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Groups of BALB/c mice were vaccinated intradermally with either Freund's incomplete adjuvant (FIA)
alone, 107 heat-killed Mycobacterium leprae organisms in FIA, or a number of fractions ofM. Ieprae containing
soluble and/or cell wall components. At 1, 3, 6, 9, and 12 months later, vaccinated mice were challenged in the
right hind footpad with 5,000 live M. Ieprae organisms, and vaccine protection was assessed 6 to 8 months later,
at the peak of M. Ieprae multiplication in the negative control (FIA alone), by the two-sample rank-sum test.
In these studies, a cell wall fraction rich in peptidoglycan was consistently ineffective. Both heat-killed M. kprae

and a fraction containing cell wall and fixed proteins generally protected when the interval between vaccination
and challenge was 1 or 3 months but not subsequently. On the other hand, soluble proteins ofM. leprae alone
or in combination (with cell wall fractions) consistently (14 of 14 instances) afforded highly significant
protection (P < 0.01) at all challenge intervals up to 1 year after vaccination. These results suggest that the
soluble protein fraction of M. Ieprae offers promise for a vaccine against leprosy.

Vaccines have proven to be our greatest tool in the
prevention of infectious diseases. The mycobacterial dis-
eases leprosy and tuberculosis remain serious public health
problems, leprosy afflicting 12 million people worldwide (1)
and tuberculosis projected to result in 1 to 2 million deaths
per year by the year 2000 (13). The use of vaccines to
prevent mycobacterial disease, either tuberculosis or lep-
rosy, has centered on the use of whole attenuated mycobac-
teria, Mycobacterium bovis BCG. Although in some locales
BCG vaccination has proved relatively effective (75 to 80%)
in preventing both tuberculosis (2-4, 27) and leprosy (23),
unfortunately it has not proved generally effective in pre-
venting either tuberculosis (18, 19, 24, 28) or leprosy (9, 17,
22, 26).

Previously it was found that if mice were vaccinated
intradermally in the right flank with 107 to 109 killed M.
leprae organisms, BCG, or both and challenged 1 month
later in the ipsilateral footpad with 5 x 103 live M. leprae
organisms, growth of M. leprae was significantly reduced
and usually entirely prevented (5, 20). By using such a

scheme, we found that various cell wall preparations derived
from 105 to 109M leprae organisms were also protective (5).
In these studies, it was noteworthy that the more complex of
these fractions, the so-called cell wall insoluble fraction
(CWIF), afforded protection when the amount of material
utilized was as little as that derived from i05 or 106 M. leprae
organisms (5). On the other hand, in these same studies,
killed M. leprae or more refined versions of CWIF, i.e., cell
wall core (CWC) and M. leprae cell wall protein peptidogly-
can complex (CWPPC), each protected but at amounts
derived from 107 or more M. leprae organisms and not at
those derived from 105 or 106 M. leprae organisms (5). These
results suggested that components of CWIF are superior to
killed M. leprae and the more refined cell wall-containing
preparations. The nature of CWIF, arrived at in subsequent
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work (7, 14), provided some clues as to the nature of the
protective materials. CWIF is essentially the residue remain-
ing after whole M. leprae has been thoroughly extracted with
chloroform-methanol mixtures (to remove lipids) and aque-

ous ethanol (to extract lipoarabinomannan and other lipo-
polysaccharides). It now appears that CWIF contains a

sizable proportion of the total somatic proteins of M. leprae,

particularly the 10-kDa protein, perhaps fixed to the pepti-
doglycan complex as a result of the extraction process (14).
Moreover, because previously it had been demonstrated that
the M. leprae-specific phenolic glycolipid inhibits T-lympho-
cyte responses (15) and lipoarabinomannan causes both
inhibition of antigen-dependent lymphoproliferation (10) and
gamma interferon-induced activation of macrophages (21)
and since both of these products had been removed from
CWIF, we postulated that the unrefined protein nature and
the virtual absence of these immunosuppressive lipids ac-

counted for the impressive vaccine protection afforded by
these M. leprae preparations, particularly that of CWIF.
The present study was initiated to test that hypothesis,

further define which components of CWIF previously af-
forded such profound vaccine protection, and determine
whether increasing the interval between vaccination and
challenge could distinguish between epitopes found protec-
tive when this interval was confined to 1 month. In this
study, we found that vaccination with a fraction of CWIF,
which we have termed the soluble proteins of M. leprae,
provided consistent and prolonged immunity with challenge
intervals of up to 1 year later, and that while killed M.
leprae, CWC, and CWPPC generally protected when the
interval between vaccination and challenge was 1 to 3
months, they did not protect when viable M. leprae chal-
lenge occurred 6, 9, and 12 months after vaccination. These
results demonstrate that by increasing the interval between
vaccination and M. leprae challenge distinctions can be
made between the protective efficacies of vaccines previ-
ously all found effective when evaluated with only a single
M. leprae challenge interval, 1 month after vaccination, and
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FIG. 1. One-month interval between vaccination and live M. leprae challenge. Symbols: 0, number of M. leprae organisms in one right

hind footpad; A, no M. leprae found, plotted at a level equal to or less than the number of acid-fast bacilli present in one right hind foot pad.

that the soluble protein fraction of M. leprae affords both
consistent and long-lasting protection.

MATERUILS AND METHODS

In these studies, groups of BALB/c mice were vaccinated
in the right flank intradermally with 0.01 to 0.02 ml contain-
ing 107 killed M. leprae organisms or various M. leprae
preparations derived from 107 M. leprae organisms, each
diluted in Freund's incomplete adjuvant. The M. leprae
preparations utilized in these studies were obtained from the
same infected armadillo liver as was the killed M. leprae.
Vaccination with 0.01 ml of Freund's incomplete adjuvant
itself served as the negative control for these studies. Vac-
cine moieties that were tested included soluble proteins,
CWC, CWPPC, soluble proteins plus CWC, and soluble
proteins plus CWPPC. Most of the moieties used for vacci-
nation, their properties, and their preparation have been
described elsewhere (5); they were provided by P. J. Bren-
nan and S. W. Hunter through National Institute of Allergy
and Infectious Diseases contract ND1 A105074. A prepara-
tion utilized in this study which was not studied previously
for mouse protection, the soluble proteins, is the sodium
dodecyl sulfate-soluble fraction of the previously described
CWIF.
Groups of 10 or more mice were vaccinated with each of

these preparations and challenged 1, 3, 6, 9, and 12 months
subsequently with 5,000 mouse-derived and logarithmically
multiplying M. leprae organisms in the ipsilateral footpad.
For each of these challenge intervals, protection was evalu-
ated at the peak of multiplication (6 to 8 months postchal-
lenge), when the number of acid-fast bacilli from each of
three separate mice vaccinated with Freund's incomplete
adjuvant alone reached .5 x i05 Mleprae organisms per
footpad. Protection was assessed by comparing the number
of M. leprae organisms in, generally, 10 right hind footpads
from each vaccine group with the number present in the
negative control, Freund's incomplete adjuvant alone, by

using the Mann-Whitney two-sample rank-sum test and the
Wilcoxon two-tailed distribution (12).

RESULTS

The results of these studies are presented in Fig. 1 to 5.
Only vaccination with soluble proteins alone or combined
with CWC or CWPPC consistently (14 of 14 times) protected
(P < 0.01) mice from growth of M. leprae inoculated 1, 3, 6,
9, or 12 months after vaccination. When live M. leprae

challenge occurred 1 month following vaccination (Fig. 1),
most moieties (soluble proteins, CWC, soluble proteins plus
CWC, and soluble proteins plus CWPPC) afforded signifi-
cant protection (P < 0.02). At that challenge interval, only
CWPPC and heat-killed M. leprae were ineffective. At a

postvaccination challenge interval of 3 months (Fig. 2), only
CWPPC was not protective while all of the other moieties,
including heat-killed M. leprae, resulted in very highly
significant protection (P < 0.001). When challenge occurred
6 months after vaccination (Fig. 3), heat-killed M. leprae,
CWPPC, and for the first time CWC were not protective. On
the other hand, soluble proteins, soluble proteins plus CWC,
and soluble proteins plus CWPPC maintained very highly
significant vaccine efficacy (P < 0.001). Similarly, when the
intervals between vaccination and challenge were both 9
(Fig. 4) and 12 (Fig. 5) months, the only moieties that
afforded protection were soluble proteins alone or combined
with CWC or CWPPC.

DISCUSSION

We found in these studies that a soluble protein fraction of
M. leprae afforded consistent and prolonged protection of
mice from subsequent M. leprae infection. The finding of the
importance of soluble M. leprae proteins in protective im-
munity against M. leprae was anticipated by our previous
work (5), wherein vaccination with CWIF (containing solu-
ble proteins) derived from 105 and 106 M. leprae organisms
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FIG. 2. Three-month interval between vaccination and live M. leprae challenge. The symbols are as in Fig. 1.

was found protective, while 107 or more heat-killed M.
leprae organisms or CWC or CWPPC derived from 107 or
more M. leprae organisms, but not those obtained from 105
and 106 M. leprae organisms, were required for protection.

In previous studies (5, 20) of M. leprae vaccine protection
in mice, M. leprae challenge was limited to a single interval,
1 month, after vaccination. This did not allow distinctions to
be made between degrees of protection resulting from vac-

cination with (i) heat-killed M. leprae, BCG, or both (20) and
(ii) killed M. leprae, various M. leprae cell wall preparations,
and a partially purified M. leprae 35-kDa protein (5). Al-
though we previously postulated that the lack of consistent
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protection of BCG vaccination against leprosy infection in
countries where leprosy is endemic was a consequence of
the demonstrated immunosuppressive activity of complex
fatty acids and carbohydrates of mycobacteria on T-lympho-
cyte (10, 15) and macrophage (21), functions, this study
provides the first experimental evidence that a protein frac-
tion of M. leprae, largely devoid of lipids, affords more
consistent and prolonged protective immunity against M.
leprae than do whole mycobacteria.

In these studies, vaccination with the soluble proteins of
M. leprae also resulted in protection superior to that ob-
tained with more purified M. leprae cell walls (CWC and
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FIG. 3. Six-month interval between vaccination and live M. leprae challenge. The symbols are as in Fig. 1.

t0

0

0

106 -
0
0

w

El4
ID

0

A

INFECT. IMMUN.

7



VACCINATION OF MICE WITH M. LEPRAE SOLUBLE PROTEINS 1843

0

0
S

00
00

0

S

00
0

0
:0

0

00
*0

FREUNDS HEATKRLE SOLUBLE
M. Ieprae PROTEINS

0

0

00

cwc PPC SOLUBLE SOLUBLE
PROTEINS PROTEINS
PLUS CWC PLUS PPC

VACCINE

FIG. 4. Nine-month interval between vaccination and live M. leprae challenge. The symbols are as in Fig. 1.

CWPPC). Previously it was demonstrated that the array of
cell wall proteins of M. leprae as they appear in CWC and
CWPPC are large and insoluble, perhaps once soluble and
then fixed by the extraction process (7). On the other hand,
the soluble native protein fraction of M. leprae contains a
vast number of individual proteins, including the major
10-kDa cytosolic protein, the cell membrane 35-kDa protein,
and other cytosolic and membrane proteins (8). It is unclear
whether the impressive protection found in this study by the
M. leprae soluble protein fraction is a function of its simply
having a larger number of protein epitopes which participate
in protective immunity or amounts of one or more proteins
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critical to the initiation of salutary immunity. With the recent
availability of purified M. leprae somatic proteins (8), recom-
binant synthesized M. leprae proteins and polypeptides (6,
11, 16, 25), and further subfractionation of the M. leprae
soluble proteins, we are attempting to dissect further the role
of specific M. leprae proteins in mouse protection against M.
leprae infection. However, whatever the molecular basis for
the prolonged and consistent protection by M. leprae soluble
proteins found, the finding herein that such an M. leprae
protein fraction provides protection superior to that of whole
bacilli lends hope that a more effective human vaccine for
leprosy and perhaps other mycobacterial diseases is possible.
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FIG. 5. Twelve-month interval between vaccination and live M. leprae challenge. The symbols are as in Fig. 1.
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