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Leprosy is a chronic mycobacterial in-
fection that presents a spectrum of clinical
manifestations in \vhich resistance and
pathogenesis are mediated by the cell-medi-
ated inunune response of the host ("). At
one extreme of the spectrum, patients with
tuberculoid leprosy demonstrate a resis-
tance response characterized by the forma-
tion of epithelioid-cell eranulomas that re-
strict the growth of Mvcobacteriui(( leprue.
At the opposite extreme of the spectrum,
patients with lepromatous leprosy lack the
'I' cell-mediated immune response, and have
diffuse lesions containing macrophages
with large numbers of mycobacteria.

Many attempts to protect against M. lep-
rae infection have been made with M. boiis
BCG. Severa! studies have shown that BCG
vaccination in humans induced a protective
immune response against M. leprae infec-
tion ( 5 • 7). BCG was also shown to induce a
strong nonspecifrc immune stimulatory ac-
tion against several pathogens and tumor
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cens in bladder cancer ( 2 '. 2 7 ). In addition, it
has been demonstrated that immunotherapy
carried out with viable BCG and heat-killed
M. leprue led to clinicai and bacteriological
improvement of lepromatous leprosy and
induction of granuloma formation ('`'• 2"),
Moreover, chances in the immune response
that alter the clinica! status in leprosy pa-
tients, dormite reactional status are often ob-
serves during the natural course of leprosy.
However, this acquired immune response
against mycobacterial antigens can also be
associated with imniunopatholoe ically me-
diated tissue damage with rapid and severe
neuritis. The occurrence of reactions indi
cates that immunomodulatory agents could
be an importam therapeutic tool in the reg-
ulation of ccll-mediated immunity in lep-
rosy, a!though the relationship between im-
munopathological response and protective
bactericida! immune response has not been
completely elucidated.

Intracellu!ar mycobacterial climination
and granuloma formation retinire the differ-
entiation of ortcrophages roto epithelioid
cells, the contribution of CI)-1 and CDS T
lymphocytes, and the production of cy-
tokines such as interferiu] gamma (IFN-y)
and tumor necrosis factor-alpha (TNF-a)
(`'). Accordingly, Kindler, et al. (") have
demonstrated that adminrstratiou of anti-
TNF-a antibody in BCG-infected mice pre-
vented the development of epithelioid grau-
ulomas that resultai in mycobacteria
spreading. In addition, previous studies at
our laboratory demonstrated that adminis-
tration of thalicfomide, a selective inhibitor
of TNF-u synthesis (' 5 ), reduccd the num-
ber and size of granulomas during I3CG in-
fection in coice (').
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The process of apoptosis seems to corre-
late with the elimination of bacteria in
phagocytes ( 15). Apoptosis is an important
acklitional mechanism for regulating the im-
mune response and is partly modulated by
TNF-a ( 1 '. 29).   Interestingly, morphological
findings consistent with apoptosis have
been seen in the epithelioid cells of tuber-
culoid leprosy, sarcoidosis, and tuberculosis
granulomas (').

The experimental model of M. leprae in-
fection in mouse foot pads developed by
Shepard ('`) has been used to investigate
severa) aspects of the pathogenesis, im-
munology, and therapeutics of leprosy in
BALE/c coice. M. leprae uni)/ grows in the
foot pad in limited amounts (10'-10'). from
6 to 7 months subsequent to infection. The
formation of granulomas in .vitu resembling
those found in human lepromatous leprosy
is then observed, followed by a complete
clearance of the bacteria 12-13 months
thereafter ( 21 •' 11 ). In a recent study, inhibition
of M. leprae multiplication in the foot pad
was demonstrated after immunizing mice
with the ribosomal fraction from ruptured
BCG and its culture filtrate ( 14).

In this study, the same classical experi-
mental model for Al. leprae infection was
used to investigate the effect of BCG ad-
ministration on TNF-a production and
granuloma development in coice previously
infected with Al. leprae. It was observed
that co-infection with BCG interfered with
TNF-a production locally and systemically,
induced the formation of epithelioid granu-
lomas and increased both the number of
apoptotic cens at the infection site as well
as the rate of M. leprae clearance in the
mouse foot pad.

MATERIALS AND METHODS
Animais. BALB/c female coice, 6 to 8

weeks of age, were used. The animais were
divided isto three different groups: Group I
= Mice whose foot pads were infected with
Al. leprae; Group II = Mice intravenously
infected with BCG; Group til = Mice in-
fected with M. leprae that were intra-
venously administered BCG at the peak of
M. leprae infection (month 7). The mice
were housed in plastic capes and had un-
limited access to feed and tap water.

Necropsy procedure. Mice were ether
anesthetized, killed by cervical displace-

ment, and autopsied at predetermined inter-
vals during the course of M. leprae or BCG
infection. The feet of M. leprae-infected
mice were removed and the foot pads dis-
sected. The left foot pads were fixed in 10%
formaldehyde for histopathologic analysis
or frozen in liquid nitrogen for immuno-his-
tochemistry to determine the presence of
TNF-a protein at the site of M. leprae: in-
fection. The riat foot pads were used for
determination of M. leprae growth during
the course of infection. The abdominal cav-
ities were opened aseptically, and the liver
and spleen were dissected. Livers were
fixed in 10% formaldehyde for histopatho-
logic analysis. Spleens were used for BCG
colony forming units (BCG-CFU) counts or
for reverse transcription polymerase chain
reaction (RT-PCR) analysis.

M. leprae infection. The experimental
M. leprae infection in coice was performed
by the methods described by Shepard ('`).
Human leproma-derived M. leprae were
used as the inoculam. A 6-mm punch
biopsy was obtained from lepromatous lep-
rosy patients and used for M. leprae isola-
tion. Only patients who had given their in-
formed consent were enrolled. Skin biop-
sies were minced with scissors and
homogenized in Hanks' balanced salt solu-
tion (HBSS). M. leprae recovered from
each biopsy was stained by the Ziehl-
Nielseu method and counted microscopi-
cally under a 1250x magnifìcation with oil
immersion in 60 microscopic tields. A sus-
pension containing 5 x 10' acid-fast bacilli
(AFB) in 0.03 ml of sterile salive was in-
jected isto each mouse foot pad. M. leprae
growth was determined at monthly intervala
after infection in four animais per time
point in two different experiments. The
mouse foot pad tissues were minced with
sharp scissors, placed in the cup of a Mickle
tissue disintegrator containing glass beads,
and 2 ml of sterile isotonic salive solution
was added. One min of vibration was used
with an amplitude of 5 mm. The remaining
clumps of tissue were removed by allowing
the preparation to settle in a test tube. Ten
µl of each suspension was transferred to the
circles of a Reich counting slide (Bellco
Glass Inc., Vineland, New Jersey, U.S.A.).
Each sample was spread with a platinum
wire over the surface of a circle. The slides
were air dried, fixed by exposure to forma-
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lin vapor, and Ziehl-Nielsen stained. AFB
counts were performed as describcd (1250x
magnification with oil immersion).

BCG infection. Mice were intra-
venously injected in the dorsal tail vero
with 1 x 10`' colony forming units (CFU) of
viable BCG strain Pasteur 10/11 suspended
in 0.2 ml of sterile isotonic saline solution.
At weekly intervals after BCG infection,
BCG-CFU enumeration in the spleen was
performed (four animais per time point).
Immcdiately after autopsy, the spleens were
homogenized separately in 1 ml sterile
saline solution in a teflon-coated tissue ho-
mogenizer (Glas-Col Apparatus Co., Terre
Haute, Indiana, U.S.A.). Serial 10-fold dilu-
tions were made in saline and plated onto
Middlebrook 7H10 Bacto Agar (Difco Lab-
oratories, Detroit, Michigan, U.S.A.) plates.
Appropriate dilutions were tested in sextu-
ple. Plates were sealed in plastic bags and
incubated at 37°C. The BCG-CFU were
counted visually after 14 days of incuba-
tion. Group III mice, previously infected
with M. leprae, were administered BCG 7
months after M. leprae inoculation. In this
study, M. leprae took an average of 7
months to reach the peak of M. leprae infec-
tion associated with the presence of inflam-
matory infiltrate in the mouse foot pads.

Histopathology and immunostaining.
Paraffin sections of formalin-fixed, left
mouse foot pads and tiver were stained by
hematoxylin and eosin (H&E) for histo-
pathological analysis. The number of M.
/eprae-induced granulomas in the mouse
foot pads and BCG-induced granulomas in
the Tiver were counted on 100 microscope
fields at 100x magnification. The extension
of the inflamed tissue arca and the number
of TNF-a positively stained cells in the
granuloma in the mouse foot pad were in-
vestigated in M. Ieprac-infected mice (N =
4) and M. leprae + BCG mice (N = 4) 21
days after BCG inoculation (peak of BCG
infection). Two Paraffin sections (5-µm
thick) of formalin-fixed tissue were ob-
tained at varying depths from each tissue
block. All microscopic fields presenting in-
flammatory infiltrate were selected, and
quantitative measurements (%) of the in-
flamed arca in the mouse foot pads were
performed with a Mini-Mop analysis sys-
tem (Kontron, Germany) during micro-
scopic examination (100x magnification) in

four coice from each group. Quantitative
measurements were expressed as a percent
of the inflamed tissue arca by tissue section.
The presence of TNF-a protein in the M.
leprae-induced granulomas in the mouse
foot pad was investigated by immuno-histo-
chemistry. Frozen sections (5-µm thick) of
foot pad tissues were fixed in acetone. The
avidin-biotin-peroxidase complex (ABC)
procedure was performed. In brief, the sec-
tions were incubated with polyclonal rabbit
anti-TNF-a antibody (Genzyme, Boston,
Massachusctts, U.S.A.) followed by a goat
anti-rabbit IgG biot1nylated antibody
(Dakopatts, Copenhagen, Denmark). Con-
trols for the ABC procedure were per-
formed by replacing anti-TNF-a antibody
with normal rabbit scrum, or by omitting
the anti-TNF-a antibody. Quantitative mea-
surements were expressed as a percent of
TNF-a positively stained edis in the granu-
loma. The sections were analyzed by Iight
microscopy, and photomicrographs were
taken with a Nikon Microphot system.

Itt situ detection of apoptosis. Paraffin
sections (5-µm thick) of the mouse foot pad
tissues were placed on siliconized slides
(Perkins-Elmer Ceais, Emeryville, Califor-
nia, U.S.A.). Detection of apoptotic cells
was investigated by direct immunoperoxi-
dase of digoxigenin-labeled genomic DNA
in the foot pads of M. leprae-infected mice
(N = 4) and M. leprae + BCG mico (N = 4)
21 days after BCG inoculation. The reac-
tion procedure was performed according to
the Apoptag Plus in situ detection kit (On-
cor, Inc., Gaithersburg, Maryland, U.S.A.).
Briefly, residues of digoxigenin-nucleotide
were added to DNA by terminal deoxinu-
cleotidyl transferase (TdT). The incorpo-
rated nucicotides formed a random het-
eropolymer, in a ratio that had been opti-
mized for anti-digoxigenin antibody
conjugated with peroxidase binding. Di-
luted 30% H 2O, 1:10 in methanol was used
to perform the inactivation of endogenous
peroxidase. Diaminobenzidine (DAB) re-
acted with the labeled cells to generate a
colored substrate at the site of DNA frag-
mentation. Countcrstaining with mcthyl
green was performed and the morphology
as well as DAB staining were used to inter-
pret the results. Control of the procedure
was obtained by using histolmgical sections
of rat mammary glands (positive control) or
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by omitting the anti-digoxigenin antibody
(negative control). Quantitativo mcasure-
ments were expressed as a percent of apop-
totic Mis in the granuloma.

TNF-a mcasurenwnt. Serum TNF-a
leveis were investigated in the different
groups of mice at the peak of M. leprae in-
fection (month 7), and weekly after BCG in-
fection. For sentiu collection, mice were
ether anesthetized and bled by orbital punc-
ture. Blood was allowed to clot at room tem-
perature, and serem was aliquoted and stored
at —70°C until use. The TNF-a conccnt ation
in the serum samples was determined by us-
ing a TNF-a-specific ELISA (Endogen Inc.,
Boston, Massachusetts, U.S.A.) as recom-
mended by the manufacturer. Each sample
was tested in duplicate, and the detection
limit of the assay was 4 pg/mI.

RT-PCR analysis. TNF-a mRNA ex-
pression in the spleen was investigated
in different groups of mice at the peak of
M. leprae infection (month 7) and at 7, 14,
21, and 28 days after BCG infection.
Healthy mice were used as controls in the
experiment. Spleens of mice were collected
and stored in liquid nitrogen until used.
Fragments (25 mg) of' spleen Nvere homog-
enized in 3 ml Trizol (GIBCO BRL,
Gaithersburg, Maryland, U.S.A.) and RNA
was extracted and purified according to the
manufacturer's instructions. Purified RNA
was analyzed by 1.2% formaldehyde-
agarose electrophoresis gel for the evalua-
tion of RNA integrity. Following quantita-
tion, 1 pg of total RNA was reverse
transcribed isto cDNA as previously
described ( 23). Cytokine-specific oligonu-
cleotide primem pairs for mouse TNF-cx
were kindly cfonated by Dr. G. M. 13. Pereira
(Leprosy Laboratory, Oswaldo Cruz Foun-
dation, Brazil) and those for (3-actin were
purchased (Stratagene Cloning System,
La Jolla, California, U.S.A.). Primer se-
quences (5' and 3') were as follows: TNF-a,
AGAAAAGCAAGCAGCCAACCAGGCA,
GGGGGCTCTGAGGAGTAGACAATAA;
13 - actin, TGTGGCCGCTCTAGGCACCA,
CGGTTGGCCTTAGGGTTCAGGGGGG.
PCR conditions were performed as
cated ( 23), and the samples amplified in a
DNA thermocycler 480 (Perkin-Elmer) for
35 cycles of denaturation at 94°C for 45
sec, annealing at 60°C for 45 sec, and ex-
tension at 72°C for 1.5 min. Following

electrophoresis on 1.7% agarose ggels, PCR
products were transferred to Hybond-N
nylon membranes (Amersham Corp., Ar-
lington Hcights, Illinois, U.S.A.), and hy-
bridized with a radioactive oligonucleotide
probe complementary to sequences inter-
nai to those recognized by the specific
primers. Sequences of the probes were:
TNF-a, AAACCCTGGTATGAGCCCA;
(3-actin, GGTGGGAATGGGTCAGAAGG.
The primers were RNA specific in that both
the 5' sense and 3' antisense primers
spanned the junctions of two exons, thus
precluding amplification of genomic DNA.
Densitometer analysis was performed by
scanning the images from autoradiographs
using an imaging densitometer (Bio-Rad
Laboratories, 1-lercules, California, U.S.A.).
Densitometric values for each band were
established by Molecular Analyst Software
1.2 (Bio-Racf Laboratories). The relative
amount of PCR product present in an in-
dividual sample was expressed as a percent-
age relative to the most incense band, that
band being assigned the value of 100. To
make cure that the samples contained iden-
tical quantities of cl)NA, (3-actin was used
to normalize the exact leveis of input
cDNA present among the different samples
tested.

Statistical analysis. Data on M. leprae
counts in mouse foot pads, BCG-CFU in
the spleens, and TNF-a serem leveis were
compared using the Mann-Whitney two-
sample rank sum test. The number of
granulomas in the foot pads, TNF-a posi-
ti vely stained cells (%), apoptotic cells
(%), and quantitative measurements (%)
of the inllamcd tissue arca were compared
using the Student's 1 test. The significance
levei adopted was p <0.05. Both S.D.
(standard deviation) and S.E.M. (standard
error of the mean) were used to express
variance.

RESUI;I'S
Induction of Al. leprae clearance by

BCG infection. The number of M. leprae
(AFB staining) in the mouse foot pads was
investigated during the course of infection.
Similar to what was observed in Shepard's
landmark study (1960), the growth of M.
leprae in these animals (BALB/c mice,
Group 1) was very slow. The resulting lim-
ited infection after inoculation of 5 x 10'
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microorganisms was prcceded by a lag
phase of approximatcly 60 clays, followed
by a logarithmic growth (exponcntial phase)
which, after 6-7 months, yicldcd 10"-10' M.
leprae per foot pad (peak of infection). This
was followed by a stationary phase (plateau
phase) in which the [mulher of bactcria re-
mained more or less constam (hetwcen 7 to
IO months of infection) until the total clear-
ance of M. leprae observei! fron) 12 to 13
months (ater (Fig. I ). Intcrestingly, in
Group III coice BCG inoculation at the peak
of M. leprae infection led to an accelerated
clearance o1 - M. leprae in thc mouse foot
pad. The platcau phase was not observed in
these animais, and complete clearance of
M. leprae took place at month 11.

Effect of BCG infection on M. leprae-
induced granulomas. At the peak of M.
leprae growth (Group 1), a diffusc mononu-
clear ccll inliltrate associatcd with granulo-
mas could be seen in the foot pads. Two
histological types of granulomas were then
observed. Small granulonuts were formed
by the accuniutatioo of macrophages and
lymphocytcs (Fig. 2A); whereas epithelioid
granulomas presented a well-devclopcd
structure in which central ntononocicar
cells showed high leveis of epithelioid-ccll
diOcrentiation surrounded by Miniature
macrophages and cuffs of lymphocytes.
Necrosis arcas were not observed. Follow-
ing M. leprae clearance (month 13), no bis-
tological lesion was notei! (not shown). In-
terestingly, BCG administration in the M.
leprae-infected mice (Group III) altered
both the extension of the inflamed tissue
and the number of epithelioid granulomas
in the foot pad. Quantilative measurements
(Sc.) of the inflamed tissue arca showed that
coice fron) Group III (day 21 after BCG
inoculation) presented a sigoificantly (p
<0.05) larger arca of inflammation ( mean ±
S.D. = 16.5 ± 0.5%) than did Group I mice
(mean ± S.D. = 8.4 ± 2.7%). Furthcrmore,
around 70% of the granulomas in Group III
animais were classifìed as epithelioid gran-
ulomas (Fig. 2B) as compares! to 30% in
Group 1 mice (p <0.05). Accordingly,
analysis of the expression of TNF-a protein
detected at the cite of granuloma dcve1op-
mem (Fig. 2C) showed a higher number (p
<0.05) of TNF-a, positively stained edis in
epithelioid granulomas (mean ± S.D. = 50 ±
5%) than in non-epithelioid granulomas

6
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FIG. I. Effect of BCG a dininistration on M. lep-
rue growth curve in I3iV-B/c coice. Animais were in-
fected in the foot pad with M. leprae alone (U =
Group 1 coice) ur co-infected with BCG intrivenously
(A = Group 110 at the peak of M. lepra(' growth
(month 7, arrow). Bacterial growth was then periodi-
cally evaluated liurim_ M. leprae infection. Ai the
tintes inc1icutccl, foot pads were recovered and hacterial
counis perlormed as descrihed in the Materiais and
Nleihods seetion. Results are reported as mean X11:13
counis (number of Al. leprae per foot pad) ± S.D. of
two individual e.xperimcnts ( lour animais were as-
saycd per data point in each e.rperiment). ' Dilíerenrcs
in Al. leprae counis were found to he significam when
comparei! to Group I mico.

(mean ± S.D. = 20 ± 2.5%). Therefore, a
higher number of TNF-a-positive cells was
detected in the foot pads of Group III mice.

Staining for fragmcntcd DNA (3'-OH
DNA ends), a hallmark of apoptosis, re-
vcaled thc prescncc of apoptotic cells in the
mouse foot pad granuloma (Fig. 2D). Most
of the apoptotic nucici were pyknotic and
roughly rounded or oval in shape. Epithe-
lioid granulomas presented a greater num-
ber (p <0.05) of apoptotic cells (mean ±
S.D. = 30 ± 3%) than non-epithelioid gran-
ulomas (mean ± S.D. = 15 ± 1%).  More-
over, two dif l 'erent patterns of distribution
for apoptotic cells were noted. Cuffs of
apoptotic cells were often detected in epi-
thelioid granulomas in contrast to the dif-
fuse distribution found in the non-epithe-
lioid granulomas.

Evolution of BCG infection in mice
previously infected with M. leprae. The
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FIG. 2. Histoloeical comparison of foot pads from M. leprue-infected niice (Group 1) and M. leprae + BCG-
infected mice (Group III). A = presence of diffuse granulomatous inf)ammation in mouse foot pads (Group 1)
(H&E; bar = 20 pm). B = Epithelioid granuloma in mouse foot pads from Group III mico (H&E; bar = 20 pm).

Inset = Presence of epithelioid edis (H&E: bar = 10 pm). C = Positive staining of TNF-a isto an epithelioid
granulonni in the mouse foot pad (Group III) (Bar = 10 pm). Inset = Higher maginilication of TNF-a-positive
cells (Bar = 5 pm). D= Detection of intlaiWmatory apoptotic cells in an epithelioid granuloma in the foot pads of
Group III mice (arrows = apoptotic cells; bar = 5 pni).

number of BCG-CFU in the spleen was in-
vestigated during the course of BCG infec-
tion. In the present study, the evolution of
BCG infection (Group II animais) was sim-
ilar to that previously described by other in-
vestigators ( 17). Thus, the progressive in-
crease in BCG-CFU clearly perceived as
soou as 7 days after BCG inoculation per-
sisted up to 21 days and began decreasing
after 28 days (Fig. 3). In contrast, the num-
ber of live BCG recovered from the spleen
of M. /eprae/BCG-infected mice (Group
III) was always very low. At 7, 14, 21, and
28 days after BCG inoculation, the number
of BCG-CFU in the spleens of Group III
mice was significantiy lower (p <0.05) than
that observed in Group II mice (Fig. 3). As
regards the tiver, animais from Group III
presented a higher number of BCG-induced
granulomas (p <0.05) than the Group II an-
imais (data not shown).

Detection of TNF-a in sera and cy-
tokine mRNA expression in spleen.

TNF-a leveis in the serum of infected ani-
mais were investigated by ELISA. The kin-
etic of TNF-a secretion in BCG-negative
and BCG-positive M. leprae-infected mice
is shown in Figure 4. Mice infected only
with BCG (Group I1, 4 animais per data
point) did not present detectable TNF-a in
the serum untii day 21 of infection (mean ±
S.E.M. = 7.0 ± 5.0 pg/ml). Moreover, low
TNF-a leveis (mean ± S.E.M. = 20.8 ± 8.2
pg/ml) were aiso detected in most coice in-
fected only with M. leprae (Group I, N =
9); whereas higher TNF-a leveis were seen
in animais infected with M. leprae + BCG
(Group III, N = 4 per data point). A signifi-
cam difference (p <0.05) in the mean TNF-
a vaiues was noted 14 and 21 days after
BCG infection when Groups II and III were
compared. Mean TNF-a ± S.E.M. were O
versus 29 ± 4 pg/ml and 7 ± 5 versus 121 ±
42 pg/mi, respectively.

Anaiysis of TNF-a mRNA expression in
the spleen from infectai mice was aiso per-
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Fie. 3. Evaluation of l3CG-CFU during the evo-
1ution of BCG infection in I3CG- and 41. le7)ruel13CG-
infected mice. Co-infected animais (A) are those in-
fected with BCG intravenously 7 months afler M. lep-
rue injection in the toou pad (at the peak of M. leprae
growth). Another group of animais was infected with
13C0 alone ((_:), and hacterial growth eva1uated weekly
during BCG infection. At the indicated tintes, spleens
were recovered and hacterial counts (BCG-CFU) per-
formed, as previously descrihed. Data represem mear
± S.D. of BCG-CFU enumeratiou (four animais per
data point) from two separate experintents. "' = Sigoif=
icant differences (p <0.05) wcre noted in BCG-CFU at
7, 14, 21, and 28 days after BCG inoculation in co-in-
fected mice (Group III) when compared to BCG-in-
fected mice (Group II).

formed. The kinetic of eytokine gene ex-
pression was evaluated in the same groups
(Groups II and III) at 7, 14, 21 and 28 days
following BCG injection. In addition, a
control group (healthy animais) and a M.
/eprae-infected group (animais analyzed at
the peak of M. leprae growth) were also as-
sayed. As demonstrated in Figure 5, a dif-
ferentiated pattern of TNF-a mRNA ex-
pression was observed after I3CG infection
when mice from Groups II and III were
compared. The graphic representation of
the relative amounts of the TNF-a gene in-
dicates that, in the BCG group (Group II),
TNF-a gene expression in the spleen was
enhanced during the infection period and
showed maximal expression at day 21,
thereby confirming previous observations
("). Surprisingly, in the BCG + M. leprae

Fio. 4. Leveis of TNF-rt in the serem of mice in-
fecte(' with mycohacteria. BALO/e wcre infecte(' with
either I3CG alone ( , Group II mice), 31. leprae (A,
Group 1), or BCG + M. leprae (A, Group III) as de-
scribed. Serum ,acoples were collected fruiu these an-
imais at month 7 of. M. leprae infection and 7, 14, 21,
and 28 clays aiter BCG inoculation. Kinetic TNF data
are mean TNF (pg/ml) ± S.E.M. from guadruplicates
per data point of une representative experiment. * =
Signilicant ditference (p <0.05) in mean TNF values of
Group III mice when compared to Group II animais.
Group I, N = 9.

group (Group III) an early expression of the
TNF-a gene was observed at day 7 of BCG
infection, which became enhanced again at
day 21, and at day 28 returned to back-
ground leveis.

UISCUSSION
Several studies have demonstrated that

BCG vaccination and immunotherapy with
heat-killed M. leprae plus BCG, used as an
adjunctive to nutltidrug therapy in leprosy,
is responsible for both a histopathological
shi ft of polarity toward the tuberculoid end
of the spectrum and a clinicai upgrading
(reversa') reaction in multibaci1lary leprosy
patients ('. 5 .' "). It has been demonstrated
that upon BCG vaccination, household con-
tacts of leprosy patients presented positive,
proliferative, T-cell responses as well as high
interleukin-2 (IL-2) and IFN-yproduction to
several mycobacterial antigens in Nitro (C), A
characteristic Th 1-type of response found to
be associaied with a self-healing case of tu-
berculoid leprosy precipitated by BCG vac-
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FIG. 5. Semi-quantitatise RT-PCR analysis of
TNF-a tuRNA expression in spleens of mycobacteria-
infected coice. TNF-a gene expression was investi-
gated in different groups of coice at the peak of M. lep-
rae infection (mont) 7 for Group 1) and at 7, 14, 21,
and 28 days after BCG infection (Groups ^ and iII).
Lane 1 = Healthy control mice (♦ ); lane 6 = Group 1
mice (A); lanes 2-5 = Group II coice (0); lanes 7-10 =
Group III mico (A). Total RNA obtaincd front the
spleen was reverse transcribed and the cDNA normal-
ized to yield equivalem f -actin products. The relative
amount of TNF-a mRNA was compared among sam-
ples from each group of animais and assessed as a per-
centage of the most intense band. Data froni one repre-
sentative experiment for each group is shown. Groups
I, ii, and iII were defined as mentioned above. H.C. =
Hcalthy control, M. lep = AI. leprue-infected mice
(Group 1).

cination (Sarno, E. N.; personal communi-
cation) has also been observed.

In this study, it has been demonstrated
that systemic BCG administration at the
peak of M. leprue infection modified the
evolution of the immune inflammatory re-
sponse initially induced by M. leprae in the
mouse foot pad, and that co-infected mice
presented a more effective clearance of M.
leprae. Additionally, histopathological anal-
yses have shown that BCG administration
influenced the granulon1atous response to
M. leprae by converting mononuclear cell
granulomas into epithelioid-cell granulo-
mas with an enhanced number of apoptotic
cells and extension of the inflamed tissue
arca in the foot pads.

In vivo studies of mycobacterial-induced
granulomas have suggested that TNF-a
plays a crucial role in granuloma formation
(`,. 1 o. "). M. leprae, BCG, and several of
their bacterial componente have been
shown to induce TNF-a secretion by mono-
cytes in nitro ( 3 • 24). In the present study, a
series of observations indicated that the in-
creased TNF-a production in this co-infec-
tion model correlated with a high degree of
granulomatous inllammation (expressed by
an extensive inflamed tissue area and num-
ber of epithelioid granulomas) in the foot
pads of the infected mice: a) the increased
number of TNF-a-positive stained cells oh-
served in epithelioid as compared to non-
epithelioid granulomas; b) enhanced serum
TNF-a leveis were detected only in Group
III mice; and c) the difference in the kinetic
expression of TNF-a mRNA in the spleen
of co-infectcd animais.

Likewise, it has been demonstrated that
BCG administration in BCG-susceptible
mice (C57BL/6, BALB/c and B 10.A) gen-
erated an efficient protective response to the
challenge with homologous BCG and het-
erologous pathogens, such as L•stcria
monocvtogencs ( 17 ). BCG-induced restric-
tion of M. aviam proliferation and enhanced
expression of TNF-a and IFN-y mRNA in
spleen cells have been described as well ( 2 ),
suggesting that these cytokines can act in an
additive or synergistic fashion in the induc-
tion of bacteriostasis. We have herein
shown similar results. Interestingly, the ac-
celerated process of bacterial eiimination in
co-infected mice (Group III) was also ex-
pressed by the reduction of BCG-CFU in
the spleen (Fig. 3). Furthermore, our pre-
liminary data indicated that BCG adminis-
tration to these animais induced the early
expression of IFN-y mRNA (data not
shown) in addition to TNF-a.

In Group III mice, an early expression of
the TNF-a gene was observed at day 7 of
BCG infection. It is possible that this early
expression of TNF-a mRNA in the spleens
is associated with the higher detection of
TNF-a protein in the serum at day 21 when
compared with Group I coice. In addition,
BCG-infected mice (Group II) presented
progressive increases of TNF-a mRNA and
TNF-a serum leveis. Interestingly, Groups
II and Ill mice showed an early expression
of TNF-a mRNA when compared with
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TNF-a serum leveis. The present data also
suggest that there is a correlation between
TNF-a serum leveis or TNF-a mRNA in
the spleen with the augmented TNF-a pro-
duction and development of epithelioid
granulomas in the foot pads of Group III
mice. However, further studies are needed
to more fully investigate these findings.

A higher number of apoptotic cells was
noted in the epithelioid granulomas from
the co-infected animais. It is possible that
the enhanced rate of apoptosis in the epithe-
lioid granulomas is associated with the
hiszher expression of TNF-a in situ and to a
more effective bacterial elimination in the
foot pads of the Group III coice. Cree, et al.
(K•") have suggested that apoptosis may ex-
ceed mitosis as a cause for the rapid
turnover of granulomas, which is probably
associated with the fact that mycobacteria
are generally not observed in epithelioid
granulomas. However, the ability of BCG
to induce or prevent apoptosis in mononu-
clear phagocytic cells remains controver-
sial. 11 was recently demonstrated that BCG
infection of resting human monocytes pre-
vented apoptosis, and that this effect was
accompanied by the induction of the A 1
anti-apoptotic gene expression (' 3 ). On the
other hand, it has also been observed that in
Nitro and in vivo M. tuberculosis-induced
apoptosis of mononuclear phagocytes could
be mediated by downregulation of the bcl-2
gene (e).

These data suggest that BCG administra-
tion in M. leprae-infected mice modulates
the synthesis of TNF-a in sito and leads to
the induction of protective granuloma for-
mation and subsequent mycobacteria clear-
ance. It may also be possible that apoptosis
plays a role in the relationship between the
immunopathological response and the de-
velopment of protective granulomas con-
taining bactericida) macrophages differenti-
ated into epithelioid cells.

SUMMARY
In the present study, the experimental

model of Mycobacteriunz leprae infection
in the foot pads of BALB/c mice was used
to investigate the effects of BCG adminis-
tration on tumor necrosis factor-alpha
(TNF-a) production and granuloma devel-
opment. It was observed that mice intra-
venously infected with BCG 7 months after

M. leprae inoculation roto the foot pads
presented a more effective mycobacteria
clearance, revealed by a significam reduc-
tion of BCG-colony forming units in the
spleen and by the reduction of acid-fast
bacilli (AFB) in the foot pads. BCG infec-
tion at the peak of M. leprae infection also
modulated the granulomatous response to
M. leprae by converting mononuclear
granulomas roto an epithelioid-cell granu-
loma. Furthermore, lower TNF-a serum
leveis were detected in M. leprae-infected
mice when compared to mice infected with
M. leprae + BCG. An analysis of the TNF-a
gene expression in the spleen by semiquan-
titative reverse transcription-polymerase
chain reactions (RT-PCR) demonstrated
that co-infection with BCG induced an ear-
lier expression of TNF-a mRNA than in M.
leprae-infected coice. The numbers of
TNF-a-positive cells and apoptotic cells
were also enhanced in epithelioid versus
non-epithelioid granulomas. As a whole,
the data suggest that co-infection of M. lep-
rae-infected mice with BCG modulates
TNF-a synthesis which, in turn, leads to in-
duction of protective epithelioid granuloma
formation in the foot pads and subsequent
nlycobacterial clearance. Macrophage dif-
ferentiation roto epithelioid cells, in assoei-
alion with the enhancement of TNF-a pro-
duction at the granuloma site, may rep-
resent a triggering signal that induced
apoptosis in these cells, leading to my-
cobacterial elimination. Moreover, the rate
of apoptosis in epithelioid granulomas may
well be related to the extent of immu-
nopathologically mediated tissue damage.

RESUMEN
Se utiliró el modelo de la infeccián de la alnio-

hadilla plantar dcl ratún BALB/c con M co/,acterium
leprae para investigar el efecto del BCG sobre la pro-
ducción de factor de necrosis tumoral alfa (TNF-a) y
el desarrollo dei granuloma. Se observó que los ra-
tones infectados intravenosamente con BCG, siete
meses antes de la inoculación de M. leprae en la almo-
hadilla plantar, presentaron una eficiente depuración
de Al. leprae, una reducción significativa en el número
de unidades formadoras de colonias de BCG en el
baio, y una reducción en el número de bacilos ácido-
resistentes (BAAR) en la almohadilla plantar. Li in-
feccián con BCG en el pico de infección con M. leprae
también moduló la respuesta granulomatosa a Al. lep-
me al convertir los granulomas mononucleares en
granulomas epitelioides. Además, los niveles de TNF-a
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en sueco lucrou ruis bajos en los animalcs infectados
com Al. lepra(' que en los animalcs inoculados COO
I3CG y M. leprae. El analisis por RT-PCR de la expre-
sido del gene "FNF-a en ei baio mostro que la expre-
sión dc mRNA-TNF-a fue más tcmprana en los ra-
tones coinfectados con BCG que en los animalcs in-
fectados sitio con Al. leprae. En los granulomas
epitelioides se encontrarem células TNF-a-positivas y
células apoptóticas, en números mayores que los en-
contrados en los granulomas no epitelioides. Los lotos
sugieren que la cointeccida de los ratonas con Al. lep-

me y BCG modula la síntesis de TNF-a, lo cual, a su
vez, promueve la tormación de granulomas epiteliodes
protectores en las almohadillas plantares, y la depu-
ración eficiente de las micobacterias. La diferenc1acido
de los maerófagos en células epitelioides, asociada con
eI aumento en la producción de TNF-a en cl sitio dcl
granuloma, podría representar un sena) inductora de
apoptosis en estas células que finalmente también con-
duciría a la eliminación de las micobacterias. Además,
la frecuencia dc apoptosis en los granulomas epite-
lioides podría estar relacionada con el grado de dano
tisular mediado pro mecanismos inmunopatológicos.

RÉSUMÉ
Dans cettc étude, le modèle expérimental de 1'infec-

tion de la pattc de souris dc soucites BALB/c par Alv-

cobuc•teriunt leprae fut utilisé pour évaluer les eflets de
I'administration de bCG sur la production de tumcur
nécrosis facteur alpha (TNF-a) et le développement de
granulômes. II a cité observé que 1'infection par voic in-
tra-veineuse de souris par le BCG, 7 mois après 1'inoe-
ulation de Al. leprae dans leurs partes, favorisait
1'éliminatiou des mycobactérics, commc en témoigne
une réduction significative du nombre de d'unités de
I3CG isolées à partir de la rate et capables de former
des colonies, ainsi que du nombre de bacilles acido-al-
coolo-résistants (BAAR) dans les panes. L'infection
par le BCG au moment du pie d'intection par Al. lep-

me a entraïné la modification de le réponse granulo-
mateuse contre M. leprae, de granulômes à cellules
mononucléées à des granulômes à cellules de type ép-
ithdlioïde. De plus des niveaux sériques plus bas en
'INF-a furent déteetés chcz les souris infectécs avec
Al. leprae seule, comparés aux souris infectécs par M.
leprae et BCG. Une analyse de l'expression clu gène
TNF-a dans la rate par transcrip1ion inverti-réaction
de polymérase en chaïne (R'I'-PCR) a montré une ex-
pression plus précoce de I'ARNni de TNF-a chez les
souris co-infectées avec le BCG que chez les souris in-
fectées par Al. leprae seule. Le nombre de cellules pos-
itives pour TNF-a et de cellules en apoptose était aussi
augmenté dans les granulômes de type épithélioïdcs en
comparaison des granulômes non-épithélioïdcs. En
conclusion, les clonnées suggièrent que Ia co-infection
par le BCG de souris infectécs par Al. leprae module Ia
synthèse de TNF-a, clui, en retour, conclua à 1'induc-
tion de granulômes épithélioïdcs protectours et à
I'élimination des mycobactérics. La différentiation des
macrophages en cellules épithélioïdcs, en association

avec 1'au mentation de la production de TNF-a au site
des granulômes, pourrnit représcntcr un signa) clé pour
I'incluction de 1'apoptose de ces derniers, conduisant à
I'élimination des mycobactérics. De plus, le taux
d'apoptose dans les granulômes épithélioïdcs pourrait
bien ctrc relié au degré de dommage tissulaïre à médi-
ation inununopathologique.
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