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Utility of a Mycobacterium
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Ethiopia, and Nepal
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1IHRC, Inc., Atlanta, GA, United States, 2United States Department of Health and Human Services, Health
Resources and Services Administration, Health Systems Bureau, National Hansen’s Disease Program, Baton
Rouge, LA, United States, 3Armauer Hansen Research Institute, Addis Ababa, Ethiopia, 4Mycobacterial
Research Laboratories, Anandaban Hospital, The Leprosy Mission Nepal, Kathmandu, Nepal, 5Cebu Skin
Clinic, Leonard Wood Memorial Center for Leprosy Research, Cebu, Philippines
Mycobacterium leprae is a slow-growing species ofmycobacteria that cannot be

cultured in axenic media. This presents a number of challenges for monitoring

treatment efficacy and advancing new drugs and regimens for treating leprosy.

We previously developed a molecular viability assay (MVA) which measures

expression of hsp18 and esxA transcripts to determine viability of M. leprae

directly from infected tissue. The objective of the current study was to determine

the utility of the MVA for practical use on clinical specimens. Leprosy cases from

the Philippines (N = 199), Ethiopia (N = 40), and Nepal (N = 200) were diagnosed

by clinical examination, slit-skin smears (SSS) from index sites, and/or

histopathology. Biopsy specimens for MVA were collected from an active

lesion and stored in 70% ethanol. DNA and RNA were extracted from the

tissue, and M. leprae were enumerated on the DNA fraction via RLEP qPCR.

Based on this count, DNased RNA was normalized to the equivalent of 3x103 M.

leprae per reverse transcription reaction, and hsp18 and esxA transcripts were

amplified by PCR on the resulting cDNA. There was a strong correlation between

RLEP enumeration on the specific biopsy specimen for MVA and the average SSS

bacterial index (BI) in all three cohorts (p < 0.001). The MVA could be performed

on most biopsies with an average SSS BI ≥ 2 and showed a decrease inM. leprae

viability with increasing duration of leprosy multidrug therapy (R2 = 0.81, p <

0.001). The MVA also detected viable M. leprae in relapse patients where it

showed significant correlation with the mouse footpad assay (p = 0.018). The

MVA is aM. leprae-specific, sensitive, and relatively quick test. Clinically, the MVA

would likely be most useful to monitor treatment, confirm suspected relapse

cases, and determine efficacy of new leprosy drugs in clinical trials.
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Introduction

Mycobacter ium leprae , and the c lose ly re la ted

Mycobacterium lepromatosis, are the causative agents of

leprosy (1, 2). Both species have tropism for skin, mucous

membranes, and Schwann cells in the peripheral nerves (3).

When left untreated, leprosy can cause irreversible damage to

the peripheral nerves. However, with timely implementation of

leprosy multidrug therapy (MDT), physical disfigurement and

other disabilities can be prevented and/or minimized.

Monitoring drug efficacy and developing improved

treatment regimens is difficult as proof of M. leprae viability is

an elusive detection factor. Although numerous attempts have

been made, this organism has never been cultured on axenic

medium and does not grow outside of host tissues. Moreover,M.

leprae has an extremely long division time, requiring 12-14 days

for a single replication cycle, so cultivation experiments can take

months to complete (4). To compound matters further, M.

leprae bacilli possess a dense lipid cell wall (5), and it can take

months to years for the immune system to clear dead bacilli from

tissues following effective drug therapy. Because of these unique

characteristics, specialized techniques are required to ascertain

the viability of this organism.

Over the past several decades, a variety of assays have been

developed as indicators of M. leprae viability (reviewed in (6)).

One of the initial tests used on clinical specimens was the highly

subjective morphological index, or ratio of solid staining to

beaded bacteria in a sample. Subsequently, various viability

stains and metabolic assays were developed that were quite

accurate. These assays, however, require high numbers of

freshly prepared and purified bacilli, and the numbers of M.

leprae bacilli in clinical samples are generally too low for their

use. The gold standard for determining M. leprae viability is the

mouse footpad (MFP) assay, in which the M. leprae bacilli in

question are inoculated into the footpads of mice, and bacterial

multiplication is measured over several months. While fairly

sensitive, this procedure takes up to one year of culture before

data acquisition and can handicap timely clinical applications.

Furthermore, few clinics have access to laboratories that can

conduct MFP culture and most cannot easily transfer fresh

biopsies to those centers within the requisite 48-72 hours

necessary for optimum viability retention. Therefore, a

sensitive, field-feasible assay that can rapidly and accurately
02
detect viable M. leprae in tissues would have immediate

clinical applications in strategically placed referral laboratories

involved in drug resistance monitoring, relapse detection and

validation, or new drug evaluation.

Our laboratory previously developed a molecular viability

assay (MVA) forM. leprae that is based on the expression of the

mycobacterial esxA and hsp18 transcripts (7, 8). Since expression

of these transcripts is normalized to the number of M. leprae

present in the sample and compared to a standard curve, an

absolute viability measurement is obtained that eliminates the

need for a paired control. Additionally, the MVA can determine

M. leprae viability in fixed tissue samples in less than one week

and with smaller sampling requirements. It has proven useful for

experimental studies of leprosy immunology and new drug

evaluation as these transcripts are highly expressed by viable

M. leprae, but expression rapidly decreases upon immunological

(7–9) or drug-mediated (7, 10) killing of the bacilli. Detection of

these transcripts has also shown promise for leprosy

transmission studies (11).

The purpose of the current study was to evaluate the

performance of the MVA on clinical biopsy specimens. These

samples were from three distinct populations, and included

patients who were newly diagnosed, relapsed, and currently

undergoing treatment with MDT.
Methods

Ethics statements

Leprosy lesion biopsies for the MVA were collected after

signed informed consent under specific country approvals

(CLTRFI/LWM-IEC 2015-004; AAERC PO04/16; NHRC 108/

2015) that conform to the standards set forth by the Declaration

of Helsinki. A parent or legal guardian signed the consent form

for any participant under the age of 18 years. Protocols for the

MFP assay were reviewed and carried out according to Nepal

guidelines. Mouse footpad tissues used as controls for the MVA

were obtained in accordance with the United States Public

Health Service Policy on the Humane Care and Use of

Laboratory Animals. The NHDP Institutional Animal Care

and Use Committee (Assurance #D16-00019 [A3032-01])

reviewed and approved the protocol. Animal experiments were
frontiersin.org
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conducted in accordance with The Guide for the Care and Use of

Laboratory Animals, Eighth Edition.
Clinical assessment and diagnosis

This study included a total of 439 leprosy patients from three

different sites: Cebu Skin Clinic (CSC), Leonard Wood

Memorial Center for Leprosy Research, Cebu, Philippines (N

= 199); Armauer Hansen Research Institute (AHRI), Addis

Ababa, Ethiopia (N = 40); and Anandaban Hospital (AH),

Kathmandu, Nepal (N = 200). Experienced leprologists

diagnosed all cases utilizing accepted standards for evaluation

of clinical signs and symptoms. Diagnosis was supported and

confirmed by bacterial enumeration of slit-skin smear (SSS)

samples and/or histopathology of a lesion biopsy. All cases

examined from AHRI-Ethiopia were new untreated cases, as

were the majority of cases from the CSC-Philippines and AH-

Nepal. All samples from new cases were collected before

commencement of leprosy therapy. The CSC-Philippines and

AH-Nepal cohorts also contained relapse and suspected relapse

cases. Relapse cases were diagnosed by the emergence of new

skin lesions and an increase in a single site BI ≥ 2+ among any of

the SSS sites (12). Regarding suspected relapse cases, the second

diagnosis was made at the contributing facility, but the first

diagnosis, which may have been many years before, was made at

another clinic so definitive records were not always available. For

the purposes of this study, suspected relapse and confirmed

relapse cases were grouped together as relapse cases. The AH-

Nepal cohort also contained cases currently undergoing

treatment with WHO MDT.
Slit-skin smears (SSS)

SSS were collected from 3-6 sites. CSC-Philippines SSS were

collected from both earlobes plus four active sites. If there were

no lesions on the elbows and knees, SSS were collected where

active lesions were located. AHRI-Ethiopia SSS were collected

from each of the earlobes and one from either of the eyebrows.

AH-Nepal SSS were collected from one earlobe, elbow, knee, and

any suspect lesion. The SSS smears were stained with Ziehl-

Neelsen carbol fuchsin, decolorized with 2% acid-alcohol, and

counterstained with methylene blue. Results were expressed as

the average SSS bacillary index (BI) calculated by the method of

Ridley (13).
Histopathology

Leprosy lesion specimens for histopathology were collected

using a 4mm punch biopsy, fixed in buffered formalin, and

embedded in paraffin. Sections were stained with hematoxylin
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and eosin and Fite-Faraco stain for Ridley-Jopling

classification (14).
Molecular viability assay (MVA)

Samples for the MVA were 4mm punch biopsies collected

from an active lesion. All MVA specimens were stored in 70%

ethanol at -20°C until shipment to the National Hansen’s

Disease Programs (NHDP) in Baton Rouge, Louisiana, USA.

Upon arrival at NHDP, all samples were stored at -20°C until

processed. RNA and DNA were extracted from the fixed biopsy

specimens using a chloroform/TRIzol extraction and a vertical

homogenizer as previously described (8). Quantitative PCR

(qPCR) by means of Taqman technology, and primers and

probe specific for the M. leprae repetitive element (RLEP) were

used to enumerate M. leprae on the DNA fraction of each

specimen. Based on this count, the RNA from each specimen

was normalized by adding the equivalent of 3 x 103 M. leprae to

the reverse transcription (RT) reaction. The molecular viability

of M. leprae was ascertained by PCR for the esxA and hsp18

target sequences on the resulting cDNA. All PCR results were

compared to a standard curve of dilutions of a known

concentration of M. leprae. RT-PCR of M. leprae 16S was run

on each normalized sample as an RNA extraction quality

control. A “mock” RT reaction containing no reverse

transcriptase was run to ensure no contaminating DNA was

present in the RNA fraction. Mouse footpad tissue infected with

viable M. leprae was run as a positive RT-PCR control.
Mouse footpad (MFP) assay

The MFP assay was performed at AH-Nepal as previously

described by Sapkota, et al. (15). Briefly, a homogenate was

prepared from a fresh leprosy lesion and adjusted to contain 1 x

104 M. leprae per 0.03ml. Swiss albino mice were inoculated in

both hind footpads with a volume of 0.03 ml per footpad. After

12 months, the footpads were harvested and the M. leprae were

counted by the method of Shepard and McRae (16). M. leprae

counts of ≥ 1 x 105 bacteria per footpad was considered growth

and deemed positive in the MFP assay.
Statistical methods

The correlation between SSS and RLEP enumeration was

calculated by Spearman’s rank order correlation test. A chi-square

test of independence was used to determine an association

between an average SSS BI ≥ 2 and the recovery of sufficient M.

leprae in the lesion biopsies. The association between MVA data

and MFP data was calculated using Fisher’s Exact test. Linear

regression analysis was used to determine the effect of treatment
frontiersin.org
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duration on SSS, RLEP enumeration, and MVA. All calculations

were performed with SigmaPlot 14.0 software. p < 0.05 was

considered statistically significant.
Results

Patient demographics

Biopsies were collected from 439 leprosy cases at the CSC-

Philippines, AHRI-Ethiopia, and AH-Nepal. Based on the WHO

classification for multibacillary (MB) leprosy (17) as any case

with the presence of acid-fast bacilli in a SSS regardless of the

number of lesions, nerve involvement, or ≥ 6 lesions, the cohorts

were heavily skewed towards MB cases: 99.0% (197/199) from

CSC-Philippines, 95.0% (38/40) from AHRI-Ethiopia, and

96.0% (192/200) from AH-Nepal (Table 1). For all three
Frontiers in Tropical Diseases 04
cohorts, the majority of cases occurred in males and were in

the 21 - 40 years age group. Most patients had had symptoms for

1 – 5 years prior to seeking care, and the majority were not

in reaction.
Enumeration of M. leprae in
case specimens

The bacterial load in each case was estimated using the average

SSS BI method. The individual average SSS BI ranged from 0 to 5+

in the CSC-Philippines cohort and 0 to 6+ in the AHRI-Ethiopia

and AH-Nepal cohorts. The number of M. leprae in the biopsy

specimen used for the MVA was determined by RLEP

enumeration. Overall, RLEP PCR was positive in 98.5% (196/199)

of CSC-Philippines cases, 95% (38/40) of AHRI-Ethiopia cases, and

96% (192/200) of AH-Nepal cases. Moreover, RLEP PCR was
TABLE 1 Patient Demographic Data [Percentage (n/total group)].

Sex Age WHO Classification Duration of Symptoms In reaction

CSC- Philippines Male: 72.9 6-10: 1.5 MB: 99 (197/199) 0-2 mos: 0 Yes: 18.6

(145/199) (3/199) PB: 1 (2/199) 3-6 mos: 0 (37/199)

Female: 27.1 11-20: 19.1 7-11 mos: 0 No: 80.9

(54/199) (38/199) (74/199) (161/199)

21-40: 53.3 1-5 yrs: 51.3 Missing: 0.5

(106/199) (102/199) (1/199)

41-60: 19.1 6-10 yrs: 4.52

(38/199) (9/199)

>60: 0 >10 yrs: 1.5

(3/199)

AHRI-Ethiopia Male: 57.5 6-10: 0 MB: 95 (38/40) 0-2 mos: 7.5 (3/40) Yes: 0

(23/40) 11-20: 7.5 PB: 5 (2/40) 3-6 mos: 15 (6/40) No: 100

Female: 42.5 (3/40) 7-11 mos: 17.5 (40/40)

(17/40) 21-40: 67.5 (7/40)

(27/40) 1-5 yrs: 60 (24/40)

41-60: 22.5 6-10 yrs: 0

(9/40) >10 yrs: 0

>60: 0

AH-Nepal Male: 76 6-10: 0 MB: 96 (192/200) 0-2 mos: 8 Yes: 34

(152/200) 11-20: 8 PB: 4 (8/200) (16/200) (68/200)

Female: 24 (16/200) 3-6 mos: 16.5 No: 66

(48/200) 21-40: 49.5 (33/200) (132/200)

(99/200) 7-11 mos: 5.5

41-60: 34 (11/200)

(68/200) 1-5 yrs: 56

>60: 8.5 (112/200)

(17/200) 6-10 yrs: 6

(12/200)

>10 yrs: 7.5

(15/200)
f

CSC, Cebu Skin Clinic; AHRI, Armauer Hansen Research Institute; AH, Anandaban Hospital; WHO,World Health Organization; MB, multibacillary; PB, paucibacillary; mos, months; Age
is in yrs, years.
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FIGURE 1

An average SSS BI ≥ 2 is associated with recovery of sufficient M. leprae from a skin biopsy to run the MVA. The distribution of the average SSS
BI versus the percentage of MVA biopsies from which ≥ 2 x 104 M. leprae (red bars) or < 2 x 104 M. leprae (green bars) were recovered in
specimens from CSC-Philippines (A), AHRI-Ethiopia (C), AH-Nepal (E), or a Composite of all specimens combined (G). N.D. = none determined.
Numbers above the bars indicate the number of cases per average SSS BI group. Chi-square tests of independence showed a significant
association between an average SSS BI ≥ 2 and recovery of sufficient M. leprae for MVA in CSC-Philippines (B), AHRI-Ethiopia (D), AH-Nepal (F),
or a Composite of all specimens combined (H).
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positive in 75.0% (9/12 CSC-Philippines), 87.5% (14/16 AHRI-

Ethiopia), and 81.1% (30/37 AH-Nepal) of lesions collected from

patients with an average SSS BI < 1. Spearman’s rank order

correlation was computed to assess the relationship between the

average SSS BI count of an individual patient and the number ofM.

leprae recovered from the leprosy lesion biopsy sent for the MVA.

CSC-Philippines specimens showed a significant positive

correlation between these two variables (r = 0.70, p < 0.001).

Likewise, AHRI-Ethiopia (r = 0.81, p < 0.001) and AH-Nepal (r

= 0.73, p < 0.001) specimens showed a significant positive

correlation as well.

The MVA is designed such that 2 x 104 M. leprae must be

recovered from a tissue specimen to properly normalize the

reverse transcription reaction (8). Therefore, we determined

whether the average SSS BI could predict the likelihood of

sufficient bacterial recovery from a lesion biopsy to perform the

MVA. The distribution of the average SSS BI versus the

percentage of MVA biopsies from which ≥ 2 x 104 M. leprae

(red bars) or < 2 x 104 M. leprae (green bars) were recovered is

depicted for the CSC-Philippines (Figure 1A), AHRI-Ethiopia

(Figure 1C), and AH-Nepal (Figure 1E) cohorts. Chi-square

analyses determined that there was a significant association (p

< 0.001) between an average SSS BI ≥ 2 and the recovery of

sufficient M. leprae in the lesion biopsies from the CSC-

Philippines (Figure 1B), AHRI-Ethiopia (Figure 1D), and

AH-Nepal (Figure 1F). Furthermore, this association held

when all samples were analyzed together (Figures 1G, H).

These data support that an average SSS BI ≥ 2 is a good

indicator of attaining enough M. leprae from a lesion to run

the MVA.
Determination of M. leprae viability

Overall, 317 lesion biopsies contained enough M. leprae for

normalization and viability determination. Satisfactory RNA

preparations, as determined by 16S rRNA expression, were

obtained from 269 (84.9%) of these specimens.
CSC-Philippines new cases
Of the 199 specimens from the CSC-Philippines, 148

samples satisfied the M. leprae number (≥ 2 x 104) and RNA

extraction criteria. Of these, 142 were new cases (Figure 2A).

These new cases were evaluated for M. leprae viability via the

MVA using both hsp18 and esxA transcripts as targets. 66.9%

(95/142) of the new cases expressed hsp18 (Figure 2B) while

59.9% (85/142) expressed esxA (Figure 2C). Overall, viable M.

leprae (MVA[+], expression of one or both transcripts) were

detected in 75.4% (107/142) of the new cases (Figure 2D).

Expression of both transcripts was detected in 69.2% (74/107),

while only hsp18 was detected in 19.6% (21/107) cases and only

esxA was detected in 11.2% (12/107) cases.
Frontiers in Tropical Diseases 06
CSC-Philippines relapse cases
The remaining 6 CSC-Philippines cases were relapse cases

(Figure 3A). 100% (6/6) of these cases showed expression of

hsp18 (Figure 3B) and 83.3% (5/6) showed expression of esxA

(Figure 3C). Overall (Figure 3D), there was a 100% (6/6)

detection of viable M. leprae in the relapse cases with 83.3%

(5/6) expressing both transcripts and 16.7% (1/6) expressing

only hsp18. None of the cases expressed only esxA.

AHRI-Ethiopia new cases
All 40 of the AHRI-Ethiopia biopsy specimens were from

new cases. This cohort contained a high percentage of very low

BI cases (Figures 1C, D); therefore, 18 cases progressed to the

MVA (Figure 4A). 77.8% (14/18) of the cases showed expression

of hsp18 (Figure 4B) while 38.9% (7/18) showed expression of

esxA (Figure 4C). Expression of both transcripts was detected in

50% (7/14) of the MVA(+) samples, but 50% (7/14) expressed

only hsp18, yielding an overall viability detection rate of 77.8%

(14/18) in the new cases (Figure 4D). There were no samples in

the AHRI-Ethiopian cohort that expressed only esxA.

AH-Nepal new cases
Of the 200 specimens from AH-Nepal, 103 progressed to

the MVA. Of these, 60 were new cases (Figure 5A). 73.3% (44/

60) of the new cases showed expression of hsp18 (Figure 5B)

while 35.0% (21/60) showed expression of esxA (Figure 5C). Of

the total MVA(+) cases, expression of both transcripts was

detected in 44.5% (20/45), while only hsp18 was detected in

53.3% (24/45) and only esxA was detected in 2.2% (1/45) cases.

This yielded an overall viability detection rate of 75.0% (45/60)

in the AH-Nepal new cases (Figure 5D).

AH-Nepal relapse cases
29 of the AH-Nepal cases tested were relapse cases

(Figure 6A). 55.2% (16/29) of these cases showed expression of

hsp18 (Figure 6B) and 20.7% (6/29) showed expression of esxA

(Figure 6C). Overall (Figure 6D), there was a 58.6% (17/29)

detection of viable M. leprae in the relapse cases. Of these MVA

(+) cases, 64.7% (11/17) expressed only hsp18, 29.4% (5/17)

expressed both transcripts, and 5.9% (1/17) expressed only esxA.

MVA versus MFP
MFP were inoculated with M. leprae derived from biopsy

material from 54 of the 60 AH-Nepal new cases and 27 of the 29

AH-Nepal relapse cases. Biopsies for the MFP assay were

collected before commencement of treatment, but not

necessarily at the same time as the MVA biopsy collection or

from the same lesion. Regarding the 54 new cases (Figures 7A,

B), 79.6% (43/54) were MVA(+) and 63.0% (34/54) exhibited

growth in the mouse footpad (MFP[+]). Thirty cases were both

MVA(+) and MFP(+). Seven cases exhibited no viability in the

molecular assay (MVA[-]) and no growth in the footpads (MFP
frontiersin.org
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FIGURE 2

M. leprae enumeration and viability in new cases from CSC-Philippines. DNA and RNA were extracted from biopsy specimens. M. leprae were
enumerated (A) by RLEP PCR on the DNA fraction. The dotted line represents the minimum number of M. leprae that must be present in a
sample to progress to the viability step. Based on the RLEP count, each DNased RNA was normalized to 3 x 103 M. leprae equivalents and
reverse transcribed. Viability was determined on the resulting cDNA by hsp18 (B) and esxA (C) PCR. (D) The percentage of MVA(+) samples
(expression of one or both transcripts) and MVA(-) samples (no expression of either transcript), and the percentage of MVA(+) samples
expressing each transcript.
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[-]). This yielded an overall agreement between the MVA and

the MFP of 68.5% (p = 0.077). There were 4 cases that were

MVA (–) but MFP(+), whereas there were 13 cases that were

MVA(+) but MFP(-). Regarding the 27 relapse cases,

(Figures 7C, D), 63.0% (17/27) were MVA(+) and 51.9% (14/
Frontiers in Tropical Diseases 08
27) were MFP(+). Twelve of these cases were both MVA(+) and

MFP(+), while eight cases were MVA(-) and MFP(-) negative for

an overall agreement of 74.1% (p = 0.018). There were 2 cases

that were MVA(-) but MFP(+) and 5 cases that were MVA(+)

but MFP(-).
A

B

D

C

FIGURE 3

M. leprae enumeration and viability in relapse cases from CSC-Philippines. DNA and RNA were extracted from biopsy specimens. M. leprae were
enumerated (A) by RLEP PCR on the DNA fraction. The dotted line represents the minimum number of M. leprae that must be present in a
sample to progress to the viability step. Based on the RLEP count, each DNased RNA was normalized to 3 x 103 M. leprae equivalents and
reverse transcribed. Viability was determined on the resulting cDNA by hsp18 (B) and esxA (C) PCR. (D) The percentage of MVA(+) samples
(expression of one or both transcripts) and MVA(-) samples (no expression of either transcript), and the percentage of MVA(+) samples
expressing each transcript.
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AH-Nepal cases currently on MDT
Ten of the AH-Nepal cases were currently undergoing

treatment with leprosy MDT. Four of these cases had received

one month of MDT, two cases had received three months of MDT,

and four cases had received ≥ 9 months of MDT treatment
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(Figure 8A). Again, there was a positive correlation between the

average SSS BI and the number of M. leprae per biopsy sample

(r[8] = 0.708, p = 0.019). Duration of treatment had no effect on

either M. leprae counts (R2 = 0.001, F (1,8) = 0.008, p = 0.93) or

average SSS BI (R2 = 0.04, F (1,8) = 0.3, p = 0.601). However, as
A

B

D

C

FIGURE 4

M. leprae enumeration and viability in new cases from AHRI-Ethiopia. DNA and RNA were extracted from biopsy specimens. M. leprae were
enumerated (A) by RLEP PCR on the DNA fraction. The dotted line represents the minimum number of M. leprae that must be present in a sample
to progress to the viability step. Based on the RLEP count, each DNased RNA was normalized to 3 x 103 M. leprae equivalents and reverse
transcribed. Viability was determined on the resulting cDNA by hsp18 (B) and esxA (C) PCR. (D) The percentage of MVA(+) samples (expression of
one or both transcripts) and MVA(-) samples (no expression of either transcript), and the percentage of MVA(+) samples expressing each transcript.
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A

B

D

C

FIGURE 5

M. leprae enumeration and viability in new cases from AH-Nepal. DNA and RNA were extracted from biopsy specimens. M. leprae were
enumerated (A) by RLEP PCR on the DNA fraction. The dotted line represents the minimum number of M. leprae that must be present in a
sample to progress to the viability step. Based on the RLEP count, each DNased RNA was normalized to 3 x 103 M. leprae equivalents and
reverse transcribed. Viability was determined on the resulting cDNA by hsp18 (B) and esxA (C) PCR. (D) The percentage of MVA(+) samples
(expression of one or both transcripts) and MVA(-) samples (no expression of either transcript), and the percentage of MVA(+) samples
expressing each transcript.
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D
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FIGURE 6

M. leprae enumeration and viability in relapse cases from AH-Nepal. DNA and RNA were extracted from biopsy specimens. M. leprae were
enumerated (A) by RLEP PCR on the DNA fraction. The dotted line represents the minimum number of M. leprae that must be present in a
sample to progress to the viability step. Based on the RLEP count, each DNased RNA was normalized to 3 x 103 M. leprae equivalents and
reverse transcribed. Viability was determined on the resulting cDNA by hsp18 (B) and esxA (C) PCR. (D) The percentage of MVA(+) samples
(expression of one or both transcripts) and MVA(-) samples (no expression of either transcript), and the percentage of MVA(+) samples
expressing each transcript.
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shown in Figure 8B, MDT treatment had a significant effect on M.

leprae viability as measured by the MVA (R2 = 0.81, F (1,8) = 35.02,

p < 0.001). Viable M. leprae were detected in all 4 cases that had

received only one month of MDT, in one of two cases that had

received 3months ofMDT, but in none of the cases treated with ≥ 9

months of MDT.
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Discussion

Leprosy is primarily a clinical diagnosis that is based on signs

and symptoms such as loss of sensation in a pale or reddish lesion,

peripheral nerve enlargement with loss of sensation or muscle

weakness, and/or the presence of acid-fast bacilli in a SSS (17–19).
A

B

D

C

FIGURE 7

Comparison of MVA and MFP assay. Biopsies from new (A) and relapse (C) cases from AH-Nepal were tested for normalized expression of
hsp18 (yellow bars) in the MVA and growth in MFP (pink bars). Multiplication of M. leprae in footpads to ≥ 1 x 105 bacilli was scored as growth
(pos). Recovery of < 1 x 105 bacilli was scored as no growth (neg). The association between the MVA and the MFP assay in new (B) and relapse
(D) cases was analyzed using Fisher’s Exact test.
frontiersin.org

https://doi.org/10.3389/fitd.2022.967351
https://www.frontiersin.org/journals/tropical-diseases
https://www.frontiersin.org


Lenz et al. 10.3389/fitd.2022.967351
Histopathological examinationof lesionbiopsies andbacteriological

analysis of SSS are used for support and confirmation as they

correlate well with clinical diagnosis (20–25). Histopathology

enables the confirmation of acid-fast bacilli in a nerve and the

classification of disease in the Ridley-Jopling spectrum (3). The

bacterial load in a patient is generally estimated by counting the

number of acid-fast bacilli present in SSS obtained from 3 - 6 sites

and calculating the average BI. The BI is a semi-logarithmic scale

that ranges from 0 (no bacilli in 100 oil immersion fields) to 6 (1000

bacilli in 1 oil immersion field) (13). Although it is acknowledged to

have limited sensitivity, the SSS is often times the primary metric

used to guide treatment and monitor patient responses to drug

therapy. Currently, the presence of bacilli in a SSS classifies a patient

as MB, regardless of the number of lesions (17).

PCR tests have also been investigated by numerous

researchers for use as diagnostic tools (26). The repetitive
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sequence, RLEP (27), is a highly sensitive and specific marker

for M. leprae, and is superior to many other markers (28–30).

Moreover, most PCR tests correlate well with clinical diagnosis,

SSS, and histopathology (31–34). As PCR tests become more

standardized (35, 36) and affordable, this tool will likely become

routine for the diagnosis of leprosy, especially for paucibacillary

cases. It is important to note, however, that RLEP PCR only

detects M. leprae DNA and does not differentiate between live

and dead bacilli.

In the study presented here, RLEP PCR detected M. leprae

DNA in 97% (426/439) of the biopsies overall, including 80.3%

(53/66) from cases with an average SSS BI < 1. This underscores

the exquisite sensitivity of RLEP PCR for use as a diagnostic tool.

However, the primary purpose of running RLEP PCR in this

study was to enumerate M. leprae in the biopsy specimen sent

for viability testing in the MVA. A tissue sample must meet a
A

B

FIGURE 8

M. leprae enumeration and viability in patients from AH-Nepal currently on leprosy MDT. (A) The table depicts the average SSS BI, number of M.
leprae (log10) in the biopsy specimen used for MVA, and the duration of leprosy MDT. (B) The graph shows the normalized hsp18 expression in
patients treated with MDT for 1 month (purple bars), 3 months (blue bars), and > 9 months (brown bars).
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specific threshold of bacilli present based on RLEP molecular

enumeration on the DNA fraction (2 x 104 M. leprae per

specimen) in order to normalize the RNA fraction for reverse

transcription (8). Since PCR is not routinely used in most

laboratories to diagnose leprosy or to estimate bacterial load in

a patient, we first determined if there was a correlation between

the average SSS BI calculated from samples collected from 3 - 6

index sites with the number of M. leprae recovered from the

leprosy lesion biopsy sent for MVA. Our data showed a

significant positive correlation between these two variables in

all three cohorts. More importantly, we found that an average

SSS BI of ≥ 2 is predictive of recovering sufficient M. leprae to

run the MVA. Ultimately, it is important that a viability assay be

sensitive so that it can be applicable to as many patients as

possible, including those with low BI. On the other hand, for

MVA testing one should avoid taking a biopsy from a patient

that would not likely yield enough M. leprae for the assay.

Therefore, this value will serve as a guide to predict the

likelihood of a successful viability determination and reduce

the number of unnecessary biopsies performed.

An ideal molecular viability indicator should be highly

expressed by viable M. leprae but rapidly degraded once the

bacteria are no longer viable. Several gene transcripts have been

evaluated for expression in M. leprae-infected tissues as

determinants of bacterial viability, including hsp18, hsp71, 16S,

SodA, and esxA (7, 29, 37–44). Transcriptomics analyses of M.

leprae are also contributing to the search for better transcripts (45,

46). We currently use the expression of hsp18 and esxA transcripts

for viability assessment. hsp18 belongs to the small heat-shock

family of proteins and encodes theM. leprae-specific 18kd protein.

This protein is expressed by M. leprae in macrophages and

functions in intracellular survival and growth (47). It is a

molecular chaperone and has been shown to bind ATP, prevent

thermal inactivation of enzymes, and offer protection from

aggregation and killing (48). esxA codes for ESAT-6, the early

secreted antigenic target-6. It is a member of the type VII ESX

secretion and virulence system in mycobacteria (49). It may play a

role in cell adherence, invasion, phagosomal rupture (50) and

translocation of the mycobacteria from the phagosome to the

cytosol (51, 52). Both hsp18 and esxA transcripts are highly

expressed by viable M. leprae in the mouse model (7, 8, 45, 46).

Interestingly, in the current studywe saw some variance among the

different cohorts in the expression of these transcripts. Overall,

hsp18 was expressed by 72.7% ± 5.5% of the new cases across the

three cohorts. In contrast, esxAwas expressed by nearly 60% of the

CSC-Philippines new cases but < 40% of the AHRI-Ethiopia and

AH-Nepal cases. The differential expression of esxA among these

diverse population groups is intriguing andworthy offurther study.

When new leprosy cases were examined for M. leprae

viability in the lesion biopsies, there was a MVA-positivity rate

of 76.1 ± 1.5% (Figures 2D, 4D, and 5D). The precision of this

data across the three diverse population groups is striking and
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supports the robustness of the MVA. The current gold standard

for determiningM. leprae viability in biopsy material is the MFP

assay. Prior studies across decades of investigation have shown a

recovery of viableM. leprae in the MFP assay of 48% - 87% when

inoculated with MB biopsy-derived M. leprae (53–59). Our

current MVA data falls toward the upper end of this range.

This lends support to the value of the MVA for human biopsies.

It must be acknowledged that 23.9 ± 1.5% of biopsies from

untreated patients, even some with a high number of bacilli, were

MVA(-). These results could be due to the age of the lesions. In

nude MFP, M. leprae show a sigmoidal growth curve and

eventually reach a stationary phase. Although bacterial

numbers increase over several months, a higher percentage of

metabolically active M. leprae are obtained early in infection

compared to those derived from older, larger footpads (60, 61),

emphasizing that a high number of M. leprae does not

necessarily indicate viability. As with the MFP assay, it is

important to take steps to optimize detection of viable M.

leprae in the MVA, such as selecting an active lesion, taking

the biopsy sample from the leading edge of the lesion, and

immediately fixing the samples for preservation of nucleic acids.

Regarding the MFP data from AH-Nepal patients in the

current study, it was somewhat serendipitous that these data

were available. Comparing the MVA data to this MFP data,

especially when the biopsy samples were collected at different

times and likely from different lesions, is an extremely high

standard to set for the MVA. Nevertheless, there was a 68.5%

agreement between the MVA and MFP assay in new patients

and a 74.1% agreement in relapse patients. While the correlation

between the MVA and the MFP assay did not reach significance

in the new patients (p = 0.077), it was highly significant among

relapse patients (p = 0.018). A possible explanation for this

difference may be that a relapse case is often diagnosed earlier

than a new case of leprosy as a former patient will recognize the

symptoms and will have been encouraged to seek diagnosis and

treatment without delay if symptoms return (59). A new lesion

in a relapse case likely contains metabolically active viable M.

leprae that can be detected by both assays. Interestingly, for both

new cases and relapse cases the main discrepancy between the

two assays was that the MVA detected viable M. leprae in more

specimens than the MFP assay, i.e MVA(+) and MFP(-). This

would suggest that the MVA is more sensitive than the MFP

assay. Alternatively, one could argue that the difference may

result from “false positives” in the MVA. We have evidence

(unpublished data) that hsp18 and esxA transcripts can be

detected in M. leprae-infected mouse footpads 1 day after drug

treatment, but detection is negligible within 4 weeks. This

indicates that once bacilli are killed the transcripts are

degraded in < 1 month, but there may be a short window of

low-level, non-degraded transcript detection. Likewise, samples

that were MVA(-) and MFP(+) containedM. leprae populations

with an extremely low percent viability. Theoretically, one viable
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M. leprae can grow up in the MFP (62) and this may have been

missed by the MVA, which can detect ~30 viable bacilli in a

tissue specimen (8). Lastly, some biopsies from untreated

patients were negative in both assays, despite the extensive

experience of the respective laboratories in biopsy collection,

MFP assay, and MVA. Running both the MVA and the MFP

assay on the same biopsy specimen, while difficult, could resolve

these issues.

Finally, our data show that the MVA can be used to monitor

killing of M. leprae following drug treatment in patients. The

long-term tissue persistence of dead M. leprae in tissues after

completion of MDT can be troubling for physicians, raising

suspicions of non-compliance or drug resistance. In this study,

the duration of MDT treatment had no effect on either the

average SSS BI or the number of bacilli in the biopsy. This data

corroborates the extremely slow clearance of bacilli from the

lesions and emphasizes that decreasing bacterial counts is a

tediously prolonged and inadequate measure of drug efficacy.

However, there was a significant decrease in M. leprae viability,

as measured by the MVA, with duration of treatment. Although

the number of cases presented here was small, this data supports

the need for further studies on the use of a viability assay to

monitor drug efficacy and perhaps even enabling the shortening

of therapy or development of more personalized therapy,

especially in cases involving adverse drug effects.

In summary, we have utilized a MVA that ascertains M.

leprae viability by measuring the normalized mRNA expression

levels of the bacterial genes, esxA and hsp18, and applied this

assay to 3 cohorts of clinical cases. Despite the diversity of these

cohorts, there was excellent agreement in the detection of viable

M. leprae from biopsy specimens. Nevertheless, one may

question if there is a need for a M. leprae viability assay in

clinical medicine as new cases of leprosy will continue to be

diagnosed clinically and treated with the recommended leprosy

therapy. The use of a rapid molecular viability assay could be

warranted, however, under certain circumstances. First,

treatment efficacy could be verified following drug therapy,

especially as new shorter drug regimens may be approved. In

addition, detection of viable M. leprae following completion of

therapy would justify drug susceptibility testing and could

contribute to transmission studies. Second, such an assay

would likely be useful to confirm relapse cases. Moreover, as

molecular epidemiological (63) and immunological (64, 65)

assays become more discerning, determination of M. leprae

viability together with these assays may help differentiate

relapse from reinfection and relapse from reaction. Finally, a

rapid molecular viability test would greatly aid clinical trials for

new leprosy drugs by replacing the time-intensive requirement

for MFP passage of biopsy material from treated patients. Our

MVA is specific forM. leprae, sensitive to an average SSS BI of ≥

2, can be performed in < 4 days, is field-friendly with regard to
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fixation, storage, and transport of tissue specimens, and is the

only assay validated with known viable M. leprae bacteria.
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