse (11). No significant antigenic
loss was detected by CIE in MLM purified from
mouse liver by Draper's procedure as compared
with MLM bacilli purified by conventional pro-
cedures without use of enzymes (P. Draper, per-
sonal communication). Antigenic loss during pu-
rification of M. leprae from annadillo liver may,
however, be significantly higher, since bacilli
with a low morphological index may be partic-
ularly prone to leakage and degradation by pro-
teolytic enzymes.
For immunological studies, it is essential to

obtain sufficient amounts of leprosy bacilli with
an antigenic constitution corresponding to that
during active growth of the organism. Such a
preparation has been difficult to obtain from
nodules of patients with lepromatous leprosy,
and it may also be difficult to obtain from in-
fected armadillos. In the armadillo, further at-
tempts should be made to develop conditions
for inoculation favoring rapid growth of the ba-
cilli. The time of harvest may also be a critical
feature. Relatively early harvest may provide a
greater fraction of viable bacilli in active growth,
but this will be at the expense of a seriously
reduced yield. For some purposes, studies of the
presently detected antigens are sufficient, and
it would then appear to be important to work
under conditions where a maximal number of
bacilli are present in the tissues so that they
can be purified relatively easily.
Based on double-diffusion studies in gel, Stan-

ford (31) has described four distinct types of
mycobacterial antigens: the first common to all
species of mycobacteria, the second common to
fast growers, the third common to slow growers,
and the fourth specific for a given mycobacterial
species. A crucial question when antigen prepa-

6+7 #rum 74/75 _
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rations, specific for a given mycobacterial spe-
cies, are to be made is whether these antigens
occur on different molecules that may be sepa-
rated from each other, or whether they are dis-
tinct antigenic determinants that partly occur
on the same molecules. Kronvall et al. (22) have
reported on detailed studies of the antigenic
determinants on component 21 of M. leprae.
Three types of antigenic determinants were de-
tected on this component: one type, called 21A,
was shared with 12 mycobacterial species; an-
other, called 21B, was limited to antigen 21 of
M. leprae; and a third, called 21C, was present
in the 11 other species tested but not in M.
leprae.

All of the seven components currently de-
tected in M. leprae antigen by means of rabbit
antisera showed extensive cross-reactions with
other species of mycobacteria and N. asteroides.
It remains to be shown to what extent these
components contain antigenic determinants that
are specific for M. leprae. Such determinants
were detected by Kronvall et al. (22) on antigen
21 of M. leprae, but could not be demonstrated
on the antigen termed no. 1 by them. A further
search for such antigenic determinants should
have high priority. The possibility that M. lep-
rae antigens currently available from the arma-
dillo can be used to develop a specific skin test
reagent for leprosy, as distinct from other my-
cobacterial infections, would appear to be criti-
cally dependent on the amount of M. leprae-
specific antigenic determinants that are present
on the main components of the preparation.
Fractionation of the current antigen prepara-
tion, with removal of strongly cross-reacting an-
tigenic components, appears to be difficult, as
judged from the present investigations. If all
cross-reacting components should be removed
from the A/10 preparation to make a specific
skin test reagent, all of the presently defined
components would have to be removed. With
the currently available material, it might thus
be better to develop a partially specific antigen
based on components that are partly cross-re-
acting but characterized by a maximal content
of M. leprae-specific antigenic determinants.
By incorporation of individual lepromatous

sera in the intermediate gel of CIE plates, it
was established that antibodies are produced
against all of the currently demonstrated anti-
genic components of M. leprae during clinical
disease in man (cf. Table 4). Our CIE pattern
with rabbit antiserum is strikingly similar to the
patterns obtained by Kronvall et al. (22), using
pooled lepromatous sera as antibody reagent.
An essential question is whether this is convinc-
ing evidence that these seven components are

INFECT. IMMUN.

involved specifically in the immune reactions of
leprosy. By tandem CIE with pooled leproma-
tous serum in the top gel, M. leprae-specific
antigenic determinants were detected by Kron-
vall et al. on one of the components and termed
21B (22). More recently, we have developed a
sensitive radioimmunoassay for demonstration
of antibodies againstM. leprae-specific antigenic
determinants on cross-reacting components. Ap-
plication of this assay on lepromatous sera
showed that a large fraction of their anti-myco-
bacterial antibodies are directed against M. lep-
rae-specific determinants. The titer of M. lep-
rae-specific antibodies in a lepromatous serum
pool was 105, whereas control sera from African
patients with active pulmonary tuberculosis did
not contain M. leprae-specific antibodies detect-
able by the assay (Harboe, Closs, Bjune, Kron-
vall, and Axelsen, unpublished observations).
We consider this as strong evidence that the
currently defined components of M. leprae are
specifically involved in induction of antibody
formation in leprosy. Another important ques-
tion on which there is only little evidence is
whether these components are also involved in
cell-mediated immune reactions that are consid-
ered to be of primary importance for protective
immunity in leprosy. It seems improbable that,
during hyperimmunization, the rabbit should
only detect antigenic constituents of M. leprae
that are involved in a postulated selective anti-
body response in man, but our present findings
stress that it is essential to obtain more infor-
mation of the development of cell-mediated im-
mune reactions and of antibody formation
against individual and defined antigenic com-
ponents of the leprosy bacillus. This approach
is currently under development, based on the
use of specific immunoadsorbent procedures to
remove individual antigenic components from
the M. leprae antigen preparations and subse-
quent in vitro and in vivo tests for cell-mediated
immunity.
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