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Introduction

Although the implementation of long-term dapsone therapy made the effective treatment of lep-
rosy possible (1), within a few decades resistance to this antibiotic was observed among patients
undergoing treatment (2). This resistance resulted in high rates of relapse, primarily due to inap-
propriate monotherapy (secondary resistance). As a consequence, dapsone-resistant leprosy was
transmitted to susceptible persons, resulting in new cases of dapsone-resistant leprosy (primary
resistance) (3). New drugs were subsequently identified as effective anti-leprosy drugs; however,
acquired resistance to these drugs was also observed when they were used as a monotherapy (4,
5). Consequently, a strategy developed for the treatment of tuberculosis (6) was implemented, in

which multiple effective antibiotics were combined to prevent the selection of antibiotic-resistant
strains. The multi-drug therapy (MDT) recommended in 1982 by the World Health Organization
(WHO) as the standard treatment for leprosy is a combination of dapsone, rifampin, and clofazi-
mine (7). MDT has been effective at reducing both the prevalence and the incidence of leprosy
(see Chapter 1.1; Chapter 1.2) at a global level (8, 9). However, drug resistance is still observed
(10). Approximately 211,973 new cases of leprosy were reported in 2015, demonstrating that the
battle against leprosy continues and that research in chemotherapy must continue (11).
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FIG 1 Biochemical Structures of Anti-Leprosy Drugs.

In this review, we describe the antibacterial activity of the antibiotics used to treat leprosy and, if
known, their mechanisms of resistance in M. leprae. We also describe the methods used to study
antibiotic activity, drug susceptibility, and resistance, and report on the efforts to monitor global
drug resistance in leprosy (12).

Mode of Action and Antibacterial
Activity

This discussion begins with the anti-leprosy drugs included in the standard WHO-recommended
MDT treatment of leprosy: dapsone, rifampin, and clofazimine. Next, a number of newer antimi-
crobial agents that possess various degrees of bactericidal activity against M. leprae, such as the
fluoroquinolones, the macrolides, and the tetracyclines, are discussed. These drugs have been
described as effective in experimental infections in mice and in human clinical trials. The modes
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FIG 2 Inhibition of Folic Acid Biosynthesis by Dapsone.

of action for most of the effective classes of drugs against M. leprae occur at the level of nucleic
acid and protein synthesis. However, for many anti-leprosy drugs, the actual mechanisms of ac-
tion are not known but inferred from studies of M. tuberculosis.

DAPSONE

The first effective treatment for leprosy was promin, a sodium glucosulfone (diamino-azobenzene
4’-sulfonamide) introduced in 1943 (13). Six years later, a more effective oral sulfone, dapsone
(4,4’-diaminodiphenylsulfone) (Figure 1A), replaced promin and is still a fundamental component
of MDT for leprosy. Sulfone drugs target the dihydropteroate synthase (DHPS), a key enzyme in
the folate biosynthesis pathway in bacteria (Figure 2), by acting as a competitive inhibitor of p-
aminobenzoic acid (PABA) (14, 15). The inability to synthesize folate leads to a depletion of ad-
enosine, guanosine, and thymidine pools. The effect of dapsone on folate biosynthesis has been
confirmed in M. leprae (16, 17).
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FIG 3 Inhibition of the DNA-Dependent RNA Polymerase by Rifampin. Modified from Fig-
ure 15-14, Molecular Biology: Principles and Practice, 2012. W.H. Freeman and Co.

Dapsone is a competitive inhibitor of para-amino benzoic acid (PABA), a critical substrate for fo-
late biosynthesis. Dapsone blocks the condensation of PABA and 7,8-dyhydro-6-hydroxymeth-
ylpterin-pyrophosphate from forming 7,8-dihydrofolic acid. The key enzyme in this step is the
dihydropteroate synthase (DHPS) encoded by the folP gene. Dapsone competitively inhibits this
condensation and ultimately results in the decreased production of tetrahydrofolate, an essential
component of nucleic acid biosynthesis in M. leprae.

Dapsone has been shown to be effective in inhibiting the multiplication of M. leprae in the mouse
experimental model and in humans (18, 19, 20). The minimum inhibitory dose in mice was
0.0001%, producing a serum minimum inhibitory concentration (MIC) of 0.01 ug/ml (21). Unfor-
tunately, dapsone’s strong bacteriostasis of M. leprae produces little or no bactericidal activity
(21).

RIFAMPIN

Rifampin, a rifamycin derivative, (3-(4-methyl-1-piperazinyl)-imino-methylrifamycin) (Figure 1A)
is the key bactericidal component of the WHO-recommended MDT for leprosy treatment (7).
The target of rifampin in bacteria is the B-subunit of the DNA-dependent RNA polymerase (com-
posed of an a-subunit dimer, a B-subunit, a B’-subunit, and a w-subunit) (22) (Figure 3). Rifampin
interrupts the binding of the B-subunit with DNA, which uncouples the production of mRNA and
results in the death of the organism.

Rifampin has demonstrated rapid M. leprae bactericidal activity in mice and in humans, resulting
in no detectable live bacilli after one month of treatment (23, 24). The minimum inhibiting dosage
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FIG 4 Inhibition of DNA Gyrase by Ofloxacin. Courtesy of Professor Alexandra Aubry.

A. The DNA gyrase, a tetramer composed of two A-subunits (GyrA) and two B-subunits
(GyrB), functions to convert positive-coiled DNA into negative-coiled DNA so that
replication can proceed.

B. When quinolones bind to the mycobacterial DNA gyrase holoenzyme, double-strand
breaks occur in the DNA and replication is inhibited.

in mice is 0.01%—-0.001% (2 to 5 mg/kg) in the mouse diet, producing a serum MIC of 0.3 pg/ml
(21). In humans, a single dose of 1,200 mg can reduce the number of viable bacilli in a patient’s
skin to undetectable levels within a few days. Rifapentine, another rifamycin derivative with a
long half-life (>14 h), has been shown to be slightly more active than rifampin (25, 26) in mice. A
single dose (10 mg/kg) of rifapentine killed 99.6% of the bacilli, while the same dose of rifampin
killed 92.1% of the bacilli (25).

CLOFAZIMINE

Clofazimine [3-(p-chloroanilino)-10-(p-chlorophenyl)-2,10-dihydro-2-(isopropylimino) phenazine]
(Figure 1A) is a lipophilic riminophenazine compound that possesses antimycobacterial activities
(27, 28); however, the mechanism has not been fully elucidated. Clofazimine is highly lipophilic
and appears to bind strongly to mycobacterial DNA (29). The binding of the drug to DNA ap-
pears to occur principally at base sequences containing guanine, which may explain clofazimine’s
preference for the G+C-rich genomes of mycobacteria over human DNA. The accumulation of
lysophospholipids (detergent-like agents with membrane-disruptive properties in bacterial cells)
appears to mediate the antibacterial activity of clofazimine in some gram-positive bacteria (30).
It is unclear whether this mechanism of action is also operational in M. leprae.
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Clofazimine has been proven to be weakly bactericidal against M. leprae in the mouse model,
but some clinical improvement was observed during treatment of patients (27, 31). Although
clofazimine is not suitable as a single drug therapy for leprosy, it has been used successfully as a
combination therapy in the MDT for leprosy.

FLUOROQUINOLONES

Fluoroquinolones were tested against M. leprae after having shown inhibitory activity and clini-
cal efficacy against M. tuberculosis (32). Their mode of action is to inhibit type Il topoisomerases,
leading to DNA double-strand breaks and replication inhibition (33) (Figure 4). Whereas most bac-
teria harbor two type-Il topoisomerases, DNA gyrase and topoisomerase IV, M. tuberculosis and
M. leprae do not appear to possess the latter. Consequently, in M. leprae and M. tuberculosis, the
target of fluoroquinolones is the DNA gyrase, a tetramer composed of two A-subunits (GyrA) and
two B-subunits (GyrB). Fluoroquinolones have been shown to inhibit the M. leprae DNA gyrase at
concentrations similar to those necessary to inhibit the M. tuberculosis gyrase (34).

Ofloxacin is a fluorinated carboxyquinolone (Figure 1B). The active isomer is the levorotatory
form and thus is 50% of the drug weight in ofloxacin and 100% in levofloxacin. Although sparfloxa-
cin showed a 5-fold higher bactericidal activity than ofloxacin against M. leprae in mice, the side
effects in humans made it unacceptable for treatment (35). Moxifloxacin had the best activity of
any of the fluoroquinolones tested against M. leprae in mice (25). In addition, moxifloxacin has
powerful bactericidal activity, virtually identical to that of rifampin, in humans (28, 36, 37). Al-
though other new fluoroquinolones (sitafloxacin, garenoxacin) have shown good activity against
M. leprae (38), moxifloxacin is the only new fluoroquinolone commercially available with activity
against M. leprae superior to that of ofloxacin and levofloxacin.

MACROLIDES

Clarithromycin is a semisynthetic macrolide that differs from erythromycin in its methyl substi-
tution at the number 6 position of the macrolide ring (39) (Figure 1B). The methyl substitution
confers good antibacterial activity and fewer side effects. It is the only macrolide that displays sig-
nificant bactericidal activity against M. leprae, with an estimated MIC of 0.12 pg/ml in mouse ex-
periments (40, 41, 42). Clarithromycin has also been shown to be bactericidal in humans, where
the daily administration of 500 mg of clarithromycin killed 99% of viable M. leprae within 28 days
and 99.9% by 56 days (43, 44). Although the mechanism of action against M. leprae is unknown,
it is thought to be similar to that of macrolides in other bacteria. Clarithromycin inhibits protein
synthesis through binding to the 50S subunit of the mycobacterial ribosome, targeting the 23S
rRNA in particular (45).
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TETRACYCLINES

Minocycline (7-dimethylamino-6-demethyl-6-deoxytetracycline) (Figure 1B) is the only member
of the tetracycline group of antibiotics to demonstrate significant activity against M. leprae, pre-
sumably due to its lipophilic nature, which may enhance cell wall penetration (46). The mecha-
nism of action of minocycline against M. leprae has not been demonstrated but is thought to
be similar to that of other members of this class (tetracyclines), which act by inhibiting protein
synthesis. Specifically, tetracyclines bind reversibly to the 30S ribosomal subunit, blocking the
binding of aminoacyl-tRNA to the 16S rRNA-ribosome complex (47).

Minocycline is bactericidal for M. leprae and the activity is dose dependent, with an MIC estimat-
ed at 0.2 ug/ml (46, 48). Minocycline has shown an additive effect when combined with dapsone
and rifampin and when combined with clarithromycin (40). This effect was confirmed in humans
when minocycline and clarithromycin were given either in a single dose or in multiple doses (43,
49). Minocycline has also shown good companion drug activity when combined with ofloxacin,
especially in the rifampin + ofloxacin + minocycline (ROM) combination (50), or with another fluo-
roquinolone, in the rifapentine + moxifloxacin + minocycline (PMM) combination (36).

OTHER DRUGS TESTED FOR ACTIVITY AGAINST M.
LEPRAE

Thioamides (ethionamide and prothionamide) are drugs with anti-tuberculosis activity (51).
These drugs inhibit fatty acid synthesis (enoyl-ACP-reductase). Although the mechanism of action
has not been characterized in M. leprae, the efficacy of thioamides in humans has made them
possible alternative drugs for leprosy (51). Overall, the activity of prothionamide (500 mg/day)
against M. leprae was similar to that of dapsone and clofazimine, but worse than that of rifampin,
minocycline, clarithromycin, or ofloxacin (52).

Several other drugs found to have anti-leprosy properties in mice have not been utilized in hu-
mans for various reasons, such as an excessive cost-benefit ratio, unacceptable side effects or
toxicity, or the absence of any advantage over the effective agents already used. For example,
aminoglycosides (streptomycin and kanamycin) are bactericidal for M. leprae (53); however, they
are not suitable for the long-term treatment of leprosy because they must be administered par-
enterally. Fusidic acid, although effective in mice, is only weakly bactericidal in humans (54). Beta-
lactams combined with beta-lactamase inhibitors, cycloserine, and lincosamides were tested in
the mouse model (55, 56) but did not show significant activity or good pharmacokinetics for hu-
man use (55, 56, 57, 58). Regardless, a few of these drugs may be useful as alternative drugs in
the case of resistance.
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NEW DRUGS IN THE LEPROSY PIPELINE

Bedaquiline (TMC-207 or R207910), which was developed for the treatment of multidrug-resis-
tant tuberculosis, is the first compound of the quinoline class with activity against mycobacteria
(59). It has demonstrated significant bactericidal activity against M. leprae in mice (60, 61). How-
ever, to date, no human trials have been conducted to further advance bedaquiline for human use
against leprosy. Further studies on its potential usefulness as an anti-leprosy agent are needed.

Linezolid belongs to the new class of oxazolidinones that inhibit protein synthesis. Linezolid is
weakly bactericidal against M. leprae in mice (60, 62).

PA-824 (pretonamid) is a new nitroimidazole that is effective against M. tuberculosis, acting as a
prodrug that must be activated by a bacterial nitroreductase. Although this drug has shown very
good anti-tuberculosis activity, it has exhibited low activity against M. leprae (60). This low activ-
ity is likely due to the lack of a M. leprae homolog of Rv3547 that encodes the specific nitroreduc-
tase necessary for activation (63).

Epiroprim is an inhibitor of dihydrofolate reductase. It comes from a family of drugs that acts
synergistically with dihydropteroate synthase inhibitors such as in trimetoprim-sulfamethoxazole,
which inhibits folate biosynthesis. Epiroprim was tested against M. leprae alone and in combina-
tion with dapsone in mice (64). Alone, it was less active than dapsone, but a synergistic effect
was apparent when it was used in combination with dapsone, and the synergism was maintained
against a dapsone-resistant strain of M. leprae.

CONCLUSIONS

Anti-leprosy drugs have multiple targets in the leprosy bacillus, making a combination therapy,
such as the WHO-recommended MDT, an effective means of clearing the bacterial infection and
lowering the risk of developing drug resistance. Anti-leprosy drugs can be ranked with regard to
the bactericidal activity as follows:

1. Rifampin is more bactericidal than dapsone or clofazimine in the current WHO-recom-
mended MDT used to treat leprosy.

2. Some of the second-line anti-leprosy drugs are bactericidal for M. leprae. Clarithromycin
and minocycline have bactericidal activity, although less than that of rifampin, and thio-
amides (ethionamide) are less effective.

3. Among the new drugs, rifapentine and moxifloxacin appear slightly more active than the
other antibacterial compounds in their class (rifampin and ofloxacin, respectively). Beda-
quiline efficacy in humans needs to be demonstrated.
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Drug Resistance in M. leprae

Long-term monotherapy with dapsone ultimately led to treatment failures with the emergence
of dapsone-resistant strains of M. leprae in the 1960s (2, 8). This situation presented serious
problems for leprosy control efforts, as resistance levels rose to as high as 40% in some areas of
the world (65, 66). By the mid-1970s, it was clear that life-long dapsone monotherapy was failing.
Between the 1960s and 1970s, additional antimicrobial agents, such as rifampin and clofazimine,
were introduced for treating leprosy. However, when rifampin was administered alone to treat
dapsone-resistant leprosy, it led to the rapid development of rifampin-resistant organisms (67).

As in M. tuberculosis, drug resistance in M. leprae is most often attributable to mutations in chro-
mosomal genes encoding drug targets. These mutations occur spontaneously because of errors
in DNA replication. Noncompliance or inadequate therapy, especially for multibacillary leprosy
(MB) patients, has the potential to enrich the subpopulations of drug-resistant M. leprae, leading
to the spread of one or more resistant phenotypes. Because M. leprae cannot be cultivated in
vitro, the frequency of drug-resistant mutants in a population of bacteria is estimated from stud-
ies of M. tuberculosis and from the results of experimental and clinical studies. The frequency
of dapsone-resistant mutants in a population of M. leprae is estimated to be 10° and those of
rifampin and ofloxacin resistance 10”7 and 108, respectively. The frequency of clofazimine resis-
tance in M. leprae is unknown but appears to be extremely low. Since untreated MB patients can
harbor large bacterial loads (10 to 1012 M. leprae cells), it is feasible that a patient could contain
up to 10° dapsone-resistant organisms and thousands of rifampin- or ofloxacin-resistant mutants
in their tissues (7, 48).

DAPSONE RESISTANCE

Recognizing that dihydropteroate synthase (DHPS) is the target of sulfonamides and derivatives,
including dapsone (68), studies designed to characterize the mechanism of dapsone resistance in
M. leprae have relied upon direct sequencing of the two genes encoding DHPS1 and DHPS2 (folP1
and folP2, respectively) from dapsone-susceptible and -resistant M. leprae isolates. Missense mu-
tations were found within codons 53 and 55 of folP1 (Figure 5) in dapsone-resistant mutants (17,
69). Because no mutations were identified in the DHPS2 genes from the resistant mutant, folP2
was ruled out as a functional part of dapsone resistance (70). Mutations identified in the dapsone-
resistant mutant resulted in a DHPS1 enzyme with decreased dapsone binding (17). Since the
same mutations were repeatedly observed in codons 53 and 55 of the folP1 gene in characterized
dapsone-resistant strains, this region was designated the “drug resistance-determining region”
(DRDR) for dapsone resistance (71) (Table 1). A search for folP1 mutations in M. leprae isolates
demonstrated that all M. leprae strains with high-level dapsone resistance (multiplication in mice
fed with 0.01% dapsone), and the majority of M. leprae strains with moderate-level dapsone re-
sistance (multiplication in mice fed with 0.001% dapsone) contained missense mutations within
codons 53 and 55 (69, 71, 72). One isolate with low-level resistance (multiplication in mice fed
with 0.0001% dapsone but no higher concentrations) also contained a mutation in codon 55 (71).
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TABLE 1 Mutations within anti-leprosy drug target genes that confer resistance to Myco-

bacterium leprae
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Drug Number of
Susceptibility Amino Acid Mutation? Resistant Reference
MFP Assay’ Isolates

Dapsone/folP1

R Thr53Ala 14 (72, 73)

NC Thr53Ala; Pro55Leu 1 (74)

R Thr53Arg (71, 73)

R Thr53lle 15 (17,71, 73,74)

R Thr53Val 3 (71, 75, 76)

R Pro55Arg 21 (17,71, 73)

R Pro55Leu 27 (72, 73, 74)

R Pro55Ser 1 (77)
Rifampin/rpoB

R GIn438Val 1 (78)

R Phe439(Lys + Phe insert) 1 (79)

Met440

NC Asp441Tyr 2 (77)

NC Asp441Asn 1 (74)

NC Asp441Asn; Leud58Pro 1 (74)

R His451Asp 2 (75,78, 79)

R His451Asp; Gly432Ser 1 (78)

R His451Tyr 20 (74)

R Ser456Leu 70 (74, 78, 79, 80)

R Ser456Met 1 (79)

R Ser456Met; Leu458Val 1 (78)

R Ser456Phe 2 (79)

NC Serd456Trp 1 (74)
Ofloxacin/gyrA

NC Gly89Cys 1 (74)

R Ala91Val 12 (74)

! R = resistant in mouse footpad assay. NC = not confirmed in mouse footpad assay.

2 Amino acid substitution in drug target protein; Mutant amino acids in bold and italics

are high frequency mutations for M. leprae drug resistance.
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FIG 5 Partial DNA Sequence of the (A) Dapsone (folP1), (B) Rifampin (rpoB), and (C) Oflox-
acin (gyrA) DRDRs of Thai-53, a Drug-Susceptible Strain of M. leprae.

The codons are shown in lowercase letters and the corresponding amino acids are capi-
talized. The main codons involved in resistance are shown in boxes. The numbering sys-
tem used is Mycobacterium leprae TN genome strain NT (EMBL/GenBank/DDBJ entry
AL450380_2).

To further characterize dapsone resistance in M. leprae, the effect of dapsone on recombinant M.
smegmatis expressing M. leprae folP1 mutant genes was investigated (17). In this model, muta-
tions Thr53Ala, Thr53lle, Pro55Arg, and Pro55Leu conferred an 8- to 16-fold increase in the dap-
sone MIC (81, 82). The Pro55Leu mutation is the most frequent mutation observed with dapsone
resistance in leprosy (Table 1).

RIFAMPIN RESISTANCE

M. tuberculosis resistance to rifampin correlates with changes in the structure of the B-subunit of
the RNA polymerase. These changes are due primarily to missense mutations that occur within a
highly conserved region of the rpoB gene, referred to as the “rpoB DRDR”. Rifampin resistance in
M. leprae also correlates with missense mutations within the rpoB DRDR (5, 79). The numbering
systems used for reporting these mutations in M. tuberculosis and in M. leprae are different and
have caused confusion in the literature. The confusion stems from the fact that rpoB mutations
reported for M. tuberculosis use the Escherichia coli numbering system for codon substitutions.
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For M. leprae, the first descriptions of mutations used the first numbering system described for
the M. leprae gene (79, 83), where the codon Ser425 corresponds to Ser531 position in E. coli
(79). Further confusion occurred when the whole genome sequence of M. leprae (Tamil Nadu
strain, TN) was annotated (84). Now the B-subunit of RNA polymerase in the M. leprae rpoB num-
bering system shows Ser456 corresponding to the former Ser425 (Figure 5) (75, 85).

Substitutions within codons Ser456 and His451 (latest annotation) of the rpoB DRDR have been
shown to be the most frequent mutations associated with the development of the rifampin-re-
sistant phenotype. These mutations have been characterized in the MFP drug susceptibility assay
(Table 1). Although other low frequency mutations have also been described, not all of them have
been confirmed by MFP (Table 1).

OFLOXACIN RESISTANCE

Mutations within a highly conserved region of gyrA (gyrA DRDR) have been associated with the
development of ofloxacin resistance in most resistant strains of M. tuberculosis (86), as well as in
other bacteria (87). The DRDR of M. leprae gyrA is highly homologous to that of M. tuberculosis,
and missense mutations within codons 89 and 91 have been found in ofloxacin-resistant strains
of M. leprae (Table 1). The substitution Ala91Val is the most frequent mutation associated with
the development of the ofloxacin-resistant phenotype in M. leprae (5, 88, 89, 90). It has been sug-
gested that gyrB mutations can also cause quinolone resistance (91); however, this claim has yet
to be substantiated in patient isolates. Some quinolones, such as garenoxacin, may have another
mechanism of action because they demonstrate activity in vitro and in the mouse model against
ofloxacin-resistant strains harboring mutation at either the 89 or 91 codon (90, 92).

CLARITHROMYCIN RESISTANCE

The mechanism of clarithromycin resistance in M. leprae has not been studied. In other mycobac-
teria, resistance appears to be due to a decrease in drug binding to ribosomes and is associated
mainly with missense mutations within the 23S rRNA gene or mutations in ribosomal proteins
(45, 93). A general survey of 104 bacterial index-positive leprosy patients in Korea identified no
mutations associated with the clarithromycin-resistant genotype (23S rRNA) that is found in oth-
er resistant mycobacteria.

MINOCYCLINE RESISTANCE

The molecular mechanism of minocycline resistance has not been studied in M. leprae. However,
resistance to minocycline in M. leprae may be similar to chromosomally mediated mechanisms
of tetracycline resistance described in other organisms, mainly mutations in the 16S rRNA (47).
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CLOFAZIMINE RESISTANCE

Clofazimine is a riminophenazine drug that was developed as an anti-tuberculosis agent in the
1950s. Recently, mutations in the Rv0678 gene, which encodes a transcription repressor of efflux
pump MmpS5-MmpL5, causing overexpression of this efflux pump, were found to result in M.
tuberculosis cross-resistance to both clofazimine and bedaquiline (TMC207) (94, 95). However,
the M. leprae genome has no functional MmpS5-MmpL5 efflux pump and no homolog of Rv0678
(https://mycobrowser.epfl.ch/). A recent report identified two new genes—Rv1979c, encoding a
probable permease, and Rv2535c, encoding a probable cytoplasmic peptidase (PepQ)—associ-
ated with clofazimine resistance in M. tuberculosis mutants (96). Although M. leprae possesses
homologs for these genes in its genome (ML1974 and ML0521, respectively), their association
with clofazimine resistance in M. leprae remains unclear.

Detection of Resistance in M.
leprae

IN VIVO DETECTION OF RESISTANCE

Leprosy presents a very special problem for detecting drug resistance because M. leprae cannot
be cultured axenically. Accordingly, determining M. leprae’s susceptibility to anti-leprosy drugs
was not possible until Shepard developed the mouse footpad assay (MFP) (97). Since its devel-
opment, the MFP assay has been the ‘gold standard’ for leprosy drug susceptibility testing. This
method requires the recovery of a sufficient number of viable bacilli from a patient to inoculate
the footpads of 20 mice (if testing a single drug), with each footpad receiving a bacterial load of
5x103. Infected mice are treated with the appropriate drug and are sacrificed after a defined pe-
riod of time (usually 6, 9, or 12 months, according to the positive growth in control mice). The ef-
fect of the drug is assessed by counting the number of bacilli in the footpads of treated mice and
comparing that to the number of bacilli harvested from untreated mice. The strain is considered
susceptible if bacterial multiplication is observed only in untreated mice and not in drug-treated
mice. The strain is considered drug-resistant if growth is observed in one or more drug-treated
mice (19).

The MFP method is the only bacteriological assay for drug susceptibility testing of M. leprae and
presently is the standard for characterizing the association of mutations in target genes with drug
resistance in M. leprae. While the MFP gives definitive information pertaining to the susceptibility
of an M. leprae isolate to anti-leprosy drugs, it is laborious, expensive, and often fails due to the
need for significant numbers of viable M. leprae in a patient’s biopsy. Because of the special re-
sources needed to conduct this assay, only a few facilities in the world have retained high-quality
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mouse footpad laboratories. Their support is critical, as new drug-resistant mutants may evolve
requiring corroboration in this model.

IN VITRO DETECTION OF RESISTANCE

The only in vitro phenotypic-based assays for assessing resistance in M. leprae use radiorespi-
rometry techniques (BACTEC and Buddemeyer). The basis of these radiorespirometric assays is
the detection of 14-CO, produced by M. leprae through the metabolism of 14-C-labeled palmitic
acid in 7H12 medium in the presence and the absence of anti-leprosy drugs. These methods have
been used to screen for new anti-leprosy drugs (98). However, the use of these techniques for
drug susceptibility testing in leprosy biopsies is limited by a stringent requirement for very large
numbers (2x107) of viable bacteria from a patient and by the use of radioactivity, often restricted
in many countries. Moreover, the commercial BACTEC 460TB apparatus used for this purpose is
no longer available from the manufacturer.

MOLECULAR DETECTION OF RESISTANCE

Over the past three decades, rapid DNA-based assays have been developed for detecting drug-
resistant M. leprae directly from clinical specimens. Even though these assays have been based
on molecular techniques, many reference laboratories in leprosy-endemic countries have the ca-
pability of utilizing some of these tools for detecting drug resistance.

The introduction of DNA fragment amplification technology using polymerase chain reaction
(PCR), as well as advances in the study of the molecular biology of mycobacteria, have played
significant roles in the identification of gene targets for drugs used to treat leprosy and tubercu-
losis. Advances have included the sequencing and annotation of large segments of the M. leprae
genome (99, 100) and the eventual completion of the M. leprae (84) and M. tuberculosis genome
projects (101). In addition, an improved understanding of the genetic basis of drug resistance in
mycobacteria, especially in M. tuberculosis, led to the identification of chromosomal mutations
involved in the development of M. leprae drug resistance. This advance led to the development
of molecular methods for the detection of mutations associated with dapsone, rifampin, and
fluoroquinolone (ofloxacin) resistance in M. leprae.

All current molecular methods for drug susceptibility testing of M. leprae are based on PCR am-
plification of M. leprae DRDRs (folP1, rpoB, or gyrA) (Figure 6A) for subsequent mutation detec-
tion in specific codons. Procedures have been developed for the detection of resistance directly
from crude biological specimens (e.g., skin biopsy specimens, slit-skin smears, or formalin-fixed
paraffin-embedded tissues). These procedures rely on cell-wall disruption by simple freeze/thaw
or enzyme-based processes, followed or not by DNA purification using either conventional DNA
extraction methods or column-based DNA purification methods as discussed below (12).
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FIG 6 Drug Susceptibility Testing of M. leprae by PCR-DNA Sequencing. Courtesy of Dr.
Masanori Matsuoka.

A.

Agarose gel electrophoresis of amplicons generated by multiplex PCR of drug re-
sistance determining regions (DRDR) of folP1 (dapsone), rpoB (rifampin), and gyrA
(ofloxacin) from M. leprae DNA obtained from skin biopsies and a 100-bp DNA ladder
(far right lane).

Partial DRDR DNA sequence chromatograms from Thai-53, a drug-susceptible strain
of M. leprae, demonstrating wild-type codons (circled in red) in which mutations may
occur and lead to the development of resistance.

Alignment of partial DRDR DNA sequences of representative drug-susceptible (top
strand) and drug-resistant M. leprae strains (bottom strand for each drug). Codons
associated with resistance are numbered using Mycobacterium leprae TN genome
strain (EMBL/GenBank/DDBJ entry AL450380_2) numbering system: S456L mutant
contains a TCG—TTG mutation in rpoB codon 456, substituting a leucine for a serine
amino acid residue in the B-subunit protein; P55L mutant contains a CCC—CTC muta-
tion in folP1 codon 55, substituting a leucine for a proline amino acid residue in the
DHPS protein; and A91V mutant contains a GCA—GTA mutation in gyrA codon 91,
substituting a valine for an alanine amino acid residue in the GyrA protein.
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PCR-DNA SEQUENCING

PCR-DNA sequencing was first used to identify genetic mutations associated with dapsone (17,
72), rifampin (79, 80), and fluoroquinolone resistance (5) in MFP-characterized M. leprae drug-
resistant mutants that were obtained from relapsed patients. These studies demonstrated that
specific mutations within the M. leprae DRDRs of folP1, rpoB, and gyrA of drug-resistant mu-
tants were associated with drug-resistant phenotypes (Table 1). In 2008, the WHO recommended
guidelines for global surveillance of drug-resistant M. leprae using PCR-DNA sequencing (102).
The protocols for multiplex PCR amplification of the three drug target genes were modified (76)
(Figure 6A). All three drug target gene sequences of a drug-susceptible strain of M. leprae are de-
picted in Figure 6B. The alignments of the target gene sequences from this drug-susceptible strain
with those of rifampin-, dapsone-, and ofloxacin-resistant strains of M. leprae demonstrate the
most frequently detected mutations associated with rifampin, dapsone, and ofloxacin resistance,
respectively, in leprosy patients (Figure 6C).

As DNA sequencing has become routine in more laboratories around the world, it has become the
‘Molecular Gold Standard’ for drug susceptibility testing for leprosy. However, DNA sequencing
methodologies are not commonly available in low-resource laboratories. Therefore, other assays
have been developed for assessing the molecular drug susceptibility of M. leprae.

RT-PCR-HIGH RESOLUTION MELT ANALYSIS (QPCR-HRM)

To enable wider implementation of molecular drug susceptibility analyses in leprosy, a novel,
‘single-tube’, Real-Time PCR (qPCR)-high resolution melt (HRM) assay for anti-leprosy drug sus-
ceptibility testing was developed (103). The qPCR-HRM assay is based on the amplification of
the DRDRs of folP1, rpoB, and gyrA and a simple post-PCR step to exploit thermal characteristics
of the amplicons for the detection of sequence variants. As the amplicons are subjected to high
temperatures, the DNA duplex becomes single-stranded and each strand has a different melt-
ing temperature due to the specific ATCG sequence, referred to as a “melt”. The wild-type (WT)
(drug-susceptible) and variant (V) (drug-resistant) DRDR DNA fragments generate distinct melting
curves (HRM profiles). All steps of this assay are performed in a single well using a real-time PCR
instrument and results are obtained using HRM analysis software. A strong correlation between
the qPCR-HRM assay and PCR-DNA sequencing results has been demonstrated (104, 105). HRM
profiles (displayed as difference curves) for high-frequency mutations commonly associated with
drug resistance in M. leprae can be distinguished from those of wild-type profiles (Figure 7A,
7B; Table 2). gPCR-HRM drug susceptibility analysis has also aided in recognizing samples with
mixed or minor alleles in the gyrA (105) (Figure 7C). The authors concluded that the gPCR-HRM
drug susceptibility test for M. leprae is a simple, rapid, and high-throughput tool for the routine
screening of new and relapsed cases.
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FIG 7 Drug Susceptibility
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B. HRM profiles for
dapsone-susceptible (wild-type, red) and dapsone-resistant M. leprae strains (green
and blue, respectively) containing folP1 mutations resulting in an altered dihydrop-
teroate synthase enzyme. P55S contains a CCC—TCC mutation in codon 55, substitut-
ing a serine for a proline amino acid residue; P55L contains a CCC—CTC mutation in
codon 55, substituting a leucine for a proline amino acid residue; and T53I contains
a ACC—ATC mutation in codon 53, substituting an isoleucine for a threonine amino
acid residue. P55L and T53I (blue) contain both folP1 mutations in the same strain.

HRM profiles for ofloxacin-susceptible (wild-type, green) and ofloxacin-resistant M.
leprae strains containing gyrA mutations resulting in an altered GyrA subunit of the
DNA gyrase. A91V (red) contains a GCA—GTA mutation in codon 91, substituting a
valine for an alanine amino acid residue, and A91V plus wild-type (blue and yellow)
contain mixed infections of the mutant and wild-type genes. The numbering system
used is M. leprae TN genome strain NT (EMBL/GenBank/DDBJ entry AL450380_2).
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TABLE 2 High Resolution Melting Analysis (HRM) and PCR direct DNA sequencing results
for the DRDR regions from genes folP1, rpoB, and gyrA for M. leprae reference strains

(103, 105)
DRDR!
Reference folP1 rpoB gyrA
strains HRM PCR-DNA HRM PCR-DNA HRM PCR-DNA
Profile? Sequencing® Profile Sequencing Profile sequencing
Drug-resistant
Airaku-3  V T(ACC)53I(ATC) WT  WT WT  WT
Amami-1  V P(CCC)55L(CTC)  WT  WT WT  WT
Hoshizuka-4 V P(CCC)55L(CTC)  V S(TCG)456L(TTG) V A(GCA)91V(GTA)
Kusatu-3  V T(ACC)53I(ATC) WT WT WT  WT
Kusatsu-6 V P(CCC)55L(CTC)  V D(GAT)441Y(TAT) WT  WT
Ryukyu-6 ~ WT  WT WT  WT \Y A(GCA)91V(GTA)
Zensho-2 P(CCC)55L(CTC)  WT  WT WT  WT
Zensho-4 T(ACC)53I(ATC) V S(TCG)456L(TTG) V Q(GwcTé)glv(GTA)
P(CCC)55L(CTC)
Zensho-5 |V No mutation 53 & V S(TCG)456L(TTG) WT  WT
T(ACC)531(CTC)*
Zensho-9 V P(CCC)55L(CTC)  V H(CAC)451Y(TAC) WT WT
Br-2 \Y P(CCC)55R(CGC) V S(TCG)456L(TTG) WT  WT
Br-3 \Y P(CCC)55R(CGC) V S(TCG)456L(TTG) WT  WT
Br-5 \Y P(CCC)55R(CGC) V S(TCG)456L(TTG) WT  WT
Br-3 Y P(CCC)55R(CGC) Vv I;(écecc)?ffé(&g'c) Y AEIERYSMET)
H(CAC)451Y(TAC)®
Drug-Susceptible
Airaku-2 WT WT WT WT WT  WT
Izumi-1 WT WT WT WT WT  WT
Keifu-4 WT WT WT WT WT  WT
Kyoto-2 WT WT WT WT WT  WT
Thai-53 WT WT WT WT WT  WT

' DRDR = drug resistance determining region of M. leprae; folP1 (dapsone), rpoB (ri-
fampin), and gyrA (ofloxacin).
2 HRM profile = qPCR-High Resolution Melt drug susceptibility profile of DRDR of M. lep-
rae; folP1 for dapsone, rpoB for rifampin, and gyrA for ofloxacin susceptibility. WT =
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wild-type, consistent with the drug-susceptible phenotype; V = HRM variant, consistent
with the drug-resistant phenotype.

* Drug-resistant mutation from DNA sequencing of DRDR from drug-resistant strains of M.
leprae, e.g., T(ACC)53I(ATC) = a missense mutation has occurred in codon 53 of the folP1
gene resulting in the substitution of an isoleucine (I) amino acid residue for a threonine
(T) residue in the encoded dihydopteroate synthase protein of this M. leprae strain. WT
= DNA sequence of DRDR has no mutations and therefore sequence is consistent with
drug-susceptible M. leprae.

% This specimen contains a mixed infection: WT (drug-susceptible) and V (drug-resistant)
M. leprae containing folP1 with missense mutations in codon 55 and 53.

> This specimen contains a mixed infection: WT (drug-susceptible) and V (drug-resistant)
M. leprae containing a gyrA with a missense mutation in codon 91.

® This specimen has 3 missense mutations in the DRDR of the rpoB.

DNA ARRAY (LDS-DA)

DNA array technology has been exploited to develop a reverse hybridization method for leprosy
drug susceptibility testing (LDS-DA) (106). This assay detects mutations in the genome of M. lep-
rae that confer resistance to key drugs (rifampin, dapsone, and ofloxacin) for leprosy. Briefly, this
assay is performed using multiplex PCR to amplify the DRDRs of target genes in bacterial DNA
drawn from clinical specimens. The assay simultaneously labels the amplicons with biotin. The
amplicons are then hybridized to the LDS-DA slide containing a series of bound oligonucleotide
probes corresponding to each mutation in the folP1, rpoB, and gyrA genes (Figure 8A). Biotin-
labeled DNA fragments hybridize to the capture probes on the LDS-DA and are detected by an
avidin-biotin horseradish peroxidase reaction. The readout is colorimetric (Figure 8B).

Feasibility studies were conducted to evaluate the performance of the LDS-DA in Myanmar, Indo-
nesia, and the Philippines (76). The results of the LDS-DA analysis of 305 isolates showed a high
correlation with the results of PCR-DNA sequencing. Therefore, the LDS-DA is a rapid method for
simultaneously testing the drug susceptibility of two of the three first-line drugs for leprosy, along
with ofloxacin, a second-line drug for leprosy.

GENOTYPE® LEPRAE-DR KIT

The DNA-strip test GenoType® Leprae-DR (Hain Lifescience, Nehren, Germany) is the only com-
mercially available kit that permits the simultaneous detection of M. leprae and its resistance to
rifampin, dapsone, and ofloxacin (75). This test uses a reverse hybridization method similar to
the DNA array described above, except that the oligonucleotide probes are pre-hybridized onto
a nitrocellulose strip (Figure 9).
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FIG 8 Leprosy Drug Sus-
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B. Results obtained by the LDS-DA.

Thai-53 (M. leprae drug-susceptible
strain). Zensho-4 is a dapsone-, ri-

fampin-, and ofloxacin-resistant strain containing an ACC—ATC mutation in codon
53 of folP1, a TCG—TTG mutation in codon 425 (now the codon 456) of rpoB, and
a GCA—GTA mutation in codon 91 of gyrA. Kusatsu-6 is a dapsone- and rifampin-
resistant strain containing a CCC—CTC mutation in codon 55 of folP1 and a GAT—TAT
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at codon 410 (441) in rpoB. Zensho-9 is a dapsone- and rifampin-resistant strain con-
taining a CCC—CTC in codon 55 of folP1 and a CAC—TAC in codon 420 (now the co-
don 451) in rpoB. The numbering system used is Mycobacterium leprae TN genome
strain NT (EMBL/GenBank/DDBJ entry AL45030_2.
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FIG 9 Mutations Conferring Resistance in Mycobacterium leprae Detected by the Geno-
Type® LepraeDR DNA Strip Test (75).

Lanes 1 and 2 are negative controls with only the CC band highlighted. Lane 3 shows a
rifampin-resistant strain containing a S456L rpoB mutant allele and wild-type gyrA and
folP1 alleles. Lane 4 shows a dapsone-resistant strain containing a T53I folP1 mutant al-
lele and wild-type rpoB and gyrA alleles. Lane 5 shows a rifampin- and dapsone-resistant
strain containing S456L rpoB and T53I folP1 mutant alleles and gyrA wild-type alleles. Lane
6 shows a rifampin-resistant strain containing a modification of rpoB sequence between
438-441 codons and wild-type gyrA and folP1 alleles. Lane 7 shows a dapsone-resistant
strain containing a P55L folP1 mutant allele and wild-type rpoB and gyrA alleles. Lane 8
shows a rifampin-, ofloxacin-, and dapsone-resistant strain containing S456L rpoB, A91V
gyrA, and P55L folP1 mutant alleles. Lanes 9-10 show dapsone-resistant strains contain-
ing a P55L folP1 mutant allele and wild-type rpoB and gyrA alleles. Lanes 11-12 show a
rifampin-resistant strain containing a S456L rpoB mutant allele and wild-type gyrA and
folP1 alleles. Lane 13 shows the Marker lane (M) for probes.

Abbreviations: CC = labeling control; UC = universal control (mycobacterial 16S rRNA hy-
bridization control); ML = hybridization control specific for M. leprae DNA; rpoB, gyrA,
and folP1 = hybridization controls for other regions of these genes not associated with
resistance; rpoB WT1-4, gyrA WT, and folp1 WT = wild-type DRDRs from susceptible M.
leprae strains; rpoB MUT1-2, gyrA MUT, and folP1 MUT = mutant DRDRs from drug-resis-
tant M. leprae strains. The numbering system used is Mycobacterium leprae TN genome
strain (EMBL/GenBank/DDBJ entry AL450380_2).
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The assay is performed as follows:

1. DNA s extracted without purification.
2. DRDRs of M. leprae target genes are amplified by multiplex PCR.
3. Amplicons are chemically denatured.

4. Single-stranded amplicons are bound to the complementary analogue probes during hy-
bridization with the DNA strip of specific mutant and wild-type probes.

5. Unbound amplicons are removed by washing.

6. A conjugate reaction is performed during which bound amplicons are marked with the
enzyme alkaline phosphatase.

7. Wild-type and mutant DRDRs are then made visible in a colorimetric detection reaction.

Typical results are shown in Figure 9. A feasibility study was conducted to determine the effective-
ness of this assay for detecting antibiotic-resistant M. leprae. Among the 91 M. leprae strains ana-
lyzed, 14 were resistant to rifampin, 18 were resistant to dapsone, and one strain was resistant to
ofloxacin (75). The GenoType® LepraeDR assay was 100% concordant with DNA sequencing and
the MFP assay for DRDRs, encoding most of the major mutations in rpoB, folP1, and gyrA. It also
detected a mix of wild-type and mutated alleles. Two of the susceptible strains, as determined by
DNA sequencing and MFP assays for rifampin, had discordant GenoType® LepraeDR results. This
discord was due to the presence of mutations within a codon in the strains that do not induce
rifampin resistance in M. leprae and one silent mutation. The authors concluded that the test is
easy to perform and highly specific for the detection of drug resistance in leprosy.

CONCLUSIONS

Information gained from drug resistance testing will become an integral component of an overall
public health strategy for better patient care. In addition, that information can provide monitor-
ing of the spread of drug-resistant M. leprae.

Surveillance of Drug-Resistant M.
leprae

In 2008, the WHO Global Leprosy Program (GLP) initiated a Sentinel Surveillance Network to
monitor the development of drug resistance, with a particular emphasis on rifampin, the main
component of MDT (102, 107). The GLP organized a network of clinicians, program managers,
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and reference laboratories to test leprosy cases for antibiotic resistance. The initial focus was
on monitoring relapse cases. From 2008-2010, 1065 cases of relapse were identified in eight
participating countries (Table 3). One-third of these cases were included in molecular drug re-
sistance studies. Of these, PCR-DNA sequencing results were obtained from 217 cases. Dapsone
resistance was identified in 29 cases (13%), 16 (7%) were rifampin-resistant, and two (1%) were
ofloxacin-resistant (Table 3). The majority of the strains resistant to rifampin were also resistant
to dapsone, and the two strains resistant to ofloxacin were multi-drug resistant (i.e., also resistant
to dapsone and rifampin) (74, 77, 89). From 2011 on, new cases were also studied for resistance.
The first results of this sentinel WHO surveillance were recently published. The inclusion of new
cases allowed for the description of unexpected primary resistance to ofloxacin (gyrA mutation)
and mono-resistance to rifampin in several countries (108).

Since the surveillance of resistance is now part of the global WHO strategy against leprosy, more
countries will participate in future surveillance studies (11). It will be possible to formulate an
accurate view of drug-resistant leprosy and, thereby, assess the success of current control strat-
egies. This assessment will be a key factor in monitoring MDT effectiveness and preventing the
spread of drug resistance.

TABLE 3 WHO sentinel surveillance network (2008-2010) for antimicrobial resistance in
Mycobacterium leprae

Year 2008 2009 2010 Total
Participating countries 3 6 8 8
Relapse cases reported 69 887 109 1065
Relapse cases studied 59 213 88 360 (34%)
PCR-DNA sequencing completed? 35 110 72 217 (60%)
Dapsone-resistant cases 8 12 9 29 (13%)
Rifampin-resistant cases 6 9 1 16 (7%)
Ofloxacin-resistant cases 0 2 0 2 (1%)

! PCR-DNA sequencing of drug resistance determining regions of folP1 (dapsone), rpoB
(rifampin), and gyrA (ofloxacin) completed.

Source: Data compiled from WHO Weekly Epidemiology Records for leprosy (10, 109).

Summary

The global use of an effective short-course MDT for leprosy has resulted in the “elimination” (<1
case/10,000 population) of leprosy as a public health problem in many countries around the
world. However, resistance to dapsone and rifampin, two of the most powerful components of
the current MDT, are observed in most parts of the world. Multiple factors contribute to the con-
tinued emergence and spread of M. leprae drug resistance, particularly in countries of high ende-
micity. These factors include unsupervised treatment, resulting in a potential lack of compliance
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orirregular drug use, and the lack of attention paid to leprosy in countries that overuse antimicro-
bial agents. Even though some of the resistant strains emerged prior to the era of MDT, the above
factors have also contributed to the drug-resistant leprosy cases observed during the MDT era.
Between 1960 and 1990, resistance was detected using the cumbersome, expensive, and time-
intensive mouse footpad assay. However, an understanding of the mode of action of anti-leprosy
drugs and of the mechanisms of resistance in M. leprae has contributed to the development of
molecular-based drug susceptibility assays that can be performed directly on clinical specimens.
The availability of these tools has made it possible for the development of a WHO surveillance
network to study global drug resistance in leprosy. Expanded global leprosy drug resistance sur-
veillance has shown that, although overall resistance rates appear to be low, several single- and
multi-drug-resistant M. leprae strains are reported annually in both MDT relapse cases and new
cases. Together, these observations strongly suggest that efforts for drug resistance surveillance
in leprosy must be further expanded to ensure the continued effectiveness of the current MDT
for leprosy control (11, 12).
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