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Southern blot were prepared by using a Roche DIG
labelling kit (Roche} according to the instructions,

2.3. Construction of suicide vector containing fapS-
disrupted sequences

To generate the non-polar mutation in the gene en-
coding FAP of M. smegmatis (named as fapS), suicide
vector containing DNA fragment flanking the fapS gene
and kanamycin resistance cassette was constructed. A
3.0 kb fragments both upstream and downstream to

fapS gene was amplified from M. smegmatis mc?155 -

genomic DNA using the following two pairs of primers,
for upstream; US1 (including Hind III site) and TJAL
(including Xba I site); for downstream DS1 (including
Xbal site) and DAL (including Kpn I sit¢). The PCR
products were digested with restriction enzymes and
cloned into Hind III-Xba 1 and Xba 1-Kpn 1 site of
pUCI19 to give pUDFAP. The kanamycin resistance
cassette, a selective marker of integration, was excised
from pMV261 with Hird III and Spe I and cloned into
corresponding sites of pBluescript 11 SK (+). The re-
sulting plasmid was digested with Kpr I and Xba I, and
derived fragment was cloned into the corresponding
sites of pUC19. The 1.1 kb Hird III fragment harboring
kanamycin resistance cassette was then cloned into
pUDFAP to create the plasmid, pUDFAPKm, carrying
the disrupted sequences.

2.4. Generation of the fapS-disrupted strain

The two-step recombination was conducted to dis-
rupt the fapS gene located on the M. smegmatis chro-
mosome. The suicide vector pUDFAPKm was
introduced into the M. smegmatis mc?155 by electro-
poration, and single crossover strains (plasmid-inte-
grated transformants) were selected on the 7H10 plate
containing 25 pg/ml kanamycin. A kanamycin-resistant
colony was subjected to repeated cultivation in the 7H9
medium without kanamycin to excise the pUC19 region
and kanamycin resistant cassette through the second
crossover event. After several subcultures, the kanamy-
cin-sensitive clones were selected and their genomic
DNA was subjected to Southern blot and PCR analysis
using the primers Ul and D1 to confirm the disruption
of the fapS gene.

2.5. Construction of the FAP expression vectors for
complementation

The fapS (FAP-S) gene and its homologous gene of
FAP-B (M. bovis BCG), FAP-L (M. leprae) and FAP-A
(M. avium) were used to construct the expression vector
for complementation of fapS-mutant. Four genes were
amplified from each genomic DNA with following
primers; S1 (including Hird II1 site and start codon) and

52 (including Cla T site and stop codon) for fapS, Bl
(including BamH I site and start codon) and B2 (in-
cluding EeoR [ site and stop codon) for FAP-B, L1 (in-
cluding BamH I site and start codon) and L2 (including
Pst 1 site and stop codon) for FAP-L, and Al (including
EeoR I site and-start codon) and A2 (including Cla I site
and stop codon) for FAP-A. The PCR products were
digested with each restriction enzyme and cloned into the
corresponding sites of pMV261. The expression cassette,
consisting of Asp60 promoter, the FAP gene and tran-
scriptional terminator, wereexcised with Xba I and Nie 1
and inserted into Xbal site of pMV306kan (kindly gifted
from Dr. W.R. Jacobs, Jr.), a site-specific integrating
mycobacterial vector, to give complementation vector
pFAPS, pFAPB, pFAPL and pFAPA, respectively.
These vectors were introduced into the fap$ mutant by
electroporation. Transformants were selected on the
7H10 plate containing 25 pg/ml kanamycin.

2.6. Morphological observation

The wild type, mutant strain and its complemented
strains were cultured: for two days in 2 m] of Middle-
brook 7H9 broth. Aliquots of cultured broth were
stained by Ziehl-Neelsen method and the bacteria was
morphologically examined under light microscopy
BX60 (Olympus). The images were acquired using a
microscope digital camera DPS50 (Olympus) and View-
finder Lite software.

2.7. Assessment of cell surface hydrophobiciry

The hydrophobicity of the bacteria was assessed by
measuring the adherence of bacteria to hydrocarbons, n-
hexadecane and xylene, as previously described with
some modification [11,18]. Briefly, the 0.5 ml of n-hex-
adecane or xylene was added to the test tube containing ~
2.0 ml of phosphate buffered saline (PBS)-washed bac-
terial suspension, of which ODgsp titer was adjusted at
1.0, and vigorously mixed using vortex for 1 min. After
standing at room temperature for 20 min, the absor-
bance (ODgsp) of the lower aqueous phase was mea-
sured, The hydrophobicity of bacteria was evaluated by
calculating the reduction of absorbance values. The
hydrophobic bacteria are assumed to remain in upper
phase because of adhesion to hydrocarbons.

Congo red binding assay was also conducted to mea-
sure the bacterial hydrophobicity [11,19]. The bacteria
was cultured for two days in 5 ml of Middlebrook 7H9
broth supplemented with the Congo red (100 pg/ml). The
cells recovered from cultured broth were washed with
PBS to eliminate unbound Congo red completely, and
then resuspended in 0.2 ml of acetone. After gently
shaking for 2 h, cells were pelleted by centrifugation and
the concentration of Congo red released from bacteria
into supernatant was measured spectrophotometrically
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at 488 nm. The relative binding index was defined as the
OD,g3 of acetone exiract divided by ODgsy of the original
broth after certain period of cultivation.

2.8. Isolation and analysis of lipids

Total lipids were extracted from 50 ml of bacterial
cell with CHCl:/CH30H (2:1, v/v) for several hours at
room temperature. The lipid extracts from the organic
phase were separated from the aqueous phase and
evaporated to dryness. For analysis of GPLs, the lipids
extracts were subjected to mild alkaline hydrolysis as
previously described [20]. Total lipids and GPLs were
analyzed by thin layer chromatography (TLC) on silica
gel 60 plates (Merck) using CHCL/CH;0H/H,0
{30:8:1, viv/v) and CHCL/CH3;0H (9:1, v/v) as solvent
-respectively and visualized by spraying with a solution
of 10% H,S0, and subsequent charing.

2.9, Statistical analysis

Students’ ¢ test was applied to demonstrate statisti-
cally significant differences.

3. Results
3.1. Sequence analysz's- of fap'S gene

"The gene data base analysis of FAP-L (ML2055) and
FAP-B (AF(13569) indicated that the putative ORF of

FAP-S
FAP-A
FAP-B
FAP-L

FADP-2
FAP-A
FAP-B
FAP-L

FaP-8
FAP-A
FAP-B
FAP-L

FAP-S
FAP-2
FAP-B
FAP-L

FAP-S
FAP-A
FAP-B
FAP-L

FAP-S
FAP-A
FAP-B
FAP-L ---

FAP, designated as fapS, was located between 1,810,474
and 1,811,535 bases of contig 3310 of the unfinished M.
smegmatis genome database of in the Institute for Ge-
nomic Research (http://www.tigr.org). As shown in
Fig. 1, the BLAST search analysis of the amino acids
sequences of various FAP indicated that the homology
of FAP-S with FAP-B (AF013569), FAP-A (U53585)
and FAP-L (ML2055) was 51%, 48% and 47%, respec-
tively. The homology was confirmed by FASTA pro-
gram. We deduced the fibronectin-binding region of
M. smegmatis FAP by homology analysis to that of
M. avium and M. bovis BCG which were previously
described [21].

3.2. Disruption of fapS gene

For the functional analysis of the FAP in M.
smegmatis, the fapS gene was disrupted by the homol-

. ogous recombination using the suicide vector, From the

kanamycin-tesistant isolates, MF96 was isolated as the
putative mutant (Fig. 2). Southern blot analysis was
performed on EcoR I-digested chromosomal DNA from
wild type M. smegmatis and mutant strain MF%6 to
reveal the target gene disruption. Two different probes
corresponding to the sequences in upstream (P1) and
downstream (P2) of the fapS region were constructed
(Fig. 2(a)). The probes P1 and P2 hybridized to the
predicted 2.4 kb and 2.8 kb EcoRI fragments of the wild
type strain, respectively, while both probes hybridized to

-sole 4.2 kb fragment in the strain MF96. The fapS gene

disruption was further confirmed by using PCR analysis,

Ny AN D PR DAL
h}auxlﬂ

Fig. 1. Alignment of deduced amino acid sequences of fapS gene product (FAP-8) with FAP-A (M. avium), FAP-B (M. bovis BCG) and FAP-L (M.
leprae). The amino acids identical to those of FAP-§ are indicated by black boxes. The putative sequences of fibronectin-binding region are shown in

gray background.
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(a) EcoRI EcoRI EcoRI
24 kb i 2.8kb
]
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Fig. 2. Disruption of fapS gene. (a) Schematic diagram of the fap§
region on the chromosome of wild type M. smegmatis (nc?155) and
the mutant strain MF96. The position of the two hybridization probes,
Pl and P2, are also shown. The arrows indicate the primers (Ul, D1)
used for PCR analysis. (b} Southern blot analysis of wild type (lane 1)
and strain MF96 (fane 2). Chromosomal DNA was digested with
EcoR I and hybridized with probe P1 and P2. C, PCR analysis of wild
type (lane 1} and the strain MF96 (lane 2) using the primers indicated
above.

in which the primers (Ul and D1) were constructed
outside the fapS gene. As expected, while 1.4 kb frag-
ment was amplified from wild type, 0.4 kb fragment was
revealed by strain MF96. The size difference between the
strains (1.0 kb) indicated that most of fapS gene was
deleted.

3.3. Morphology of fapS mutant

The fapS$ mutant, cultured in liquid medium, showed
a morphological change. Observation by the light mi-
croscopy revealed that the strain MF96 bacteria
clumped together (Fig. 3A(b)), whereas most of wild
type cells grew as a single cell and distributed equally in
the field (Fig. 3A(a)). The sirain MF96 cells quickly
settled down to the bottom of the tube, whereas wild
type remained dispersed in the broth (Fig. 3B). How-
* ever, aggregation of strain MF96 was not attributable to
the growth rate, moreover no differences were observed
between MF96 and wild type strain in the colony mor-
phology (data not shown). In order to confirm that the
enhanced aggregation of strain MF96 was induced by
the disruption of fapS gene, fapS gene was comple-
mentarily introduced into the fapS mutant (Fig. 4). The
strain MF96 was transformed with the vectors
containing each expression cassette of the FAP from

Fig. 3. Morphological observation of wild type (a) and mutant strain
MF56 (b}. (A) Light microscopic observation of cultured broth diluted
1:100 in PBS containing 0.2% skim milk followed by Ziehl-Neelsen
staining. Magnification, 1000x. (B} Cultured broths left for 1 h
without shaking.

() e M

Fig. 4. Complementation experiment. Observation of wild type (a} and
matant strain MF96 transformed with pFAPS (b), pMV306kan (c),
pFAPL (d), pFAPB (¢) and pFAPA (f). All culitured broths were left
for 1 h without shaking.

M. smegmatis, M. leprae, M. bovis BCG and M. avium,
and their expressions in the complemented ME96 strains
were confirmed by Western blot analysis of cell wall
fractions obtained by disrupting the cell wall using
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Mini-BeadBeater. The level of FAP expression was
similar among the compiemented strains (data not
shown). The monoclonal Ab used in the Western blat
solely reacted with cell wall fraction, The strain MF9§
lost the property to ageregate each other by transfor-
mation with parent’ M. smegmatis-derived FAP gene
(pFAPS). However, the strains transformed with other
mycobacterial FAP expression vectors did not reverse
the aggregation property, and they were similar to the
strain MF96 which were transformed with a control
vector (pMV306kan). Therefore, the FAP from other
mycobacteria could not supplement the aggregation-in-
hibiting function of M. smegmatis-derived FAP, in spite
of FAP genes being complementarily introduced. These
results demonstrated that the bacterial aggregation in-
duced in the strain MF96 was caused by the disruption
of fapS.

P <0.005 P<0.005
1.0 i 1 [7] wild type
L B MFos

(a) 0 n-hexadecane

xylene
P <0.005
1
0157
012}
>
D
2 ooef
o
£
T 006f
£
0.03 [
0
{b) Wild MF9

Fig. 5. (a) The cell surface hydrophobicity based on the degree of
adherence to two hydrocarbons (»-hexadecane and xylene), assessed by
the reduction in absorbance of aqueous phase separated from hydro-
carbon mixture including cells of wild type (open square) and mutant
strain MF96 (filled square). (b) Congo red binding of wild type (open
square) and mutant strain MF96 (filled square). The binding index is
derived from ODags of acetone extract divided by ODgso of cultured
broth. Representative of more than three separated experiments are
shown, Assays were done in triplicate, and the resulis are expressed as
means =+ SD.

3.4. Cell surface properties of fapS murant

It might be reasonable to speculate that fapS gene
disruption induces the change of bacterial surface
properties. Therefore, hydrophobicity and Congo red
binding ability of strain MF96 were assessed. The hy-
drophobicity assay was basically assessed by measuring
the degree of adherence of bacteria to hydrophobic
molecules, such as n-hexadecane and xylene (Fig. 5(a)).
The ODgsp of agqueous phase in the strain MF96 was
significantly lower than that in wild type M. smegmatis.
Similar results were obtained in both assays using

. n-hexadecane and xylene (Fig. 5(a)). These results

suggested that strain MF96 adhered more easily to hy-
drophobic molecule and remained in the upper hydro-
phobic phase. Furthermore, the hydrophobicity of
strain MIEF96 was assessed using Congo red binding as-
say (Fig. 5(b)). The concentration of Congo red bound
to bacterial surface and subsequently solubilized was
significantly higher in strain MF96 than that in the wild
type (Fig. 5(b)).

Next, the role of FAP in the bacterial attachment to
host cells (J774 cells) was examined by Ziehl Neelsen
staining method. There was no significant difference in
the number of attached or intracellular bacteria between

GPLs

@6 @O @ o

Fig. 6. Comparison of the lipid composition of wild type {(a) and
mutant strain MF96 (b). (A) Total lipids developed with CHCly/
CH30H (%:1, v/v). (B) Total lipids developed with CHCL/CH.OH/
H.O (30:8:1, v/viv). (C) Total lipids subjected to mild alkaline
hydrolysis and developed with CHCL/CH;0H (9:1, viv). GPLs,
glycopeptidelipids.
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the fibronectin-opsonized wild and MF96 mutant straing
(data not shown).

3.5. Lipid analysis

In order to find out whether the fap gene disruption
induces the alteration of cell wall lipid composition of
M. smegmatis and causes aggregation of the mutant
strain, TLC analysis using different solvent systems on

total lipids from wild type and mutant strain was carried -

out. The TLC profiles of both strains were very similar
to each other, and no detectable alterations were ob-
served in the total lipid content as well as GPLs (Fig. 6).

4. Discussion

The FAP is involved in the attachment and inter-
nalization of mycobacteria to host cells. However, little
is known about physiological role of FAP, such as how
FAP is involved in bacterial interaction with the host
cells. In this study, we undertook a gene disruption
approach to construct the gene mutant of M. smegmatis
to characterize the function of FAP

The FAP disruptant showed increased hydrophobic
properties and a change in morphology which caused an
enhanced bacterial aggregation. Previously, it has been
reported that the absence or poor content of some gly-
colipids was induced by the reduction of biosynthetic
enzyme activities and this caused an aggregation of
bacteria along with the changes in the cell surface
properties [10,11,22], Also, the other family of fibro-
nectin-binding protein, such as antigen 85 complex in
M. tuberculosis, possess mycolyltransferase activity re-
quired for maintaining the integrity of the mycobacterial
cell envelope [23-25]. However, comparative TLC
analysis on total lipids extracts in different solvent sys-
tem revealed no significant differences in the lipid profile
between wild type and the FAP mutant (Fig. 6). Al-
though the mycobacterial proteins, PE_PGRS and
HBHA, are known to promote aggregation of cells
[26,27], there is no report indicating that the absence of
such a protein component would directly lead to the
more aggregated phenotype. Thus, the FAP seems not
to have influence on the biosynthesis of cell wall lipid,
but show an enhanced aggregation of the M. smegmatis.

Analysis of the amino acid sequences of FAP showed
that the hydrophobic amino acids, alanine and proline,
are relatively rich compared to the other mycobacterial
proteins [21,28], and these amino acids are notably
present in the N-terminal region of FAP (Fig. 1). These
facts may indicate that FAP is an amphiphilic molecule
consisting of both hydrophobic and hydrophilic part
similar to glycolipid. Alanine and proline rich region of
FAP may correspond to acyl chains of glycolipid such as
polyacyltrehalose and GPLs which are inserted into the

hydrophobic core composing mycolic acid chain [10,11].
FAP mutant, generated by gene disruption, showed in-
creased surface hydrophobicity as observed by enhanced
adherence to hydrocarbons (Fig. 5). The increased hy-
drophobicity may be due to the exposure of hydropho-
bic lipid molecules which are otherwise located inside
the cell wall in the wild type strain and FAP may have
functioned as the amphiphilic layer with the hydrophilic
proteins on the surface. Therefore, the increased hy-
drophobicity of the mutant could lead to the aggrega- -
tion of bacteria.

- The analysis of the deduced amino acid sequences of
JapS gene product indicated that its homology with the
FAP of other mycobacteria was around 50%, although
the deduced fibronectin- -binding region of the FAP was
conserved in various mycobacteria including M. avium,
M. bovis BCG and M. leprae (Fig. 1) [21,28]. The
morphology of the bacteria was not recovered when the
genes encoding FAP of M. bovis BCG, M . leprae and
M. avium were introduced into the mutant strain, while
the complementation with M. smegmatis-derived fapS
reverse the aggregation property (Fig. 4). The possible
cxplanation for non-recovery of the morphology of the
bacteria is due to (1) low homology except the fibro-
nectin-binding domain which is highly conserved be-
tween the FAP homologues, (2) interaction of FAP with
other specific components in the cell wall of M
smegmatis. It has been reported that FAP locates in the
cell wall fraction of mycobacteria [2]). However, its pre-
cise location in the cell wall is different in each myco-
bacteria [1,3,5}. In fact, in contrast to M. bovis BCG, the
FAP of M. smegmatis does not appear on the bacterial
surface as far as examined by fluorescence-activated cell
sorting (FACS) using FAP monoclonal antibody which
can detect the M. smegmatis-derived FAP by Western
blot analysis (data not shown}. This fact might be an-
other reason why FAPs from other mycobacteria failed
to reverse the aggregation property of MF96 mutant
strain. Furthermore, it may be able to explain why there
is no significant difference of host cell attachment ac-
tivity between wild type and MF9 mutant strains.

Taken together, our study indicates that the FAP
possesses novel function which are indispensable to
prevent the bacterial aggregation that might contribute
to the understanding of the mycobacterial biogenesis.
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The polymorphism of TTC repeats in Mycobacterium leprae was examined using the bacilli obtained from
residents in villages at North Maluku where M. leprae infections are highly endemic (as well as from patients
at North Sulawesi of Indonesia) to elucidate the possible mode of Ieprosy transmission. TTC genotypes are
stable for several generations of passages in nude mice footpads and, hence, are feasible for the genotyping of
isolates and epidemiological analysis of leprosy transmission, It was found that bacilli with different TTC
genotypes were distributed among residents at the same dwelling in villages in which leprosy is endemic and
that some household contacts harbored bacilli with a different genotype from that harbored by the patient.
Investigations of a father-and-son pair of patients indicated that infections of bacilli with 10 and 18 copies,
respectively, had occurred. Genotypes of TTC repeats were found to differ between a son under treatment and
two brothers. These results reveal the possibility that in addition to exposure via the presence of a leprosy
patient with a multibacillary infection who was living with family members, there might have been some
infectious sources to which the residents had been commonly exposed outside the dwellings. A limited
discriminative capacity of the TTC polymorphism in the epidemiological analysis implies the need of searching

other useful polymorphic loci for detailed subdivision of clinical isolates.

Leprosy is a chronic infectious disease caused by Mycobac-
terium leprae infection. It has long being believed that the
source of infection is untreated leprosy patients. It has also
been predicted that muliidrug therapy (MDT) with strong bac-
tericidal antibiotics {such as rifampin) would reduce the source
of infection and consequently interrupt further transmission to
others. The number of new cases, however, has shown no
substantial decline even though MDT with strong bactericidal
drugs has been used in the past two decades. It is reported that
about 600,000 to 700,000 new cases are continuously found in
the world every year (20), which suggests that the transmission
of leprosy bacilli still occurs, especially in countries of ende-
micity. Elucidation of the mode of transmission would be es-
sential to help prevent new infection. The differentiation of
strains of leprosy bacilli by genomic polymorphism might be of
great value in efforts to understand the mode of transmission
of the disease.

The range of molecular techniques for epidemiological anal-
ysis has expanded in recent years, and there are now many
genotypic metheds that allow a high level of discrimination
between bacterial strains. Restriction fragment length poly-
morphism analysis, which is the method most widely used for
molecular epidemiology of tuberculosis, is not applicable for
leprosy, since M. leprae cannot be grown in artificial medium,
and almost no divergence was found by this fingerprinting
assay (19). Shin et al. discovered a genomic divergence of M.
leprae by the variation of TTC repeats (17) and subdivided 34
isolates into 15 subtypes. Genotyping according to the TTC
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National Institute of Infectious Diseases, 4-2-1, Aobacho, Higashimu-
rayama-shi, Tokyo, 189-0002, Japan. Phone: 81-42-391-8211. Fax: 81-
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repeats for fragments amplified by PCR seemed to be feasible
for molecular epidemiological analysis of leprosy transmission,

A previous study by Saeki et al. revealed that M. leprae
existed on the surface of nasal cavities of residents in areas of
endemicity (16). Here, we report the distribution of different
TTC genotypes of M. leprae among family members of each
dwelling in the villages with high-level leprosy prevalence and
inconsistent genotypes obtained from patients and their family
members in the same dwelling. The results strongly supported
previously proposed hypotheses on the existence of an infec-
tious source(s) other than that of patients living with family
members.

MATERIALS AND METHODS

Nasal swab samples from residents in villages where leprosy is endemic, Nasal
swab samples which showed positive PCR results in a previous study by Saeki et
al. that was designed to elucidate the distribution of M. leprae in the places where
leprosy is endemic (16) were used in this study for the comparison of TTC
genotypes among family membetrs. These samples originated from residents in
two Indonesian villages in North Maluku with a high-level prevaience of leprosy,
Gamtala and Lolori. In Gamtala village, 353 nasal swab samples and 277 samples
in Lolori village were collected. The population of Gamtala village was 509
(median age, 25) and that of Lolori was 434 (median age, 20); the numbers of
houses were 105 and 77, respectively. The prevalence of leprosy in Gamtala was
4.0% (14/353), and the paucibacillary/multibacillary (PB/MB) case raito was 10/4.
In Lolori, the prevalence was 3.3% (9/277) and the PB/MB ratio was 9/0 (16).
MDT recommended by the World Health Organization was introduced in the
middle of the 19905 in these areas. No tap water was supplied, and several
families shared one well for bathing, washing, and cooking. Living surroundings
were almost the same in both villages. The surface of the nasal cavity was
swabbed with sterilized wet cotton swabs (Mentip1P-75, Nippon Menbo, Tokyo,
Japan), which were then frozen until use. The cotton was washed in S00 pl of
phosphate-buffered saline costaining 0.05% Tween 80 to release the sample
from. the cotton swab, and the aliquot was centrifuged at 10,000 X g for 20 min.
The sediment was then digested with Iysis buffer to prepare the template DNA
(5) and subjected for sequencing as described below.
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TABLE 1. Stability of TTC repeats of M. leprae strains during serial passage

. .. Generations Copy numbers of
Sirain Origin examined meeam
Ky-1 Yapanese new MB case 3578 9,999
Ky-2 Japanese relapse MB case 4,56 11, 11,11
Th-53 Thailander new MB case 3111 14, 14, 14
Ze2 Japanese relapse MB case 1,3 ) 11, 1t
Ho-4 . Japanese relapse MB case Biopsy, 1, 2,4 10, 10, 10, 10
Ko3-2 Korean new MB case Biopsy, 1,2, 4 13,13, 13,13
Ku-3 Japanese relapse MB case Biopsy, 1, 2 10, 10, 10
Ku-6 Japanese relapse MB case Biopsy, 1, 3 16, 16, 16
Ts-1 Japanese new MB case Biopsy, 1, 2 9,9,9
Ze-4 Japanese relapse MB case Biopsy, 1,2, 3, 4 10, 10, 10, 10, 10
Ze-5 Japanese relapse MB case Biopsy, 1,2, 3 11, 11, 11,11, 11

“ Biopsy, - bacilli from clinical material; generation 1 to 11, passage time in nude mouse footpad.

Samples from patients. To clarify whether the TTC genotype in oné patient
varies or not, genotypes of the bacilli obtained from various lesions of one patient
were compared. Slit-skin smear samples from 49 lesions of 22 patients in North
Maluku and North Sulawesi were obtained. Those patients in North Sulawesi
included many refugees from North Maluku. Samples were collected in the same
manner as is used for routine slit-skin smear testing for bacterial index exami-
nation. The sample on the disposable surgical blade was soaked in 70% ethanol
and kept at room temperature until use. The sample was removed from the blade
and collected as a peilet by centrifugation at 10,000 X g for 20 min in 70%
ethanol and then washed with phosphate-buffered saline. The template was
prepared by weatment with lysis buffer as mentioned above, and then the TTC
genotype was examined. )

Samples from household patients. TTC genotypes of the bacilli from patients
living in the same dwelling were examined. Samples of five groups were collected
as follows. Cases 1 and 2 (a pair of patients with household MB cases) consisted
of one son and his father. Case 3 was a household case consisting of one son
treated for 2 months, a new case of infection of his father, and three new cases
of infection of his sister and brothers. Case 4 (a household case) consisted of one
son treated for 4 months and one new case of infection of his brother. Case 5
consisted of one patient treated for 9 months and two new cases of infection of
his brothers (see Table 4), Samples were collected from at least two lesions of
cach patient. The genotype of each isolate was examined as described below.

Semples from M. lgprae inoculated in nude mice, To clazify the stability of the
locus, we used various resources, including clinical material and different gen-
erations of serial passages in nude mice (13, 14), for comparisons of the numbers
of TTC repeats within 11 strains of M. leprae. Template DNAs of each sample
were prepared from the bacillary suspensions (which were preserved at —84°C).
Each strain was maintained in nude mice footpads, with serial passages every 12
months (Table 1).

Preparation of template DNA and sequencing analysis. Templates from nasal
swab materials, slit-skin samples, and baciliary suspensions were prepared by
treatment with lysis buffer at 60°C ovemight as described previously (5), and
TIC repeat regions were amplified by PCR with the primers indicated by Shin et
al. (17). Copy numbers of TTC repeats were examined by the direct sequencing
of thie PCR products. Briefly, the regions flanking TTC repeats were amplified
using & G mixture and a FailSafe PCR system (EPICENTRE, Madison, Wis.).
DNA samples for sequencing were recovered with a MinElute gel extraction kit
(QIAGEN GmbH, Hilden, Germany) after electrophoresis of PCR products.
Samples were sequenced with a BigDye terminator cycle sequencing FS Ready
Reaction kit (Perkin-Elmer Applied Biosystems, Norwalk, Conn.) and an ABI
Prism 310 genetic analyzer (Perkin-Elmer). The nucleotide sequences obtained
were analyzed using DNASIS software (Hitachi Software Engineering, Yoko-
hama, Yapan). The forward primer was used in all sequencing reactions, since
(according to the results of our preliminary study) the nucleotide sequences of
interest detected by the reverse primer were deduced to be identical with those
detected by the forward primer (data not shown).

Ethical approval. Informed consent was obtained from all subjects, and the
study was approved by the institutional ethics committee of National Institute of
Infectious Diseases, Tokyo, Japan. Bacillary samples of nasal mucus and slit-skin
smears were collected when informed consent was obtained.

RESULTS

Stability of TTC copies., Laboratory-maintzined isolates
showed various TTC genotypes. The copy numbers of TTC
repeats in each isolate from the nude mice showed no changes
and remained stable after serial passages in nude mice foot-
pads; they also remained unchanged between the isolates from
bacilli from clinical material and the corresponding isolates
obtained from nude mice footpads (Table 1). Th-533 isolate was
transferred with nine passages in nude mice footpads, but the
namber of the repeats did not change at all.

Genotype of the bacilli on the nasal muens. The results of a
previous study by Saeki et al. indicated that 28.2% (92/326) of
Gamtala’s villagers and 25.2% (68/270) of Lolori’s villagers
carried leprosy bacilli on the surface of their nasal cavities (16).
M. leprae-positive PCR products for TTC genotyping were
obtained from 48 samples out of 92 previous M. leprae-positive
samples from Gamtala and 49 samples out of 68 previous M.
leprae-positive Lolori’s samples. Of 105 dwellings, there were 8
houses in Gamtala and 12 houses in Lolori in which more than
two PCR-positive individuals carried the bacilli on the surface
of their nasal cavities (Table 2), Residents in five houses in
Gamtala showed different TTC genotypes of 10, 11, 12, and 13
copies. Residents in 11 houses in Lolori harbored different
TTC genotypes from each other; their TTC genotypes were 7,
8,9, 10, 11, 12, 13, 14, 16, 17, 18, and 24 repeats. The TTC
repeats of the bacilli from the new MB case in Gamtala con-
sisted of 10 copies, but the bacilli from his family contacts
showed 11 and 13 copies of TTC repeats. The bacilli from a
patient who had had contact with a PB case in house number
68 of Lolori showed 12 copies, but the genotype of the strain
from this PB patient showed 14 copies (Table 2). In this area,
the cases with 10 copies of TTC repeats were predominant;
cases with 13 copies were the second populous group (Table 3).

Genotype of the bacilli in the lesions. For all patients exam-
ined, samples from different lesions of each patient showed

" identical genotypes. The TTC genotype with 10 copies was also

dominant in the patients from North Maluku and North Su-
lawesi. The smallest number of repeats was 8; the largest was
29, In addition, other genotypes (such as 9, 11, 12, 13, 14, 15,
16, and 18 TTC copies) were detected, The frequency of cach
TTC genotype observed in samples from the nasal cavities of
the residents and lesions of the patients is shown in Table 3.
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TABLE 2. TTC genotypes of M. leprae detected from the surfaces
of nasal mucosa of residents living in the same house

LEPROSY TRANSMISSION ANALYSIS BY. M. LEPRAE GENOTYPING 743

TABLE 4. TTC genotypes of M. leprae obtained from household
leprosy cases®

Village House TTC penotypes
Gamtala 9 10,7 11, 13,13
Gamtala i5 13,13
Gamtala 25 13,13
Gamtala 78 10, 10
Gamtala 82 10, 13#

Gamiala 97 10 10, 13, 13, 13
Gamtala 99 102 10,2 10, 10, 13
Gamtala 100 107 10 10, 10, 12
Lolori 2 10, 18

Lolori 4 18, 18

Lolori ) 7 10, 12,0 18

Lolori 19 9,12

Lolori 21 10, 14

Lolori 41 10,13, 13

Lolori 49 8,13

Lolori 54 13,16

Lolori 62 12,13

Lolori 66 11, 12

Lolori 68 12, 144

Lolori T 10, 24

“ Newly detected MB case.

# Nerve enlargement without skin lesion.
¢ MB case {released from registration).
 PB case (registered).

Comparison of TTC genotypes among patients in a dwelling.
The TTC genotypes of M. leprae in houschold leprosy cases
were compared. The genotypes of one pair (the son and his
father; case 2) indicated clearly independent genotypes from
each other (10 copies in the son and 18 copies in the father).
Bacilli of one MB case (the patient treated for 9 months; case
5) showed 12 copies of TTC repeats, while his brother har-
bored bacilli with 14 TTC repeats and the bacilli from another
brother showed 12 TTC repeats. Another three groups of
household cases (cases 1, 3, and 4) showed identical TTC
genotypes within the family (Table 4).

TABLE 3. Frequency of each genotype observed in residents
and patients

. Genotype frequency

Patient
lesion®

No. of
repe ats Nasal

mucus Total

7

8

9
10
11
12
13
14
15
16
17
18
24
29 1

|
=R B LA el LR RN
h

] w

[= = RS A o RN Y
[

[ A .t S - N

(SRR
—_

Total 97 36 133

“Includes 14 patients of household cases listed in Table 4,

c Patient (TTC genotype)
in supposed index case

Patient(s) (TTC genotype) in other
household cases

1 Father (10) Son (10}

2 Father (18) Son (10)

3 Son (13) Father (13), daughter (13), son (13)
Son (13)

4 Sen (8) Son (8)

5 Son (12) Son (12), son (14)

@ At least two samples from different lesions were examined from each patient.

DISCUSSION

Elucidation and understanding of the source and the routes
of transmission of M. leprae are essential in developing mea-
sures to prevent an infection. Previous seroepidemiological
studies indicated widespread M. leprae infections within a pop-
ulation (1, 2, 10, 18), and studies by PCR on the distribution of
the bacilii also found that many individuals in areas in which
leprosy is endemic carried M. leprae on the surface of their
nasal cavities (11, 16, 18). These studies suggested the presence
of an infectious source other than that of a patient within the
same dwelling, The aim of this study was to clarify microbio-
logically whether or not MB cases in the same dwelling repre-
sent the main source of infection. '

Establishing a methodology to discriminate the isolates of
M. leprae is fundamental for these purposes. Although many
atiempts have been made to subtype M. leprae isolates by
genomic divergence (4, 9, 19), no useful methods for epidemi-
ological analysis have been developed. Recently two genomic
polymorphisms successfully discriminated isolates of M. leprae
(12, 17}. One of the authors (M. Matuoka) discovered that M.
leprae isolates could be divided into two subtypes on the basis
of the polymorphism in the rpoT gene. The geographical dis-
tribution of each genotype in the world was biased and seemed
to be related to prehistoric movement of the human race (12).
Nevertheless, the genomic diversity of the rpoT cannot be used
for epidemiological tracing of the transmission of leprosy ba-
cilli. Genotyping to compare diversity of short-tandem-repeat
loci on the basis of PCR is feasible for molecular epidemio-
logical analysis, since M. leprae is not cultivable and shows very
low levels of diversion in genomic DNA (6). Variety in the
copy numbers of TTC repeats can be used to classify M. leprae
into a considerable number of subtypes and discriminate iso-
lates for each leprosy case. )

For subtyping the organisms, genetic polymorphisms must

-remain stable during a few rounds of infection. All isolates

transferred in 1 to 11 passages in nude mice retained the same

 TTC genotype. Because of the wide variation and stability of

the TTC repeats, genotyping of the bacilli by the TTC poly-
morphism proved to be satisfactory for epidemiological anal-
ysis of leprosy and discrimination of M. leprae distributed in
areas of endemicity.

It is reasonable to assume that if the index case in the same
dwelling is the source of infection, the genotypes detected in
the house should be identical among the household members.
In this study, various types of TTC genotypes were detected
from nasal mucosa of the villagers in areas of endemicity.
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However, our results clearly demonstrated that there were
families with different TTC genotypes of M. leprae on the
surface of nasal cavitics among the residents in the same dwell-
ing. Therefore, the results of the investigation suggest that
these residents are contaminated by bacilli with different ge-
notypes. No variations in genotype among the isolates ob-
tained from various lesions in the same patient were shown.
This result consequently enables comparisons of the genotypes
of bacilli obtained from different patients. We had identified
the existence of TTC genotypes of M. leprae that differed
between the newly detected family contacts and the supposed
index case patient. These results strongly suggest that the ba-
. cilli did not originate from a single patient in the dwelling and
also indicate the exposure of the family members to infectious
sources out of the dwelling. Previous seroepidemiological stud-
ies suggested that for the majority of cases, the possible source
of infection might be in the environment rather than in direct
contact with leprosy patients (1, 2, 10). The findings by PCR,
which revealed the wide distribution of the bacilli among the
residents in areas of endemicity, also indicated that the trans-
toission of the bacilli was not only from the leprosy patients
(11, 16, 18). The present study strongly supports these assump-
tions respecting the infectious source(s). Although many epi-
demiological observations indicated that the household con-
tact was the risk factor for the development of leprosy (7, 15),
on the other hand, many new cases among people without any
known household contacts with patients were detected (7). It is
therefore not necessarily the case that the household patient is
the only source of infection of leprosy bacilli. The tendency
seen of the accumulation of patients in some families might be
attributed to other conditions such as susceptibility to leprosy
infection, which is related to genetic predisposition as well as
to acquired factors (3).

Two groups of the household leprosy cases showed appar-
ently different TTC genotypes between a father and his son
and among brothers. The inconsistency of the genotypes be-
tween M. leprae isolates obtained from household cases of
patients living in the same dwelling clearly indicates that these
patients are not always the source in infections of the other
family members. Though the members of the other groups of
leprosy cases showed the same genotype, whether those people
were truly infected by the patient in the house was unclear. The
presence of the same genotype in two cases doesn’t necessarily
imply the infection was transmitted from a patient to family
contacts, for some TTC genotypes, such as those of 10 and 13
repeats, were widely distributed in the areas. Other polymor-
phisms which can discriminate within a given TTC genotype
are needed to elucidate this problem. Better epidemiological
analysis could be done by the combination of various genotyp-
ing techniques. However, TTC genotyping enabled the subtyp-
ing of M. leprae into more types than rpoT genotyping. It is
expected that other short-polymorphic-tandem-repeat loci ex-
ist in M. leprae genome, in similarity to those observed in
investigations of M. tuberculosis (8). A combination with geno-
typing using other polymorphisms might be a useful tool for
precise epidemiological analysis. Other genotyping measures
depending on other short-polymorphic-tandem-repeat loci are
required. The frequency of 24 or 25 TTC repeats was the
highest in the previous study, which examined M. leprae iso-
lates obtained in Cebu, Philippines (17). Bacilli with 10 copies

J. Cum. MICROBIOL.

of TTC repeats were most frequently isolated in the present
study, and the bacilli with large numbers (such as 37) of TTC
repeats were not detected (Table 3). It is of interest to com-
pare the frequencies of each genofype in different areas, since
the results of a previous study indicated that the spread of the
bacilli with specific genotypes was consistent with migration of
some human groups {12).

The evidence resulting from the present molecular epidemi-
ological study indicated the existence of an infectious source
other than patients in the same dwelling, Wide distribution of
the bacilli among residents (11, 16, 18) and a high positive ratio
of anti-PGL-1 antibody among healthy residents (2, 10} sug- -
gested that the bacilli existed in certain sources to which peo-
ple were commonly exposed. Taking these results into consid-
eration, the environment seems to be the most likely infectious
source. However, exactly what the infectious source is has not
been elucidated so far.
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IL-10 Treatment of Macrophages Bolsters Intracellular

Survival of Mycobacterium leprage'-?
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-
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ABSTRACT

In these studies, metabolically active Mycobacterium leprae were maintained for as long
as 8 weeks in monolayer cultures of mouse peritoneal macrophages (M®). Supplemental IL-
10, but not TGF-B, bolstered, directly or indirectly, M. leprae metabolism in mouse M®. In
the cell culture system temperature setting is extremely important and 31 to 33°C incubation
temperature was more permissive than 37°C, Acid fast staining and transmission electron
microscopy (TEM) of intracellular M. leprae revealed visible elongatlon of bacilli cultured
under the above ideal conditions.

RESUME

Mycobacterium leprae n’a jamais encore été vraiment cultivé sur milien ariificiel.
Comme M. leprae préfere vivre in vive A U'intérieur de la cellule, nous avons exploré la
croissance in vitro de M. leprae dans des cultures de phagocytes mononucléés ou de macro-
phages, qui représentent la cellule hote favorite du bacilie de la lepre. Notre approche ex-
périmentale a tenu compte des faiblesses de ce type d’expérimentation : & savoir la viabilité
de Iinoculum et 1a longue durée de multiplication de M. leprae. Le but n’était pas ici de dé-
montrer une augmentation mesurable et significative du nombre de M. leprae, mais plutdt le
maintien prolongé du métabolisme de M. leprae, en mesurant 1’oxydation de ’1’ac1de palmi-
tique radiomarqué, comme indicateur de viabilité.

Des M. leprae ayant un métabolisme actif ont £t€ maintenues jusqu a 8 semaines dans des
cultures mono-couches de macrophages péritonéaux de souris. L'ajout d’IL-10, mais pas de
TGF, a augmenté, directement ou indirectement, le métabolisme de M. leprae dans les
macrophages de souris. Le réglage de la température des cultures cellulaires est extréme-
ment important et une température d’incubation de 31-33°C était plus favorable qu’une
température de 37°C. La coloration acido-alcoolo-résistante et la microscopie électronique
a transmission des M. leprae a permis de mettre en évidence des élongations bien visibles
parmi les bacilles cultivés dans les conditions idéales mentionnées ci-dessus.

RESUMEN

Mpycobacterium leprae todavia no se ha podido cultivar en medios artificiales. Como esta
bacteria prefiere una existencia intracelular in vivo, en este estudio exploramos el crec-
imiento ir vitro de M. leprae en cultivos de fagocitos o macréfagos, el huésped preferido del
bacilo de la lepra. Reconocemeos que nuestro disefio experimental conlleva dos problemas:
1a viabilidad de M. leprae en el inéculo, usualmente baja, y el prolongado tiempo de divisién
de Ja bacteria. Aungque no esperdbamos encontrar un incremento sustancial en los nimeros
de M. leprae, si pensamos poder observar cambios en su metabolismo midiendo la oxi-
dacidn del 4cido palmitico radiactivo como un marcador de viabilidad. Encontramos que la
bacteria se mantuvo metabolicamente activa hasta por 8§ semanas en los cultivos de los
macréfagos peritoneales de ratén. La adicién de IL-10 pero no de TGE, apoy6, directa- ¢ in-:

" directamente el metabolismo de M. leprae en los macréfagos de ratén. Las condiciones de

incubacién de los cultivos fueron muy importantes y la temperatura de 31-33°C fue més
permisiva que la temperatura de 37°C. La tincién para 4cido-resistentes y la microscopia
electronica de transmisién revelaren cierte grado de alargamiento de los bacilos bajo las
condiciones Optimas de cultivo de los macréfagos.
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In the 130 years since the discovery of
" Mycobacterium leprae as the causative
agent of leprosy, a large number of attempts
have been made to cultivate this obligate in-
tracellular pathogen in cell-free media (%3°).
None of these efforts have fulfilled the cri-
teria for success suggested by John Hanks
(%), especially the confirmation of findings
by a second laboratory. The inability to cul-

ture the leprosy bacillus has undoubtedly .

hindered almost every aspect of leprosy re-
search, and thus, our understanding of this
disease lags behind that of many others of
bacterial etiology.

Reasoning that the intracellular milieu
would best suit the multiplication of the ob-
- ligate intracellular leprosy bacillus, as an al-
ternative to culture in axenic medium, a
number of attempts have been made to cul-
tivate M. leprae in various types of cultured
cells. Fieldsteel and McIntosh ('°) em-
ployed a range of rat, mouse, and human
tissue but found no evidence of multiplica-
tion. The preferred host cell for the leprosy
bacillus, however, appears to be the mono-
nuclear phagocyte or macrophage (M®)
and a number of unsuccessful attempts have
been made to grow M. leprae in M@
(5, 8, 16, 24, 27, 31, 34, 36, 4!) The pI'CSGIlt approach
also employs M® but is novel in that we em-
ployed conditions that inhibit innate antimi-
crobial functions in infected mouse M®s to
bolster the intracellular survival of M. lep-
rae. Moreover, we had a number of advan-
tages over the previous attempts by others
including: unique resources, previously un-
available to other workers in the form of

fresh, highly viable M. leprae (*?), sensitive

techniques for measuring and comparing the
metabolic activity of M. leprae (**) and the
extensive experience of our two laboratories
in studying the relationship between the M®
and the leprosy bacillus (> ' 15.3% 40y,

MATERIALS AND METHODS

Maintenance of a viable M. leprae in-
oculum. The Thai-53 strain of M. leprae
(26) was maintained in continuous passage
in athymic nu/nu mice (Crea Co., Tokyo,
Japan) by inoculation of 1 x 107 freshly har-
vested bacilli into both hind footpads. At
approximately nine months post, footpads
were processed to recover M. Ieprae by
Nakamura’s method with a slight modifica-
tion (*®). Briefly, tissue was minced and ho-
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mogenized with Hanks’ balanced salt solu-
tion (HBSS) containing 0.05% Tween 80.
The homogenate was centrifuged at 150 x g
for 10 min and supernatant of the sample
homogenate was treated with 0.05% trypsin
at 37°C for 60 min. The suspension was
centrifuged at 4000 x g for 20 min and sed-
iment was re-suspended in HBSS followed
by treatment with 1% sodium hydroxide at
37°C for 15 min. The treated material was
washed and re-suspended in HBSS at the de-
sired bacillary concentration. Bacillary num-
ber in each footpad was enumerated individ-

ually according to standard techniques (*7).

Cytokines. Murine recombinant IL-10
was obtained from Genzyme Corp. T cell
growth factor 3 (TGF-[) was obtained from
Kurashiki Bouseki, Kurashiki, Japan). Both
cytokines were stored at —80°C until use.

Mouse M® culture. Mouse peritoneal
resident cells (approximately 50% M®) were
harvested from retired ICR or Swiss White
(SW) mice and suspended as previously
described (*) at a concentration of 2 x
105ml in RPMI 1640 (GIBCO, Grand
Island, NY) + 15% fetal bovine serum (Hy-
Clone Laboratories, Logan UT) + 25 mM
hydroxyethylpiperazine-N’-2-ethanesulfonic
acid (HEPES) (GIBCO), 0.2% NaHCO3
(GIBCO), 2 mM glutamine (Irvine Scien-
tific, Santa Ana, CA), and 100 pg/ml am-
picillin (Sigma Chemical Co., St. Louis,
MOQO). 0.5 ml was seeded into 24 well tissue
culture plates (Corning) containing 16 mm
LUX coverslips (Miles Laboratory, Napier-
ville, IL). After overnight adherence of the
cells, M® monolayers were obtained after
washing non-adherant cells from the cover-
slip with Hanks Balanced Salt Solution
(HBSS) leaving approximately 1 x 10° M®
adhered per coverslip.

Infection of M® with M. leprae.
Purified mouse M® monolayers were
infected with fresh M. leprae suspended in
0.5 m! medium at a multiplicity of infec-
tion of 20:1. After 4 hr incubation, non-
phagocytized bacteria were removed by
washing and the cultures reincubated in 1.0
ml media supplemented with the appropriate
cytokine in 5% CO, at the appropriate exper-
imental temperatures (*). Media was changed
and, where appropriate, cytokines replen-
ished at 5 day intervals. :

Radiorespirometry (RR). The M® were
lysed with 0.1 N NaOH to release the M.
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FiG. 1A.  Effect of incubation temperature on metabolic activity (RR) of M. leprae in axenic media. Each vial
was inoculated in triplicate with 2 x 107 freshly harvested, nude mouse-derived M. leprae and incubated at dif-
ferent temperatures. In the experiment shown, metabolic activity, shown as “CO, release, was monitored every
day for 8 days. These findings are representative of dozens of related experiments showing the detrimental effects

of 37°C for M. leprae.
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Fic. 1B. Metabolic activity of M. leprae in M® cultured at 31°C or 37°C. M. leprae were released from in-
fected M® on the days shown (in quadruplicate) and inoculated into RR vials. The data shown represent RR data

obtained after 7 days.

leprae, and the viability of the bacilli was
determined by evaluating the oxidation of
"“C-patmitic acid to “CO, by radiorespirom-
etry as described previously (**). Total iso-
tope release was usually analyzed after one
week of incubation at 31°C (?).

Staining of M. leprae-infected M®. Cov-
erslips of M. leprae-infected adherent M®s
were prefixed with absolute methanol, and

acid-fast stained Photomicrographs were
taken using a Nikon Optiphot microscope
using an oil immersion Plan APO 100 lens.
Transmission electron microscopy
(TEM). M® monolayers on coverslips
were pre-fixed in 2% glutaraldehyde/0.1 M
Na-cacodylate buffer followed by post-
fixation with osmium tetroxide/K-CN and
endoblock staining with uranyl acetate. The
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Fig. 2A.  Metabolic activity of M. leprae in M® cultured in the presence of IL-10 or TGE-p. M. leprae in-
fected M® were incubated at 31°C in the presence or absence of 2 U/m] IL-10 or 10 ng/ml TGF-B and bacilli
were released from infected M® on the days shown (in triplicate) and inoculated into RR vials. The data shown

represent RR data obtained after 7 days.
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FiG. 2B. Comparison of metabolic activity of M. leprae in M® cultured at 31°C and 37°C in the presence of
1L-10. M. leprae infected M® were incubated at 31°C or 37°C in the presence or absence of 2 U/mi IL-10 and
bacilli were reieased from infected M® on the days shown (in triplicate) and inoculated into RR vials. The data
-shown represent RR data obtained after 7 days.

specimen was then dehydrated with ethanol, RESULTS
embedded in Epon-Araldite, sectioned at 90 _
nm, stained with uranyl acetate-lead citrate In vitro temperature preferences of M.

and viewed with a Philips 410 TEM as pre-  leprae. M. leprae clearly prefers cooler in-
viously described (*). cubation temperatures. As shown in Figure
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Fi6.3. Metabolic activity of M. leprae in M® cultured in the presence of IL-10. M. leprae infected M® were
incubated at 31°C in the presence or absence of 2 U/m! IL-10. On the days shown (starting on day 20) we ac-
counted for the metabolic activity of all bacilli.in each well (free bacilli or detached infected cells in supernatant
plus bacilli present in attached M®). The middle open portion of each bar represents RR activity of bacilli re-
leased from adherent M®. The upper shaded portion of each stacked bar represents RR activity of bacilli found
in the supernatant when the media was changed 5 days previously (day 15, 25, 35, etc.). The lower black portion
of each bar represent RR of bacilli in the supernatant on the day of the harvest.

1A, in axenic culture, it was apparent that
37°C was not an ideal temperature to
demonstrate sustained viability. Incubation
at 35°C was more supportive than 37°C,
and results at 29°C and 32°C were indistin-
guishable but even more ideal.

Similarly, intracellular M. leprae thrives
better at cooler temperatures. Mouse M®
appeared to function normally at 33°C and
even 31°C, as judged by attachment to plas-
tic and phagocytic capacity, although they
did not spread as well at these lower tem-
peratures as they do at 37°C. In the experi-
ment depicted in Figure 1B, infected M®s
were incubated at either 31°C or 37°C and
at 5 day intervals released bacilli were stud-
ied by RR for an additional 7 days. The
detrimental effects of incubation at 37°C on
M. leprae metabolism were apparent by day
5. In marked contrast, M. leprae cuitured in
M® at 31°C thrived for at least 15 days and
retained most of its viability after 25 days in
M® maintained at the lower temperature.

Effects of cytokines on viability of M.
leprae in M®. Supplementation of the in-
fected M® culture medium with 2 U/ml
murine IL-10 was clearly associated with
sustained viability of intracellular M. lep-
rae. In the more prolonged experiments de-
picted in Figure 2A and 2B, M. leprae

steadily lost viability in control M@ at 31°C
and 37°C. In contrast, in M® incubated in
the presence of IL-10, M. leprae maintained
their viability, but only at the permissive
temperature of 31°C. (Figure 2A and 2B).
As shown in Figure 2A, addition of TGF-B
to the infected M® had no effect on the via-
bility of M. leprae.

Experiments were run to account for all of
the M. leprae in the long term cultures, as-
suming that during prolonged culture some
infected M® may detach or lyse, releasing
their bacilli. In the experiment depicted in
Fig. 3, media was changed as usual every 5

days and data points recorded every 10

days. In order to account for bacilli released
from M® or bacilli in “detached” M® we
collected and saved the “old” media at 4°C
at the time it was changed (midpoints of the
10 day time points plotted at 20, 30, 40
days, etc.). The viability of bacilli in the in-
dividual M® monolayers and in the M® de-
tached from the monolayers are shown sep-
arately and as a total. These data show that
only a few M. leprae were released or in-
fected cells detached into the supernatant me-
dia, and the cumulative radio-respirometry
(RR) results from individual wells con-
firmed the ability of IL-10 treatment to sus-
tain intracellular viability of M. leprae.
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FiG. 4. Elongation of M. leprae in mouse M< cultured in the presence of IL-10 at 31°C or 37°C. The cells
were acid fast stained and observed under light microscopy with magnification at x1000. Panel A = 0 hr (31°C).
B = 4 wks at 31°C without IL-10. C = 4 wks at 31°C + IL-10, D = 4 wks at 37°C + IL-10. Figures are represen-
tative of observations from 2 experiments.

Morphological evaluation of M. leprae
with sustained metabolic activity in M®,
The morphological characteristics of M.
leprae maintained in prolonged culture in
mouse peritoneal M® were observed with
light and electron microscopy. Elongated
- M. leprae were only observed under condi-
tions where infected M® were maintained
at 31°C in the presence of IL-10. As shown
- in Fig. 4, acid fast staining of infected M®
at 4 weeks revealed that at 31°C in the pres-
ence of IL-10, many of the intracellular M.
leprae were clearly elongated in compari-

son to those seen at O time or in M® main-
tained at 31°C without IL-10 (Figure 4A, B,
C). At 37°C elongation of bacilli was not
observed regardless of the presence of IL-
10 (Fig. 4D). Under the transmission elec-
tron microscope (TEM), elongation was
even more apparent. Not all bacilli in the
31°C, IL-10 group were observed to be
elongated, as this required all bacilli to be
sectioned through their long axis; but exam-
ination of dozens of infected cells in 2 ex-
periments revealed elongated cells (8 to 10
) only in the 31°C, IL-10 group. M. leprae
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FiG. 5. Elongation of M. leprae in macrophages cultured in vitro. Mouse macrophages were infected with M.
leprae followed by washing and incubation in the presence or absence of IL-10 at 31°C for 4 weeks. The cells
were fixed, cut and observed under transmission electron microscopy. A, control (without IL-10); B, C, +IL-10.

Bars in each panel = 2 uim.

in the control group were consistently 2 to
41 in length (Fig. 5).

DISCUSSION

Our goals in this study were limited.

Convincing evidence of actual intracellular
multiplication of M. leprae would require at
least a 10-fold increase in bacillary num-
bers. With a calculated multiplication cycle
of 12.8 days in the mouse footpad model
(*"), this minimally acceptable increase in
numbers would be difficult to demonstrate
in a few weeks of M® tissue culture. How-
ever, the present study did show that the
metabolism, and presumably the viability
(*3), of M. leprae could be sustained under
culture conditions which also appeared to

support the intracellular elongatiion of the .

Ieprosy bacillus.

Invivo M. leprae is able to enter and sur-
vive in a wide variety of tissues and.cell
types (**). Attempts to culture M. leprae in
tissue culture have included the use of nu-
merous cell lines derived from humans,
rats, and mouse tissue with no evidence of
multiplication ('*?7). The M®, the preferred
host cell for the leprosy bacillus, offers an
advantage over tissue culture cell lines
since M® actively phagocytize M. leprae

and, unlike cell lines, M® in culture are
non-dividing adherent cells. Consequently
the intracellular status of M. leprae over
time is not confounded by an increase in
host cell numbers. Chang and Neikirk (%)
demonstrated the long term infection of
mouse M® cultures with M. leprae, and a
report of success in culturing M. leprae in
M® was made by Garbutt ('®), but was not
confirmed by McRae and Shepard (¥).
Others reported limited, questionable, and
unconfirmed success at detecting multi-
plication of the organism in M® cultures
(®31341) An exhaustive but unsuccessful
attempt to cultivate M. leprae in tissue cul-
ture was made by Sharp and Banerjee (*¢)
who employed M® from conventional mice
and rats, nu/nu mice and rats and armadil-
los, rather than dividing cells and cell lines.

- Their M. leprae inocula was derived from 3

sources (human leproma, nu/mu mouse
footpad and frozen infected armadillo tis-
sue). Incubation temperature was varied
from 31°C to 35°C and infected cells were
maintained for up to 200 days. They rigor-
ously evaluated any increase in leprosy
bacilli and concluded that no significant
multiplication occurred.

Our studies provide groundwork for fu-
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ture rational attempts to cultivate M. leprae
with notable advantages to our approach.
Most importantly, our starting inoculum of
M. leprae was freshly obtained for each ex-
periment from infected nu/nu mice main-
tained under conditions designed to maxi-
mize M. leprae viability (“?). We also were
able to rapidly quantify the metabolic ac-
tivity of M. leprae using the RR technique
adapted by Franzblau ('*). This assay can
readily detect activity from as few as 10°
bacilli with the results available in 1 wk
(compared to 6 to 12 months when titrated
in mouse footpads). RR data correlates well
with other in vitro systems ('*) but, more
importantly, as shown in a recent series of
36 separate experiments, RR metabolic data
correlated well with “viability™ studied in
the so-called “gold standard” mouse foot-
pad system ().

Whether intracellular or extracellular, M.
~ leprae clearly prefers temperatures cooler
than normal human body temperature, lend-
ing experimental credence to the clinical
observations of generations of leprologists
regarding the distribution of M. leprae in
the cooler, permissive sites in human dis-
ease, the skin and mucous membranes of
the upper respiratory tract. These studies
also confirm and extend the results of
dozens of other in vitro experiments (*?)
where 37°C appeared to be highly detri-
mental to M. leprae viability.

Under conditions of an effective celluar
immune (CMI) response, M® are likely a
major anti-microbial effector cell in host
capacity to cope with the leprosy bacillus,
We have previously shown that mouse M®,
activated by interferon (IFN-y), kill or in-
hibit a wide variety of intracellular path-
ogens (**), including M. leprae (*?). En-
hanced fusion of secondary lysosmes with
M. leprae-containing phagosomes occurs in

activated M® (*) and is accompanied by

the enhanced production of reactive oxygen
(ROI) and nitrogen intermediates (RNI) as
potent anti-microbial mechanisms (*). We
have subsequently shown in vive in trans-
genic knock-out mice and in vitro in M®
from these mice that ROI are relatively in-
effective in comparison to the potent effects
of RNI in host defense against M. leprae
("*). However, although the enhanced pro-

duction of RNI by activated M® is likely a -

principal antimicrobial mechanism, in each
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of our studies, normal M® produced a mea-
surable baseline level of RNI, insufficient to
rapidly kill bacilli but perhaps sufficient to
inhibit the long term viability of the fastidi-
ous, intracellular leprosy bacillus.

In choosing TGF and IL-10 as the cy-
tokines that might bolster the intracellular
survival of M. leprae, we were attempting
to down regulate any innate ability of the
normal M® to cope with the organism.
TGF-B is produced by activated M® and
other inflammatory cells and has a broad ar-
ray of modulatory functions on the immune
response. TGF-$ has been shown to inter-

. fere with M® antimicrobial mechanisms in-

cluding generation of ROI (**) and RNI (7),
and has been shown to enhance the intracel-
lnlar growth of M. tuberculosis in human
monocytes (*'). However, as employed in

‘the present studies with mouse M® exoge-

nous TGF-f had no detectable effect on
sustaining intracellular M. leprae viability,

‘a finding perhaps attributable to the en-

hanced innate antimicrobial ability of hu-
man monocytes in comparison to human
monocyte derived M® (**) which are more
akin to resident mouse peritoneal M®.

In contrast, supplementing media with
IL-10 clearly affected the long term viabil-
ity of M. leprae in mouse M®. IL-10 is pro-
duced in TH1 responses by T cells, B cells
and M® (-2, IL-10 has been shown to be
a potent down-regulator of CMI to intracel-
lular pathogens (*°). /n vivo, endogenous
IL-10 dampened the CMI response to avir-
ulent mycobacterial infection (*%) and ap-
peared to lead to loss of control of M. tu--
berculosis infection with widespread dis-
semination (°). IL-10 functions in part at the
level of the macrophage by attenuating in-
ducible nitric oxide synthase (iNOS)
mRNA expression, iNOS activity and, by
inference, NO production (#). In vitro, ex-
ogenous IL-10 inhibited production of ni-
tric oxide (NO) in M® infected with
Babesia merozoites (7). In our own studies,
IL-10 did markedly inhibit the production
of NO by IFN-activated M®s but any inhi-
bition by II.-10 of baseline production of NO
by normal M®s was below the limits of de-
tection of the NO assay (data not shown).
Exogenous IL-10 ‘also interferes with IFN-
induced antimycobacterial M® activities as
shown in studies with M. bovis (*?).

In addition to sustained metabolism of M.
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leprae, we also explored a morphological
parameter of M. leprae vitality within cul-
tured macrohages, bacillary elongation.
Nakamura, et al. reported the elongation of
M. lepraemurium in culture medium (*%),
and in 1969 Chang and Anderson (*) evalu-
ated intracellular growth of M. leprae-
murium in cultured mouse peritoneal M®
over a 12 to 17 week period and observed
marked elongation of bacilli well before the
appearance of bacillary multiplication. In
our studies, in addition to sustained or en-
hanced metabolism, intraceliular elongation
of individual bacilli was observed after 4
weeks culture in murine M® maintained
with IL-10. Elongation was first observed
with the light microscope and subsequently
confirmed with the transmission electron
microscope. A drawback to the use of the
TEM for such observations is that unlike
light microscopy which revealed the bacilli
at their full intracellular length, processing
for the TEM required sectioning infected
M® with no certainty that the full length of
each bacillus was cut. Nevertheless suffi-
cient numbers of clearly elongated bacilli
- were seen to confirm the light microscopy
findings. Similarly, in preliminary studies
with armadillo peripheral blood monocyte
derived M® maintained at 33°C for 4 weeks,
intracellular M. leprae were predominently
elongated (data not shown). .
- Septal formation has been described in
TEM studies from human leprosy biopsies
by Hirata (*°) and ‘was occasionally ob-
served by us in individual bacilli under the
TEM after 4 weeks of incubation of in-
fected mouse M® in the presence of IL-10.
The small sample size precluded quantifica-

tion but septa appeared to be observed far

less frequently in bacilli in the control M®.
Septal formation in M. leprae murium in
the mouse model has been reported to indi-
cate dividing stage of the bacillus, and Hart
and Rees ('*) concluded that elongation ir
vitro was an inherent feature of M. leprae
murium that distinguishes it from M. leprae
although it is likely that the M. leprae inoc-
ula employed were of very low viability.
Experiments are currently underway to
study M. leprae in our cell culture system
employing an environmental scanning elec-
tron microscope which by passes the need
- for critical point drying and its attendant ar-
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tifacts and will permit quantitation of elon-
gation.

Further work with infected armadilio
M® is also clearly warranted. Other than
having a core temperature of ~33°C, little is
known about the unique characteristics of
Dasypus novemcinctus, the nine-banded ar-
madillo, that render it as a permissive host
for the leprosy bacillus (¥). In vivo,
mononuclear phagocytes in virtually every
organ of the natural or experimentally in-
fected armadillo become heavily para-
sitized with propagating M. leprae (**).

The inability to culture M. leprae has un-
doubtedly hindered almost every aspect of
leprosy research, and thus, our understand-
ing of this disease lags behind that of many
others of bacterial etiology. These promis-
ing results represent only preliminary find-
ings, but suggest that this approach of in-
hibiting the innate anti-microbial properties
of the M® to bolster the intracellular sur-
vival of M. leprae may. ultimately provide
clues allowing the long sought-after culti-
vation of the leprosy bacillus. In vitro culti-
vation of M. leprae could make available
for the first time, large quantities of pure
bacilli produced inexpensively under de-
fined conditions. Thus, large amounts of
purified antigens would be available for ba-
sic and applied immunological studies, in-
cluding the development of specific skin
test antigens and vaccine preparations, The

‘time and cost of screening new drugs and

susceptibility testing of clinical isolates
would also be greatly reduced. Our under-
standing of leprosy epidemiology might in-
crease by determining the existence of hu-
man carriers, non-human reservoirs, or envi-
ronmental sources of M. leprae. Phenotypic
variation among cultured worldwide iso-
lates could become feasible as might the
generation and characterization of mutants,
Finally, cultivation of M. leprae, in concert
with the genome project, would clearly en-
hance our understanding of the physiology
of this fastidious pathogen, including eluci-
dation of metabolic pathways, studies of
virulence mechanisms, drug resistance and
the factors underlying “persistence.”
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