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Objectives of the meeting

Leprosy research should be an important component of the global alliance. It is now time to

revive and promote leprosy research, an activity that has declined greatly in intensity and in

the number of scientists involved in the course of the last decade. As a ®rst step, we have

organized this Workshop, which is entitled 'Leprosy Research at the New Millennium'.

The ®rst objective of the Workshop is to assess the current situation of leprosy research at

the global level, by reviewing progress in the various areas of leprosy research.

However, the Workshop will focus more on the future. The second objective is to identify

needs for new concepts and new tools for leprosy elimination that might be generated by

research projects within the foreseeable future.

The third objective is to devise strategies for promoting research through international

collaboration, strengthening research capacity in leprosy endemic countries, and mobilizing

the resources needed to support leprosy research.

The 3-day Workshop is divided into eight sessions, which include numerous scienti®c

presentations and `brainstorming' discussions. At the end of the Workshop, a list of

recommendations related to leprosy research will be prepared by the members. To dis-

seminate the scienti®c papers, discussions and recommendations that will result, a Proceed-

ings will be published as a supplement to the December 2000 number of Leprosy Review, the

publication of which is sponsored by the Association FrancËaise Raoul Follereau (AFRF), the

British Leprosy Relief Association (LEPRA), and the Sasakawa Memorial Health Foundation

(SMHF).

I welcome all of you to Paris, and hereby open the Workshop on Leprosy Research at the

New Millennium.

Baohong Ji, Chairman, Organising Committee

BacteÂriologie et HygieÁne

FaculteÂ de MeÂdecine PitieÂ-SalpeÃtrieÁre, Paris, France
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Leprosy research and elimination

S. K. NOORDEEN
Chennai, India

Summary The contribution of leprosy research to the progress being made toward

elimination of leprosy has been critical. A major development in the promotion of

leprosy research during the last 25 years has been the initiative taken by the WHO

Special Programme for Research and Training in Tropical Diseases (TDR) through

two of its scienti®c working groups, one on the immunology of leprosy (IMMLEP)

and the other on the chemotherapy of leprosy (THELEP), which were set up in 1974

and 1976, respectively. IMMLEP and THELEP have greatly facilitated inputs from

scientists not usually active in leprosy research. The coordinated efforts of IMMLEP

and THELEP also facilitated goal-oriented research toward high-priority target areas

such as an anti-leprosy vaccine and newer and better drug-combinations for the

treatment of leprosy. Whereas the prospects for a leprosy vaccine appeared very

promising in the early years, the ®rst vaccine produced did not meet expectations for

several reasons. Moreover, the possibility of using a vaccine in leprosy is not bright,

because of both the technical problems as well as the reduced relevance of a vaccine

at a time when leprosy is becoming less and less common. On the other hand, the

modest expectations for newer and better drug combinations led to multi-drug

therapy (MDT) for the control of leprosy. It is the introduction of MDT that is

credited with the current global reduction of leprosy and the progress thus far made

toward eliminating the disease as a public health problem. Nevertheless, many areas

in leprosy, such as nerve damage, remain that require major research inputs in the

future.

In recent years, tremendous progress has been made toward eliminating leprosy, progress that

would not have been possible without the contribution of leprosy research. Until about 25

years ago, the global leprosy situation was rather dismal, and the situation of leprosy research

was not very different. In those days, leprosy research tended to remain isolated, with very

little input from exciting scienti®c developments in other areas. Also, leprosy research tended

to be con®ned to clinical issues. Against this background, a major development took place in

the mid-1970s, when the World Health Organization, together with the United Nations

Development Program and the World Bank, set up the Special Programme for Research and

Training in Tropical Diseases, known as TDR, with the aim of promoting goal-oriented,

coordinated research in major tropical diseases including leprosy. The impetus to include

leprosy came not only because leprosy was a major tropical disease affecting large

populations, but also because of major developments in areas of basic research, particularly

in immunology. The establishment of TDR followed closely on the discovery that the nine-

banded armadillo was susceptible to infection by Mycobacterium leprae, and presented the

possibility of producing large quantities of the organism for experimental work. The TDR

programme set up scienti®c working groups in leprosy, one on the immunology of leprosy,

known as IMMLEP, and the other on the chemotherapy of leprosy, known as THELEP.
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IMMLEP was particularly successful in projecting the possibility of conquering leprosy

through the use of an anti-leprosy vaccine, the starting point for which were the large

quantities of M. leprae it was able to obtain from armadillos maintained under its auspices.

IMMLEP also looked into the possibility of developing diagnostic tests based on materials

from M. leprae. In fact, IMMLEP's projection of leprosy as a problem with exciting

possibilities for a solution led leprosy endemic countries to increase their attention to the

control of leprosy. IMMLEP also made it possible for many scientists who were not involved

in leprosy research to look upon leprosy as an interesting model, capable of providing

solutions to many related problems. This in¯ux of scientists from other scienti®c areas

created a new situation, in which leprosy work was no longer isolated, and, as a result, it was

able to bene®t from scienti®c developments in other areas.

The THELEP scienti®c working group, which came into existence 2 years after

IMMLEP, began with only modest expectations. However, THELEP was more related to

present realities than was IMMLEP. Also, it was able to prepare a large number of scientists

from developing, leprosy endemic countries to participate in leprosy research. This was

greatly facilitated by the research-training component of the TDR programme.

In the course of time, it became apparent that conquering leprosy through the develop-

ment of an anti-leprosy vaccine is a very long-term effort, with many obstacles in its path.

Further, whereas IMMLEP developed many new diagnostic tools involving serology and skin

tests, their usefulness in terms of speci®city and sensitivity left much to be desired; these tools

require further research. In the meantime, THELEP was able to identify many practical

solutions with possibilities of immediate application to leprosy control. It was able to

demonstrate in very dramatic fashion the importance of drug resistance of M. leprae to

dapsone, then the most commonly used anti-leprosy drug, and the need to employ combina-

tions of drugs for the treatment of leprosy. Thus came the concept of multidrug therapy

(MDT) for successful treatment of the patients as individuals, and for control of leprosy in the

community. Although the MDT regimens recommended by the WHO Study Group on

Chemotherapy of Leprosy for Control Programmes in 1981 were based on a combination of

drugs not yet widely tested, the basis for the recommendation came from extensive analysis

and discussions within THELEP. Today, in retrospect, we recognize the recommendations of

the 1981 WHO Study Group as a historic landmark that enabled the tremendous progress

towards leprosy elimination that has been realized in recent years. THELEP later evaluated

the results of implementation of standard MDT in control programmes, and con®rmed its

value in successfully dealing with the problem of drug-resistance in addition to ensuring

effective cure.

Whereas the immediate problems of preventing drug resistance and improving effective-

ness of treatment could be solved and sustained by means of research inputs from THELEP,

progress towards primary prevention of leprosy by means of an anti-leprosy vaccine was

relatively slow. Development of the ®rst-generation vaccine, which was based on killed M.

leprae, depended upon progress at several levels. First, suf®cient quantities of M. leprae had

to be collected from armadillos. Next, satisfactory puri®cation procedures had to be

established, tissue-free M. leprae obtained from armadillo tissues and the immunogenicity

of the product in animals and humans had to be demonstrated. It then had to be shown that the

vaccine provided protected in animal models, and lastly, ®eld studies had to be carried out to

demonstrate protection in human populations. IMMLEP went through all of these stages over

a period of nearly 15 years, and ultimately demonstrated that armadillo-derived, killed M.

leprae, in combination with BCG, was capable of protecting individuals to a high degree, as
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shown by the results of a ®eld trial in India, although this could not be con®rmed in two other

trials, in Venezuela and Malawi.

At the same time, the 25 years since the establishment of IMMLEP have witnessed

tremendous change, in terms both of scienti®c developments and of the global leprosy scene.

First, with current trends in regulatory mechanisms, the possibility of licensing of an

armadillo-derived product for routine use in humans appears rather limited. Moreover,

developments in molecular biology, including sequencing the genome of M. leprae, have

rendered the armadillo-derived product obsolescent. Further, there are serious doubts about

the practicability of producing suf®cient quantities of M. leprae from the armadillo.

However, the most important reason for the diminished interest in an anti-leprosy vaccine

in recent years is the progress made toward eliminating leprosy by the widespread

implementation of MDT. The number of registered cases in the world has decreased from

over 5.4 million in 1985 to fewer than 700,000 recently. There has been an even more

profound reduction of the number of smear-positive cases. These developments have raised

the question of the cost-effectiveness of a vaccine, even assuming a high protective effect and

good acceptability to the population. TDR itself, which originally strongly promoted

development of a vaccine, appears to have reduced its priority for a leprosy vaccine. Last,

a vaccine that can be used routinely in the ®eld requires validation on a large scale in more

than one situation. Whereas it was once possible to carry out trials of a killed M. leprae

vaccine, it will be extremely dif®cult to carry out a trial of a new sub-unit vaccine, mainly

because of the extremely limited number of suitable ®eld areas and competent epidemiol-

ogists available to undertake trials lasting up to 10 years. Thus, as far as leprosy elimination is

concerned, there appears to be no alternative to MDT, even if it has been slow to break the

chain of transmission of M. leprae in the community.

Even recognizing the role of leprosy research so far in leprosy elimination, there is clearly

a need for further research toward solving the remaining problems in leprosy. These include a

better understanding of subclinical infection, particularly in relation to persistence of the

disease in certain situations, and exploring possible extra-human reservoirs in nature. Apart

from these, research efforts are needed in areas related to better quality of treatment for the

patients, including prevention and management of nerve damage and reactions. In addition, it

should be possible further to improve the MDT regimens. A last area for research is that of

applied research dealing with more ef®cient application of the available tools for diagnosis,

treatment and rehabilitation.

In conclusion, it is clear that leprosy research and leprosy elimination have complemented

each other extremely well. Leprosy has also been an excellent model for the transfer of

technology to the ®eld, and simpli®cation of technology for the bene®t of patients and

disease-control. I expect that, irrespective of the progress made toward leprosy elimination to

date, leprosy research will continue to receive reasonable attention toward solving the

remaining problems. This is not the time to reduce the emphasis on leprosy research.

Workshop ProceedingsS14



SESSION II: PROPHYLAXIS

CHAIRPERSON: DR S. K. NOORDEEN
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ProphylaxisÐscope and limitations

S. K. NOORDEEN
Chennai, India

Summary Attempts to prevent leprosy by one or another prophylactic method began

with the use of dapsone as a chemoprophylaxis. Following early, small-scale studies,

which were promising, large-scale studies with dapsone and acedapsone, both among

contacts and in the general population, demonstrated that it is possible to prevent the

occurrence of leprosy to a modest extent. With regard to immunoprophylaxis, BCG

had long been considered a possibility, particularly in view of its potential to convert

the skin test reaction to lepromin. Over the years, major, large-scale ®eld trials of

BCG had been carried out in Uganda, Burma, Papua New Guinea and India. All of the

studies demonstrated that BCG was capable of preventing leprosy. However,

protective ef®cacy varied from around 20% to greater than 80%. Killed Myco-

bacterium leprae mixed with BCG has also given varying results. Other vaccines

based on cultivable mycobacteria have also been tried, and at least one of them

appears promising. An approach to prophylaxis must take into account (a) the level of

risk addressed and the perception of risk by the community; (b) the level of ef®cacy of

the method of prophylaxis; (c) the possibility of easily identifying high-risk groups;

(d) the operational feasibility; and (e) the focus of the prophylaxis, whether the

individual or the community, or both. However, in view of the enormous progress

being made towards elimination of leprosy by the widespread application of MDT,

prophylaxis is becoming less and less relevant and less and less cost-effective, except

in very special situations.

Before the advent of modern chemotherapy, leprosy was considered a problem with no

solution. The reaction of the community to the disease was one of fear and abhorrence. No

wonder that, even before leprosy was understood to be an infectious disease, leprosy patients

were driven out of society and isolated. Obviously, society felt that it was the only way to deal

with so terrible a problem and protect itself. Isolation of leprosy patients became better

organised toward the later part of the nineteenth century, at which time it was rationalized on

the basis of evidence that leprosy was infectious and that it was caused by a bacterium,

Mycobacterium leprae. Many still believe that the disappearance of leprosy from Europe

resulted largely from the practice of strict isolation of patients. In any case, isolation of

patients in special homes or sanatoria was the ®rst attempt to prevent spread of leprosy in the

community. This approach was further extended in some countries to the establishment of

preventoria to protect the children of leprosy patients from becoming infected. However,

these attempts cannot be considered as speci®c attempts at disease prevention. The ®rst

attempts at speci®c prophylaxis against leprosy were made only after the advent of dapsone as

an anti-leprosy drug and its success in the treatment of leprosy patients. Early workers who

tried dapsone as a chemoprophylactic include Figueredo in Bombay, Lew in Korea, Lara in

the Philippines, Otsyule in Uganda, and Nhu in South Vietnam. However, these studies were

relatively small and not well controlled. Nevertheless, they demonstrated that dapsone was
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capable of providing signi®cant but varying protection to contacts of leprosy patients. Two

large-scale studies in India, one on contacts and another on the entire population of a

community, also demonstrated a signi®cant protective effect of dapsone prophylaxis. In view

of the need for the frequent administration of dapsone for a long time, an injectable sulphone

formulation, acedapsone, was later tried as a prophylactic in Micronesia and India.

Acedapsone also demonstrated a signi®cant protective effect against leprosy, both in contacts

and in the population as a whole. More recently, the chemoprophylactic ef®cacy of rifampicin,

administered either alone or in combination with other drugs, has been established.

With regard to immunoprophylaxis, the use of BCG had been considered for a long time,

in view of its role in preventing tuberculosis. A number of small-scale studies, beginning

from the work of Fernandez in 1939, indicated that BCG was capable of converting the

lepromin skin test, and, possibly, of protecting against the disease. Shepard also provided

experimental evidence that BCG protects mice against infection in the footpad. All of this

evidence led to the organization of large-scale controlled trials in Uganda, Burma and India.

In addition, limited information on the protective effect of BCG against leprosy became

available from Venezuela and Malawi. In all of the large-scale studies, BCG was found

effective in preventing leprosy, although the protective ef®cacy varied from about 20% in

Burma to greater than 80% in Uganda. Overall, the protective ef®cacy of BCG against

leprosy was quite small in Asia, particularly in India. The factors that contributed to the

varying levels of protection in different studies are not fully understood.

Apart from BCG, other vaccines based on cultivable mycobacteria, such as the ICRC

bacillus and `Mycobacterium w', have been tried as immunoprophylactic agents against

leprosy. In a recent multi-arm trial in South India, the ICRC bacillus demonstrated a very

good protective effect against leprosy, whereas Mycobacterium w did not.

With regard to immunoprophylaxis, a major initiative to develop an anti-leprosy vaccine

came from the Immunology of Leprosy (IMMLEP) scienti®c working group, set up by the

WHO Special Programme on Research and Training in Tropical Diseases, known as TDR.

IMMLEP had focused its attention on developing a vaccine based on killed M. leprae

obtained from arti®cially infected armadillos. After obtaining large quantities of M. leprae,

purifying the organisms, testing the killed, puri®ed M. leprae in animals for sensitization and

protection, and in a small number of human volunteers, IMMLEP supported large-scale ®eld-

trials of a vaccine consisting of a mixture of killed M. leprae and BCG in three different

geographic settings, in Venezuela, Malawi and India. Whereas the trials in Venezuela and

Malawi did not demonstrate protection by the mixture of killed M. leprae and live BCG, the

trial in India showed considerable protection by this vaccine.

Concerning the main issue of the scope and limitations of prophylaxis in leprosy, whether

chemoprophylaxis or immunoprophylaxis, the key issues to be considered are:

· What is the level of risk of leprosy to be addressed through prophylaxis, and how

concerned with this risk is the healthy population in the community?

· What is the ef®cacy of the prophylactic procedures available?

· What is the importance and relevance of identifying high-risk groups, if prophylaxis must

be limited to such groups?

· What is the operational feasibility of the procedures, including cost, side-effects and

acceptability?

· What is the purpose of the prophylaxisÐbene®t to the individual, bene®t to the public

health bene®t, or both?
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Analysis of all of these factors will help us come to an understanding of the scope and

limitation of any prophylaxis.

Level of risk

The level of risk is an important consideration for any prophylaxis. If the risk is very small, it

is rational to ignore it and deal with it as and when it materializes into disease, particularly if

the disease is a fairly benign one in its early stages and is also easy to detect early. Thus, the

level of risk will be an important consideration for making a decision for the use of any

prophylactic procedure. As the cost-bene®t ratio will be very small in low-risk situations, one

way to improve the cost-bene®t ratio is to con®ne the prophylaxis only to high-risk groups.

For instance, if the risk of leprosy in the general population is 1:1000, it will be necessary to

administer prophylaxis to 1000 persons in order to prevent one case of leprosy. However, if

prophylaxis is con®ned to only a high-risk group, such as household contacts, then it may be

suf®cient to administer prophylaxis to a much smaller number, probably around 100 people,

in order to prevent one case of leprosy.

Ef®cacy of the prophylactic procedure

Ideally, one would like to have a prophylactic procedure that is close to 100% ef®cacious. In

reality, however, such a degree of ef®cacy is not easily attained. The maximum achieved in

leprosy with one or another prophylactic procedure, whether chemoprophylaxis or immuno-

prophylaxis, is about 75%. Even this maximum was reached only under the ideal settings of a

®eld study. The same procedures applied under routine conditions are likely to provide a

prophylactic ef®cacy no greater than 50%. The degree of ef®cacy also has important

implications for the number of persons to be treated prophylactically in order to prevent

one case of leprosy. In the earlier example of 50% ef®cacy, the number of persons to be

treated prophylactically will be 2000 for a general population and 200 for contacts.

Importance and relevance of high-risk groups

Whereas con®ning prophylaxis to high-risk groups improves the cost-bene®t ratio in terms of

bene®t to the individual, the cost-bene®t ratio in terms of bene®t to public health depends

entirely upon the proportion of new cases in the population contributed by the high-risk

group. In leprosy, there is no way of identifying high-risk groups, other than household

contacts. Thus, in the case of leprosy, if one identi®es household contacts as a high-risk

group, their contribution to the total of new cases in the population is no more than 30%. This

is true in areas in which leprosy is highly or moderately endemic; the situation with regard to

areas of very low endemicity is not clear. In the example I have given, in which the ef®cacy

under routine conditions is 50%, if we address only 30% of the problem in terms of new cases,

then, in terms of the public health, the bene®t in any given area will be only about 15%. One

way to deal with this is to widen the net to identify additional high-risk groups that would

hopefully include a larger proportion of the new cases. Unfortunately, we have no simple,

dependable and low-cost means by which to identify additional high-risk groups. The
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immunological tests thus far described do not suf®ciently meet the requirements of

simplicity, dependability and low cost.

Operational feasibility

The operational issues include: (a) the direct cost of the prophylactic preparation; (b) the

indirect costs of administering the preparation; (c) the perception and acceptance of the risk

of leprosy by the community; and (d) side-effects and incidental risks of the prophylactic

procedure. In relation to the direct cost, the situation is likely to be favourable and within the

means of many programmes. However, the indirect costs could be very high, depending upon

the logistic problems and the need to administer the procedure multiple times. With regard to

side-effects and incidental risks, the situation is likely to be more serious with injectable

preparations. These risks include local reactions and ulceration and the inadvertent introduc-

tion of HIV infection in the ®eld, because of improper sterilization practices. Even with drugs

for chemoprophylaxis, the issue of side-effects cannot be ignored. Whereas side-effects may

be acceptable as part of the bargain when drugs are administered to diseased individuals, they

are relatively unacceptable when they occur in healthy individuals. Lastly, the perception of

the risk of disease and its consequences and the need for prevention varies widely among

communities, and so much will depend upon creation of community awareness and health

education. Whereas this is possible in the ideal setting of a ®eld study, this could be a serious

problem in more ordinary settings.

In conclusion, it is clear that, with the current low levels of leprosy endemicity in many

countries, and with the small risk, application of any prophylactic procedure as a public

health practice is open to question, as there will be a need to treat prophylactically very large

numbers of people, in order to prevent the very few cases that are expected to occur. Further,

if prophylaxis is con®ned only to household contacts, it is unlikely to be effective in the

public-health context of eliminating or eradicating leprosy. On the other hand, prophylactic

procedures may offer individual bene®ts in situations of exceptionally high risks.

DISCUSSION

Professor Grosset: I wish to congratulate you for your very clear exposition of the advantages

and potential disadvantages of vaccination against M. leprae. I wish, also, to ask one

question. If there were a highly promising vaccine, would you consider a trial of the vaccine

justi®able at this time?

Dr Noordeen: I have mentioned the dif®culties facing the undertaking of a vaccine trial,

and I'm certain Dr Gupte agrees with me. There are now very few ®eld areas suitable, in

terms of epidemiological backup, for large-scale trials.

Professor Britton: You stated that the risk of leprosy among household contacts was 30%.

I'm certain, however, that this risk varies widely from area to area. Would you summarize the

information available with regard to risk in areas of high, medium and low endemicity.

Dr Noordeen: The risk of leprosy among household contacts is four to six times that

among non-contacts. However, the important question has to do with the proportion of all

new cases of leprosy in the community that is contributed by the contacts. It is clear that, in

areas of high and moderate endemicity, no more than 30% of the new cases occur among the
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contacts. This is also true for tuberculosis. Only a minority of the new cases occur among

household contacts; the remaining, majority of new cases have contracted their infections

outside their households. In areas of very low endemicity, the situation is unclear. Thus, the

importance of widening the net, to identify others at high risk. This depends upon such things

as the availability of easily applied immunological tools. Finally, one should certainly

consider the use of prophylactic measures among those at high risk; however, one should not

expect public-health bene®ts, in terms of decreased prevalence, but rather bene®ts to the

individual.

Professor Smith: In identifying household contacts as a high-risk group, you are lumping

together the contacts of PB with those of MB patients. Certainly the risk of leprosy is greater

among the contacts of MB patients.

Dr Noordeen: This is true, but, because the proportion of PB patients in the community is

generally greater than that of MB patients, there are as many patients among contacts of PB as

among those of MB patients.
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Leprosy chemoprophylaxis in Micronesia

C. DILETTO* & L. BLANC**
(PRESENTED BY L. LEVY)
*Western Paci®c Regional Of®ce of the World Health Organization,

Manila, The Philippines, and **World Health Organization, Geneva,
Switzerland

Summary A programme of chemoprophylaxis was introduced as a component of the

leprosy control programme in the Federated States of Micronesia (FSM), beginning

in 1996. The entire population of the country was to be screened, and a single dose of

600 mg rifampicin, 400 mg o¯oxacin and 100 mg minocycline (ROM) was to be

administered to the entire population. Two rounds of screening the entire population

were carried out, approximately 1 year apart, and chemoprophylaxis was adminis-

tered at the time of each screening. Ninety percent of the population were screened at

least once, and 55% were screened in both rounds; 87% of the population received at

least one dose, and 54% received two doses. In the course of the ®rst round, 322 new

cases were detected, whereas only 80 new cases were detected during the second

round, of whom only 12 had received chemoprophylaxis in the course of the ®rst

round. A third round of screening, con®ned to a small number of villages in both

Chuuk and Pohnpei, in which states leprosy endemicity was high, was carried out

approximately 2 years after the second. Only 16 new cases were detected during the

third round of screening, whereas 102 new cases had been detected in this same

population during the ®rst round of screening, and 32 new cases during the second.

Six of the 16 newly detected cases stated that they had been administered chemo-

prophylaxis at least once; however, this information may not be reliable.

Because of the continuing high prevalence of leprosy and the failure of new-case detection

rates to fall, programmes of chemoprophylaxis were introduced as a component of the leprosy

control programs in three island nations in the Paci®c Ocean: the Federated States of

Micronesia (FSM), Kiribati and the Republic of the Marshall Islands (RMI). These three

countries consist of many atolls and small islands scattered over millions of square miles in

the central and western portions of the Paci®c Ocean. Some of the atolls are unpopulated, and

others support only very small populations. Distances are enormous, transportation among

outlying islands is often unreliable, and access to many of them is dif®cult. In addition, these

are very small countries in terms of their populations; the population of the FSM, the largest

of the three, was slightly greater than 100,000, according to a census carried out in 1994.

In these three countries, entire populations were to be screened, and chemoprophylaxis,

consisting of a single dose of 600 mg rifampicin, 400 mg o¯oxacin and 100 mg minocycline

(ROM), was to be administered either to the entire population (FSM) or to the populace of the

largest, most endemic islands (Kiribati), or limited to household contacts (RMI). Children

under 15 years of age were to be administered rifampicin only. The second round of screening

has not been completed in Kiribati, and the ®rst round has not yet been completed in the RMI,
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whereas the programme in the FSM was begun in 1996 and completed 2 years ago, so that

meaningful data are available.

In the FSM, two rounds of screening the entire population were carried out, approxi-

mately 1 year apart, and chemoprophylaxis was administered at the time of each screening.

As shown in Table 1, 90% of the population were screened at least once, and 55% were

screened in both rounds; 87% received at least one dose of chemoprophylaxis, and 54% of the

population received two doses.

The numbers of new cases of leprosy detected in the course of the ®rst two rounds are

examined in Table 2. Of particular interest is that, of the 80 new cases detected during the

second round, only 12 had been administered chemoprophylaxis in the course of the ®rst

round. Thus, the relative risk of clinically evident disease among those administered

chemoprophylaxis was 0.058 that among those not treated earlier. It is clear that the great

majority of the 68 new cases detected among those who had not received prophylaxis had not

been screened during the ®rst round, and some of these may represent `backlog cases', i.e.

their disease pre-existed the programme. (This programme was described in a series of papers

presented at the Workshop on Prevention of Leprosy, held in Pohnpei, FSM 25±27 May

1999, and published in a supplement to the December 1999 number of the International

Journal of Leprosy.)

Mass screening is very expensive. Because the populations of two of the states of the

FSM, Kosrae and Yap, are very small (total <20,000), and a total of only 22 patients had been
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Table 1. Screening in the FSM

Administered
1994 Numbers screened chemoprophylaxis Numbers receiving

State population 1st round 2nd round 1st round 2nd round two doses

Pohnpei 33,692 22,303 23,844 20,993 23,323 14,221
Chuuk 53,319 41,718 40,933 40,849 40,295 34,603
Yap 11,178 7669 6951 7571 6893 5314
Kosrae 7317 4176 5471 4103 5354 2996
Total 105,506 75,866 77,199 73,516 75,865 57,134

Table 2. New-case detection in the FSM

Pohnpei Chuuk Yap Kosrae Total

1st round
Total 153 148 10 11 322
PB 127 112 7 9 255
MB 26 36 3 2 67
Children <15 years 50 61 1 4 116
2nd round
Total 26 53 0 1 80
Single lesion 11 27 0 0 38
PB 4 10 0 0 14
MB 11 16 0 1 28
Children <15 years 5 26 0 0 31



detected in both states, the decision was taken to assess the results of the programme of

chemoprophylaxis by a third round of screening con®ned to a small number of villages of

high endemicity in both Chuuk and Pohnpei. In fact, these villages accounted for more than

30% of the new cases detected during the ®rst round of screening and for 40% of the cases

detected during the second round. As shown in Table 3, only 16 new cases were detected

during the third round of screening, whereas 102 new cases had been detected in this same

population during the ®rst round of screening, and 32 new cases during the second. Of the 16

new cases, six (all from Pohnpei) stated that they had been administered chemoprophylaxis at

least once; however, this information is based only on the patients' statements, and may not

be reliable.

The decrease in the number of new cases between the ®rst and the second rounds of

screening in these selected villages (approximately 67%) is not greatly different from that in

the FSM as a whole (approximately 75%). Because much if not all of this decrease may have

resulted simply from the discovery, in the course of the ®rst round, of a relatively large

proportion of old, previously unknown patients, it cannot be attributed to the effects of

screening and chemoprophylaxis. However, it is different to attribute the continued decline

in these selected villages of the number of new cases between the second and the third

rounds of screening entirely to the discovery, during the second round, of additional

backlog patients.

However, even assuming that the decrease between the second and the third rounds

represents an effect of the programme of screening and chemoprophylaxis, in the absence of a

group that had been administered a placebo, one cannot attribute the decline of the new-case

detection rate to the chemoprophylaxis. It may be that intensive screening and immediate

treatment of the newly discovered patients would have resulted in a similar decline, even had

chemoprophylaxis not been administered.
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Table 3. Results of screening in several high-prevalence villages in the FSM

Number screened Number of new cases
1994 1st 2nd 3rd 1st 2nd 3rd

State/village census round round round round round round

Chuuk 9609 7894 7508 7511 64 26 6
Wichap/Weno 1446 1203 818 1189 16 4 1
Nepukos/Weno 2932 2976 2857 2713 9 4 3
Kuchua/Tonoas 936 650 491 456 6 3 0
Pollap 710 476 503 508 3 3 1
Houk 494 429 469 485 7 2 0
Foup/Tolensom 963 562 802 528 3 4 1
Nama 881 680 826 878 13 6 0
Fason/Tolensom 827 510 388 414 3 0 0
Foupo/Tolensom 420 408 354 340 4 0 0
Pohnpei 2740 1951 1832 2014 38 6 10
Kepin/Sohkes 133 207 249 191 4 1 1
Kepira/Sohkes 460 486 343 465 15 2 2
Metipw/Madolen 234 261 144 222 9 0 0
Porakied/Kolonia 1218 471 664 720 3 3 6
Paiel/Kitti/Sohkes 458 254 308 281 3 0 1
Pahlap/Uh 237 272 124 135 4 0 0
Total 12,349 9845 9340 9525 102 32 16



DISCUSSION

Professor Grosset: Among the 32 new patients detected during the second round of screening

and the 16 detected during the third round, how many had not received chemoprophylaxis?

Professor Levy: Six of the 16 new patients detected during the third round of screening

stated that they had received chemoprophylaxis. However, these are very `soft' data. No

information with respect to prior doses of chemoprophylaxis is available for the 32 patients

detected during the second round.

Professor Grosset: I invite you to speculate. What would you conclude, if you could be

certain that the six had indeed received chemoprophylaxis?

Professor Levy: I can't answer your question, even to speculate, because the denomi-

nators are different. Sixteen people of a total of 9525 examined were found to have leprosy.

However, we don't know what proportion of the total had received earlier chemoprophylaxis.

Assuming that as large a proportion of this population had received chemoprophylaxis on at

least one prior occasion as had in the entire population of the FSM, the denominators differ

greatly. If you recall, the ®nding in the course of the second round of 80 new cases, most of

whom had not received chemoprophylaxis in the course of the ®rst round, represented a

substantial decrease of relative risk, because the number who had not been administered

chemoprophylaxis was very much smaller than the number of those who had.

Dr Noordeen: I believe that the key question is the following: `If people to whom

chemoprophylaxis had been administered developed leprosy, what is the explanation?' I

believe that the explanation is that chemoprophylaxis can be 100% effective only if coverage

of the leprosy patients in the community with chemotherapy is 100%. Chemoprophylaxis can

have only a very transitory effect, and, after the effect has waned, and as long as transmission

of the organism can occur, the individual can immediately be infected with M. leprae and

subsequently become ill with leprosy. One may imagine that coverage of leprosy patients

with chemotherapy was less than 100%.

Professor Levy: I believe that there is an additional explanation. Among those already

infected with M. leprae who were administered chemoprophylaxis, the infection nevertheless

progressed, and they became ill.

Dr Klatser: This was my question as well. Simply put, is a single dose of ROM suf®cient

to eradicate infection with M. leprae?

Professor Levy: If I remember correctly, at the time this programme was planned, trials of

ROM had already begun, and although these trials were still in their infancy, there was some

information that ROM was ef®cacious to some degree. We now know that a single dose of

ROM is almost as ef®cacious in the treatment of single-lesion leprosy as 6 months of standard

MDT for PB leprosy. We assume that the population of M. leprae among the `inapparently'

infected is no larger than that among patients with single-lesion leprosy, and, therefore, we

expect the same degree of ef®cacy.

Dr Saunderson: Would you describe the case-®nding activities before the programme,

and those to be carried out in the future?

Professor Levy: The intensity of case ®nding prior to the programme differed greatly from

that carried out in the course of the programme. In the course of the ®rst two rounds of

screening, the attempt was made to screen the entire population, and to administer

chemoprophylaxis to the entire population. Prior to this programme, what screening had

been carried out was not at this level of intensity. For the future, screening the entire

population will not be considered. However, I suppose it will be possible to persuade WPRO
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and the local authorities to carry out a fourth round of screening in these highly endemic

villages.

Dr Sow: Had BCG been employed in this population? And were the new cases primarily

those with single lesions?

Professor Levy: As I remember, BCG had been used in this population. However, the

intensity with which a programme of vaccination with BCG had been pursued varied greatly

from state to state within the FSM. I don't believe that it is possible to determine at this time

who had been administered BCG and who had not. With respect to your second question, we

have information regarding single-lesion leprosy only from the second round; as I have

shown, nearly half of the patients newly detected during the second round presented single

lesions.

Professor Grosset: Can you identify the types of leprosy with which the 16 new patients

detected in the course of the third round presented? If, in fact, many of these patients

exhibited MB leprosy, this would immediately explain the failure of chemoprophylaxis.

Dr van Brakel: Can you explain the decrease of the proportion of the population screened

in the course of the second and third rounds. Isn't there the risk that a substantial number of

patients were missed in the non-screened portion of the population?

Professor Levy: In fact, the proportion of the population screened in each round was rather

large.

Dr van Brakel: However, your table showed that only 55% of the population was screened

in both the ®rst and second rounds.

Professor Levy: It is for this reason that two rounds of screening were planned. It was

understood that, at the time of the ®rst round, some of those normally resident would be away

from their homes. Also, it is important to note that the population ®gures shown are those of a

census carried out in 1994. Had another census been carried out in 1996, the expected

population might have been smaller. Also, substantial numbers of Micronesians reside in

Guam, Hawaii and the continental US, with relatively free movement back and forth. In fact,

the population was screened as completely as possible.

Professor Grosset: My conclusion from this paper and the subsequent discussion is that

now, a very careful trial of chemoprophylaxis must be carried out.
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Approaches to studying the transmission of

Mycobacterium leprae

MILEP2 STUDY GROUP*

Summary A collaborative study has been undertaken to establish the relationship

between infection by Mycobacterium leprae and the development of immunity in a

community in which multidrug therapy (MDT) has been used for more than 10 years,

to elucidate the pathogenesis of infection in leprosy, and to develop and test an

intervention strategy based on chemotherapy for interruption of transmission of the

organism in the community. The ®rst phase of the study included the establishment of

laboratory facilities and pilot work in India. In the course of the second phase, the

entire populations of three villages in India and one in Ethiopia have been surveyed,

nasal swabs were obtained for detection of M. leprae DNA by means of the

polymerase chain reaction (PCR), specimens of saliva were obtained for measure-

ment of levels of anti-M. leprae IgA antibodies, and follow-up surveys have been

carried out. A double-blind trial of chemotherapy among subjects whose PCR was

positive is proposed, to determine if the course of the infection can be in¯uenced by

treatment. The performance of large numbers of PCR tests in endemic countries has

required the development of rigorous internal and external quality control procedures.

These have shown that many batches (as many as 50%) fail to meet quality control

criteria, and must be retested. Despite this, development of these methods, and their

application to ®eld studies should provide tools for studying the transmission of M.

leprae, and direct methods of testing innovative interventions.

Introduction

Understanding of the mechanisms and route of transmission of Mycobacterium leprae,

including both routes of exit and portals of entry, is fundamental to the development of

measures to prevent the spread of infection.1 However, the information currently available

with respect to the transmission of M. leprae is very limited, and is based mostly on measures

of disease rather than on measures of infection. Research in this area has been seriously

limited by the inability to cultivate M. leprae and to identify those individuals who are

inapparently infected, and by the dif®culty in measuring early immune responses.
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Measurement of the incidence of leprosy is dif®cult,2 and measurement of the incidence

of infection by M. leprae is not possible at present. However, incidence of disease is not a

good proxy measure of incidence of infection, because only a proportion of the infected

develops disease. Earlier work indicated that the nose is an important route of exit of M.

leprae from the body,3 and it has been postulated that the primary lesions may be in the nasal

mucosa,4 without necessarily excluding direct skin-to-skin contact as a route of transmission.

Despite much investigation, the possibility of animal and environmental reservoirs of M.

leprae has not been excluded. The major limiting factor is the lack of appropriate tools with

which to study transmission of the organism.

The MILEP2 Study was designed to assess new tools that could be used to study

transmission of M. leprae in endemic communities. The aim of the study is to de®ne the

means by which M. leprae is transmitted, and protective immunity within a leprosy-

endemic population. The objectives are: (i) to establish the relationship between infection

by M. leprae and the development of immunity in a community in which multidrug

therapy (MDT) has been used for more than 10 years; (ii) to elucidate the pathogenesis of

infection in leprosy; and (iii) to develop and test a chemotherapy-based intervention

strategy for the interruption of transmission. The ®rst phase of the study, the establishment

of laboratory facilities and pilot work in India, has been completed.5;6 The second phase is

currently being undertaken by collaborating partners in London, Bergen, Amsterdam, India

and Ethiopia, with co-ordination based in Aberdeen.

Materials and methods

The principal methods to be employed in the research programme to study the transmission

of M. leprae are the polymerase chain reaction (PCR) to detect small quantities of the

M. leprae DNA, and measurement of mucosal immunity by assay of salivary IgA. The

PCR method has been developed for use with nasal swabs,7;8 and was used in the

preliminary work for this study.5;6 The IgA method is based on an ELISA assay, developed

in the course of a previous study6 for use in salivary samples. The initial development work

on both assays is aimed at simplifying the techniques for application to large numbers of

samples.9

The study is being carried out in parallel in leprosy-endemic communities in India and

Ethiopia by centres at Miraj, India and Addis Ababa, Ethiopia. Three villages, in which

leprosy is endemic, and in which control programmes using multidrug therapy (MDT) had

been in place for at least 10 years, were selected in India and one such village in Ethiopia. The

villages are comparable in size, socio-economic status and prevalence of leprosy. Preparatory

work included meetings with village leaders and villagers to explain the purpose of the study,

the procedures, and the nature of the participation required. Initial surveys of each village

included enumeration of the populace, collection of demographic information by household,

occupational history, medical history including BCG and immunization, physical examina-

tion, and the collection of samples of saliva and nasal swabs. Children under the age of 3 years

were excluded from the survey.

The surveys were to be repeated on three or four occasions in the course of 3 years in the

villages in India, and on one occasion in the village in Ethiopia. Those individuals who are

found to be consistently PCR-positive are to be considered for admission to a randomized,

controlled trial of anti-leprosy chemotherapy. In addition, if the proportions of PCR-positive
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individuals in villages are found to be similar, a community-based chemoprophylaxis trial is

to be considered.

Current status

The development of simpli®ed PCR and ELISA protocols has been completed in both Miraj

and Addis Ababa, with technical assistance from the University College London and the

Royal Tropical Institute in Amsterdam. The PCR-method required extensive work, and the

development of internal and external quality controls. Batches of samples were run that

included dilutions of positive controls, negative controls and external, quality control

samples. Batches failing quality control standards were re-run. The technique has now

been developed;9 however, experience has shown the importance of quality control for large-

scale PCR work in this ®eld. To assess the PCR technique, more than 200 anonymous nasal

swabs collected in a non-endemic country were sent to India for analysis, along with six

swabs spiked with M. leprae DNA. The results demonstrated that the technique was sensitive

and speci®c.

Surveys of the entire populations of three villages in India and one in Ethiopia, to obtain

nasal swabs for PCR for M. leprae DNA and specimens of saliva for measuring IgA levels

against M. leprae, have been completed, and three follow-up surveys in India and one in

Ethiopia have been conducted. The eligible population of the Indian villages was 3279, and

that of the Ethiopian village was 841. The participation rate was 93% in India and 79% in

Ethiopia. The compliance rate in successive follow-up surveys decreased with each survey,

but remained good. To date, more than 7500 nasal swabs and saliva specimens are

undergoing laboratory assay, and samples are being re-run if batches fail quality-control

standards.

Endoscopic examination of the nose has been undertaken by a specialist in otolaryngology

among those found to be PCR-positive, and biopsies for histopathological examination have

been performed in a number of cases.

The proposed double-blind trial of chemotherapy among PCR-positive subjects must

await the identi®cation of individuals who remain consistently PCR-positive.

Discussion and conclusions

The study is ongoing, and analysis of specimens is continuing at the AHRI Laboratory in

Ethiopia and at the Stanley Browne Laboratories of the Richardson Leprosy Hospital in India.

The large numbers of PCR and IgA assays have demanded the development of rigorous

internal and external quality control procedures. As many as 50% of the batches have failed to

meet quality control criteria, and have had to be re-run. The quality-control procedures,

including nasal swabs obtained in non-endemic countries, have demonstrated that it is

possible to achieve good sensitivity and speci®city. Development of these methods and their

application to ®eld studies should provide tools for studying the transmission of M. leprae,

and direct methods of testing innovative interventions.10

Initial analyses of the PCR and IgA results will examine age and sex distributions,

geographical patterns, temporal trends, relationships to BCG immunization and infection by

M. tuberculosis, association with contact status, and persistence of the individual ®ndings
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over time. The follow-up analyses are likely to be the most useful in studying the patterns of

PCR-positivity and IgA immune responses among individuals and in the four communities.

This approach, employing PCR and salivary IgA to study endemic populations sequentially

over a number of years to identify M. leprae in nasal swabs and mucosal immune responses in

saliva, should contribute to our understanding of the transmission of M. leprae.
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Strategies for pro-active case-®nding in leprosy

control

P. R. KLATSER
Department of Biomedical Research, Royal Tropical Institute,
Amsterdam, The Netherlands

For many years, the control of leprosy has been based on the passive and sometimes active

detection of patients, followed by treatment with multidrug therapy (MDT). This has resulted

in a decline of prevalence, but there is little evidence that incidence is declining. In some

areas, leprosy-control is or soon will be integrated into the general health services; in other

areas `vertical' programmes of leprosy-control will continue to exist. In either situation, the

numbers of patients will be small. In this new, `post-elimination' era, new approaches and

strategies to eliminate leprosy as a public health problem in de®ned geographic areas are

required.1

Recent insight into the epidemiology of leprosy has resulted in the recognition that

leprosy is a very infectious disease, analogous to tuberculosis, but that few of the infected

persons develop the disease.2 The risk of disease is inversely related to the degree of contact

with an infectious patient. It has also been shown that the majority of new patients have been

in contact with another, known patient.3 This has led to the `stone-in-the-pond' model,

similar to that developed for tuberculosis, as a description of the means by which transmis-

sion of Mycobacterium leprae occurs in concentric circles around a patient. This model offers

tools for improved leprosy control, by redirecting control-activities from the current `blanket'

approach to a more focused approach, which includes intervention strategies applied to

de®ned groups of contacts.3

Two questions arise. Why do not all patients transmit the infection? And can transmission

be interrupted by prophylactic treatment of contacts? The ®rst question is more scienti®c in

nature, but may have practical implications as well. It is well known that some patients appear

to be less effective in transmitting the organism than are other patients, whether MB or not.

No secondary cases are to be found in the environment of the former group of patients,

suggesting that transmission has stopped. In our studies in Indonesia, 47% of the MB patients

and 63% of the PB patients did not generate new cases.3 This phenomenon may result from

differing degrees of infectiousness of the patients, or from a lower degree of virulence of the

strain of M. leprae involved, or from variations of susceptibility of those in contact with these

patients, or from any combination of these three factors. Intervention in the chain of

transmission may be targeted more effectively if both the degree of infectiousness of patients

and the degree of susceptibility of contacts could be better de®ned. However, from an

operational point of view, it will be more feasible to focus on the infectiousness of the

patients.

The answer to the second question, concerning categories of contacts to be administered

chemoprophylaxis in order to interrupt transmission of the organism, will help in formulating
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a policy for targeting high-risk groups for intervention as a leprosy control measure. From the

perspectives of costs and operational feasibility, one would like to minimize the numbers of

contacts to be prophylactically treated. Therefore, there is a need to determine which

categories, and thereby the number, of contacts to be included in the intervention, in order

to achieve interruption of the chain of infection.

We are currently studying a number of indicators of infectiousness, with the aim of

®nding effective tools for early detection and prevention of leprosy that can be applied in the

®eld, in island populations in Indonesia. Island populations were chosen because such

populations are relatively stable and allow good demarcation of the concentric circles of

contact around a patient. On ®ve small islands in South Sulawesi Province, Indonesia, 3987

(84%) of a total population of 4770 persons were screened for leprosy in June and July 2000.

A total of 91 new leprosy cases were diagnosed, representing a case-detection rate of 2.3%,

with a range of 1:2±5:0% per island. The prevalence rate was 191 per 10,000, with a range of

87±442 per 10,000 per island. Forty-six percent of the patients were classi®ed MB, 40%

single-lesion PB, and 14% PB with two to ®ve lesions. Children under 15 years of age

represented 9% of the patients, and 11% of the patients demonstrated WHO grade 2

disability.

Sixty-eight (75%) of the patients were clustered, where clustering is de®ned as a group of

at least two patients who either fall in each other's contact group or share the same contacts.

In this study, contacts are de®ned as household contacts, immediate neighbours and next

neighbours. The data on patients and the general population data are being further analysed.

On all islands, the leprosy patients were treated with MDT according to the national

guidelines. To be able to study two different regimens for prophylactic treatment (blanket

treatment and contact treatment) and to have a control group, the three small islands, Pelokan,

Kembanglemari and Tampaan, were combined to serve as one group (1252 inhabitants, 39

leprosy patients). The two larger islands, Sapuka (2069 inhabitants, 26 leprosy patients) and

Sailus (1449 inhabitants, 26 patients) each served as one group. Sailus served as the control-

island, in which only the patients were treated with MDT. On the group of three small islands,

79% of the population (persons without leprosy; above 5 years of age and without contra-

indication) received prophylactic treatment with rifampicin. On Sapuka, contacts of patients

(household contacts, immediate neighbours and next neighbours, accounting for 17% of

the population) received prophylactic treatment. During the delivery of the prophylaxis to

both groups, 73% took their medication under supervision, whereas 27% of those treated

self-administered the medication. Prophylaxis will be repeated after 4±5 months.

During screening, blood obtained by venepuncture and nasal-swabs were collected

from everyone over 5 years of age. Screening and collection of blood-samples and nasal

swabs will be repeated annually for 3 years. This will permit us to observe the effects of

the different prophylactic regimens on the incidence of leprosy and the transmission of M.

leprae.
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DISCUSSION

Dr Gupte: I have a question with respect to the `stone-in-the-pond' model. This epidemio-

logic pattern has also been observed in the case of cholera. After the stone falls into the pond,

the ripples spread centrifugally; they do not return toward the centre. In the case of leprosy,

however, some not-very-well-documented observations suggest that the same individual may

become ill with leprosy more than once.

Dr Klatser: I can imagine that, in such instances, it may be very dif®cult to distinguish

between reinfection and relapse.

Dr Gillis: In order to distinguish between reinfection and relapse, there is a need to look

for strain-speci®c markers.

Dr Dockrell: Your work has been carried out in an area of high endemicity. What would

the situation be in an area of low endemicity? Dr Gupte has discussed the situation in states

like Rajasthan, in which isolated new cases continue to be detected. Is it possibly necessary to

have a high background in order to observe the clusters of households and patients that you

have described?

Professor Grosset: In tuberculosis, the `stone' in the pond analogy is the smear-positive

patients. However, you have described many cases of leprosy among the household contacts

of PB patients. In these cases, there must have been alternative sources of infection. In a

situation of high endemicity, no one knows who is the source of infection. Therefore, the

importance of strain typing of M. leprae, as is currently done for M. tuberculosis.

Dr Noordeen: I think that extending the circle of contacts to include the neighbourhood is

very interesting. Dr Convit developed a method for identifying non-household contacts, but it

was not entirely accurate. In addition, it should be recognised that the risk of leprosy among

household contacts is not the same everywhere, and varies with the degree of endemicity in

the community.
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Chemoprophylaxis of leprosy in the Southern

Marquesas with a single 25 mg/kg dose of

rifampicin. Results after 10 years

L. N. NGUYEN*, J. L. CARTEL** & J. H. GROSSET²
*Institut Louis Malarde, Tahiti, French Polynesia, **Institut Pasteur,

Guadeloupe, France, and ²FaculteÂ de MeÂdecine PitieÂ SalpeÃtrieÁre,
Paris, France

Summary In 1988, a programme of leprosy chemoprophylaxis, employing a

supervised, single 25 mg/kg dose of rifampicin, was implemented in the Southern

Marquesas Islands. Of the 2786 inhabitants, 2751 (98:7%) were treated. In addition,

3144 South Marquesans living elsewhere in French Polynesia were administered the

same chemoprophylaxis. During the following 10 years, seven leprosy patients were

detected among those who had been administered chemoprophylaxis. Of these, two

were very likely missed cases of leprosy, and cannot be considered a failure of

chemoprophylaxis. The epidemiometric projection model, based on cases of leprosy

observed in the Southern Marquesas during the 20 years preceding implementation of

the programme, predicted that 17 leprosy cases could be expected in the South

Marquesan population if no chemoprophylaxis were given. In fact, only ®ve cases

were detected in the treated population, a number signi®cantly smaller than 17,

suggesting that the chemoprophylaxis was 70% effective, assuming that no change of

detection rate would have occurred without chemoprophylaxis. However, during the

10 years following implementation of the chemoprophylaxis programme, the detec-

tion rate in the Polynesian population that was not administered chemoprophylaxis

declined by about 50%. Therefore, the effectiveness of the chemoprophylaxis was

only 35±40%.

Because studies conducted in India demonstrated that chemoprophylaxis with dapsone,

administered to the entire population in an endemic area, might contribute to leprosy control,

and because rifampicin is much more active against Mycobacterium leprae than is dapsone, a

programme of chemoprophylaxis for leprosy employing a supervised, single 25 mg/kg dose

of rifampicin was launched in January and February 1988 in the Southern Marquesas Islands.

These remote islands of French Polynesia were chosen because of the limited size of their

population (slightly fewer than 3000 inhabitants), and because the detection rate of leprosy

had been very high (48:9 per 100,000Ðsix times higher than in the general population of

French Polynesia) for decades. Also, the decision to conduct such a chemoprophylaxis

programme was made because an epidemiometric projection, based on cases detected during

the past 20 years, had shown that a signi®cant reduction of the number of expected cases

could be observed in as few as 6 years if the chemoprophylaxis were 80% effective (Table 1).

In 1987, all of the villages in all of the valleys of the three inhabited islands were visited,

and the objectives of the programme were explained to the local authorities and the
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population. All known patients had a clinical and bacteriological examination, and the

household contacts of these patients were also examined. Also, the 1983 census of the

population born in the Southern Marquesas and living in the Southern Marquesas or

elsewhere in French Polynesia was brought up to date, and a computerized list of inhabitants

was prepared by island, valley and village. Using this list, two teams, each consisting of a

medical doctor, a nurse and a health worker of the leprosy control unit, supplemented by a

South Marquesan primary health worker, carried out the programme between 18 January and

20 February 1988. During the post-chemoprophylaxis period, follow-up of the treated

population was carried out by the staff of the leprosy control unit in Tahiti, the main

island of French Polynesia, in collaboration with the personnel of the Public Health Service in

the Southern Marquesas. Each treated person suspected of being a new leprosy patient was

referred to the Public Health medical doctor in Southern Marquesas and, subsequently, if

necessary, to the leprosy control unit in Tahiti.

Of the 2786 inhabitants, 2751 (98:7%) were given a single, supervised 25 mg/kg dose of

rifampicin. An additional 3144 persons were also given chemoprophylaxis, either because

they were born in the Southern Marquesas (678), or because they were members of a family

from the Southern Marquesas (2466).

During the following 10 years (1988±1998), seven leprosy cases were discovered among

the population given chemoprophylaxis, of whom two were not considered direct failures of

chemoprophylaxis, but rather missed cases of leprosy, because they had been known before

implementation of the programme. The ®rst case was that of an 11-year-old boy found in June

1988 to have a borderline leprosy lesion located at the same site as an earlier discoloured

patch, which appeared 9 months and disappeared 6 months before administration of

chemoprophylaxis. The second case was that of a 28-year-old man who was found to have

lepromatous leprosy in 1991; he had been examined as a household contact in 1986 and found

to have an indeterminate leprosy lesion, but disappeared and was not administered multidrug

therapy. The remaining ®ve cases were discovered between 1989 and 1995; the period of time

elapsed between intake of chemoprophylaxis and discovery of the disease ranged from 1 year

and 8 months to 7 years (Table 2).

As shown in Table 1, the total number of expected cases of leprosy in the South

Marquesan population by 1998 is 17 if chemoprophylaxis were not given, and 3:4 if the given

chemoprophylaxis were 80% effective. As reported previously, ®ve new leprosy patients
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Table 1. Expected numbers of cases of leprosy in the South Marquesan population
without and with chemoprophylaxis of 80% effectiveness

Expected numbers of cases
Expected Without With

Year population chemoprophylaxis chemoprophylaxis

1988 2880 1:4 0:28
1990 8901 4:34 0:86
1992 15,289 7:46 1:49
1994 22,065 10:77 2:15*
1996 29,255 14:01 2:85
1998 34,992 17:08 3:42

* Signi®cantly different from 10:77 expected without chemoprophylaxis
(P < 0:05).



were detected in the treated population between 1988 and 1998, suggesting that the

effectiveness of the chemoprophylaxis was about 70%, assuming that no change of detection

rate of leprosy would occur without chemoprophylaxis. However, this was not the case; a

decrease of about 50% of the detection rate was noted between 1988 and 1998 in the

population not administered chemoprophylaxis. Therefore, one may infer that approximately

half of the decrease observed in the South Marquesan population was not the result of

the chemoprophylaxis programme. Hence, the ef®cacy of the programme could at best be

35±40%.

Considering the ®nancial (more than US $50,000) and logistic costs of such a programme,

35±40% effectiveness cannot be considered satisfactory. The fact that two persons were

administered chemoprophylaxis although they had previously been examined by health

workers and strongly suspected of having the disease before implementation of the

programme illustrates the dif®culties encountered in organizing community treatments. In

addition, three South Marquesans who were not known to the team in charge of the

programme and thus were not administered chemoprophylaxis developed leprosy lesions

(one case of BT leprosy discovered before the end of 1988, and two cases of BL leprosy

discovered in 1990 and 1995, respectively). This demonstrates clearly that, even when a

carefully designed and prepared programme of chemoprophylaxis is applied, treatment of the

entire eligible population cannot be guaranteed.

These ®ndings show that a chemoprophylaxis programme never provides entirely

satisfactory results and that, even with a single dose of rifampicin, chemoprophylaxis

cannot be considered an effective tool for leprosy control programmes, particularly if all

of the known leprosy patients are not receiving the most effective treatment.

DISCUSSION

Dr Sow: Is single-dose prophylaxis scienti®cally justi®ed?

Dr Cartel: Single-dose prophylaxis was the only prophylaxis that could have been

employed at that time.

Dr Sengupta: Regardless of what fraction of the bacterial population is killed by the single

dose, the individual could be reinfected the day after the dose, or the day after that.

Professor Grosset: I believe you didn't fully understand the situation in the Southern

Marquesas. These are small islands, with a total of approximately 3000 inhabitants. The

entire population was screened and administered chemoprophylaxis. The few patients were
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Table 2. New leprosy patients in the population administered chemoprophylaxis

Year of Period of time* Type of
detection (years) Sex Age (years) leprosy

1989 1:7 F 7 I
1993 5 M 25 BL
1993 5 F 47 TT
1994 6 F 11 I
1995 7 F 8 BL

* Between intake of chemoprophylaxis and discovery of the disease.



administered MDT; in theory, there would not have been any risk of reinfection among those

who had been administered chemoprophylaxis.

Dr Klatser: Were the new cases found in the course of a population survey?

Dr Cartel: No. No active survey was carried out. On the other hand, the entire population

of French Polynesia, 200,000, has been computerized, and, every year, the computer

record for each new patient was checked, to learn if the patient had been administered

chemoprophylaxis.

Dr Klatser: But you don't know the patients who were not diagnosed.

Dr Cartel: No, we don't.

Dr Noordeen: Particularly in single-lesion leprosy, the number of new cases detected

depends upon the frequency of examination. The less frequent the examination, the greater

the proportion of cases that self-heal, and the larger the number not diagnosed. Therefore, it

can be very dif®cult to compare the results of programmes carried out by different methods.
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Chemoprophylaxis against leprosy: expectations

and methodology of a trial

P. VIJAYAKUMARAN*, P. KRISHNAMURTHY*,
P. RAO* & E. DECLERQ**
*The Damien Foundation India Trust, Chetput, Chennai, India and

**The Damien Foundation, Brussels, Belgium

Summary Because of the great ef®cacy of multidrug therapy (MDT), it had been

hoped that the widespread use of MDT would bring about a rapid decrease of the

incidence of leprosy. To the present, a decrease of incidence has not been observed,

possibly because of the long incubation period of the disease, and because general

implementation of MDT is still recent. Other reasons, such as environmental sources

of infection or the role of healthy carriers in transmitting Mycobacterium leprae,

cannot be excluded. Therefore, one must seek alternative or supplementary strategies,

such as chemoprophylaxis. Household contacts of leprosy patients are at greater risk

of developing leprosy than is the general population. Therefore, a randomized,

controlled trial of chemoprophylaxis, using a single 10 mg/kg dose of rifampicin, or a

placebo, is planned in nine projects in India, among the household contacts of newly

detected leprosy patients. Based upon assumptions of a protective ef®cacy of the

chemoprophylaxis of 50%, an annual incidence of 2 per 1000 contacts, a desired

power of the study of 90%, and a level of signi®cance of 95%, 15,000 household

contacts will be allocated randomly by household to each arm of the study, and

followed for 5 years. Considered as household contacts will be all persons living in

the same household as an index case and sharing the same kitchen. Pregnant women

and infants will be excluded. To be certain that transmission of the organisms from

the index case cannot occur once the prophylaxis is administered, rifampicin will be

administered 2 months after diagnosis of the index case. Diagnosis of leprosy will be

clinical, and con®rmed independently. Although household contacts usually consti-

tute only a small proportion of the new patients detected in a control programme, their

high-risk status makes them particularly appropriate for a study of the potential effect

of chemoprophylaxis. Following the trial, one could evaluate the usefulness and

feasibility of using the same strategy in other population-groups, based on the number

of persons necessary to treat to prevent one case.

Introduction

The introduction of multidrug therapy (MDT) has led to remarkable results, in terms of the

reduction of the prevalence of leprosy. According to statistics published by the World Health

Organization (WHO),1 the registered prevalence has decreased by 85% in the course of the

last 15 years. Although it had been hoped that a decrease of prevalence, and thus a reduction

of the reservoir of infection, would bring about a reduction of incidence, this has not yet been

demonstrated. There could be several reasons for this. The reason most often invoked deals
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with the incubation period; it is often argued that leprosy has such a long incubation period

that insuf®cient time has passed since the introduction of MDT, but that the decrease of

incidence will eventually occur. Other possible reasons could be environmental sources of

Mycobacterium leprae, including non-human hosts, the existence of healthy carriers capable

of transmitting the infection, and the usually long delay before diagnosis, which permits

infectious patients to disseminate their organisms to many non-infected contacts before they

are ®nally diagnosed and treated. In any case, there appears a need for alternative or

additional strategies to MDT.

Chemoprophylaxis of well-de®ned populations could be such a strategy. In earlier trials,

both dapsone and acedapsone were shown to be effective in reducing the incidence of

leprosy in the population-groups to which it was administered, although the effect waned

with time.2ÿ7 Then, at the end of the 1980s, a trial of a single dose of rifampicin administered

to the entire population was carried out in the Southern Marquesas Islands, using the same

population as historical control.8;9 More recently, in an attempt to accelerate the elimination

of leprosy, a combination of rifampicin, o¯oxacin and minocycline (ROM) was administered

to the entire population of some Paci®c Islands.10 We intend to launch a trial, the objective of

which is to examine whether a single 10 mg/kg dose of rifampicin is capable of producing a

signi®cant reduction of incidence among the household contacts of newly diagnosed leprosy

patients.

Materials and methods

The trial will be launched in nine projects in India that are supported or directly operated by

the Damien Foundation India Trust. Altogether, the projects include a population of about

2,250,000. About 3500±3800 new patients are detected every year in these projects, with an

annual new-case detection-rate ranging from 4:0 to 42:5 per 10,000. Among household

contacts, the rate ranged from 12:4 to 64:5 per 10,000 in 1999.

The trial will be randomized, double-blind, and placebo-controlled. It was decided that

the chemoprophylaxis regimen to be tested should be safe, cheap and easy to administer, if it

was to be applied later on a large scale; thus, a single-dose regimen was mandatory. The

choice of regimen was restricted to rifampicin alone, or rifampicin combined with

o¯oxacin and minocycline (ROM), which was recognized by the WHO Expert Committee

on Leprosy as an acceptable alternative for the treatment of single-lesion paucibacillary

leprosy.11 Although at ®rst sight possibly more attractive, the ROM regimen has several

drawbacks: it could have more side-effects or contraindications; it is much more expensive,

and, even if proven effective, the cost of chemoprophylaxis will be an important factor in

determining its future applicability; ®nally, after consultation with several experts in the

chemotherapy of leprosy, it appeared that the addition of minocycline and o¯oxacin in a

single dose does not signi®cantly enhance the bactericidal activity of rifampicin. It could

prevent selection of the rifampicin-resistant mutants in individuals harbouring large bacterial

populations. However, because such individuals are unlikely to be encountered in the setting

of the trial, it was decided that the trial would be based on a single 10 mg/kg dose of

rifampicin.

A rapid population survey will be undertaken in the projects, in an attempt to detect the

largest possible number of patients. The new patients who are detected routinely in the course

of the following 18 months will also be enrolled. All of the newly diagnosed patients will be
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immediately placed on MDT. After a delay of 2±3 months, their contacts will be examined,

and those not showing any sign of leprosy will receive either rifampicin or the placebo. The

delay of several months between the start of treatment of the index case and administration of

the chemoprophylaxis to the contacts was planned, in order to be certain that the contacts

could not become infected by the index case after they themselves have received

chemoprophylaxis.

Everyone living with an index case diagnosed during the enrolment period and sharing

the same kitchen will be considered a contact. It is expected that about 3000 patients will be

newly diagnosed, and that 30,000 contacts will be included in the trial.

All diagnoses of leprosy, both of the original cases and among their contacts, will be

con®rmed independently by the medical of®cer and the non-medical supervisor of each

project. When there is disagreement, the suspect will be examined by a third assessor who

will be both independent and experienced. Slit-skin smears will be taken from all new

patients.

Systematic examination of all of the contacts will be done annually for 5 years. All of the

contacts from the same household will be administered the same regimen, either rifampicin or

the placebo. Allocation of each household to one of the groups will be done centrally.

Patients, contacts and staff at the project level will not be aware of who receives rifampicin

and who receives the placebo.

People with respiratory symptoms will be investigated for tuberculosis, and referred for

treatment if the diagnosis is con®rmed. Pregnant women and children under 6 months of age

will be excluded from the study.

Assuming an annual incidence rate of 2 per 1000 among the contacts, a 50% reduction of

incidence induced by rifampicin, a power of 90%, and a signi®cance level of 95%, it has been

calculated that each arm of the study should include 5140 contacts, to be followed for 5 years.

To take into account the cluster effect and the risk of losing a number of contacts during

follow-up, it has been decided that 15,000 household contacts will be enrolled in each arm of

the study.

Expectations

The choice of the population for the trial is, of course, important. We have selected a

population of household contacts of leprosy patients, because it is well known that they are at

greater risk of developing leprosy than the general population.12;13 Thus, household contacts

appear particularly appropriate for a trial of chemoprophylaxis, which, for obvious reasons,

would not be feasible in a population at small risk. Another advantage of selecting a contact

population is the fact that they are usually easily identi®able. One could argue that, although

their individual risk is great, the new cases detected among the contacts usually represent a

small proportion of the new cases in an endemic community, thus limiting the impact of such

a strategy on the total incidence. However, the proportion of contacts among the new cases is

not everywhere negligible, and this proportion is likely to be larger in areas of lower

endemicity. The degree of ef®cacy of a chemoprophylactic regimen is also not likely to be

in¯uenced by the absolute risk of developing the disease. Thus, if a chemoprophylactic

regimen proved effective among contacts, its feasibility and usefulness in other subpopula-

tions could then be evaluated, on the basis of the number of people needed to be treated in

order to prevent one case, and the costs involved. We would imagine, for instance, that in the
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future, in some areas of high endemicity, chemoprophylaxis could be administered to all of

the people shown to be infected with M. leprae, the so-called healthy carriers. Or the

de®nition of contact could be broadened, to include neighbours, or, because patients with

leprosy are found in clusters, to the entire population of some villages. It is also possible that

chemoprophylaxis could be combined with other strategies, such as vaccination. However,

before contemplating such combined trials, it is necessary to gather information on the

ef®cacy of each of the components.
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DISCUSSION

Professor Smith: Is there any evidence that chemoprophylaxis could precipitate clinical

disease in someone already infected by killing the organisms, resulting in an immune

response that precipitates clinical manifestations? If there were such evidence, it would be

necessary to take this possibility into account in interpreting the results of this trial.

Dr Noordeen: This possibility was examined in the dapsone-prophylaxis study. During

the ®rst few months of treatment, no difference was observed between the dapsone and

placebo groups. However, one must also consider the possibility of missed cases, should new

cases be detected among those who had received chemoprophylaxis.

I'd like to ask another question. Is a placebo-control justi®ed?

Dr DeClercq: The ef®cacy of chemoprophylaxis with ROM or rifampicin has not yet

been measured with precision. Therefore, a well-controlled trial, employing concurrent

controls, is still justi®able. We should not be required to rely upon historical controls,

particularly in the face of a changing (decreasing) new-case detection rate.
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Professor Grosset: In tuberculosis, it is very well established that, on an individual basis,

but not on a public-health basis, chemoprophylaxis of household contacts is very ef®cacious,

provided that the correct regimen is employed. Perhaps, in your programme, the `control-

regimen' should not be placebo, but rather rifampicin or ROM administered for longer

durations, for example, 1 week and 1 month.

Dr DeClercq: I think that there is need for more than one trial. However, to test additional

regimens in this trial would be to complicate it greatly.

Dr Cartel: Professor Grosset, did I understand you to say that you were considering a trial

of various dosages of chemoprophylaxis?

Professor Grosset: No. I did not intend to suggest a trial of rifampicin or ROM

administered for different durations, but rather than the single dose be compared with several

doses rather than with placebo.

Dr Colston: I understand that our interest in chemoprophylaxis stems from the fact that

the new-case detection rate has not diminished following implementation of MDT. Perhaps

more important, do we understand why the new-case detection rate has not fallen following

implementation of MDT? And can we expect the addition of chemoprophylaxis to MDT to

cause this rate to fall more rapidly?

Dr Noordeen: Because we don't have a regimen for chemoprophylaxis that is 100%

effective, and because household contacts account for only about 30% of the new cases in

endemic areas, we cannot expect the addition of chemoprophylaxis to MDT to cause a more

rapid decrease of the new-case detection rate, although it will undoubtedly prevent clinically

evident leprosy in individuals.

Professor Ji: I don't think it a good idea to compare several doses of ROM or rifampicin

with a single dose. A patient with PB leprosy is treated by a single dose of ROM. How can one

ask an apparently healthy member of the patient's household to accept treatment by more

than a single dose? In addition, I think that our purpose should be to determine whether or not

a single-dose chemoprophylaxis regimen is active. If it is not, we should either forget about

chemoprophylaxis, or search for a more effective single-dose regimen.
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South India immunoprophylaxis trial against

leprosy: relevance of the ®ndings in the context

of trends in leprosy

M. D. GUPTE
National Institute of Epidemiology, Chetput, Chennai, India

The South India vaccine trial

Our group conducted an immunoprophylaxis trial in South India among 171,400 volunteers.1

The trial, launched during 1991, compared four vaccines: (i) a combination of BCG and heat-

killed Mycobacterium leprae (HKML), (ii) the ICRC bacillus, (iii) Mycobacterium w (Mw),

and (iv) BCG, and employed normal saline as a placebo. As shown in Figure 1, the protective

ef®cacy of the vaccines, judged on the basis of the results of the second resurvey, was:

BCG�HKML, 64% [95% con®dence interval (CI) 50.4±73.9]; the ICRC vaccine, 65.5%

protection (CI 48.0±77.0); Mw, 25.7% protection (CI 1.9±43.8); and BCG, 34.1% protection

(CI 13.5±49.8).

In view of the extensive use of BCG in tuberculosis control and the results of several

trials of BCG against leprosy, BCG was used more as a control than as an active vaccine.

The ef®cacy of BCG observed in the present trial was consistent with the results of an

earlier trial in an adjacent area, in which BCG was found to confer 24.4 (CI 20.9±27.8)%

protection.2

By comparison with the incidence of leprosy noted among those administered placebo, in

the ®rst survey, conducted immediately following vaccination, all of the vaccines, including

BCG, showed a `negative' effect, which was not statistically signi®cant. The negative effect,

shown in Figure 2, of BCG�HKML was 7.6% that of ICRC 6.9%, that of Mw 11.5%, and

that of BCG 28.7%. The negative effect had been observed earlier in several other studies,

including the south India trial of BCG against tuberculosis and the Burma trial.3;4 If the trial

design had not included a group administered placebo, it would have been impossible to

demonstrate the negative effect of the vaccine preparations, as was the case in the Venezuela

and Malawi trials.5;6

It is dif®cult to explain the negative effect. Fine has suggested that this negative effect

may result from accelerated progression to mycobacterial disease among those already

infected at the time of vaccination,7 and some workers have suggested that precipitation of

disease by vaccination could be considered an indication of ef®cacy of the vaccine. In our

vaccine trial, the two vaccine preparations that demonstrated the smallest negative effect in

the ®rst resurvey yielded the greatest protective effect in the second resurvey. Whatever the

explanation of the negative effect, it may not be appropriate to combine the results of the two

resurveys to provide an estimate of the ef®cacy of each of the vaccines.
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We are presently carrying out the third resurvey. Should we ®nd ef®cacy of the same

levels as those observed in the second resurvey, one could certainly make a strong case for

use of the effective vaccine in the prevention of leprosy.

There were several other interesting features in this study. Prior vaccination with BCG,

indicated by the presence of BCG scars, did not appear to in¯uence substantially the ef®cacy

of the vaccines. In addition, the ef®cacy of the several vaccines was not in¯uenced by age. It

appears that, in a population highly endemic for leprosy, such as that in the south India
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Figure 1. Results of the second resurvey. The values on the ordinate are those of percent protective ef®cacy. First bar
represents BCG, second bar, BCG�HKML, third bar, Mw and fourth bar, ICRC.

Figure 2. Results of the ®rst resurvey. The values on the ordinate are those of percent protective ef®cacy. First bar
represents BCG, second bar, BCG�HKML, third bar, Mw and fourth bar, ICRC.



vaccine trial area, the ef®cacy of the vaccines was not related to prior infection by either

M. leprae or some environmental mycobacterium. Finally, that both ICRC and BCG�

HKML, which are killed vaccines, produced signi®cant levels of protection is inconsistent

with the widely held belief that only live vaccines are protective.7

At the time this trial was launched, the expected incidence of leprosy was greater than that

actually observed. Because the incidence of multibacillary forms of leprosy was rather low, it

was not possible to study the prophylactic ef®cacy of any of the vaccine preparations against

these more serious forms of the disease.

A prophylactic ef®cacy of 65±70% may certainly be considered a promising result from

the public health point of view. The future use of BCG�HKML appears unlikely, because

armadillo-derived M. leprae are not likely to be available in quantities suf®cient for vaccine

preparation. On the other hand, the ICRC vaccine appears to offer considerable potential as a

prophylactic agent for the future. At present, the taxonomy of the ICRC bacillus is not very

clear. It is necessary to undertake studies to characterize the ICRC vaccine at the earliest

opportunity.

The possibility of a second-generation vaccine against leprosy has been suggested.

However, to conduct vaccine trials in leprosy, populations with high levels of endemicity and

incidence are required. Moreover, vaccine trials are very time-consuming and ®nancially

demanding. Finally, because there exist at least two good vaccines that meet public health

needs, it will not be possible to conduct placebo-controlled vaccine trials. For these reasons,

the prospects for conducting new trials of leprosy prophylaxis are bleak. However, there

could be opportunities to make observations for leprosy as well in a trial of a second-

generation tuberculosis vaccine.

Is there a need for a vaccine against leprosy?

The prevalence of leprosy has declined considerably since the worldwide implementation of

the strategy of multidrug therapy (MDT). In September 1999, the global prevalence of

leprosy was approximately 1.4 per 10,000 population.8 However, new-case detection rates

have not declined perceptibly at the global level. In a Workshop conducted by the Indian

Association of Leprologists in Chennai in 1993, several data sets from the country were

examined. As shown in Figure 3, very interesting patterns of recorded prevalence and new-case

detection rates emerged from these studies.9 The analysis demonstrated that, despite a rapid

decline of prevalence following implementation of MDT, new-case detection rates remained

quite stable. In addition, our study of the trends of new-case detection in several countries

demonstrated clearly that MDT did not produce a precipitous decline.10 There is, however, a

steady and almost imperceptible declining trend of new-case detection. Because, as a result of

single-dose therapy, single-lesion cases are not included in the prevalence of leprosy, and

because the ®xed-duration MDT regimens are short, prevalence rates may be expected to

remain at low and constant levels. It may be possible to strengthen leprosy control programmes

in an integrated manner, in order to clear still-existing `backlogs' of leprosy patients. However,

the presently observed trends do not suggest that leprosy will be eliminated or eradicated in the

near future. Therefore, one can make a strong case for the use of anti-leprosy vaccines to control

or eradicate leprosy.

In collaboration with Erasmus University in Rotterdam, The Netherlands, we have

developed a simulation model for leprosy.11 Our recent work with this model has involved
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intervention with a prophylactic vaccine that confers 65% protection.12 As shown in Figure 4,

introduction of a vaccine could bring about a dramatic decline of leprosy incidence, and, at

least in the context of this model, make it possible to conceive of the eradication of

leprosy.
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Figure 3. Effect of dapsone and MDT interventions on the prevalence and incidence of leprosy. l- - - - -l: recorded
prevalence; B- - - - -B: new-case detection-rate (incidence).

Figure 4. Predicted incidence before and following introduction of an anti-leprosy vaccine that confers 65%
protection.



What is the meaning of trends in leprosy?

Observed time-trends for various health conditions are affected by variations of measurement

procedures as well as operational factors. De®nitions of the conditions may not be constant,

as a result of which these projections may not always be very consistent. Thus, the observed

trends are affected by both biological and operational factors. The data that are available for

calculation of leprosy trends usually come from programmes administered at the national

level or, in some situations, from cohort studies and the ®eld areas of some institutions. In any

study, initial estimates of leprosy incidence are generally in¯ated by the backlog of old,

previously undetected patients, and are therefore not realistic. The estimates of incidence are

also affected by various operational factors, such as whether case ®nding is active or passive,

whether the programme is vertical or integrated, political commitments, and decentralization

of the programme. In addition, the allotment of targets for case detection may result in wide

¯uctuation of case-detection rates.

One also needs to consider the fact that, for the conduct of clinical trials of anti-leprosy

drugs, it is now necessary to resort to multicentric studies. Studies of multibacillary leprosy

are particularly dif®cult, because suf®cient numbers of cases are no longer available. Hence,

one must question whether the observed trends of case detection are real or in¯ated. The

consistently very high new-case detection rates resulting from sample surveys in leprosy-

endemic regions of India increase the complexity of these observations. It is high time that the

confusion is quickly resolved and objective decisions are made, in order to achieve the low

levels of leprosy incidence that should lead ultimately to the eradication of leprosy.
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DISCUSSION

Dr Colston: I wish to ask a practical question. In your recent trial, you found that the
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protective ef®cacy of one was 65%. We've heard Dr Noordeen say that it has become

impossible to carry out large vaccine trials in leprosy. Could one carry out small trials to

examine whether or not the vaccine would be capable of reducing the incidence of the disease?

Dr Gupte: I don't recommend phase-III studies of the vaccine. On the other hand, several

unanswered questions remain. For example, the immune response to the vaccine has not been

investigated at all. Studies of these aspects of the vaccine could be examined on a small scale.

A ®eld study of the vaccine does not appear indicated. However, the question of

feasibility remains open. To examine this question requires a phase IV study, which must

be much larger than a phase III study, so large, in fact, that it will need to be carried out

simultaneously in several parts of India. Such a study will be possible, because it need not be

as rigorous as a phase III studyÐa study to measure ef®cacy; it could be carried out under the

conditions of a leprosy-control programme.

Dr Noordeen: I believe that Dr Gupte has raised an important issueÐthat of eradication.

Personally, I should like to see leprosy eradicated. But as a public health manager, I must ask

the question: `Is it necessary to eradicate leprosy?' Eradication of poliomyelitis or smallpox

has great signi®cance; if a few cases of either of these diseases remain, the disease can

quickly become epidemic again. On the other hand, a quick resurgence of leprosy appears

unlikely indeed. It will become more and more dif®cult to convince those responsible for

allocation of resources that eradication of leprosy should be a priority.

Dr Gupte: I agree. It will become increasingly dif®cult for governments to allocate the

necessary resources as the leprosy caseload becomes smaller and smaller, particularly as

integration of leprosy into the general health services is occurring everywhere.

Professor Smith: If we in the research community are not to commit ourselves to the

search for the tools necessary to achieve the eradication of leprosy, then, based on the

predictions from your simulation model, we must inform the various funding agencies that

they must remain committed to additional decades of programmes of detection and MDT.

Professor Britton: In this portion of the Workshop, we are discussing trends of leprosy.

Would you comment upon the other epidemiological markers employed in leprosy, such as

the incidence among children, the rate of disability, and the ratio of MB to PB cases? You

presented a rather contrary view of what is occurring in India, when you called attention to the

continuing high new-case detection rate in Tamil Nadu, whereas, in other parts of India,

changes of some of these other markers have occurred. Are these other markers useful

indicators of what is happening with regard to transmission?

Dr Gupte: In highly endemic states, such as Tamil Nadu, various case-detection activities

have revealed an increasing frequency of single-lesion cases. During the last several years,

these cases have represented about 30% of the new cases detected. Similarly, the proportion

of children amounts to 30±40% of the new cases. However, because the nature of the case-

detection activities varies from state to state, with school health surveys conducted in some

states but not in others, it is dif®cult to compare the state-by-state data. The rate of disability

among new cases is rather small throughout IndiaÐno greater than 5%.

Professor Britton: The taxonomy of the ICRC bacillus is very interesting. Is its genome

being studied?

Dr Gupte: The answer to your question is not so simple. The genome of the ICRC bacillus

is currently being studied by Dr Katoch at JALMA. The ICMR is also planning to send the

organisms to a laboratory outside India for phenotypic and genotypic chacterization.

Dr Klatser: How did you de®ne leprosy in your trial. And in particular, how did you

de®ne `progressive and serious leprosy'?
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Dr Gupte: The progressive and serious forms of leprosy included lepromatous leprosy,

BL disease, smear positivity and grade 2 disability. There were only a few of these cases

among the newly detected patients. Most of these cases were patients with PB disease and

patients with single lesions. The diagnosis of leprosy was based only on clinical criteria.

Professor Grosset: There is no way to diagnose leprosy other than clinical.

Dr Gupte: During the recruitment for this trial, emphasis was placed on sensitivity of

diagnosis. Every effort was made to exclude leprosy patients from the trial. On the other hand,

during the resurveys, emphasis was placed on speci®city; I can say with con®dence that all of

the newly detected cases were patients with leprosy.
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Skin test development in leprosy: progress with

®rst-generation skin test antigens, and an

approach to the second generation

P. J. BRENNAN
Department of Microbiology, Colorado State University,

Fort Collins, Colorado, USA

Summary One of the most urgent needs from leprosy research is a test for infection.

The lepromin test is not suitable as a diagnostic test for leprosy, and neither the Rees

nor the Convit soluble antigens has appeared suf®ciently speci®c. Because two new

antigens, MLSA-LAM and MLCwA, may not fully meet the requirements for

speci®city, we have embarked upon the preparation of a second generation of skin

test antigens. Size-fractionated cryptozoic proteins were prepared from M. leprae by

electroelution from preparative sodium dodecylsulphate-polyacrylamide gel electro-

phoresis, and individual fractions were probed with polyclonal and monoclonal

antibody reagents to identify both known and novel proteins. In addition, immuno-

logical responses were assessed in M. leprae-sensitized guinea pigs against both

crude subcellular fractions (cytosol, membrane, and soluble cell wall proteins) and

the size-fractionated cytosolic proteins. A particularly promising subcellular fraction

is the membrane fraction of M. leprae, which contains many proteins unique to the

organism. Clinical trials of the M. leprae membrane proteins are now being planned.

The goal of eliminating leprosy as a serious public health problem, as originally de®ned by

the World Health Assembly, is probably feasible in the short term. However, it is now

obvious that we do not have the tools to achieve the goal of a `World without Leprosy.' That

new-case detection rates in highly endemic countries have remained stable over the years has

been attributed to enhanced surveillance or an extraordinarily long incubation period, so that

the reduction of prevalence has not had an obvious impact on incidence. One of the greatest

needs from leprosy research is de®nitive, diagnostic tools that permit recognition of exposure,

i.e. a test for infection, that may be applied selectively in endemic communities. After a

generation of research and application, the failure of serological and gene ampli®cation

techniques to ®ll this need has proved disappointing. In addition, in light of the evidence that

household contacts of leprosy patients are four to six times more likely than non-contacts to

develop leprosy, there is an urgent need to broaden further the de®nition and identi®cation of

high-risk groups, in order to render more effective the application of prophylactic measures.

The immune response to mycobacterial infections, both leprosy and tuberculosis, is

predominantly cellular,1 and examination of the delayed-type hypersensitivity response, one

aspect of cellular immunity, has proved to be a convenient, cost-effective test for `exposure'

to M. tuberculosis2 (the term `exposure' is misleading; it is, in fact, a code word for

infection). Foremost among these tests is the Mantoux test, which is based on M. tuberculosis

tuberculin or puri®ed protein derivative (PPD).2 The test is very effective in monitoring
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infection in populations with low endemicity and no BCG vaccination programme, as in the

majority of communities in the USA and Canada. However, it is beset with problems: (i) low

speci®city in populations with high endemicity of mycobacterial infections in general,

because of cross-reactivity of the antigenic components of PPD among mycobacterial

species; (ii) variability in reading the test; (iii) the need for patients to return after 48±72 h

for the reading; and (iv) modulation of the response to the skin test by underlying illness or

immunosuppression.2;3 The speci®city of a positive PPD skin test has been reported to exceed

95%, although the sensitivity of the test may be less than 75%.4

Nevertheless, the ease and low cost of the tuberculin skin test and its effectiveness in

certain settings enhance the attractiveness of skin tests for leprosy. The concept is old. In

1919, Mitsuda reported that some human subjects, including leprosy patients, injected with a

suspension of tissue from lepromatous patients, developed a local nodular reaction.5

Subsequently, successive improvements have been made, resulting in a more re®ned test,

known generally as a lepromin test, which is widely used for both classi®cation and prognosis

in leprosy.6;7

Two responses to the lepromin test have been described: (i) an early response, known as

the Fernandez reaction,8 which is measured between 24 and 72 h; and (ii) a late response,

known as the Mitsuda reaction,6 which is measured between 3 and 4 weeks after testing.9 The

Fernandez reaction is thought to be similar to the tuberculin reaction, in that it measures

the subject's DTH response to the soluble M. leprae antigens.10 The Mitsuda reaction is

considered to be an induced hypersensitivity granuloma,7;11 in response to soluble M. leprae

antigens, possibly after they have been processed and released by antigen-presenting cells.

Patients with leprosy respond in a characteristic way to the lepromin test:7;12 lepromatous

patients do not respond to lepromin, whereas patients at the tuberculoid pole of the leprosy

spectrum show both positive Fernandez and Mitsuda responses. However, Mitsuda himself

observed that healthy individuals responded to his test,6 a point since con®rmed and

elaborated; healthy individuals who live in non-endemic countries or in countries of low

endemicity are Mitsuda-positive but Fernandez-negative.12 This phenomenon of unexpect-

edly large proportions of Mitsuda responders among healthy individuals has led to specula-

tion that the lepromin test is actually a form of vaccination.12 Because the Fernandez reaction

is usually negative in normal populations in non-endemic areas, but is also frequently

negative in leprosy patients, whereas the Mitsuda reaction is positive in both healthy subjects

and many leprosy patients, the lepromin test is not considered to be suitable as a diagnostic

test for leprosy, and is useful only in the classi®cation of established leprosy.

Because of the dif®culty of obtaining human biopsy specimens containing suf®cient M.

leprae, lepromin prepared from human tissues was replaced by lepromin derived from

infected armadillos. In addition, both Rees and Convit developed soluble antigen prepara-

tions from armadillo-derived M. leprae.13 Rees' soluble antigen, MLSA, has been studied

more thoroughly. Skin test studies were carried out among close contacts of multibacillary

(MB) leprosy patients at three leprosy centres in India, and among casual contacts of the

disease at two centres.14 At all three centres, close contact with patients with MB leprosy was

associated with early acquisition of skin test positivity to MLSA (known also as leprosin A),

reaching 70% positivity by age 15 years. Among casual contacts, skin test positivity to MLSA

was signi®cantly less frequent, reaching 40% by age 15.

Another, large study15 among 2607 individuals, consisting of 207 leprosy patients, 476

household contacts, and 1924 people who resided in non-case households, in which both the

Convit and Rees antigens were applied, concluded that `Rees and Convit antigens are not
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useful in the identi®cation of M. leprae infection or in the con®rmation of leprosy diagnosis in

a leprosy-endemic population with a high prevalence of non-speci®c sensitivity.' This study

resulted in considerably lessened interest in use of the Rees and Convit antigens for diagnosis.

On the other hand, extensive work with these antigens in Northern Malawi has yielded

more promising results.16 Tests among biopsy-con®rmed patients, household contacts, and

individuals with no known contact provided measures of the sensitivity and speci®city of

these skin tests for infection with M. leprae. Although induration was, in general, not sharply

de®ned, and although the frequency distribution of the diameter of induration appeared to

differ between populations, a clear bimodality of the diameter of induration and an increasing

prevalence of skin test positivity with age suggested that these skin tests were speci®c for

some mycobacterial exposure. A number of workers have concluded that there is need for

improvement of methods of preparative, standardization, sensitivity, and speci®city.15;16

With these challenges in mind, we undertook the preparation of a new generation of skin-

test antigens in the early 1990s, working under the stringent conditions prescribed by the US

Code of Federal Regulations, and supervised by the US Food and Drug Administration

(FDA). When we ®rst applied for an investigational new drug exemption (IND) for new skin

test antigens in 1993, the FDA ruled that we had not fully met their requirements. During the

years 1993±1998, we built a Pilot Plant Facility for production of the antigens, and developed

protocols and standard operating practices for manufacture of the antigens, assessment of

their safety, testing their pharmacological and toxicological properties, qualitative analysis of

their composition, testing their potency both in vivo and in vitro, packaging, and sterility

testing.

These protocols and practices were applied to two new antigen preparations prepared

from armadillo-derived M. leprae.17 The ®rst we named MLSA-LAM, to show its relation-

ship to the Rees soluble antigen. However, much of the large quantities of lipoarabinomannan

(LAM) and lipids present in a low-speed (27,000 g) supernatant from a sonicated preparation

of M. leprae was removed by extraction with detergent. The second product, M. leprae cell

wall antigen (MLCwA), was derived by extraction of the cell walls (the 27,000 g pellet) with

2% sodium dodecylsulphate (SDS), followed by removal of the SDS by column chromato-

graphy. The products were potent when assayed for skin test response in M. leprae-sensitized

guinea pigs: at 48 h, 0.5 mg or more MLSA-LAM induced induration greater than 5 mm in

diameter and 0.1 mg MLCwA produced a similar degree of induration. Much larger doses of

these materials were required to elicit responses in M. tuberculosis-sensitized guinea pigs.

In the majority of patients whose cells responded to M. leprae, both MLSA-LAM and

MLCwA strongly induced proliferation of lymphocytes.18 Application of the IFNg assay to

these products also con®rmed their potency and partial speci®city.19 Twenty-four hour whole

blood assays in Nepal showed that the T cells of both paucibacillary leprosy patients and the

household contacts of leprosy patients produce signi®cantly greater amounts of IFNg in

response to stimulation by MLCA-LAM or MLCwA than do the T cells of others residing in

endemic communities. Stimulated by the same antigens, the T cells of tuberculosis patients

produced smaller quantities of IFNg, suggesting a lesser degree of cross-reactivity with M.

tuberculosis antigens than that demonstrated by Rees' MLSA.

In 1998, the FDA approved a phase I trial of the clinical safety of these fractions among

10 volunteers in Fort Collins, Colorado. The results showed that these fractions are non-toxic,

and do not elicit a skin test reaction among individuals from non-endemic countries who have

not been exposed to M. leprae. A phase II trial under the direction of Drs Ruth Butlin and Paul

Roche, Anandaban Leprosy Hospital, Kathmandu, Nepal, to investigate the appropriate
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dosage, immunological dynamics, sensitivity, and speci®city of the fractions in a country in

which leprosy is highly endemic, planned originally for the year 2000, is to be carried out in

2001.20

The planning and undertaking of clinical trials that involve American investigators or

materials produced in the USA is very demanding, requiring approval by the funding agency,

the FDA, the Of®ce of Human Research Protection, and the local institutional committee that

reviews research on human subjects. A detailed protocol, consent forms in English, in the

native language(s), and back-translations from the native languages, case-report forms,

standard operating practices (SOP) with respect to key functions, and a brochure for

participating investigators all must be prepared. In addition, the products must be marked

in code with a speci®ed label format, and prepared for shipping with temperature monitors. In

fact, the procedures that must be followed in order to obtain approval of a skin test antigen to

be used in man are as stringent as those for a new vaccine. These onerous, time-consuming,

and very demanding tasks are not be regarded as burdens imposed by bureaucrats, but rather

as necessary safeguards for human subjects, which must be pursued with thoroughness and

complete transparency. The burden is particularly great in an area such as leprosy, because

the available resources are insuf®cient to employ professionals who are well versed in these

tasks.

Because these fractions may not fully meet the requirements for speci®city, we are

already preparing second-generation skin test antigens. One approach that has been used to

dissect the cell-mediated immune response to a very complex mixture of proteins is

electroelution of size-fractionated proteins from preparative sodium dodecysulphate-

polyacrylamide electrophoresis (SDS-PAGE) gels. We used this technique to produce size-

fractionated cryptozoic proteins from M. leprae. The individual fractions were probed with

polyclonal and monoclonal antibody reagents by ELISA and Western blot to identify

known proteins, and, through the process of elimination, to identify novel proteins, reinforced

by N-terminal sequencing of two-dimensional gel spots. In addition, immunological

responses (both antibody-mediated and delayed-type hypersensitivity responses) were

assessed in M. leprae-sensitized guinea pigs against both crude subcellular fractions (cytosol,

membrane, and soluble cell wall proteins) and size-fractionated cytosolic proteins. Thus, we

have generated a detailed portrait of the protein pro®le and immunogenicity of the subcellular

fractions, and further characterized additional novel proteins that comprise the subcellular

fractions of M. leprae.

One particularly promising subcellular fraction is the membrane fraction of M. leprae.

This fraction may have been excluded by the ®ltration process from Rees' MLSA; in the case

of MLSA-LAM, membrane proteins were largely extracted by the two-phase detergent step

required to remove LAM. We have already shown that membranes contain many proteins

unique to M. leprae, and that this fraction is much more active in M. leprae-sensitized guinea

pigs than in those sensitized with M. tuberculosis. Clinical trials of the M. leprae membrane

proteins are now being planned.

The new information on protein composition arising from sequencing the genome of

M. leprae, especially with respect to those proteins that are speci®c to M. leprae, offers

great promise for new diagnostic reagents. A vexing problem and challenge is the

recognition that M. leprae recombinant proteins expressed in E. coli do not re¯ect the

immunogenicity of the parent proteins. Procedures must be developed to ensure that the

recombinant products re¯ect the folding patterns and other post-translational modi®cations

of the parent compounds.
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Diagnostic assays for leprosy based on T-cell

epitopes
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Summary To date, only a limited number of antigens have been described as

speci®c for Mycobacterium leprae, and in many cases, homologues have subse-

quently been shown to exist in mycobacteria such as M. avium and M. intracellulare.

A Leprosy Synthetic Peptide Skin Test Initiative was established by the Steering

Committee on the Immunology of Mycobacteria of the UNDP/World Bank/WHO

Special Programme for Research and Training in Tropical Diseases, to investigate the

potential of synthetic peptides that encode T-cell epitopes as diagnostic tools, which

could be used to develop a skin-test reagent speci®c for leprosy. Such M. leprae-

speci®c peptides should have unique amino acid sequences, or signi®cant sequence-

dissimilarity from those in other mycobacteria. Synthetic peptides, 15 amino acids

long, were synthesised from 33 genes or open reading frames within the M. leprae

genome. Tuberculoid leprosy patients from four leprosy-endemic countries, Brazil,

Ethiopia, Nepal and Pakistan, were tested as subjects known to have been infected

with M. leprae, and to make good T-cell responses to antigens of M. leprae; UK blood

donors were used as non-exposed or non-infected subjects. Peptides inducing

potentially speci®c responses in leprosy patients and not in UK controls, and those

Workshop Proceedings S55

Correspondence to: H. M. Dockrell, Immunology Unit, Department of Infectious and Tropical Diseases, London
School of Hygiene and Tropical Medicine, Keppel Street, London WC1E 7HT, UK

** Current address: Department of Bacteriology, ID-Lelystad, Lelystad, The Netherlands



inducing cross-reaction responses, present in both leprosy patients and non-exposed,

non-infected controls, were identi®ed. A difference from the equivalent M. tubercu-

losis sequence of ®ve or more amino acid residues did not, by itself, identify peptides

that were M. leprae-speci®c, suggesting that many of these peptides may have

homologues in environmental mycobacteria. To date, this approach has identi®ed a

number of peptides with greater than 90% speci®city and 19±47% sensitivity, which

are undergoing further speci®city-testing. Such peptides would have great potential

as T-cell reagents with which to monitor exposure to M. leprae within communities,

formulated either as skin-test reagents, or as antigens for tests in vitro.

To be speci®c for Mycobacterium leprae, a peptide epitope must have a unique sequence of

amino acids, not found in other mycobacteria or other infectious agents, or a signi®cant

degree of sequence-dissimilarity from the equivalent sequence in other mycobacteria. The

peptide should be recognized by T cells from subjects known to be infected with M. leprae,

such as patients with tuberculoid leprosy, and should not be recognized by those infected with

other mycobacteria such as M. tuberculosis. M. leprae-speci®c peptides could be used to

con®rm early cases of leprosy, in whom diagnosis is often dif®cult, but would not be useful

for the diagnosis of patients with multibacillary lepromatous disease, as these individuals

mount weak or negligible T-cell responses. The peptide should also be recognised more

strongly by T cells from subjects living in areas highly endemic for leprosy than by T cells

from those living in areas of low prevalence. If such M. leprae-speci®c peptides were

identi®ed, they could be used to monitor the degree of exposure to leprosy within different

communities, to aid leprosy control programmes to target their efforts in areas in which

contact with M. leprae is more common.

Peptides 15 amino acids long were selected, using FINDPATTERNS and Epimer,1 from

the genome of M. leprae, based on the presence of three or more HLA-DR binding-motifs,

and synthesized. Peptides that bind to more than one HLA type would make better diagnostic

reagents, as they would have the ability to be presented by antigen-presenting cells in a larger

proportion of the population.2;3 However, even using such genetically permissive or

`promiscuous' peptides, it is likely to be necessary to use a pool of peptides, to ensure that

all individuals from different ethnic groups, with different HLA types, could respond.

Tuberculoid leprosy patients were used as a group of subjects known to be infected with

M. leprae, and known to make good T-cell responses to M. leprae and its antigens. Healthy

staff members, who had worked closely with leprosy patients over many years without

developing the disease, were also used, as such subjects, who are actually contacts to patients

with leprosy, are known to show very strong T-cell responses. The leprosy patients and

contacts were recruited in four leprosy-endemic countries, Brazil, Ethiopia, Nepal and

Pakistan, in order that peptides capable of inducing T-cell responses in different ethnic

groups might be identi®ed. As non-exposed subjects, blood-bank donors in the UK were used,

as it is extremely unlikely that any of these subjects would have visited a leprosy-endemic

country, or have been exposed to M. leprae.

To date, 81 peptides from 33 genes have been tested for their ability to induce lymphocyte

proliferation and secretion of interferon-g (IFNg) in standard human peripheral blood

monunuclear cell (PBMC) cultures.4 Although most cultures showing good IFNg-production

also gave a proliferative response, secretion of IFNg proved a more sensitive assay for

detecting T-cell responses to peptides than did lymphocyte proliferation. This is likely the

result of accumulation of IFNg over the 6-day assay period, whereas lymphocyte prolifera-

tion is measured only overnight, the cultures being pulsed with tritiated thymidine on day 5.
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Intracellular cytokine staining was performed in peptide-stimulated cultures from UK

subjects to con®rm that the majority of the cells making IFNg were T cells.

Peptides showing greater responses in the M. leprae-infected or exposed groups than in

the UK non-exposed group were identi®ed, but other peptides gave equivalent responses in

both groups.4 Analysis of the peptide sequences indicated that many of the peptides inducing

good T-cell responses in the non-exposed UK donors had similar sequences in M. leprae and

M. tuberculosis. Comparison of the 15 peptides tested to date which differed by ®ve or more

amino acid residues from those in the equivalent M. tuberculosis sequence showed that eight

peptides had a speci®city of 90% or greater, as de®ned by the IFNg-test in the UK non-

exposed group.4 The sensitivities to these peptides varied, usually being greater among

leprosy-contacts than among tuberculoid leprosy patients. No peptide induced positive

responses in all of the M. leprae-infected or exposed subjects, so that a number of peptides

would need to be pooled to provide a reagent capable of inducing T-cell reactivity in the

majority of subjects of any ethnic group. It was interesting that a difference of ®ve or more

amino acids residues from those in M. tuberculosis did not by itself predict M. leprae

speci®city; although the position of such amino acid changes relative to the T-cell contact

residues will be critically important, it is also possible that there may be homologous epitopes

within other mycobacteria such as M. avium, for which the full genome sequence is not yet

known. Many of the peptides that induced the strongest T-cell responses in both M. leprae-

infected and exposed subjects as well as the UK controls had very similar or identical

sequences in M. leprae and M. tuberculosis; this suggests that T cells may have been strongly

primed or boosted to such epitopes by vaccination with M. bovis BCG, or by contact with the

equivalent conserved epitopes within environmental mycobacteria.

One ®nding of interest was the detection of strong T-cell responses to peptides from open

reading frames or genes of M. leprae not previously known to be T-cell antigens. This

suggests that the repertoire of T-cell antigens recognized during M. leprae infection may be

much broader than had previously been thought. Many of these genes are predicted to encode

enzymes involved in housekeeping or general metabolic functions, genes the structure of

which might be relatively conserved. Ongoing testing of the lead peptides identi®ed to date

will include their testing with PBMC from patients with pulmonary tuberculosis; ideally,

testing with PBMC from patients infected with other mycobacteria such as M. avium should

also be performed. The peptides must also be tested with PBMC from control subjects in the

various leprosy-endemic countries.

The M. leprae genome is now thought to contain as many as 100 genes not present in

M. tuberculosis, which might therefore be M. leprae-speci®c genes.5 Peptides from these

sequences should therefore be tested as a high priority. The current approach, using the

presence of multiple HLA-DR binding motifs, has proved to be capable of predicting peptides

that induce T-cell responses in infected subjects. It may therefore be an ef®cient strategy to

select for testing peptides containing HLA-DR binding motifs within M. leprae-speci®c

genes. Another approach would be to make overlapping peptides that span the full sequences

of these genes, or at least of selected genes. This approach may identify additional T-cell

epitopes, which, however, might lack the ability to be recognized by T cells from subjects

belonging to different ethnic groups.6 A third strategy would be to express the M. leprae-

speci®c genes as recombinant antigens, and to map T-cell peptide epitopes only within those

antigens that give the strongest and most speci®c responses.

In summary, the work performed to date by this strategic Task Force has shown that a

multicentre, co-ordinated approach using peptides predicted to contain three or more HLA-
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DR binding-motifs can identify T-cell epitopes which are recognized by signi®cant propor-

tions of M. leprae-infected or exposed subjects. Further speci®city testing of these peptides is

now required, using samples of blood from patients infected with M. tuberculosis. A similar

approach could be used to identify CD4 T-cell epitopes within genes present in M. leprae but

absent from M. tuberculosis, which might have greater speci®city. Such T-cell reagents could

be used as research tools, to develop assays for early diagnosis, or to monitor exposure to

M. leprae within leprosy-endemic countries.
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DISCUSSION

Professor Modlin: If I remember correctly, in our studies of the 10 kDa antigen, we found that

only two differences in the amino acid sequence of certain peptides determined speci®city for

M. leprae or M. tuberculosis. It might be that some peptides with fewer than ®ve mismatches

would be useful, if the mismatches occur in the area of the T-cell-receptor contact site.

Dr Dockrell: I agree. Only a single amino acid mismatch in a critical position might be

enough to change the speci®city of a peptide. The IMMYC-sponsored programme has an

inventory of 110 peptides that have not yet been tested, and I have just spent some time in

Stewart Cole's laboratory, seeking means of predicting activity and speci®city.

Professor Britton: Do the peptides that you've tested include a range of HLA haplotypes?

And have there been differences of reactivity to the peptides in different populations? We

found a number of peptides to which Australians reacted but Nepalese did not. One of the

strengths of your approach is that you are testing the peptides on two different continents

among a variety of population groups; this is the correct approach.

Dr Dockrell: Some of the peptides elicited a strong response in Brazil and not in Pakistan,

or in Pakistan but not in Ethiopia. This approach presupposes the use of a pool of peptides

with varying HLA speci®city. Unfortunately, we have been unable to HLA-type donors in the
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leprosy-endemic areas. We did type the donors in the UK; however, the results were not very

useful. Many with the corresponding HLA type responded, but not all, and some with another

HLA type responded.

Dr Klatser: Can you explain the fact that some of the peptides elicit stronger reactions

among contacts than among leprosy patients?

Dr Dockrell: Most of the contacts were staff employed in leprosy treatment centres for

many years who have not become ill. Such individuals have been noted by many workers to

have very strong T-cell responses.

Dr Kaplan: You don't know which sub-set of lymphocytes responds. NK cells produce a

great deal of IFNg, which will remain in the supernatants for 6 days. The early NK-cell

response from the normal donors would be detected in your system, and be indistinguishable

from an antigen-speci®c response.

Dr Dockrell: In the UK, we have examined the T-cell pro®le with intracellular cytokine

staining. The responding cells appear to be CD4. I believe that strong responses represent

T-cell responses; I agree, however, that, in the case of weaker responses, we may be

measuring a contribution by NK cells. Because not all donors respond, one must attribute the

response to T-cells or invoke antigen-speci®city on the part of NK cells.

Dr Kaplan: The cultures accumulate IFNg for the 6 days of the incubation, during which

the IFNg does not decay. Intracellular cytokine staining shows the cellular pro®le at the

moment. Depending upon the time at which you carry out the staining, you could measure

IFNg produced by cells that are no longer present in the culture.

Professor Modlin: Dr Kaplan, do you suggest that the peptides stimulate the NK cells to

produce IFNg?

Dr Kaplan: NK-cells are stimulated to produce IFNg by cytokines IL-2, IL-12, IFNg and

TNF that are produced by bystanding T-cells and monocytes. Analysis by FACS has shown

that, at certain intervals, as many as 50% of the IFNg-producing cells are CD3-minus.

Professor Modlin: In the ®nal analysis, then, it is antigen-speci®c T-cells that trigger a

non-speci®c NK-cell response.

Dr Kaplan: Production of IL-12 by monocytes is not antigen-speci®c. My point is that one

must seek an explanation for the observation that individuals whom we suppose not to be

sensitized respond strongly. I contend that we simply don't know which cell is responding.

Dr Dockrell: In the situation of UK blood donors who respond strongly to some of the

peptides, we are not certain that the peptides are speci®c to M. leprae.
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Whole blood assays for interferon-g: practicalities

and potential for use as diagnostic tests in the ®eld

H. M. DOCKRELL*, G. F. BLACK**, R. E. WEIR* &
P. E. M. FINE*
*Department of Infectious and Tropical Diseases, London School of
Hygiene & Tropical Medicine, London, UK and **Karonga

Prevention Study, Chilumba, Malawi

Summary Recent years have seen the introduction of a number of whole-blood

assays, in which unseparated heparinized blood is stimulated with antigen either

overnight or for as long as 6 days, and cytokine production is measured in the plasma

or supernatant. These assays have potential for use in the ®eld as immunodiagnostic

assays, as they require only a small blood sample and basic laboratory facilities. Use

of these assays in a large study of the immunological effects of BCG vaccination in

Malawi has shown that the diluted blood, 6-day whole-blood assay is robust, and can

be used to assess T-cell responses to both crude and recombinant antigens. If used

with antigens speci®c to Mycobacterium leprae, these assays could be used to

measure exposure to M. leprae within communities or populations, or to aid the

early diagnosis of leprosy.

Whole blood assays, in which heparinized whole blood, rather than gradient-separated,

peripheral blood mononuclear cells (PBMC), is used to study cell function, can be employed

to measure both lymphocyte proliferation and cytokine production. As the blood is simply

diluted and placed in culture with the appropriate stimulus, the assays are far simpler and

quicker to set up than conventional assays using PBMC, and can be performed in laboratories

with only basic facilities. This means that they can be used in a community, to study the

immune response to exposure to Mycobacterium leprae.

Whole-blood assays are being used increasingly for research or diagnosis.1 In these

assays, undiluted blood can be incubated with antigen overnight,2;3 or blood, diluted 1:10 or

1:5, can be incubated for 5±6 days.4ÿ6 We have been using heparinized blood diluted 1:10,

which is incubated with antigens or mitogens at 378C in an atmosphere of 5% CO2;

supernatants are collected after 5±6 days to measure T-cell-derived cytokines. Our initial

studies in Nepal showed that the IFN-g response to fractionated leprosy antigens correlated

with position in the leprosy spectrum.7

We are now employing this method in a large, ®eld-based study of the immune response

to BCG vaccination in Malawi, where BCG has previously been shown to provide some

protection against leprosy, but not against pulmonary tuberculosis;8 a parallel study is being

performed in the United Kingdom. In Malawi, testing of skin-test sensitivity and cytokine

production to mycobacterial antigens was performed in 635 individuals, who were then

randomly allocated, so that two-thirds received BCG vaccination and one-third placebo. The

results of pre-vaccination testing of the IFN-g responses are now available, permitting us to
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evaluate the practicalities of using such whole-blood assays on a broad scale, and to

determine whether they are suf®ciently robust for ®eld use.

One problem with performing such assays over time, and under ®eld conditions, in which

the ambient temperature in the laboratory may vary considerably during the year, is to control

for the performance and reproducibility of the cytokine ELISAs. We have used aliquots of a

positive control supernatant, obtained by incubating bulk cultures of heparinized whole blood

diluted 1:10 with phytohaemagglutinin, a mitogen, for 3 days, as a biological control that is

included on each plate; this has produced a coef®cient of variation of 18%. Such supernatants

can also be exchanged between laboratories, to ensure comparability of the quantities of

cytokine measured. Comparison of the standard curves run on each ELISA plate also reveals

changes in sensitivity of the assay. The reproducibility of whole-blood cytokine responses

over time within the same individual is also an issue. In a study in the UK and Nepal, the

responses of individual controls and patients tested monthly over 6 months proved

consistent.9

Responses to a panel of puri®ed protein derivatives (PPDs) from a range of mycobacterial

species have been used in the Malawi study to assess exposure to pathogenic and environ-

mental mycobacteria. Using the antigens at a concentration of 5 mg per ml, and a cut-off of

62 pg per ml of IFN-g to de®ne a responder, responders and non-responders were detected to

all of the antigens used. Overall, frequency distributions indicated that, in Malawi, exposure

to some of the environmental mycobacteria such as M. avium may be greater than that to

M. tuberculosis (Black, Fine and Dockrell, unpublished results).

It was also important to assess whether assays performed on diluted whole blood are

suf®ciently sensitive to allow detection of the responses to individual recombinant antigens,

particularly as cultures of blood diluted 1:10 contain only approximately one-quarter of the

mononuclear cells used in standard PBMC assays. A panel of recombinant antigens from M.

tuberculosis, M. leprae, and M. bovis has been used. Results indicate that, although the

proportion of responders to individual antigens, and the median IFN-g produced are lower

than those obtained with crude PPD preparations, the assays are suf®ciently sensitive to

detect responses to the recombinant antigens, and to reveal varying responses to those derived

from the different mycobacteria (Black, Fine and Dockrell, unpublished results).

Another question of interest is whether the results of such IFN-g assays parallel the results

obtained by skin testing; if so, these assays could be used to screen leprosy antigens or

fractions for those of diagnostic potential, prior to their formulation as skin-test reagents.

Alternatively, whole-blood assays could be used instead of a skin test; although a small blood

sample is required, a repeat visit to read the skin test is not required. Whole blood tests have

been proposed as an alternative to skin testing for the diagnosis of tuberculosis.2;3 When the

IFN-g response induced in vitro by PPD (RT48, Statens Serum Institut, Copenhagen) was

compared to the induration measured 48±72 h after skin testing with 2 TU of PPD RT23, a

very high correlation was obtained between the median IFN-g-response and induration,10

suggesting that these responses are correlated in the majority of individuals, although there

are exceptionsÐindividuals who respond in one test or the other, but not in both.

In conclusion, whole blood assays, using heparinized blood diluted 1:10, and stimulated

with antigen for 6 days, allow measurement of cytokines such as IFN-g in large-scale ®eld

studies. The ELISA method for detection of cytokine is robust, and the inclusion of control

supernatants allows assay variability to be monitored. The responses in healthy individuals

appear stable over time. These assays allow responses to both crude antigens such as

PPDs and individual recombinant antigens to be evaluated. The 6-day IFN-g response to
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M. tuberculosis PPD shows a strong association with induration measured by skin testing to

the same antigen. If used with M. leprae-speci®c antigens, such whole blood tests have

potential as ®eld tools with which to monitor exposure to M. leprae within communities, or as

a diagnostic test to aid the early diagnosis of leprosy.

Acknowledgements

Development of the whole-blood method was funded by a PhD grant to Dr R. Weir from the

Hospitals and Homes of St Giles, UK. The BCG vaccination study in Malawi is funded by the

Wellcome Trust, and the parallel study in the UK by LEPRA. We thank Lifted Sichali and

Lorren Mwangulu for collecting the blood samples, and Steven Chaguluka for technical

support. We also thank the people of Karonga District for their co-operation.

References

1 Dockrell HM, Weir RE. Whole blood cytokine assaysÐa new generation of diagnostic tests for tuberculosis? Int J
Tuberc Lung Dis, 1998; 2: 441±442.

2 Desem N, Jones SL. Development of a human gamma interferon enzyme immunoassay and comparison with
tuberculin skin testing for detection of Mycobacterium tuberculosis infection. Clin Diagn Lab Immunol, 1998; 5:
531±536.

3 Streeton JA, Desem N, Jones SL. Sensitivity and speci®city of a gamma interferon blood test for tuberculosis
infection. Int J Tuberc Lung Dis, 1998; 2: 443±450.

4 Frankenburg S. A simpli®ed microtechnique for measuring human lymphocyte proliferation after stimulation with
mitogen and speci®c antigen. J Immunol Meth, 1988, 112: 177±182.

5 Weir RE, Morgan AR, Britton WJ et al. Development of a whole blood assay to measure T cell responses to
leprosy: a new tool for immuno-epidemiological ®eld studies of leprosy immunity. J Immunol Meth, 1994; 176:
93±101.

6 Elliott AM, Hurst TJ, Belyeku MN et al. The immune response to Mycobacterium tuberculosis in HIV-infected
and uninfected adults in Uganda: application of a whole blood assay in an epidemiological study. Int J Tuberc
Lung Dis, 1999; 3: 239±247.

7 Weir RE, Brennan PJ, Butlin CR, Dockrell HM. Use of a whole blood assay to evaluate in vitro T cell responses to
new leprosy skin test antigens in leprosy patients and healthy subjects. Clin Exp Immunol, 1999; 116: 263±269.

8 Karonga Prevention Trial Group. Randomised controlled trial of single BCG, repeated BCG, or combined BCG
and killed Mycobacterium leprae vaccine for prevention of leprosy and tuberculosis in Malawi. Lancet, 1996; 348:
17±24.

9 Weir RE, Butlin CR, Neupane KD et al. Use of a whole blood assay to monitor the immune response to
mycobacterial antigens in leprosy patients: a predictor for type 1 reaction onset? Lepr Rev, 1998; 69: 279±293.

10 Black GF, Fine PEM, Warndorff DK et al. Patterns of IFN-g and skin test responsiveness to Mycobacterium
tuberculosis PPD in healthy, non-BCG-vaccinated young adults in northern Malawi. Submitted for publication,
2000.

Workshop ProceedingsS62



Experience and lessons from the use of lepromin

and Mycobacterium leprae-speci®c serology

U. SENGUPTA
Central JALMA Institute for Leprosy, Tajganj, Agra, India

Summary Skin testing with lepromin, which produces a delayed-type hypersensi-

tivity reaction, has been used in the classi®cation of leprosy, and a good correlation

has been found between immunological status and the reaction to lepromin. In

addition, the prognostic value of the lepromin test has been demonstrated. More

recently, skin testing with two soluble antigens of Mycobacterium leprae showed no

difference of the mean size of the reaction between household contacts and non-

contacts, indicating that these antigens are not useful for the diagnosis of leprosy.

This and other evidence points to the need for a better skin test antigen capable of

detecting infection of individuals by M. leprae. Whereas serological assays for

antibodies against both PGL-1 and the 35 kDa antigen of M. leprae have been found

to yield positive results in 90±100% of patients with lepromatous (BL/LL) leprosy,

these assays fail to identify 40±60% of patients with tuberculoid (BT/TT) leprosy,

because of the presence of only an insigni®cant level of antibody against components

of M. leprae in these patients' serum, although, in many BT patients, antibody signal

could be detected in the local lesions. These data indicate that there remains a need for

a speci®c diagnostic test for leprosy.

Introduction

Skin tests and serological tests speci®c for Mycobacterium leprae, which could serve as tools

for detecting infection by the organism in a population at risk of developing leprosy, represent

basic needs for epidemiological study. This critical review assesses whether the tests that

have been developed in the past satisfy these needs.

Lepromin

The lepromin test, developed in 1916 by Mitsuda,1 was later rede®ned and ultimately

standardized by Hanks and coworkers,2 who recommended a concentration of M. leprae of

1.6 ´ 108 organisms per ml. Mitsuda lepromin has been used to elicit a nodular skin reaction

(the `late reaction') 3±4 weeks after intradermal inoculation of 0.1 ml of the material. Later,

Mitsuda lepromin was also recommended for use in a concentration of 4 ´ 107 M. leprae per

ml.3

In 1942, Dharmendra4 prepared a defatted preparation of M. leprae obtained by extraction

of a leproma rich in M. leprae with chloroform and ether. This preparation was initially

standardized by suspending 1 mg of the dried extract in 10 mg 0.5% carbol saline. Intradermal
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inoculation of 0.1 ml of this material elicited only the `early reaction' (24±48 h). Because

various standardized batches showed variability in evoking a skin reaction, the antigen was

further standardized to contain 107 bacilli per ml of the preparation.5 This antigen was

capable of inducing not only the early reaction but also the late reaction.

After M. leprae became available from the armadillo, soluble antigens were prepared by

extracting puri®ed M. leprae obtained either by sonication of irradiation-killed organisms,

followed by centrifugation to remove cell walls and standardization at a concentration of

1.0 mg protein per 0.1 ml (the Rees antigen5), or by disruption of irradiation-killed M. leprae

in a French press, followed by ®ltration to remove cell walls, autoclaving and adjustment to a

concentration of 0.5 mg protein per ml (the Convit antigen6). Both Rees and Convit antigens

elicit an early reaction.

All of these skin test antigens have been used extensively in both endemic and non-

endemic populations. Generally, an area of induration at least 10 mm in diameter has been

taken as an early reaction, and a nodular reaction greater than 4 mm in diameter has been

taken as positive for the late reaction. However, Gupte and coworkers7 considered only a skin

reaction of at least 12 mm as a positive early reaction. The cut-off point used by different

workers has varied extensively, ranging from 2 mm7 to more than 10 mm.9 These differences

in cut-off point may have been arbitrary, or they may have resulted from differences in

preparation of the antigens, or differences in the populations with respect to sensitization by

environmental mycobacteria.10

The prognostic value of the late lepromin reaction among healthy individuals in an

endemic population was demonstrated by Dharmendra and Chatterjee,11 who showed that the

risk of leprosy was greater among lepromin-negative individuals. Among these lepromin-

negative individuals, lepromatous leprosy was more commonly observed in persistently

negative individuals.

The lepromin test has been used to determine the immune status of the individual, and for

monitoring changes of the patients' immune status during treatment. It has been universally

observed that, along the leprosy spectrum, the lepromin test remains negative in lepromatous

patients, whereas a positive reaction is found in the majority of tuberculoid patients.6;12

However, the use of lepromin to determine the proportion of a large population sensitized

to M. leprae was investigated only recently, when lepromin was employed in vaccine trials.

PoÈnnighaus and Fine10 and Gupte et al.,7 noted that the size of skin reaction was biomodally

distributed in the population, similar to the distribution of the skin reaction to tuberculin.

There was no difference of the size of reaction between the patients, their contacts and the

healthy population in the same ®eld area, indicating that, as a skin test antigen, lepromin fails

to discriminate between healthy individuals and patients. Further, variability was noted in the

size of skin reactions to different batches of the same type of lepromin.13

These data strongly indicate that presently available lepromin preparations are not

capable of identifying those healthy persons who are infected with M. leprae in a population

in which leprosy is endemic. A better antigen is required for identifying the M. leprae-

infected in a healthy population, particularly in a situation in which other cross-reactive

mycobacterial antigens might be important in cross-sensitization of the healthy population.

Speci®c serology

Several serological assays thought to detect antibodies speci®c to M. leprae have been
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developed. However, only two, one detecting anti-PGL-1 antibodies, and one detecting

antibodies to the 35 kDa epitope, have been felt to be suf®ciently speci®c and reproducible

to be used extensively. These assays have been found capable of diagnosing 90±100% of

active cases of advanced leprosy, but have failed to identify 40±60% of early active cases

of leprosy.14 In fact, it was noted that the sera of the majority of TT/BT patients did not

even contain signi®cant levels of antibody against whole M. leprae (unpublished

observation).

We noted that suspensions of skin scrapings from BT/TT lesions were positive for

M. leprae 35 kDa antibody.15 To study the local immune response, we developed15;16 an

organotypic culture of skin, and studied the secretions of cultures of TT/BT skin lesions. We

found that the kinetics of the antibody response to M. leprae could be easily studied in the

lesions; also, many of the TT/BT lesions were found to be positive for antibody. However,

skin scrapings obtained from patients with vitiligo were also found to be positive for the

35 kDa antibody, indicating cross-reactivity.

Conclusion

It is clear that a test to detect the M. leprae-infected in the community does not yet exist.

Therefore, development should be undertaken of a speci®c test, either a skin test or a

serological test, for leprosy that can discriminate between infection by M. leprae and a

reaction to environmental mycobacteria.
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Use of a Mycobacterium leprae dipstick to classify

patients with leprosy

P. R. KLATSER
Department of Biomedical Research, Royal Tropical Institute,
Amsterdam, The Netherlands

Achievement of the goal of the World Health Organization (WHO) to eliminate leprosy as a

public health problem by the year 2000, to be reached when the global prevalence falls below

1 per 10,000, has recently been deferred to the year 2005. In itself, this postponement already

signi®es the dif®culty of controlling and, especially, of eliminating leprosy. Even when this

goal is reached, elimination does not signify the end of the problem. Because of the present

numbers of unevenly distributed leprosy cases and an incubation time of several years, many

more leprosy patients can be expected to emerge in leprosy-endemic countries after the year

2005.

The current strategy of multidrug therapy (MDT) is based on passive case detection and

treatment. However, the effectiveness of this approach to the control of leprosy has been

questioned. Indeed, it can be at best only partially effective. Because of logistic limitations,

active-case detection, if it is performed at all, is limited mainly to the population of household

contacts, whereas, in leprosy-endemic areas, the majority of new leprosy patients are not

household contacts of known patients. Treatment of patients can be administered only after

diagnosis, but patients, especially whose with multibacillary (MB) disease, who shed

Mycobacterium leprae from the nose until diagnosis and treatment, are important sources

of transmission of the organism, which cannot be effectively controlled.

In addition, under the pressure to achieve the elimination goal, a number of measures

were taken that were aimed at accelerating reduction of the registered prevalence. However,

the rationale for these actions is not always clear. Treatment schedules for MB patients have

been reduced to 1 year, without the necessary evidence of ef®cacy, and even shorter durations

of therapy are being considered. Classi®cation criteria are no longer based on bacteriological

®ndings, but only on clinical ®ndings. Combined with a loss of expertise that may be

expected when leprosy control activities are incorporated into the general health services,

these measures may have an effect opposite to that for which they were intended.

It is clear from epidemiological investigations that a number of organism-, host- and

environment-related factors may be incriminated in the dynamic process of the development

of leprosy, the disease, but many features of the epidemiology of leprosy remain to be

elucidated. This is a prerequisite for success in controlling the disease.

Especially in this period of uncertainty, during which it is unclear in which direction

trends of incidence are moving, continued recording of the descriptive aspects of the

epidemiology of leprosy is much needed. Considering that diagnostic criteria are being

loosened and treatment schedules shortened, the use of modern molecular and immunological

tools could be valuable aids to efforts to control leprosy.

The diagnosis of leprosy is based on clinical, bacteriological and histopathological
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®ndings. However, facilities for bacteriological examination of slit-skin smears and histo-

pathological examination of skin or nerve biopsy specimens are often not available, and, if

they are available, the results of the examinations may be erroneous or biased; concentrations

of M. leprae are underestimated, or the organisms are not detected at all, with the outcome

that patients are misclassi®ed or missed entirely. Discrepancies in histopathological diagnosis

of skin biopsy specimens, even when performed by experienced pathologists, have been

reported, illustrating the dif®culty of diagnosing the disease correctly.

Early diagnosis and effective treatment are very important in preventing deformities and

transmission of the organism. In an attempt to overcome the problem of the absence of

adequate diagnostic facilities, the WHO has adopted a simpli®ed method of classi®cation,

which is based upon counting the number of lesions. Patients with fewer than six lesions

receive PB MDT, and patients with six or more lesions are considered to be MB patients.

However, more accurate, yet easily applied methods of diagnosis are available.

Several studies have shown that the presence of antibodies to the M. leprae-speci®c

phenolic glycolipid-I (PGL-I) correlates with the bacterial load of a leprosy patient. The great

majority of patients with paucibacillary (PB) leprosy are seronegative. Studies of changes of

serum antibody levels during treatment have further demonstrated the correlation of serum

anti-PGL-I antibodies with the bacterial load; during treatment, antibody levels decrease in

parallel with the declining bacterial indices. The observation that increases of the levels of

anti-PGL-I antibodies in patients have been associated with the onset of relapse also indicates

a relation between levels of anti-PGL-I antibodies and the presence of M. leprae. Detection of

these antibodies may thus be a useful tool for con®rming the diagnosis of MB disease.

Recently, a dipstick suitable for use in the ®eld that detects IgM anti-PGL-I antibodies

(the ML dipstick) has been developed. Studies demonstrate 97.2% agreement between the

dipstick assay and ELISA. In contrast to ELISA, the dipstick is a simple and rapid test, which

is not dependent on equipment, and which employs highly stable reagents that do not require

refrigeration.

A study in Brazil among 264 leprosy patients, 130 of whom had positive skin smears,

found that classi®cation of leprosy based only on the number of lesions demonstrated only

85% sensitivity and 81 speci®city in detecting MB cases among the studied population,

employing the BI as the standard. The sensitivity would have been increased had the patients

been classi®ed according to the number of lesions and the result of the dipstick assay (patients

would be classi®ed MB if they are dipstick-positive, have more than six lesions, or both;

patients who are dipstick-negative and demonstrate fewer than six lesions would be classi®ed

PB). The combined method of ML dipstick and number of lesions demonstrated 94%

sensitivity and 77% speci®city. The classi®cation based on the number of lesions alone

classi®ed 19 patients with BI >0 PB, whereas the combined method of ML dipstick

and number of lesions classi®ed only eight BI-positive cases (®ve BB, two BL and one

TT) PB.

In another study, we found that, of 71 dipstick-negative PB patients, 25 (32.2%) were

clinically cured at the end of treatment, compared to only two (9.5%) of the 21 dipstick-

positive PB patients. Nine (5.3%) of 170 patients in the study population relapsed within the

5-year follow-up period; seven were MB patients, all of whom were dipstick-positive. Two

PB patients relapsed, one dipstick-negative and one dipstick-positive.

In conclusion, introduction of the ML-dipstick as a tool in addition to clinical classi®ca-

tion by the number of lesions can improve classi®cation of leprosy patients for the purpose of

treatment.
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DISCUSSION

Professor Britton: The next step might be an intervention study, in which one would

attempt to show that treatment of seropositive household contacts will prevent clinical

expression of leprosy. Has such a study been carried out? And if it was, what

treatment-regimen was employed?

Dr Klatser: Douglas showed in a study in Culion that treatment of seropositive contacts

for 6 months reduces antibody levels. Additional studies are in progress, in which

seropositive contacts are treated.

Professor Britton: It appears clear that MB leprosy is associated with high antibody

levels. Does this mean that contacts with high antibody levels should be treated as MB

leprosy?

Dr Klatser: That is a good question. I am uneasy about single-dose treatment of such

individuals. I am not concerned about the individual who is incubating PB disease. But what

about the individual who is incubating MB disease? He carries an enormous burden of M.

leprae, and if he is infectious on the day of diagnosis, he probably was also infectious on the

day before diagnosis, and probably also weeks or months earlier.

Dr Noordeen: With regard to the individual who is incubating MB disease, and who has

no clinical features of leprosy, might he not have positive skin smears?

Dr Klatser: We have tried in a number of places to obtain skin smears, but it is not easy to

obtain skin smears from healthy people, even though one may relatively easily obtain blood.

Dr Gupte: You stated that the speci®city of the dipstick test in the diagnosis of MB

leprosy was about 90%. The majority of patients in most endemic areas are PB, and the

numbers of MB patients are small, no greater than 10±30% of the total. If you base your

treatment on the serology, you will treat many PB patients as if they were MB.

Dr Klatser: It is not necessary to test serologically every PB patient, if the clinical

diagnosis of PB is clear. However, in case of doubt, it would be useful to have an additional

tool.

Professor Grosset: Even if the speci®city of the serological test were 100%, the important

question is to whom it should be applied. It's not a problem to apply the test to the leprosy

patients. However, if the test is to be applied to healthy individuals, many false positives will

result, if the speci®city of the test is only 90%. A speci®city of 90% implies that 10 of every

100 individuals tested will be false positives. Think what this means, if you are using the test

to diagnose pre-clinical MB leprosy.

Professor Nath: I believe that the test should be used as serological tests are used in the

diagnosis of other infectious diseases; one looks for rising antibody titres.

Dr Kaplan: I think you have made an interesting observation that supports your approach.

When seropositive individuals were treated, antibody titres fell. Although it is arguable

whether these individuals are shedding organisms and infecting contacts, the fact that they

respond to chemotherapy by a reduction of antibody titre and, therefore, of antigenic load

suggests that they are indeed infected, but that we are unable to detect the infection.

Dr van Brakel: The answer to the question of what degree of speci®city is required is

closely related to the consequences of a positive test. If you think of HIV infection, one

demands a very high degree of speci®city, because of the dramatic consequences of the

diagnosis of AIDS. The consequences of a diagnosis of leprosy, or of predicting an increased

risk of leprosy are much less dramatic.

Professor Ji: What is the primary purpose of developing an immunological test such as
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yours? Is it to detect infection or disease in the individual, or is it to assess the epidemiologic

status of the community?

Professor Brennan: This discussion goes directly to the heart of what we hoped to

accomplish in this WorkshopÐto assess the current status of the available tools, and how

closely they conform to our needs. I believe Dr Klatser has taken the serological test to

enormous lengths, at least technically, in terms of its simplicity and applicability. Perhaps we

should suspend the discussion on Professor Ji's question until we have considered some of the

other tools that are available.

Dr Sengupta: Many studies have been carried out of the numbers of M. leprae in the nasal

secretions of leprosy patients. Have you tried to determine the numbers of organisms in the

nasal secretions of those in whose nasal swabs you detect M. leprae DNA?

Professor Ji: I believe that, if you ®nd an organism in the nasal secretions of an individual,

that individual is not someone who is subclinically infected; he is a patient, actually an MB

patient.

Professor Britton: He may be an `epidemiological patient', but if he has no clinical

manifestations, is the presence of an organism in the nose suf®cient to label the individual a

patient with leprosy?

Professor Grosset: How can you identify the individual in whose nose you should look for

M. leprae? You cannot perform nasal swabs on an entire population, just as you cannot

examine an entire population serologically. There must be clinical indications to justify the

test, at least a history of contact. It makes no sense to consider that there are many sources of

infection in a population who have no clinical evidence of leprosy. Of course, there are

patients who are unknownÐso-called backlog cases. In tuberculosis, the duration between

onset of symptoms and diagnosis is on average 3 months, during which time the patient

excrete M. tuberculosis in his sputum and infects his contacts. Why should the situation in

leprosy be different? Every clinician here knows that MB leprosy is not so easy to diagnose at

an early stage. This dif®culty of diagnosis allows patients plenty of time to spread their

organisms. There is no need to speculate that there are many asymptomatic, healthy nasal

carriers.

Dr Sow: In my experience, it is often more dif®cult on clinical grounds to diagnose MB

than to diagnose PB leprosy. If there are M. leprae in the nose, there should be some clinical

signs, at least enlarged nerves or dif®cult-to-detect skin macules.

Dr Noordeen: I think this discussion is interesting, in terms of how to progress in

eliminating leprosy. New-case detection rates have not fallen; is this because of operational

factors, or because cases are being missed? The dif®culty with a serological test is knowing

whom to test. We could focus on contacts, but we know that contacts contribute only a

minority of the new patients. Therefore, we don't know whom to subject to our nasal swabs,

serological tests, or skin smears. Yet, screening the entire population is impossible.

Professor Brennan: Dr Noordeen, your comment is a good one, which you have made in

the past. In the past, only serological testing was available. Time has passed, and research is

being done. Where should our priorities lie now?

Dr Kaplan: I'd like to address the point that, because contacts of patients contribute only a

minority of new cases, it is not useful to target them as a high-risk group. I believe that

contacts represent an ideal group in which to test an immunological assay that might be

capable of detecting those at high risk of leprosy. Why not test the assay among contacts, and

then apply it to screening the entire population?

Dr Klatser: Earlier, I presented data showing that contacts represent a large fraction of
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new patients. Certainly, leprosy is an infectious disease, and the causative organism must be

transmitted from patient to contact, unless there is some environmental source.

Professor Ji: No one denies that leprosy is an infectious disease. Of course, every new

patient must have had some kind of contact with an infectious patient. However, not every

new patient can identify the source of his infection.

Dr Gupte: We have conducted serological studies. In our population, the rate of

seropositivity is very low. I must also point out that lepromatous leprosy de novo is very

rare; most cases of lepromatous leprosy evolve by downgrading. Thus, at least in our

population, the individual who is incubating MB leprosy, and who is shedding organisms

although he is apparently healthy, is rare.

Dr Gillis: The issue here is how to apply the available tests. Serological tests cannot be

applied to entire populations.

Dr Kaplan: Why not? Once the test has been shown effective among contacts, why not

apply it to entire populations?

Dr Klatser: It would not detect the majority of PB patients.

Dr Kaplan: Then let's add another test that does.

Professor Ji: Missing PB patients would not present a problem, because these are not the

infectious patients. Moreover, the clinical diagnosis of PB leprosy is relatively easy.

Dr Sow: How does the serological test perform in predicting relapse?

Dr Klatser: Usually, antibody titres fall during treatment. When titres do not fall, or

actually increase, you should consider the possibility of relapse. These serological phenom-

ena precede clinical evidence of relapse.

Dr van Brakel: How simple is the assay?

Dr Klatser: No laboratory facility is required. Similar tests have been developed for

leptospirosis, leishmaniasis and other diseases. One only needs to do a ®nger-prick to obtain a

drop of blood. The test is then interpreted on the spot.

Professor Brennan: The antigen employed in this test is synthesised in my laboratory

under the terms of a contract with the NIH. We supply the antigen to Dr Klatser, who coats his

dipsticks with it.

Dr Gillis: If I remember correctly, some of Douglas' seropositives did not express clinical

leprosy, whereas some of his seronegatives did. This appears to yield the true measure of

sensitivity and speci®city.

Dr Klatser: You are correct. However, it is important to point out that the great majority

of seronegatives who developed leprosy were PB. Also, we now see that seropositives who

did not develop leprosy early did so later.

Professor Smith: I sometimes feel that we are in too much of a hurry. We now appear to

have some interesting tools; perhaps the next step is to put them into population studies. Such

studies will not only teach us much about these tests, but also about the epidemiology of

leprosy. We appear to have exposed a great deal of ignorance, particularly about transmis-

sion. We should know a great deal more than we do about transmission if we hope to develop

strategies to interrupt it. Rather than attempting to decide now whether or not to employ

certain tests on a routine basis, we should employ them in prospective studies, and in this way

learn more about the tests and also about the disease.

Dr Kaplan: To return to cell-mediated immunity, in the context of the skin testing you are

doing with Dr Roche in Nepal, and of some of Dr Dockrell's work, I wish to point out that

there are available today a number of assays that require only small volumes of blood that

give us different views of CMI, including antigen-speci®c CMI. And to the extent that it is
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possible, I wish to emphasise the importance of using more than one assay. We should build

onto existing studies of CML vaccine trials and diagnosis to exploit `high-tech' assays in

relatively `low-tech' environments.

Dr Ottenhoff: I wish to ask Dr Kaplan of what assays she was thinking when she was

speaking of assays that required only small volumes of blood.

Dr Kaplan: The whole-blood assay can be carried out at the level of FACS analysis. If you

obtain whole blood, stimulate it and then freeze the sample, you can later carry out a FACS-

based analysis of phenotype, cytokine content, and other parameters, including thymidine

incorporation, if you incubate the cells with BUdR before ®xing them.

Another new assay is a FACS-based ELISA for cytokines in plasma. The kit enables one

to measure six cytokines in 50 ml of plasma or blood. The assay is based on a bead-conjugated

antibody for which you use a ¯uorescent tag. You can freeze the cells, ship them

anywhere, and perform quantitative assays months later. Workers are now developing

micro-cytotoxicity assays.

Dr Dockrell: I agree with Dr Kaplan's proposals. At the same time, I believe that it is a

three-step process. The ®rst step is a more sophisticated analysis, which requires FACS and

the new techniques about which she spoke. At this step, one identi®es which antigens and

which cytokines are most appropriate for study. The second stage is one of simpli®cation, as I

am attempting with the whole-blood assays. The third step is the further development and

simpli®cation of the technique, as Dr Klatser has done for the anti-PGL-I antibody. I agree

with Dr Kaplan, that once the assay has been carried to the point of a dipstick assay, it

deserves to be used in the ®eld. Once we have a dipstick assay for the cytokine, then we can

perform two dipstick assays, and then we'll have proper coverage.

Dr Modlin: I agree with Dr Kaplan that we should carry out a larger number of tests.

However, I believe that, despite all of the research that has been carried out on the

immunology of leprosy, we have yet to identify a single assay that correlates with protective

immunity. We shouldn't be satis®ed with IFNg as the single, correct target.
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A rapid, microplate-based assay for evaluating the

activity of drugs against Mycobacterium leprae,

employing the reduction of Alamar Blue

S. FRANZBLAU
Institute for Tuberculosis Research, College of Pharmacy, University

of Illinois at Chicago, Chicago, IL, USA

The nature of the efforts to discover new drugs for the treatment of infectious diseases has

changed dramatically in recent years. Both combinatorial chemistry and collections of large

numbers of plants have produced huge numbers of interesting compounds, driving the need

for high-throughput screening assays. These compounds could be screened for activity

against Mycobacterium leprae if high-throughput assays were also available for this

organism. However, the existing metabolic screens for anti-leprosy activity in vitro either

require too many organisms, or are not adaptable to a microplate format.1ÿ6 Described here is

the adaptation for M. leprae of a microplate-based assay developed originally for

determination of the drug-susceptibility of M. tuberculosis.7

Oxidation-reduction dyes are non-speci®c indicators of cellular metabolism, and, as such,

can be used to estimate the viability of most bacteria, fungi or animal cells. The best known of

these indicators are the tetrazolium dyes, such as MTT. When reduced, the resulting

formazans are often water-insoluble, requiring the use of solubilizing reagents if spectro-

photometric measurements are to be made.

The Alamar Blue reagent is a proprietary mixture of another redox reagent, resazurin, the

structure of which is shown in Figure 1, with stabilizing compounds. This mixture is water-

soluble, non-toxic, and non-¯uorescent, and is blue in colour. When the N-oxide is reduced,

the product, resoru®n, which is also water-soluble and non-toxic, ¯uoresces with excitation

and emission maxima of 530 and 590 nm, respectively. Resoru®n is red in colour, and absorbs

light maximally at 570 nm; however, because the absorption maximum of resazurin is

600 nm, absorption at the latter wavelength must be subtracted from that obtained at 570 nm,

thereby reducing the sensitivity of the spectrophotometric assay. On the other hand, because

resazurin is not ¯uorescent, and its presence does not cause appreciable background

¯uorescence, the ¯uorometric assay is more sensitive.

The Alamar Blue reagent, used in both a tube8 and a microplate format (MABA)7;9;10, as

an indicator of growth or inhibition of M. tuberculosis, has demonstrated good correlation

with the BACTEC 460 and proportion techniques, both for the determination of

susceptibility or resistance of the organism to antimicrobials,9;10 and in the search for new

anti-mycobacterial agents.7

As it has been adapted for M. leprae, the MABA makes use of organisms freshly

harvested from nude mice, and only partially puri®ed by differential centrifugation. The

organisms were incubated at 378C in a Middlebrook-based medium at a density of

approximately 107 organisms per well in 96-well plates. The cultures were exposed to

drugs for 1 or 2 weeks in a gaseous environment of either 2.5% or ambient oxygen. Following
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addition of Alamar Blue reagent and Tween 80, and incubation for 24 h, cultures were

assessed for reduction of Alamar Blue by determination of ¯uorescence in a microplate

¯uorometer. Control cultures (drug-free) typically yielded 10,000±20,000 net ¯uorescence

units (minus the background of heat-killed cultures).

Dose-related responses were observed to all drugs tested. Rifampicin and clarithromycin

effected the greatest reductions of activity, followed by minocycline and spar¯oxacin.

O¯axacin demonstrated a lesser response, followed by dapsone and clofazimine. The

activities observed in the MABA were very similar to those observed previously in radio-

respirometric assays.1;11;12

The microplate-based assay should permit high-throughput screening of large numbers of

compounds for activity against M. leprae. The assay requires no processing other than the

addition of two reagents, followed by direct measurement of output in a microplate ¯urometer

(or spectrophotometer). Using M. leprae only partially puri®ed by differential centrifugation,

approximately 1000 assays could be performed from the yield of a single nude mouse.
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DISCUSSION

Professor Ji: Why do your results indicate that clarithromycin is almost as bactericidal as

rifampicin? This is not the case in mouse experiments.

Professor Franzblau: I don't have a good explanation. On the basis of weight, the drugs

are equally active. This situation cannot be easily equated to that in vivo.

Dr Rambukkana: Do you think your assay can be used to determine the viability of

M. leprae in tissues?

Professor Franzblau: I think that the radiometric assays are better for this purpose,

because they are more sensitive. The Buddemeyer radiometric assay can be used with as few

as 106 organisms, whereas this assay requires a minimum of 107 M. leprae.

Professor Grosset: I am surprised that an intracellular organism like M. leprae appears to

exhibit metabolic activity in your extracellular cultures. Can you explain this phenomenon?

Professor Franzblau: In our system, the M. leprae are probably dying slowly. The culture

conditions appear to maintain metabolism for approximately 2 weeks. We have never seen

evidence of multiplication under these conditions. And culturing in the presence of reduced

O2 appears to slow the rate at which the organisms die. Enough metabolic activity remains to

show the activity of drugs, especially those that block protein synthesis.

Professor Brennan: Does your work employ only M. leprae of the Thai 53 strain? Do

organisms of other strains isolated more recently from patients and passed through nude mice

behave similarly?

Professor Franzblau: We have not employed organisms of another strain in this assay.

However, when we used the radiometric assay to measure the response of 30 to 40 patients to

chemotherapy, all of the strains appeared to behave similarly. Although results varied from

patient to patient, the range of metabolic activity appeared to be roughly that of the Thai 53

strain, and of a Carville isolate that we had used earlier as our laboratory strain.
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Field trials of a single dose of the combination

rifampicin-o¯oxacin-minocycline (ROM) for the

treatment of paucibacillary leprosy

M. D. GUPTE
National Institute of Epidemiology, Chetput, Chennai, India

Trial of a single dose of ROM for single-lesion leprosy

Single-lesion leprosy poses a unique problem for India in view of the adopted strategy of

active case-detection. The proportion of single-lesion patients among the newly detected

cases varies among states from 5% to more than 50%. It must be noted that, in a sizeable

proportion of patients, single-lesion leprosy is thought to undergo spontaneous self-healing.

In addition, there are problems regarding diagnostic speci®city of this variety of leprosy. It

was considered quite acceptable to conduct a trial of single-dose therapy with the combination

rifampicin-o¯oxacin-minocycline (ROM) among patients with single-lesion paucibacillary

(PB) leprosy; rifampicin is strongly bactericidal, and the concurrent administration of

o¯oxacin and minocycline was expected to prevent selection of rifampicin-resistant mutant

Mycobacterium leprae. Therefore, a large multicentre ®eld trial involving 1483 PB leprosy

patients with single lesions was conducted in India to study the ef®cacy of a single dose of

ROM.1 The trial, sponsored by the World Health Organization (WHO), was a placebo-

controlled, randomized, double-blind study involving nine different centres in India.

The study regimen, ROM, consisted of a single dose of 600 mg rifampicin together with

400 mg o¯oxacin and 100 mg minocycline; children were administered proportionately

smaller doses. The control regimen, the standard WHO regimen for PB leprosy, consisted

of a 6-month course of 600 mg rifampicin monthly together with 100 mg dapsone daily. In

this case, also, children were administered appropriately smaller dosages. The patients were

to be treated for 6 months and followed for an additional 12 months.

Previously untreated patients with only a single skin lesion, whose skin smears were

negative, and who were without nerve trunk involvement, were selected for the study. Of the

patient above 5 years of age, 745 were male and 729 female; patient intake was completed in

July 1995. The measures of outcome selected were `soft', consisting of clinical improvement,

disappearance of lesions and reduction of the clinical score. Ninety-four dropouts were

distributed equally between the two treatment groups.

It was possible to follow 1381 patients for 18 months. As shown in Table 1, clinical

improvement of the same extent was observed in both treatment groups. Of the 697 patients

who had been administered ROM, 51.8% demonstrated marked improvement, whereas, of

the 684 patients who had been administered the standard WHO regimen for PB leprosy,

57.3% showed marked improvement; this difference was statistically signi®cant. The two
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regimens were also compared with respect to complete cure; 46.9% of those administered

ROM and 54.7% of those administered the standard WHO PB regimen demonstrated

complete cure, a signi®cant difference.

Self-healing of single-lesion leprosy and questionable diagnostic speci®city, which may

be considered confounding factors, would be expected to lead to an underestimate of the

ef®cacy of the standard regimen in comparison to that of ROM. Even so, the results of

treatment by ROM were still very promising. On the basis of these promising results, the

National Leprosy Eradication Programme decided to employ a single dose of ROM as

standard treatment for Indian patients with single-lesion leprosy.

Trial of a single dose of ROM for PB leprosy with only two or three lesions

After successful completion of the trial of single-dose ROM for single-lesion patients, the

decision was taken to apply almost the same protocol in a WHO-sponsored, multicentre,

double-blind trial of single-dose ROM and standard WHO PB MDT for 6 months among PB
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Table 1. Comparison of ROM and WHO PB MDT in the single-lesion trial

ROM WHO PB MDT P*

Sample size 744 739
Followed-up 18 months 697 684
Clinical improvement (%) 99.1 99.1 1
Marked improvement (%) 51.8 57.3 0.04
Complete cure (%) 46.9 54.7 0.004

* The probability that the observed difference between the two treatment-
groups occurred by chance.

Table 2. Comparison of ROM and WHO PB MDT in the trial among patients with
two or three lesions

WHO PB MDT ROM P*

Sample size 118 118
Two lesions 82 87
Three lesions 36 31

18 months follow-up 103 104
Initial Mean Clinical Score 26.7 26.6
Clinical improvement (%) 96.1 96.1 1.0
Marked improvement (%) 53.4 46.2 0.3
Complete cure (%) 45.6 37.5 0.3

Two lesions 42.9 39.5 0.8
Three lesions 51.5 32.1 0.2

One body part involved 44.2 44.6 0.9
Two or three body parts involved 50.0 20.0 0.04

* Probability that the observed difference between the two treatment groups
occurred by chance.



patients with only two or three lesions. For this trial, 236 patients, 163 adults and 73 children,

were recruited between October 1995 and April 1996. Ninety-two percent of the patients

completed 6 months of treatment, and approximately 90% of the patients were followed for

18 months. The patients who did not complete treatment were equally distributed between the

two regimens. As shown in Table 2, clinical scores at intake were very similar among the

patients of both treatment groups, and decreased to about the same degree in both groups;

the differences observed were not statistically signi®cant at any interval. Approximately 50%

of the patients of both groups showed marked clinical improvement, and complete clearance

of lesions was observed in approximately 40% of the patients of both treatment groups; here,

too, the observed differences were not statistically signi®cant. Four patients of each group

were judged to represent treatment failure, because they demonstrated no clinical

improvement, were found to be smear-positive, or exhibited new lesions. Thus, although

the sample size for this trial was much smaller than that for the single-lesion trial, the results

were similar.

Additional analyses of various subgroups of patients, also summarized in Table 2, are

worth mention. Among patients with involvement of only a single body part, the ef®cacy of

standard WHO PB MDT was very similar to that of ROM, as judged by complete clearance of

lesions. However, when two or more body parts were affected, the difference between the

regimens was remarkable. Of the 26 patients with involvement of two or more body parts who

were treated by standard WHO PB MDT, 13 had complete clearance, compared with only six

of 30 such patients who were administered ROM. Thus, if two or more body-parts are

affected, i.e. the disease is more extensive, standard WHO PB MDT may be indicated.

However, because the number of patients included in this trial is small, no de®nite

conclusions should be drawn.

Single dose for all PB leprosy patients

In both of these trials, follow-up of patients was continued for only 18 months. Moreover, the

sample size, particularly in the trial of patients with two or three lesions, was not very large.

For these reasons, we have no information on relapses following treatment by ROM.

However, this information is vital.

The possibility was also considered of prescribing the same regimen for all PB leprosy

patients. In leprosy control programmes, the majority of all the newly diagnosed PB

patients demonstrate from one to three lesions, whereas only a small proportion of the

patients demonstrate more than three lesions. Therefore, it was decided to undertake a new

trial among all PB leprosy patients with from two to ®ve skin lesions. Of 1592 patients

who were recruited for this WHO-sponsored trial between April 1998 and October 1999,

about 95% have completed six months treatment. In addition, approximately 1500 patients

with single lesions were recruited for an open trial of ROM therapy. The total duration of

the study will be 4 years. We expect these two trials to generate information on both cure

and relapse rates.
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DISCUSSION

Dr Noordeen: Can you obtain follow-up data, now, 5 years after the ®rst trial that you

described?

Dr Gupte: Except for one centre, the patients have not been maintained under surveil-

lance, so that follow-up is not possible.

Dr Sow: In the case of those patients administered the single dose of ROM, was other

treatment administered during the trial? Finally, how do you de®ne `complete cure'?

Dr Gupte: `Complete cure' means complete disappearance of the lesion or scar-

formation. The patients administered the single dose of ROM were also administered placebo

during the remainder of the trial, so that no patient knew with what he was treated. Unless the

outcome was de®ned as a `treatment failure', in which case the patient was administered a

full, 6-month course of WHO PB MDT, no other treatment was administered.
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Combination of rifapentine-moxi¯oxacin-

minocycline (PMM) for the treatment of leprosy

B. JI & J. GROSSET
BacteÂriologie et HygieÁne, FaculteÂ de MeÂdicine PitieÂ-SalpeÃtrieÁre,
Paris, France

Summary To further the development of a multidrug regimen for treatment of

leprosy that is suitable for monthly administration and fully supervisable, the

bactericidal activities against Mycobacterium leprae of HMR 3647 (HMR),

moxi¯oxacin (MXFX) and rifapentine (RPT) were measured by the proportional

bactericide technique in the mouse footpad system, and compared with those of the

established antileprosy drugs clarithromycin (CLARI), o¯oxacin (OFLO) and rifam-

picin (RMP). Administered in ®ve daily doses of 100 mg per kg body weight, HMR

appeared slightly more bactericidal than CLARI, but the difference did not attain

statistical signi®cance. Administered as single doses, MXFX in a dosage of 150 mg

per kg was more active than OFLO in the same dosage, and displayed the same level

of activity as RMP in a dosage of 10 mg per kg; the combination MXFX-minocycline

(MINO) (MM) was more bactericidal than the combination OFLO-MINO (OM);

RPT in a dosage of 10 mg per kg was more bactericidal than RMP administered in the

same dosage, and even more active than the combination RMP-OFLO-MINO

(ROM); the combination RPT-MXFX-MINO (PMM) killed 99.9% of viable M.

leprae, and was slightly more bactericidal than was RPT alone, indicating that the

combination PMM showed an additive effect against M. leprae. These promising

results justify a clinical trial among lepromatous patients, in which MM is being

compared with OM, and PMM with ROM, in terms of ef®cacy and tolerance.

To cope with the serious threat of widespread dapsone-resistant leprosy that had resulted from

monotherapy, a World Health Organization (WHO) Study Group recommended in 1981 that

leprosy be treated with multidrug therapy (MDT).1 At that time, only three drugs, rifampicin

(RMP), dapsone (DDS) and clofazimine (CLO), all bactericidal to some degree against

Mycobacterium leprae, were available as potential components of the MDT,1 permitting little

choice in the design of the multidrug regimens. Unlike RMP, which displayed rapid and

powerful bactericidal activity against M. leprae in mice and in humans, DDS and CLO

administered alone showed only weak bactericidal effects.1 Therefore, the Study Group

recommended that patients with paucibacillary (PB) leprosy be treated for 6 months with two

drugs, DDS daily plus RMP monthly, and that patients with multibacillary (MB) leprosy be

treated for 24 months with a combination of three drugs, DDS and CLO daily plus RMP and a

larger, supplemental monthly dose of CLO.1 Monthly drug-administration is done under

supervision, whereas the daily drugs are self-administered. Since 1982, more than 10 million

leprosy patients in the world had been cured by this treatment.2

Despite the great success of these ®rst MDT regimens, newer regimens are required

that are more ef®cient or operationally less demanding.3 One of the concerns with

regard to the current regimens is that it is dif®cult to persuade patients to comply with the
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self-administered daily component,4 which is required to ensure elimination before stopping

chemotherapy of the spontaneously occurring RMP-resistant mutants; resistance to RMP

may develop among MB patients if the daily DDS plus CLO component is not taken

regularly. The risk of resistance might be signi®cantly reduced if a fully supervisable MDT

regimen were developed, so that all of the components could be administered once monthly

under supervision. The demonstration of the promising bactericidal activities against M.

leprae of o¯oxacin (OFLO)5 and minocycline (MINO)6;7 led to the development of the

monthly administered combined regimen RMP-OFLO-MINO (ROM).8;9 A single dose of

ROM exhibited impressive bactericidal activity against M. leprae, both in the mouse footpad

system and in clinical trial,8 and was only marginally less effective, in terms of clinical

improvement, for treatment of single-lesion PB leprosy than was the standard 6-month MDT

regimen;9;10 ROM was well tolerated by the patients.8;9 The enormous operational advan-

tages of single-dose treatment, especially in a country such as India, in which two-thirds of

the global leprosy burden is concentrated, and more than 30% of the newly detected patients

demonstrate single-lesion PB leprosy, led the WHO Expert Committee on Leprosy to

conclude that a single dose of ROM is an acceptable and cost-effective alternative regimen

for the treatment of single-lesion PB leprosy.10 The ef®cacy of multiple doses of monthly-

administered ROM is currently being compared to that of the standard MDT regimens for

both PB and MB leprosy in large scale ®eld trials.

However, compared with that of RMP, the bactericidal activities of both OFLO and

MINO are rather weak.8;11 The combination OFLO-MINO (OM) was signi®cantly less active

than was RMP alone in both mice and humans, and the combination ROM was no more

bactericidal than was RMP alone.8 To increase further the ef®cacy of a monthly-adminis-

tered, fully supervisable MDT regimen, it would be desirable to substitute more powerful

bactericidal agents for the components of ROM.

HMR 3647 (RU 66647, telithromycin) (HMR) is a ketolide, a new class of macrolides

possessing a 14-membered ring. In numerous experiments in vitro, HMR exhibited strong

activity against a wide spectrum of microorganisms, and was the most active macrolide

against gram-positive bacteria.12;13 Moxi¯oxacin (BAY 12-8039) (MXFX), a new broad-

spectrum ¯uoroquinolone that has recently been marketed in Europe, was found to be by far

the most active ¯uoroquinolone against M. tuberculosis in mice.14 Rifapentine (DL 473)

(RPT), a rifamycin derivative, is not a new drug, but its marketing has only recently begun.

Our studies have shown that the pharmacokinetic properties of RPT are far more favourable

than those of RMP, with a signi®cantly higher serum peak level (Cmax) and much longer

serum half-life (t1=2);15 consequently, RPT was signi®cantly more active in the treatment of

murine tuberculosis than was RMP, when both drugs were administered intermittently.15

The objectives of this experiment are to measure the bactericidal activities against

M. leprae of HMR, MXFX, RPT, and the combinations MXFX-MINO (MM) and RPT-

MXFX-MINO (PMM) in mice, and to compare these with the activities of established drugs

and combinations. Bactericidal activity was determined by the proportional bactericide

technique16 in the mouse footpad system.

Materials and methods

As shown in Table 1, 450 female, immunocompetent Swiss mice (Janvier Breeding Center, le

Genest Saint-Isle, France) were divided among 11 groups, each consisting of four subgroups
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containing 10 mice each. The mice of each subgroup were inoculated in each hind footpad

with an average of 5 ´ 103, 5 ´ 102, 5 ´ 101 or 5 ´ 100 M. leprae of strain no. 17547, a fully

drug-susceptible strain. A ®fth subgroup of the untreated control group was inoculated with

an average of 5 ´ 10ÿ1 organisms per footpad.

For the treated groups, treatment by the regimens described in Table 1 was begun on day 3

after infection, all drugs being administered by gavage. After completion of treatment, the

mice were held for 12 months, a period of time suf®cient to permit a single surviving

organism to multiply to a readily countable level. Harvests of M. leprae from individual

inoculated footpads were then performed by the method of Shepard and McRae.17 M. leprae

were considered to have multiplied (i.e. viable organisms survived the treatment) in those

footpads found to contain $105 organisms.

The proportion of viable M. leprae remaining after the treatment was determined as the

median infectious dose (ID50), and the signi®cance of the differences between the groups was

calculated by the method of Spearman and KaÈrber.18 For multiple comparisons between the

groups, Bonferroni's correction19 was applied. A difference is signi®cant at the 0.05 level if

P < 0.05/n, in which n is de®ned as the number of primary comparisons; n varied from 1 to 3

for each group, except for untreated control group, in which case n � 10.
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Table 1. Bactericidal effects against M. leprae of various drugs and drug-combinations.
HMR�HMR 3647; CLARI� clarithromycin; MXFX�moxi¯oxacin; OFLO� o¯oxacin;
MINO�minocycline; RPT� rifapentine; RMP� rifampicin

Regimen % viable % M. leprae killed
(mg/kg/dose)a M. lepraeb by treatment

1 Untreated control 21.8c Ð
2 HMR (100), 5 doses 2.18d 90.0
3 CLARI (100), 5 doses 5.48 74.9
4 MXFX (150) 1.73e 92.1
5 OFLO (150) 8.69 60.2
6 MXFX (150)-MINO (25) [MM] 1.38f 93.7
7 OFLO (150)-MINO (25) [OM] 5.48 74.9
8 RPT (10) 0.09g 99.6
9 RMP (10) 1.73h 92.1

10 RPT (10)-MXFX (150)-MINO (25) [PMM] 0.02i 99.9
11 RMP (10)-OFLO (150)-MINO (25) [ROM] 1.09 j 95.0

a All treatments were administered as a single dose unless otherwise stated.
b The proportions of viable M. leprae were determined by means of the proportional bactericide

technique.16

c Signi®cantly greater than the results from all other groups, with the exception of those from
groups 3, 5 and 7.

d Not signi®cantly greater than the result from group 3 (P > 0.05).
e Signi®cantly smaller than the result from group 5 (P < 0.01), but not different from the results

from groups 2 and 3 (P > 0.05).
f Signi®cantly smaller than the result from group 7 (P < 0.05).
g Signi®cantly greater than the result from group 10, but signi®cantly smaller than the results from

all other groups.
h Not signi®cantly different from the result from group 4 (P > 0.05).
i Signi®cantly smaller than the results from all other groups.
j Not signi®cantly different from the result from group 9 (P > 0.05).



Results

The results from the untreated control group indicated that the inoculum used for the

experiment included 21.8% viable M. leprae (Table 1), a rather large proportion.

Among the 10 treated groups, the proportions of viable M. leprae were all smaller than

that of untreated control group; however, by multiple comparisons between the groups, the

difference between control mice and those treated with CLARI alone, OFLO alone and

combination OFLO-MINO did not attain statistical signi®cance. All of the remaining

regimens displayed some degree of bactericidal activity against M. leprae in mice.

As shown in Table 1, the proportion of viable M. leprae in mice that had been treated with

®ve daily doses of HMR was signi®cantly smaller than that in the untreated controls; this was

not the case in mice treated with CLARI, indicating that HMR displayed signi®cant

bactericidal activity against M. leprae whereas CLARI did not. However, the difference of

the proportion of viable M. leprae between the groups treated with two different macrolides

did not reach statistical signi®cance.

Administered as a single dose, MXFX was far more bactericidal than OFLO, and was not

signi®cantly less active than ®ve daily doses of HMR or CLARI. The bactericidal activity of a

single dose of MXFX was identical to that of a single dose of RMP; both killed 92.1% of the

viable M. leprae originally present. On the other hand, a single dose of MXFX was less

bactericidal than was a single dose of RPT. Similarly, administered in a single dose, the

combination MM was more bactericidal than the combination OM, but was not signi®cantly

more bactericidal than MXFX alone.

A single dose of RPT killed 99.6% of the viable organisms, signi®cantly more than were

killed by RMP alone or the combination ROM. A single dose of the combination PMM killed

99.9% of the viable M. leprae, and was more bactericidal than a single dose of ROM or of

RPT alone.

Discussion

In the current experiment, the bactericidal activity against M. leprae of three newer

antimicrobials HMR, MXFX and RPT has been unequivocally demonstrated, justifying

our approach to the identi®cation of new antileprosy drugs by screening compounds that

exhibit powerful activity either against a wide spectrum of microorganisms in general (e.g.

HMR), or against cultivable mycobacteria in particular (e.g. MXFX), or possess pharmaco-

kinetic properties much more favourable than those of the member of the class presently

employed (e.g. RPT versus RMP).

Because the bactericidal activity against M. leprae of a single dose of CLARI alone was

rather weak,11 and because no information was available regarding the activity of HMR

against M. leprae when the experiment was designed, the mice were treated with the two

macrolides for 5 consecutive days instead of a single dose, to facilitate comparison of the

activities of the two compounds. Compared to the untreated control group, 5 consecutive days

of treatment with HMR displayed signi®cant bactericidal activity against M. leprae whereas

CLARI did not. Nevertheless, although the proportion of viable M. leprae was smaller in the

mice treated by HMR than in those treated by CLARI, the difference between the two

treatments did not reach statistical signi®cance. This is the ®rst evidence that a ketolide

macrolide is bactericidal against M. leprae. Whether HMR will eventually replace CLARI for
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the treatment of leprosy is unclear, and depends primarily upon the tolerance of patients to the

treatment with HMR, because gastrointestinal side-effects were common among patients

treated with CLARI.20

Because MXFX is by far the most active ¯uoroquinolone against M. tuberculosis in

mice,14 that it is the most active ¯uoroquinolone against M. leprae was not unexpected. The

observation that the bactericidal activity of a single dose of MXFX was identical to that of a

single dose RMP is most encouraging, because RMP has been by far the most bactericidal of

the established drugs against M. leprae;3;20 the current experiment is the ®rst to yield

evidence that MXFX, a non-rifamycin compound, displays a level of bactericidal activity

against M. leprae similar to that of RMP.

Just as MXFX was much more active than OFLO, a single dose of the combination MM

was signi®cantly more bactericidal than the combination OM. In fact, that a single dose of

OM did not show statistically signi®cant bactericidal effect against M. leprae was completely

in agreement with the results of our previous experiment, which demonstrated that the

activity of a single dose OM was dosage-related; the larger dosage displayed a bactericidal

effect, whereas the smaller dosage (that employed in this experiment) did not.8 The killing

effect of MM appeared slightly greater than that of MXFX alone, but the difference did not

attain statistical signi®cance, indicating that the addition of MINO did not signi®cantly

enhance the bactericidal activity of MXFX.

The ®nding that a single dose of RPT was signi®cantly more bactericidal than RMP was

also very encouraging. RPT appears to be the most active bactericidal drug against M. leprae

that has ever been tested. The greater activity of RPT in mice appears mainly to result

from its very favourable pharmacokinetic properties.15 It is also possible that the inherent

anti-M. leprae activity of RPT may be greater than that of RMP, because RPT exhibited lower

MICs against various cultivable mycobacteria.21

Possibly the most important result of this experiment is that a single dose of the

combination PMM killed 99.9% of the viable M. leprae, signi®cantly more than the

combination ROM, which killed 95.0%. Heretofore, no RMP-containing multidrug regimen

has been found to be more bactericidal than RMP alone,3;20 presumably because the activities

of all of the accompanying drugs were relatively weak compared to that of RMP. The

combination PMM was slightly more bactericidal than RPT alone, indicating that the addition

of MM enhanced the activity of RPT, probably because of the rather powerful bactericidal

activity of MXFX.

To con®rm the promising bactericidal activities against M. leprae of MXFX and RPT in

humans, and, more important, to promote development of the combination PMM as a

monthly-administered, fully supervisable multidrug regimen, a clinical trial is being

conducted among patients with lepromatous leprosy. Four different regimens, all adminis-

tered as a single dose, are compared in the trial: 400 mg OFLO plus 100 mg MINO (OM);

400 mg MXFX plus 100 mg MINO (MM); 600 mg RMP plus 400 mg OFLO and 100 mg

MINO (ROM); and 600 mg RPT plus 400 mg MXFX and 100 mg MINO (PMM). The

ef®cacy and side-effects of the treatments are monitored by standard methods,5;7;8;20 and

the bactericidal effects of the treatments are measured by the proportional bactericide

technique.16

Today, leprosy patients are increasingly being classi®ed on the basis of their clinical

appearance; PB leprosy refers to those newly diagnosed patients who have no more than ®ve

skin lesions, and is further divided into PB single-lesion (one skin lesion) and PB multiple-

lesion (two to ®ve skin lesions) leprosy.10 It is possible that the response to chemotherapy of
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PB patients with two to ®ve skin lesions may not be very different from the PB single-lesion

cases. Because a single dose of ROM has been of®cially recommended for the treatment of

PB single-lesion cases,10 because preliminary results indicated that its ef®cacy for the

treatment of multiple-lesion PB leprosy was similar to that of standard MDT regimen (see

p. 77), and also because a single dose of PMM is more bactericidal than a single dose of

ROM, it may be that a single dose of PMM is more ef®cient than ROM for the treatment of

PB single-lesion leprosy, and is even suf®cient for the treatment of PB multiple-lesion cases.

Therefore, we propose to compare the therapeutic effects of a single dose of PMM, a single

dose of ROM and the standard 6-month MDT regimen among newly diagnosed PB patients

with two to ®ve skin lesions in a multicentre ®eld trial.
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DISCUSSION

Dr Gupte: If treatment of single-lesion leprosy by a single dose of ROM is shown to be

successful in the ongoing clinical trials, couldn't this regimen be adopted immediately for use

in the ®eld? Will it then be necessary to undertake a new trial of PMM?

Professor Ji: In the past, only two regimens have been recommended without prior

careful study in the ®eldÐdapsone monotherapy and WHO/MDT. These regimens were

recommended at a time of crisisÐdapsone monotherapy, at a time when no other effective

antimicrobial therapy was available, and WHO/MDT, at a time when dapsone monotherapy

was failing because of spreading dapsone-resistance. I believe that, once a regimen has been

shown to be active, any alternative regimen must be studied in a ®eld trial before it may be

recommended for routine use.

Dr Lockwood: I support Professor Ji's insistence that any new regimen be subjected to

®eld trial. I believe that, should complications of treatment or unexpectedly high rates of

relapse appear, one could be severely criticised for having proceeded without a trial. There

remains considerable uncertainty about the response to ROM of patients with three or four

lesions. Dr Gupte's data suggest that ROM represents adequate treatment for patients with

only one or two lesions, but similar data are lacking for patients with more widespread

disease.

Professor Ji: We know something about the mechanism of relapse among patients with

MB leprosy, but very little about the mechanism of relapse among patients with PB leprosy.

These two situations are probably quite different.

Professor Grosset: I agree with Dr Lockwood that, for patients with more than one or two

lesions, single-dose treatment may not be suf®cient. This suggests that the bacterial load may

be larger when multiple lesions are present.

Dr Van Brakel: You have shown rather impressive results of treatment by PMM, and

you've told us of the trial currently in progress at the Institut Marchoux. Do you have any

initial data on the response to these new drugs in man?

Professor Ji: Both rifapentine and moxy¯oxacin have been marketed, indicating that they

have been carried through phase III studies. No data are available as yet on leprosy patients

who have been treated with these drugs.
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Current World Health Organization-sponsored

studies in the chemotherapy of leprosy

D. DAUMERIE
World Health Organization, Geneva, Switzerland

Until the early 1980s, dapsone monotherapy administered to known patients was used for

control of leprosy. Dapsone was usually administered in a dosage of 100 mg daily for a

minimum of 5 years to patients with paucibacillary (PB) leprosy, and for life to patients with

multibacillary (MB) leprosy. Because it was a weakly bactericidal and slowly acting drug,

dapsone monotherapy led to poor patient compliance and the emergence of dapsone-resistant

strains of Mycobacterium leprae.

Since 1982, the multidrug therapy (MDT) regimens recommended by the World Health

Organization (WHO), which include a combination of rifampicin, clofazimine and dapsone

for MB leprosy and rifampicin plus dapsone for PB leprosy, have been applied in national

leprosy control programmes in all of the leprosy endemic countries in the world. This therapy

has proved to be a most reliable and practical method of treating leprosy.

The introduction of MDT in 1982 has resulted in a dramatic reduction of the prevalence of

leprosy, from 5.4 million registered cases in 1985 to 0.8 million in 1999. By the end of 1999,

more than 10 million patients had been cured by MDT. Follow-up of the large number of

patients cured by MDT has revealed very low relapse rates after stopping treatment; the

cumulative risk of relapse is less than 1% over a period of 9 years for both MB and PB

leprosy.

Despite the success of the standard WHO MDT regimens, there is a need for more

effective combined drug regimens. Several WHO-sponsored programmes of research in the

chemotherapy of leprosy are currently in progress. The purpose of this report is brie¯y to

describe the programmes and their current status.

The THEMYC-sponsored o¯oxacin multicentre trial

Since the late 1980s, three additional bactericidal antileprosy drugs have been available:

o¯oxacin, a ¯uoroquinolone; clarithromycin, a macrolide; and minocycline, a tetracycline.

All three act by different mechanisms. These drugs offer the potential of increased

effectiveness and shortened duration of antileprosy chemotherapy. In addition, they may

prove useful against strains of M. leprae that are resistant to the drugs currently in use,

especially those resistant to rifampicin.

Therefore, in 1991 and 1992, the WHO launched a large scale multicentre ®eld trial, the

main objectives of which are to evaluate the ef®cacy, acceptability and feasibility of

o¯oxacin-containing combined regimens in a randomized, double-blind, controlled clinical

trial among both MB and PB leprosy patients. One of the regimens in the trial is a

combination of rifampicin plus o¯oxacin daily for 4 weeks for both MB and PB leprosy.
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The other two regimens, both for MB leprosy, are the WHO-recommended MDT for 1 year,

with or without supplementation by daily o¯oxacin during the ®rst 4 weeks. The control

regimen is the standard WHO-recommended MDT regimen for 24 months.

Thus, the current trial has six arms, four for MB and two for PB leprosy. For MB leprosy,

the four arms are: (i) WHO MDT for 2 years; (ii) WHO MDT for 1 year, (iii) WHO MDT for

1 year supplemented by o¯oxacin daily for the ®rst 4 weeks; (iv) o¯oxacin plus rifampicin for

4 weeks. For PB leprosy, the two arms are: (i) WHO MDT for 6 months; and (ii) o¯oxacin

plus rifampicin for 4 weeks. Fifteen centres from eight endemic countries are participating in

this trial. The intake of nearly 4000 patients was completed in June 1994, and treatment was

completed in December 1996. Follow-up will continue until December 2003, and ®nal results

are expected to be available by mid-2004.

The LEP-sponsored single-dose ROM trial for PB leprosy

The objective of this study is to evaluate the therapeutic ef®cacy of rifampicin combined with

o¯oxacin plus minocycline (ROM), administered as a single dose, for the treatment of all skin

smear-negative PB cases. The study being carried out in India is designed as a double-blind,

randomized, controlled trial, with two arms. ROM is administered as a single dose to one

group of patients, who are administered a placebo in place of the standard PB MDT for the

remaining 6 months. The other group receives the standard PB MDT for 6 months, together

with a placebo in place of the dose of ROM on day 1. Ef®cacy will be measured in terms of

clinical response and relapse. The total duration of the study will be 54 months: 12 months for

intake, 6 months for treatment, and 36 months of post-treatment follow-up.

The intake of patients began in April 1998, and was completed in June 1999. The ®rst

patients recruited into this trial began treatment in April 1998, and treatment of the last

patients was completed in March 2000. The phase of follow-up began in December 1998, and

will be completed in March 2003. Final results should be available by the end of 2003.

LEP-sponsored trial of monthly administration of ROM for MB and PB leprosy

The main objective of this trial, which is being carried out in Myanmar, Guinea and Senegal,

is to study in both MB and PB leprosy patients the ef®cacy of once-monthly doses of ROM in

terms of treatment failure or relapse, in order to assess the robustness of the study regimens.

MB patients were administered a single, supervised monthly dose of ROM for 12 months,

whereas PB patients received a single, supervised monthly dose of ROM for 3 or 6 months.

Patient intake was begun in 1995 and 1996, and was completed by June 1997. Treatment

of the ®rst patients began in March 1995, and treatment of the last patients was completed in

December 1999. Follow-up, which is planned for 5±7 years after completion of treatment, is

to be completed in 2006, and the ®nal results should become available in mid-2007.

THEMYC-sponsored experimental chemotherapy

Recently, three drugs, rifapentine (a rifamycin), moxi¯oxacin (a ¯uoroquinolone), and HMR

(a macrolide), have been reported to show impressive bactericidal activity against M. leprae
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in the mouse footpad system, and a single dose of a combination of rifapentine, moxi¯oxacin

and minocycline (PMM) was found to be more bactericidal than was rifampicin alone, as

reported by Professor Baohong Ji in this Workshop.

DISCUSSION

Professor Grosset: I agree with Dr Daumerie that efforts to control both leprosy and

tuberculosis suffer from operational problems. The treatment of tuberculosis has been

standardized for the last 40 years. However, its implementation in the ®eld is very dif®cult.

There is much the same problem for leprosy.

Dr van Brakel: I believe that a meeting similar to this must be held to consider operational

issues, which are at least as important as the scienti®c issues under discussion in this

Workshop.

Professor Ji: One may approach operational problems both operationally and scienti®-

cally. In some African countries, which I have visited during the past few years, it is the

practice, immediately after diagnosis, to issue to the patient his entire supply of medication,

enough for 6 months for PB patients, and enough medication for 12 months for MB patients.

It is this that stimulated me to think about the problems of rifampicin resistance and of a fully

supervisable regimen. The solutions to these problems should provide solutions to some

important operational problems.

Dr Daumerie: Your statement is very important. I have always believed that researchers

should meet with control personnel before setting their priorities.
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Dapsone resistance in Mycobacterium leprae

T. P. GILLIS & D. L. WILLIAMS
Molecular Biology Department, Laboratory Research Branch,
National Hansen's Disease Programs at Louisiana State University,

Baton Rouge, Louisiana, USA

Summary The folP1 gene of Mycobacterium leprae, which encodes dihydropteroate

synthase (DHPS), was studied for the presence of mutations associated with

resistance to dapsone (DDS). When the folP1 of several DDS-resistant clinical

isolates of M. leprae were sequenced, two missense mutations were identi®ed. One

mutation occurred at codon 53, substituting isoleucine for threonine in DHPS-1, and a

second mutation occurred in codon 55, substituting arginine for proline. DNA

sequencing of strains of M. leprae resistant to 0.01 g% DDS in the mouse diet

revealed that 13 of 14 strains contained either the 53 or 55 folP1 mutation. None of

the susceptible strains and only one of ®ve strains resistant to 0.001 g% DDS revealed

a mutation in folP1, suggesting that only high-level DDS resistance is associated with

the mutations identi®ed in folP1. Development and application of simple molecular

tests to assess drug-related mutations in M. leprae could establish current levels of

drug resistance in leprosy as a reference point for future monitoring of drug resistance

at the global level.

Introduction

In this era of declining leprosy prevalence, control measures could be in jeopardy.

Potential threats that could undermine current gains toward the global elimination of

leprosy are both operational and technical. Operationally, maintenance of dedicated

personnel and expertise in diagnosis and treatment of leprosy may become more dif®cult

as vertical programs become integrated into general health systems. Technical issues

remaining unsolved or poorly understood in the struggle to control leprosy globally

include the lack of a highly effective vaccine, the rise of immunode®ciency diseases in

populations harbouring leprosy, and the potential for emergence of drug-resistant strains of

Mycobacterium leprae.

Resistance to dapsone (DDS) was the ®rst indication that new drug therapies were

needed.1;2 The multidrug therapy (MDT) regimen recommended by the World Health

Organization (WHO) for the treatment of multibacillary leprosy was designed to prevent

emergence of drug resistance, while providing shortened and affordable treatment schedules

required in developing countries. Now, despite our having implemented MDT for more than

15 years in various parts of the world, we do not have reliable measurements of drug

resistance in the remaining pool of M. leprae.

Recent advances in the elucidation of molecular events responsible for drug resistance

in mycobacteria have allowed the development of new tools for screening for drug
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resistance,3ÿ5 and application of these tools has revealed the existence of both monoresistant6

and multidrug-resistant7 strains of M. leprae. Recently, point mutations in the putative M.

leprae gene for dihydropteroate synthase (folP) have been identi®ed in DDS-resistant

strains of M. leprae,8;9 and de®nitive evidence linking these mutations with DDS

resistance and proof of enzymatic activity of the putative dihydropteroate synthase

(DHPS) of M. leprae have been obtained.10 A more complete understanding of the

mechanism of action of DDS and the modes of resistance available to M. leprae should

facilitate the development of new tools for monitoring DDS resistance, and initiate

investigations into new strategies to circumvent this phenomenon. In this study we

extend our earlier ®ndings with respect to mutations associated with DDS resistance,

and discuss the need for developing and implementing new molecular tests for screening

M. leprae for drug resistance.

Materials and methods

BACTERIAL STRAINS

DDS-resistant and susceptible strains of M. leprae were obtained originally from leprosy

patients from: the Anandaban Leprosy Hospital, Kathmandu, Nepal; Leprosy Research

Center, National Institute of Infectious Disease, Tokyo, Japan; Schieffelin Leprosy Research

and Training Center, Karigiri, India; and G. W. Long Hansen's Disease Center, Carville, LA

(see Table 1). Resistance to DDS was determined in the mouse footpad system by Shepard's

kinetic method,11 and all dapsone-resistant strains were propagated thereafter in the footpads

of BALB/c mice fed mouse chow containing appropriate concentrations of DDS ad libitum.

DDS-resistant strains grew in footpads of mice administered DDS in a concentration of either

0.001 or 0.01 g per 100 g mouse chow. These concentrations represent 10-fold and 100-fold,

respectively, the minimal effective dose (MED) for susceptible strains of M. leprae. Thai-53,

a DDS-susceptible strain of M. leprae, was the kind gift of Dr M. Matsuoka, Leprosy

Research Center, Tokyo, Japan.

Bacterial DNA was harvested from ethanol-®xed tissues containing M. leprae following

rehydration for 60 min in 10 mM Tris, 1 mM EDTA buffer, pH 7.4 (TE). The rehydrated

tissue was minced with scissors to a gelatinous consistency, resuspended in 0.3 ml TE

buffer, frozen in liquid N2, and thawed at 958C, after which the freezing/thawing treatment

was repeated two more times. The tissue was then digested for 18 h at 608C with

proteinase K (2.5 mg per ml) in 100 mM Tris, 150 mM NaCl, 10 mM EDTA, pH 7.4

digestion buffer. Proteinase K was heat-inactivated at 958C for 10 min, and DNA was

extracted by phenol/chloroform/isoamyl alcohol as described previously.12 The precipitated

DNA was resuspended in 30 ml TE buffer.

DNA SEQUENCING OF DDS RESISTANT AND SUSCEPTIBLE STRAINS OF M. LEPRAE

The entire folP1 was ampli®ed by PCR from DNA preparations of DDS-susceptible and

resistant strains of M. leprae with the aid of folP1-1 and folP1-2 primer sets.10 PCR fragments

were puri®ed, and the DNA sequence of folP1 was obtained using folP1-1, folP1-2, folP1-9

and folP1-20 primers.10 The sequence of folP1 from each strain was compared to that of a

DDS-susceptible strain of M. leprae found in the Sanger Centre database, Cambridge,

England (www.sanger.ac.uk).
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Results and discussion

The dihydropteroate synthase (DHPS) of M. leprae is encoded by folP1, which is located in

an operon encoding three other genes (folE, folB and folK) putatively involved in folate

biosynthesis (see Figure 1). The amino acid sequence of the DHPS of M. leprae, deduced

from the DNA-sequence of folP1, identi®ed a protein of approximately 31 kDa molecular

weight, with two signature regions (PS00792 and PS00793) associated with folP enzymes

from diverse bacterial species, including Bacillus subtilis and Neisseria meningitides.10 The

second signature motif is the region in which mutations have been shown to induce resistance

to sulphonamide and sulphone compounds in bacteria, including M. leprae.10;13;14 Mutations

at amino-acid residues 53 and 55 in this region of M. leprae folP1 have been shown to be

associated with DDS resistance, and to confer increased resistance to DDS by recombinant

Escherichia coli that express only mutant DHPS obtained from M. leprae.10

Further analysis of DDS-resistant strains of M. leprae has con®rmed our earlier ®ndings,

showing mutations in codons representing amino acids 53 (threonine) and 55 (proline) of the

DHPS of M. leprae, as shown in Table 1. Missense mutations found in codon 53, resulting

in a substitution of alanine, arginine or isoleucine for threonine, were found only in

DDS-resistant strains that multiplied in mice administered DDS in 100-fold the MED.
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Table 1. Mutations in M. leprae folP1 associated with DDS resistance

Straina DDS susceptibilityb Origin Codonc

2262 $0.01 USA Thr53Ala
CDC-DDS-1 $0.01 USA Thr53Ala
61±00 $0.01 India Thr53Ala
India 2 $0.01 India Thr53Arg
63±00 $0.01 India Thr53Arg
2898 $0.01 USA Thr53Ile
Airaku-3 $0.01 Japan Thr53Ile
Zensho-4 $0.01 Japan Thr53Ile
591 $0.01 Nepal Pro55Arg
India 4 $0.01 India pro55Arg
62±00 $0.01 India Pro55Arg
64±00 $0.01 India Pro55Leu
Zensho-2 $0.01 Japan Pro55Leu
Airaku-2 $0.001, <0.01 Japan Pro55Leu
H101 $0.001, <0.01 USA None
H103 $0.001, <0.01 USA None
H107 $0.001, <0.01 USA None
NIH-1 $0.001, <0.01 USA None
Thai-53 <0.0001 Thailand None
19-F-1 <0.0001 USA None
H105 <0.0001 USA None

a Designation of strain of M. leprae.
b Susceptibility to DDS, determined in the mouse footpad system, in

terms of the minimal concentration of DDS in the mouse chow that inhibits
multiplication of M. leprae. Strains designated as <0.0001% are fully
susceptible to DDS; those designated as $0.01% are fully resistant, whereas
those designated $0.001, <0.01% are moderately resistant.

c Designation of the mutation in folP1 associated with dapsone
resistance.



Missense mutations at codon 55, resulting in substitutions of either arginine or leucine for

proline, were most often identi®ed in strains that grew at 100-fold the MED for DDS. Only

one strain of DDS-resistant M. leprae, which multiplied in mice administered DDS in 10-fold

the MED, contained a missense mutation at codon 55. All other strains resistant at 10-fold the

MED showed the fully susceptible genotype. Although analysis of these strains is as yet

incomplete, it is interesting to speculate why most of these phenotypes do not have mutations

in folP1. In the pre-MDT era, clinical experience showed that patients infected with strains of

M. leprae resistant to low and moderate levels of DDS responded to DDS monotherapy. It

may be that low and moderate levels of DDS resistance are artefacts of the mouse footpad

assay, and lack clinical signi®cance. Alternatively, these low and moderately resistant strains

may represent `mutants' that foster the development of high-level resistance upon selection

of the folP1 mutations identi®ed above. Finally, the signi®cance of these strains in terms of

`real' DDS resistance remains to be elucidated.

That the resistant strains analysed in this study originated from at least three different

parts of the world suggests that DDS resistance exists in many areas of the world. The most

recent surveys for DDS resistance were done by de la Cruz et al.15 and Butlin et al.16 In both

instances, treatment of the patient population with MDT had been in place for 10±12 years,

despite which signi®cant levels of high-level DDS resistance was observed. In Cebu, the

Philippines, the frequency of DDS resistance at all three levels has been increasing over the

last 20 years.

In addition to DDS-resistant strains of M. leprae, monoresistant strains resistant to

rifampicin have been identi®ed.17 In most cases, these were the result of drug-trials in which

rifampicin was administered as monotherapy. A recent report has also identi®ed a multidrug-

resistant strain of M. leprae resistant to DDS, rifampin, and o¯oxacin.7 These strains were

selected under pressure from drugs now in common use for treating leprosy. As drug

regimens continue to be shortened in an attempt to ®nd the minimal duration of chemotherapy

that is capable both of effecting cure and preventing the selection of drug-resistant mutants,

we must remain alert to the possibility of emerging drug resistance in leprosy. New molecular

tests based on mutations associated with drug resistance are needed to permit simpli®ed

monitoring in many regions of the world. This is especially important as the number of
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Figure 1. Schematic drawing of the segment of M. leprae cosmid MLCB 2548 that contains the putative folate
operon. The expanded region of the operon shows the signature regions 1 and 2 of dihydropteroate synthase.
Signature region 2 encompasses amino acids 53 and 55, in which mutations were found associated with DDS
resistance. Genes in the operon are: folE, which encodes GTP cyclohydrolase; folP, which encodes hydydropteroate
synthase; folB, which encodes dihydroneopterin aldolase; and folK, which encodes dihydropteridine
pyrophosphokinase.



laboratories carrying out the mouse footpad technique is diminishing around the world, and

an atmosphere of complacency surrounds leprosy control programmes as prevalence falls.
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DISCUSSION

Professor Britton: What is the effect of introducing mutations at both positions 53 and 55 in

vitro?

Dr Gillis: Resistance is increased some 50-fold, in terms both of enzyme-kinetics and of

multiplication of the organisms.

Dr Ginsberg: I don't understand why your data are inconsistent with the notion of step-

wise resistance. Couldn't the mutation at position 53 or 55 be the last of a series of mutations

required to confer high-level resistance?

Dr Gillis: There are no other mutations in this gene. If there are other mutations, we don't

know where to search for them. Perhaps there are mutations in genes related to other

pathways; for example, there is some evidence that PABA is overproduced in some cases of

sulphone or sulphonamide resistance.
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Rapid detection of resistance to rifampicin in

Mycobacterium leprae
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Kathmandu, Nepal and 2Unite de Genetique Moleculaire Bacterienne,

Institut Pasteur, Paris, France

Rifampicin resistance of Mycobacterium leprae is a potential threat to the success of

multidrug therapy (MDT). However, the prevalence of leprosy caused by rifampicin resistant

organisms is unknown. The mouse footpad assay of the drug susceptibility of M. leprae is not

generally available, and a complete survey employing this method is not possible, because the

need for fresh biopsy specimens containing large numbers of organisms for inoculation of the

footpad means that only a small proportion of all patients can be tested.

The genetic basis of rifampicin resistance in mycobacteria has been described in the past

few years. Early methods for detecting rifampicin resistance-associated mutations relied

upon sequencing or single-strand conformation polymorphisms, and were not readily usable

in the ®eld laboratory. In 1999, a line-probe assay was developed in the Institute Pasteur, in

which PCR product of the M. leprae rpoB-gene could be directly probed for common

rifampicin resistance mutations. In August 1999, we tried this method for the ®rst time in

Kathmandu, Nepal.

Sixty biopsy specimens from six centres in India and Nepal were collected from patients

who relapsed after multidrug therapy (MDT), defaulters from MDT who were re-starting

treatment, and patients with an apparent failure to respond to MDT (evidenced by no decline

of the bacterial index). Punch biopsy specimens (4 mm) obtained from active lesions were

®xed in 70% ethanol and posted to Kathmandu. One to 18 months later, the specimens were

re-hydrated and the DNA extracted by three rounds of freezing in liquid N2 and boiling. The

M. leprae rpoB-gene was ampli®ed by PCR, using biotinylated primers, and the 388 base-pair

product was detected on agarose gel. Eleven oligonucleotide probes were ®xed onto a nylon

membrane, and denatured PCR product was incubated on the membrane for 60 min. After

washing, bound PCR product was detected by incubation of the membrane with luminol and

detection of chemiluminescence by exposure on X-ray ®lm. Each membrane-strip contained

oligo-probes for wild type and mutated sequences. Plasmids containing mutations were used

as positive controls.

Only eight of the 60 samples yielded a PCR product of the required size, of which ®ve

could be used in the line-probe assay. Four strains of M. leprae from mouse footpad

experiments were also tested in the line-probe assay. Of these nine strains, three were found

to be wild-type, and six were found to contain mutations (®ve serine to phenylalanine

mutations and one apparent serine to phenylalanine plus serine to methionine double

mutation). The line-probe assay results were con®rmed by sequencing, except in the case
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of the double mutation. Two of the ®ve strains that had been obtained as biopsy specimens

demonstrated resistance-associated mutations; these had been obtained from patients whose

bacterial index had not fallen after 24 doses of MDT. Four strains obtained as isolates in the

mouse footpad, with serine to phenylalanine mutations, were three strains that had been

passaged 5±14 times over the past 5±10 years, and one primary isolate from a new, untreated

LL patient. All of the strains that had been obtained from mice had earlier been demonstrated

to be susceptible to rifampicin administered in a dosage of 10 mg per kg body weight.

The line-probe assay proved to be a successful method for detecting rifampicin resistance

in a ®eld setting in Nepal. Of concern, however, was the ®nding that mutations had occurred

in apparently susceptible strains. We have extended these observations by testing isolates

both by the line-probe assay, and in mice administered rifampicin in dosages of 5 mg and

10 mg per kg. It is possible that this powerful genetic technique is capable of detecting

rifampicin-resistant M. leprae that are susceptible to clinical doses of rifampicin.

DISCUSSION

Dr Colston: To your knowledge, are there any reports of this mutation not conferring

resistance to rifampicin on M. tuberculosis?

Dr Roche: In the case of M. tuberculosis, mutations in various portions of the rpoB-gene

confer different levels of resistance, and mutations at this position in the M. tuberculosis gene

produce high levels of resistance.

Professor Grosset: The important issue is the presence of mutations in the rpoB-gene

without clinical evidence of resistance to rifampicin. Have you encountered any such

instances?

Dr Roche: What we have shown are strains of M. leprae in which mutations are present

that do not demonstrate resistance in mice. We believe the explanation of the highly resistant

strains that you have described to be the presence of additional mutations in other portions of

the gene that we have not probed.

Professor Jarlier (BacteÂriologie et HygieÁne, FaculteÂ de MeÂdecine PitieÂ-SalpeÃtrieÁre, 91

boulevard de l'HoÃpital, 75634 Paris Cedex 13, France): We have studied 83 biopsy specimens

obtained from 77 patients. All were patients with MB leprosy; 43 were patients in relapse, and

34 were newly diagnosed. For all but three specimens, which arrived in our laboratory 2

weeks after the biopsy had been performed, the susceptibility to rifampicin of the strains of

M. leprae was tested in mice by the weekly administration of 10 mg rifampicin per kg body

weight by gavage. M. leprae from all of the specimens were subjected to the molecular test,

which consisted of sequencing a 45-codon segment of the rpoB-gene. Between 50 and 60% of

the strains multiplied in mice, whereas the molecular test was carried out for more than 90%

of the strains. Results from 45 patients were obtained both in mice and from PCR; 34 strains,

18 from relapses, and 16 from newly diagnosed patients, were determined to be susceptible to

rifampicin in mice, whereas 11 strains, all from relapses, were found in mice to be resistant.

Mutations in the rpoB gene were found in the PCR products of all of the resistant and none of

the susceptible strains.

Dr Daumerie: Did the relapses occur after treatment with standard MDT?

Professor Jarlier: Virtually all of the relapses occurred after treatment with other

regimens.

Dr Roche: What was the nature of the other regimens?
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Professor Grosset: We have not observed a single instance of rifampicin resistance

among patients who received standard MDT. All of the relapses occurred after what was

really monotherapy with rifampicin.

Dr Roche: The apparent contradiction between the results of my study and your results

probably lies in the treatment of the patients. I suggest that rifampicin monotherapy selects

mutants with a high level of resistance, whereas MDT selects those with only a clinically

insigni®cant level.

Professor Jarlier: I agree that the way in which the resistant mutants were selected in the

patients may have been different in our two studies. However, shouldn't one expect a strain

carrying the mutation most frequently observed in rifampicin resistant strains of both

M. leprae and M. tuberculosis be accompanied by clinical evidence of resistance?

Professor Ji: The available data appear to demonstrate that resistance to rifampicin is

single-step resistance. How, then, is it possible that you ®nd varying levels of resistance in

Nepal? On another matter, how good is the evidence that, on the basis of demonstrating

mutations in the rpoB gene, we can diagnose rifampicin resistance in the ®eld?

Dr Roche: Until we have validated our observations in Nepal among patients receiving

standard MDT, we cannot be certain that our tools are adequate. Our present method appears

to demonstrate resistance among patients who respond quite well to the MDT.

Dr Colston: Is it possible that, in Nepal, you are dealing with mixtures of resistant and

susceptible strains of M. leprae?

Dr Cole: I ®nd it dif®cult to understand Dr Roche's observations. All of the previously

encountered strains of M. leprae that carry the serine to phenylalanine substitution at the 531

position showed resistance at 10 mg per kg. Also, in all other bacterial species in which this

mutation has been described, the mutant strains are highly resistant. The mouse work should

probably be repeated. And the possibility of a mixed population of organisms should be

investigated.

Professor Grosset: A relapse during treatment with rifampicin occurs because the great

majority, if not all, of the organisms are resistant. Rifampicin is so actively bactericidal that all

of the susceptible individuals in a population of M. leprae are killed. This is indeed the case in

tuberculosis. Therefore, a mixture of susceptible and resistant strains appears unlikely indeed.

Dr Daumerie: Many experts have identi®ed monitoring of rifampicin as a high priority for

research. Can the experts here tell us whether the technique is reliable, or is more time

required for development? And, if so, how much time?

Professor Grosset: I cannot qualify as an expert in molecular biology. However, from the

work at the Pasteur Institute and that described by Professor Jarlier at the Pitie-Salpetriere,

and also from that in Nepal, I believe we now have enough information to proceed to

implement a programme based on these molecular techniques that is designed to detect

rifampicin resistance. What technique should be employed?

Dr Noordeen: I think the problem lies in having two rather different situationsÐone, in

which patients have been treated in a rather arti®cial setting by a variety of regimens, and the

other, in which patients have been treated with standard MDT in a natural setting. Our

objective is to mount surveillance of rifampicin resistance in the framework of leprosy

control programmes. Dr Roche's data, resulting from a study carried out in such a natural

setting, cast some doubt on the speci®city of the test. Can the test be improved? Or can we try

not to dilute its speci®city by restricting the variety of cases chosen for screening? I suggest,

as the criterion for screening, a patient who has relapsed after standard MDT, and who has

failed to respond to retreatment.
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Professor Grosset: I agree with Dr Noordeen in part. If we wish to demonstrate that

treatment by MDT does not create resistance to rifampicin, a phenomenon that has yet to be

reported, we should undertake a study designed to con®rm this. I think that this would be

important to WHO.

Professor Ji: The ®rst signs of rifampicin resistance would be cases of acquired

resistance. Therefore, we should screen only MB patients who had completed MDT at

least four or ®ve years earlier, and whose skin smears show a BI $3�.

Dr Noordeen: I think it important to apply the technique only to the few patients likely to

harbour rifampicin resistant strains of M. leprae, and not to dilute the study by testing the very

large numbers of patients at very low risk of resistance. In the ®eld, the experience is that 0.1±

0.2% of patients relapse at some time after completing MDT. Although these proportions are

small, the absolute numbers of relapses may be quite large in some countries. The vast

majority of these patients have been reported to respond to retreatment by the same regimen.

Therefore, they represent problems of microbial persistence rather than drug resistance. I

believe the test should be applied only to those patients who fail to respond to retreatment,

thereby avoiding dilution of the cohort at greatest risk and avoiding the problem of false

positives.

Dr Klatser: Dr Roche, did you exclude false positives as the result of amplicon

ampli®cation in the cases in which you detected mutations in the face of susceptibility to

rifampicin in the mouse?

Dr Roche: These cases occurred early in our study. Since then, we have examined a large

number of strains, without encountering any more of these cases. If we had been dealing with

amplicons ampli®cation, we should have continued to ®nd new cases.

Dr Dockrell: Surely, the chance to obtain false-positive results in a PCR in which one

loses hybridization to one product and gains it to another is really quite small.
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The new challenges for chemotherapy research

J. GROSSET
BacteÂrologie et HygieÁne, FaculteÂ de MeÂdecine PitieÂ-SalpeÃtrieÁre,
Paris, France

Summary Scienti®c knowledge is constantly expanding, and needs are changing;

therefore, efforts must be made to adapt the treatment of leprosy and the manner in

which it is implemented to the newly identi®ed needs. Because an effective vaccine

against leprosy remains to be identi®ed, multidrug therapy (MDT) is the only tool

available for leprosy control. At present, therefore, the priority is to make MDT

available in all endemic countries for all patients, even those living in dif®cult-to-

access areas. The remaining important issues in chemotherapy research are to

improve the quality of leprosy case-®nding, improve the quality of MDT, identify

the areas in which leprosy patients are not receiving proper MDT, and ®nd the means

necessary to ensure delivery to all of appropriate MDT. The MDT regimens

recommended by the World Health Organization are of too long duration, require

correct classi®cation of the patients as PB or MB, and rely upon the daily self-

administration of dapsone and clofazimine to prevent selection of rifampicin resistant

mutants among MB patients. Thus, research leading to the development of new drug

regimens should be directed toward overcoming the shortcomings of the presently

recommended regimens. The drugs required to permit use of regimens of shorter

duration, that may be employed among both PB and MB patients, and that enable

fully supervised drug administration may be already in hand, and the necessary

clinical trials to con®rm ef®cacy and acceptability should be carried out.

Introduction

Because of the great ef®cacy of the multidrug regimens recommended by the World Health

Organization (WHO) for chemotherapy of leprosy,1;2 it is tempting to think that there is no

need for further research into the chemotherapy of leprosy. One might consider that

implementation of the WHO-recommended regimens alone, the ef®cacy of which is now

well demonstrated, would be suf®cient to achieve the goal of elimination of leprosy as a

public health problem by the year 2005. However, such a consideration is a bit too simple and

optimistic for the following reasons. First, scienti®c knowledge is constantly expanding, and

needs are changing; therefore, efforts should be made to adapt the treatment of leprosy and

the way it is implemented to the newly identi®ed needs. Second, even if elimination can be

achieved by regular administration of the WHO-recommended regimens, it can hardly be

expected that elimination of the disease as public health problem (to less than 1 case per

10,000 inhabitants, i.e. fewer than 600,000 patients world-wide) could be sustained by

employing current methods of diagnosis and treatment, without adaptation to the new

epidemiological situation.

In fact, for leprosy, as for other diseases, stopping research would mean that leprosy has
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disappeared and no longer requires the interest of the public and the scienti®c community.

However, because there is no clear indication that leprosy is a disappearing disease, efforts to

control leprosy must be sustained, and the treatment of leprosy must be adapted to the present

situation, and especially to the post-elimination era. Therefore, research should be promoted.

The following list of possible, perhaps necessary improvements of the chemotherapy of

leprosy is given as an illustration of the new challenges for chemotherapy research in leprosy.

Better use of existing tools

Without doubt, multidrug therapy (MDT) is the most important tool for leprosy control. Since

their introduction in 1981, the WHO-recommended MDT regimens have cured more than 10

million leprosy patients, with an extremely low rate of complications and relapses.3;4 Because

an effective vaccine against leprosy remains to be identi®ed,5 MDT is the only tool available

for leprosy control. At present, therefore, the priority is to make MDT available in all

endemic countries for all patients, even those living in dif®cult-to-access areas. The

remaining important issues in chemotherapy research are: (i) to improve the quality of

leprosy case-®nding in order to identify all existing leprosy patients, and only leprosy

patients; (ii) to improve the quality of MDT, i.e. not only the delivery of drugs, but also their

intake by the patients for the duration recommended; (iii) to recognize the areas in which

leprosy patients are not receiving proper MDT; and (iv) to identify the causes for this, and to

®nd suitable solutions.

Because elimination of leprosy requires that all existing patients be treated, and that the

numerous operational obstacles be overcome, the research activities to be conducted for

better use of existing tools are mainly operational, and require much more imagination and

effort than laboratory-based research.

New drug regimens

Although the WHO-recommended MDT regimens are highly effective and well tolerated,

they require, in addition to monthly supervised doses of rifampicin or rifampicin� clofazi-

mine, the daily self-administration of dapsone for 6 months by PB patients, and of

dapsone� clofazimine for 12±24 months by MB patients. Consequently, the WHO-recom-

mended regimens have three shortcomings: (i) they are of long duration, even though the 6-

month and 12- to 24-month treatments are much shorter than the treatments that had been

required before the era of MDT; (ii) they require correct classi®cation of the patients as PB or

MB, because PB and MB patients are prescribed different drug regimens; and (iii) among MB

patients, they rely upon the daily self-administration of dapsone� clofazimine to prevent

selection of rifampicin resistant mutants. Research leading to the development of new drug

regimens should be directed toward ®nding means of overcoming the shortcomings of the

presently recommended regimens.

Drug regimens of shorter duration

Among the three components of the regimen recommended for MB patients, rifampicin is a
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strongly bactericidal drug, whereas dapsone and clofazimine are mainly bacteriostatic. The

only role of dapsone and clofazimine is to kill all naturally occurring rifampicin resistant

mutant Mycobacterium leprae; for this purpose, both drugs must be administered daily for 1

or 2 years. If new drugs with greater bactericidal activity against M. leprae than dapsone and

clofazimine were available and could be given in combination with rifampicin, killing of the

rifampicin resistant mutants would be much more rapid, and the duration of MDT could be

shortened. In fact, these drugs, members of the tetracycline and ¯uoroquinolone families,6ÿ9

exist. Experimentally in the mouse, and clinically in man, the activities of minocycline and

o¯oxacin against M. leprae, although inferior to that of rifampicin, are far superior to

those of dapsone and clofazimine. Given in combination, minocycline and o¯oxacin were

almost as bactericidal as rifampicin and the three-drug combination minocycline� o¯oxacin

� rifampicin, and did not induce antagonism.

A more recently developed ¯uoroquinolone, moxi¯oxacin, is more potent than

o¯oxacin:10 in the mouse, a single 150 mg/kg dose of moxi¯oxacin, equivalent to a dose

of 200 mg in man, was much more active than the same dosage of o¯oxacin and as active as a

single 10 mg/kg dose of rifampicin. Also in the mouse, a single 10 mg/kg dose of rifapentine,

a long-acting rifamycin derivative, demonstrated greater bactericidal activity against

M. leprae than did a single 10 mg/kg dose of rifampicin, and the combination rifapenti-

ne�moxi¯oxacin�minocycline was signi®cantly more bactericidal than the combination

rifampicin� o¯oxacin�minocycline. The clinical con®rmation of these experimental data is

in progress. It should be possible, therefore, to design drug regimens that are potentially much

more active than the 12- to 24-month WHO-recommended regimen, and, therefore, could be

administered for a shorter duration of time with equal ef®cacy.11

Because the WHO-recommended regimens have displayed excellent results in the ®eld,

the effectiveness and possible side-effects of any newly proposed drug regimen must be

carefully tested in controlled clinical trials and in ®eld trials before being applied in the ®eld,

in order not to deprive patients of a treatment of already demonstrated ef®cacy. What should

be done was exempli®ed a few years ago by the decision to compare the ef®cacy and side-

effects of the standard WHO-recommended regimens with those of a daily regimen

consisting of rifampicin� o¯oxacin administered for 4 weeks. WHO has launched a

double-blind, controlled clinical trial involving more than 3000 patients, in which the

long-term ef®cacy of the treatment is to be measured in terms of relapse rate. Because the

results of the trial are not yet available, the tested regimens cannot be recommended for use in

the ®eld. Moreover, the selection of an o¯oxacin resistant mutant after 1 month of treatment

with o¯oxacin� rifampicin in a previously treated patient harbouring a strain of M. leprae

resistant to rifampicin dictates the need for extreme care.12 Perhaps, as is the case with the

WHO-recommended regimen for MB leprosy, only three drug regimens, e.g. rifampi-

cin� o¯oxacin�minocycline, or, better, rifapentine�moxi¯oxacin�minocycline, will

be acceptable to minimize the risk of resistance to one of the prescribed drugs.

Same regimen for PB and MB patients

At present, the drug regimens recommended for PB and MB patients differ in duration and

components, requiring accurate classi®cation of PB and MB patients, and different manage-

ment of the drugs for PB and MB patients. A ®rst simpli®cation would be to treat every

patient with the three-drug combination rifampicin� dapsone� clofazimine, the only
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difference between the regimens intended for PB and MB patients being the duration of

treatment. Were this done, the tasks of the programme manager and the health worker

responsible for drug delivery would be simpli®ed.

A second, more radical simpli®cation would be to treat PB and MB patients with the same

drug regimen for the same duration. As every ®eld worker knows, a practical dif®culty in the

®eld is to classify PB and MB leprosy with acceptable accuracy by skin smears. Because

preparing and reading smears require a degree of expertise not always available in the ®eld,

WHO has recently recommended classifying leprosy patients on the basis of the numbers of

their skin lesions;5 by de®nition, MB patients are those exhibiting more than ®ve skin lesions,

whereas PB patients have ®ve or fewer lesions. Such a classi®cation is certainly less

demanding than the smear-based classi®cation, but it is certainly not totally accurate. For

routine chemotherapy of leprosy, especially in the post-elimination era, it would be more

convenient for the patient and the public health manager to prescribe not only the same drug

regimen for PB and MB patients, but also to prescribe it for the same duration, as is done in

the chemotherapy of tuberculosis. Of course, because of the tremendous difference of

bacterial load between PB and MB patients, the duration of the common regimen should

be a compromise between too long for PB and too short for MB, tentatively 3±6 months.

Because of their great bactericidal activity, rifapentine and moxi¯oxacin might well be the

key drugs of that regimen.

Fully supervised drug regimens

The cure of all diseases, infectious or not, that requires long-term self-administration of drugs

is often compromised by irregularities of drug administration, if not by the complete cessation

of treatment by the patients as soon as the symptoms disappear. To overcome this dif®culty,

the treatment must be fully or partly supervised. Because daily supervision is operationally

not feasible when treatment is ambulatory, the daily components, dapsone� clofazimine, of

standard MDT are self-administered, whereas administration of the monthly components,

600 mg rifampicin� 300 mg clofazimine, is supervised.

Experimental studies in the mouse7ÿ9 and a clinical trial11 have demonstrated that the

activity against M. leprae of a single dose of the combination clarithromycin�minocycline,

with or without o¯oxacin, did not differ signi®cantly from that of the combination

dapsone� clofazimine administered daily for 1 month. Because the combination

rifapentine�moxi¯oxacin�minocycline appears more active against M. leprae than the

combination rifampicin� o¯oxacin�minocycline,10 it may be possible to replace the daily

dapsone� clofazimine component of the current MDT regimen with a monthly dose of a

¯uoroquinolone and minocycline, in order to provide a fully supervised monthly regimen,

WHO is currently assessing the activity, acceptability and tolerance in patients of the

combination rifampicin� o¯oxacin�minocycline (ROM). In the near future, a similar trial

involving rifapentine, moxi¯oxacin and minocycline should be conducted.

Conclusion

In leprosy endemic countries, it will be even more dif®cult after the year 2005 than at present

to maintain diagnostic facilities and a network for drug delivery of suf®cient quality to ensure

Workshop Proceedings S103



detection and cure of a majority of leprosy patients. Therefore, developing a drug regimen of

short duration that may be used among both MB and PB patients will be of great operational

importance.
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The epidemiology of reactions and nerve damage

P. SAUNDERSON
American Leprosy Mission, Greenville, South Carolina, USA

Summary The ALERT MDT Field Evaluation Study (AMFES) in Ethiopia, which

was begun in 1988, involves the follow-up of 594 new patients for as long as 10 years

after completion of treatment, including 6-monthly assessments of nerve function. In

contrast to similar studies in India and Bangladesh, the Ethiopian cohort presented

late, had a high rate of disability at diagnosis (55%), a high rate of multibacillary

disease (51%) and a high rate of subsequent neuropathy (43%). Preliminary ®ndings

include the following. One-third of the patients never exhibited nerve damage. True

acute neuropathy has a very good prognosis when treated with a standard course of

steroids; full recovery was observed in 88% of nerves. Chronic and recurrent

neuropathy have a worse prognosis; these problems need to be identi®ed early and

managed appropriately, employing either new steroid regimens or new drugs. The

risk factors identi®ed in this study include, for neuropathy, older age, delay of

diagnosis, thickened nerves at diagnosis, and reversal reactions. Risk factors for

chronic or recurrent neuropathy include classi®cation, impairment at diagnosis, and

reversal and ENL reactions. Those factors associated with a poor outcome include

impairment at diagnosis, and chronic or recurrent neuropathy. Various problems

faced in research in the area of leprosy reactions and neuropathy are discussed, as are

the priorities for research in the future.

Introduction

Nerve damage, perhaps the most important consequence of leprosy, is generally assumed to

occur as a part of a reaction. The clinical features of reactions and nerve damage have been

well described.1 However, there are many unanswered questions concerning the pathology

and pathogenesis of nerve damage.2 Similarly, the epidemiology of nerve damage, in

particular, its incidence, natural history, and the risk factors associated with it, are not well

described.3

Limiting factors have been the long natural history of the disease, which may be longer

than 10 years, making comprehensive follow-up dif®cult to achieve; the study of varied

patient cohorts, many hospital-based, with only a few studies based on patients in the ®eld or

on populations; the use of different methods of assessment of nerve function in different

studies; application of different treatments; and diagnosis long after the process of

nerve-damage had begun.

Materials and methods

The ALERT MDT Field Evaluation Study (AMFES) in Ethiopia, which was begun in 1988,
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involved the follow-up of 594 new patients for as long as 10 years after completion of

treatment. Six-monthly nerve function assessments were done. In contrast to studies in India

and Bangladesh, this cohort tended to present late, had a high rate of impairment at diagnosis

(55% for grades 1 and 2 combined), a high rate of multibacillary disease (51%) and a high

rate of subsequent neuropathy (43%).

Multidrug therapy (MDT) was administered at monthly clinics, and, after completion

of treatment, patients were examined every 6 months for as long as 10 years. Nerve-

function was assessed and recorded at every visit, using simple, standardized voluntary

muscle tests and sensory tests. New nerve function impairments could be treated at the

clinic level with a standardized course of steroids. Referral to the ALERT Hospital was

possible for complicated cases, although patients sometimes refused this because of the

distance from home.

The general term `neuropathy' is a clinical term, used here for any detectable abnormality

in a particular peripheral nerve. It includes new nerve function impairment, such as a motor or

sensory de®cit, as well as pain and tenderness.
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Figure 1. Number of episodes of neuropathy among 594 patients, by year after diagnosis.

Figure 2. Incidence of episodes of neuropathy, by year after diagnosis.



Results

The timing and incidence of neuropathy are shown in Figures 1 and 2. Of 594 patients, 268

(45%) had no impairment at diagnosis, but 73 of these patients developed neuropathy later

during follow-up. Of the entire cohort, 195 patients (33%) never developed any sign of

neuropathy. Considering the longitudinal data for the 73 patients whose neuropathy occurred

during regular surveillance, 41 (56%) had single episodes of neuropathy, enduring less than 6
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Table 1. Risk factors for any neuropathy. CI� con®dence interval; NS� not signi®cant (P > 0.05); PB� pauci-
bacillary; MB�multibacillary; ENL� erythema nodosum leprosum

Numbers of Multivariate
Factor Level patients Relative risk analysis (95% CI)

Age group <20 years 89/177 1
20±49 years 225/316 2.4* 1.5±3.7
50� years 85/101 5.8* 2.9±11.5

Sex NS
Delay <2 years 143/264 1

2� years 254/324 1.4* 1.2±1.7
PB/MB NS
Thickened nerves 0 38/98 1

1±5� 193/287 3.9* 2.2±6.9
6� 168/209 6.1* 3.2±11.7

Pregnancy NS
Reversal reaction 0 305/496 1

� 94/98 21* 7.2±62
ENL NS

* Signi®cant at the 95% level of con®dence (P # 0.05).

Table 2. Risk factors for chronic or recurrent neuropathy. Abbreviations as for Table 1. In addition, EHF� eyes-
hands-feet

Number of Multivariate
Factor Level patients Relative risk analysis (95% CI)

Age group NS
Sex NS
Leprosy type PB 43/294 1

MB 96/300 1.7* 1.0±2.9
Leprosy Borderline 109/501 1
classi®cation Other 30/93 1.9* 1.0±3.6
Delay NS
EHF at diagnosis 0 32/268 1

1±2� 43/157 2.8* 1.5±5.2
3� 64/169 6.4* 3.4±12

Thickened nerves NS
Pregnancy NS
Reversal 0 80/496 1
reaction � 59/98 10.6* 6.0±19
ENL 0 127/578 1

� 12/16 11.6* 3.1±43

* Signi®cant at the 95% level of con®dence (P # 0.05).



months, which responded well to treatment. Full recovery occurred in 88% of involved nerves

when this was truly a single episode, with no evidence of previous impairment, and no

subsequent episodes of clinically evident neuropathy. These episodes may be described as

acute neuropathy.

Repeated episodes of neuropathy were common, occurring in 32 (44%) of patients whose

neuropathy developed after the start of MDT. We have arbitrarily de®ned `chronic neuro-

pathy' as the reappearance of symptoms or signs of neuropathy within 3 months of stopping

treatment for neuropathy, and `recurrent neuropathy' as the reappearance of symptoms or

signs after a period of 3 months or more. The prognosis for chronic and recurrent neuropathy

was worse than that for acute neuropathy, only 51% of involved nerves showing full recovery

in the long-term after treatment. Signi®cant risk factors for any neuropathy were greater age,

longer delay of diagnosis, more thickened nerves at diagnosis, and the occurrence of reversal

reaction (see also Tables 1±3). For chronic or recurrent neuropathy, important risk factors are

multibacillary leprosy, greater impairment at diagnosis, the occurrence of reversal reaction,

and the occurrence of ENL. For a poor outcome, de®ned as any impairment existing 5 years

after completing treatment, risk factors are any impairment at diagnosis, and chronic or

recurrent neuropathy.

Discussion

The incidence of neuropathy varies in different studies, but is perhaps greater in more recent

studies, in which regular, detailed assessments of nerve function were carried out. Thus, in

Bangladesh, a recently published study found an incidence of 34 episodes per 100 person-

years at risk (PYAR) in MB patients during the ®rst 6 months after diagnosis,4 a frequency

very similar to that of 39 episodes per 100 PYAR found here.

The patients who never demonstrated evidence of nerve damage (33%) are interesting.

Because there appeared to be no relationship to the patients' classi®cation, is there a genetic
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Table 3. Risk factors for a poor outcome, de®ned as an EHF score >0, 5 years after release from treatment.
Abbreviations as for Table 2

Number of Multivariate
Factor Level patients Relative risk analysis (95% CI)

Age group NS
Sex NS
Leprosy type NS
Delay NS
Thickened nerves NS
EHF at diagnosis 0 17/116 1

1±2� 46/71 9.1* 4.2±20
3� 71/75 65* 18±225

Pregnancy NS
Reversal reaction NS
ENL NS
Chronic or 0 62/169 1
recurrent � 72/93 3.7* 1.5±9.2
neuropathy

* Signi®cant at the 95% level of con®dence (P # 0.05).



basis for this protection, or are patients being treated earlier? These patients are younger,

were diagnosed after a shorter delay, exhibited fewer thickened nerves at the time of

diagnosis, and did not experience reversal reactions.

Chronic and recurrent neuropathy have a worse prognosis; these patients need to be

identi®ed early and managed appropriately, either with new steroid regimens or with new

anti-in¯ammatory or immunosuppressive drugs.

Research priorities

An important priority is de®nition of terms (neuritis, neuropathy, and nerve damageÐacute,

chronic, recurrent, late and silent) and standardization of methods of assessment and

recording. The relationship of neuropathy to underlying pathological processes, including

reactions, needs to be investigated. The frequency of occurrence of neuropathy and its natural

history in different geographical settings should be further studied. Risk factors for the

different types of reaction and neuropathy require further research, as do techniques for the

early diagnosis of neuropathy, including diagnosis of the category of neuropathy.
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DISCUSSION

Dr Rambukkana: Was silent neuropathy observed in your study?

Dr Saunderson: If one de®nes silent neuropathy as impairment of nerve function without

pain, tenderness and symptoms of reaction, silent neuropathy was observed among as many

as 40±50% of the patients. Patients who experienced episodes of both silent neuropathy and

neuropathy that was not silent were not uncommon.

Dr van Brakel: You de®ned chronic and recurrent neuropathy. How do you de®ne acute

neuropathy? I ask because the results of steroid therapy that you have presented are

considerably better than those I will present. What do you think is the reason?

Dr Saunderson: Acute neuropathy was de®ned as that with onset within the preceding 6

months, according to the patient's statement, if the patient had been examined earlier, with

evidence of neuropathy occurring during the preceding 6 months. I think that the prime

reason for the difference between our data and those of most other workers is that we have

eliminated from consideration all of the patients who demonstrated evidence of prior nerve

damage. In addition, we followed our patients longer than was done in most of the other

studies, in the attempt to learn how much time was required for recovery of nerve function.

Although the median duration of treatment and observation until recovery was approximately

9 months, many of the patients recovered only after 20 or more months.
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Steroids in leprosy type 1 (reversal) reactions:

mechanisms of action and effectiveness

D. N. J. LOCKWOOD
Clinical Research Unit, Department of Infectious and Tropical

Diseases, London School of Hygiene & Tropical Medicine, London,
UK

Summary Steroids are widely used for the treatment of leprosy reactions. The

effectiveness of steroid treatment is variable, with only 60% of patients regaining

nerve function. Sequential skin biopsy specimens, obtained from 15 patients with

type 1 (reversal) reactions, have been studied to document the cytokine pro®le and

cellularity of the lesions. All of the patients were placed on a standard course of

steroids after the ®rst biopsy. Subsequent biopsies were performed seven, 28 and 180

days later. The specimens were stained for interferon-g (IFNg), interleukin-12 (IL-

12) and inducible nitric oxide synthase (iNOS). After the ®rst biopsy, all patients

were placed on a standard reducing course of steroids beginning at 30 mg daily.

By day 7, treatment with prednisolone showed little effect on the cellularity and

cytokine pro®les. However, by day 28, signi®cant decreases of IFN-g, IL-12 and

iNOS were found for most patients. Some patients maintained cytokine production at

day 28 and even at day 180. These data illustrate the strong Th1 pro®le of type 1

reactional lesions, the relatively slow response to therapy, and the continuing activity

after treatment with steroids for 180 days. The variation of individual responses

emphasizes their importance. Additional prospective studies will be required to

determine whether patients with high intra-lesional levels of cytokine are at risk of

recurrent reactions. The need for studies both of different glucocorticoids and of other

non-steroidal immunosuppressants for the treatment of reactions is discussed.

Introduction

This paper focuses on the use of steroid treatment for leprosy reactions and neuritis,

considering ®rst the outcome of steroid treatment, and then the mechanisms by which

steroids work at the molecular level. Some data from a study being carried out in Hyderabad,

India, on the effects of steroid treatment on the cytokine pro®les of reactional skin lesions are

presented, and the implications of developing better treatment of reactions are discussed.

Corticosteroids are widely used in both hospital and ®eld settings for the treatment of

leprosy reactions and nerve damage. Semi-standardized, reducing courses of steroids, lasting

for 12 weeks, are recommended by the World Health Organisation.1 However, the data with

respect to the outcome of treatment with steroids show a range of outcomes. In an outpatient

clinic in Hyderabad, India, only 50% of patients with reactions were judged to have improved

nerve function after steroid treatment.2

Recently, data have become available from prospective ®eld studies. In Bangladesh, full
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recovery was found in only 33% of motor and 37% of sensory nerves, whereas 31% of motor

and 32% of sensory nerves failed to improve, and 12% of motor and 13% of sensory nerves

deteriorated in the course of steroid treatment.3 The response to treatment is also affected by

the length of time that the neuritis has been present. In an Ethiopian study, 88% of patients

who developed acute neuritis after treatment, and whose neuritis was detected and treated

promptly, made a full recovery. However, among the patients with chronic neuritis, only 51%

of the affected nerves recovered fully.4

Steroids have both physicochemical and genomic effects. Their non-genomic effects are

either receptor-mediated or mediated via non-speci®c physicochemical activity.5 These

actions are probably responsible for the immediate actions of steroids, such as reducing

oedema. The genomic actions of steroids involve the glucocorticoid crossing cell membranes,

attaching to glucocorticoid receptors, and binding to glucocorticoid response elements on the

genomic DNA. It is this mechanism that affects cytokine production.6 Multiple effects of

steroids on cytokine production have been described, with actions proposed at the levels of

transcription and translation, and in the stability of mRNA and protein products.7 The

principal mechanism is thought to be inhibition of NF-kB-induced transcription of cytokine-

mRNAs. A number of cytokine genes have the same NF-kB binding sites in their promoter

regions, and the production of several pro-in¯ammatory cytokines, including tumour

necrosis factor-a (TNFa)8 interleukin-2 (IL-2),9 IL-1210 and interferon-g (IFNg)11 are down-

regulated by glucocorticoids. The same mechanism has been shown to be involved in the

down-regulation of expression of inducible nitric oxide synthase (iNOS) by corticosteroids.12

Increased degradation of iNOS has also been noted as an effect of steroids.

There have been few examinations of the effect of steroids on local cytokine production

within in¯ammatory lesions in vivo. In this present study, skin lesions of leprosy patients with

type 1 reactions were sampled sequentially to determine the effects of treatment with

prednisolone on local cell population and cytokine pro®les. Another aim was to determine

whether steroids switch off the Th1 response associated with type 1 reactions. The detailed

methods and results of this study are being reported elsewhere.13

Methods and results

Biopsies were performed on days 0, 7, 28 and 180 from 15 (six BT and nine BL) patients with

clinically diagnosed and histologically con®rmed type 1 reactions. After the ®rst biopsy, all

patients were placed on a standard reducing course of steroids, starting at 30 mg daily.

Staining for IFNg, IL-12 and iNOS proteins and CD3, CD4 and CD8 cell types, was

performed on cryosections, employing monoclonal antibodies in a two-stage immunoperox-

idase technique.14 Positive staining was visualized using 3,3-diaminobenzidine. The location

and amount of staining for each cell and cytokine at each time-point was assessed.

In the day 0 biopsy specimen, all patients demonstrated granulomata with strongly

positive staining for IFNg, IL-12 and iNOS. Treatment with prednisolone had little effect on

the cellularity and cytokine pro®les at day 7. By day 28, however, signi®cant decreases were

found for the cellularity of the lesions and for production of IFNg, IL-12 and iNOS in most

but not all patients. No correlations were found between clinical severity of disease type (BT

or BL) and cytokine production. Only ®ve patients were biopsied at 180 days, all of them BL

patients. Three of these patients still had very active lesions, all with increased cytokine levels

compared to the levels at 28 days.
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Discussion

This study illustrates the strong Th 1-like cytokine-pro®le within reactional lesions. Although

prednisolone decreases the production of IFNg, IL-12 and iNOS, it does so slowly. This is

rather surprising, given the rapid action of glucocorticoids (even the genomic actions require

only a few hours).15 Furthermore, many BL patients still have considerable activity in their

lesions after 6 months. It will be important to identify the factors that drive the ongoing

recruitment of cells into the lesions. These data also illustrate the need to study lesions within

individual patients over a long time-span.

What are the implications of these observations for the development of medical therapies

for reactions? Damage to nerves might be reduced if drugs with a more rapid effect on the

cellularity and lesional cytokine pro®le were used for treatment. Recent work on the relative

genomic and non-genomic potencies of glucocorticoids suggests that glucocorticoids with a

high ratio of non-genomic to genomic activity may be needed for early, high-level

immunosuppression.15 It may be that methylprednisolone, which has such a ratio, is a

better drug for initiating treatment.

In BL patients, there may be a need for prolonged immunosuppression. It is interesting

that, in the Ethiopian study, patients with chronic neuritis had only a 51% improvement of

nerve function; it may be that these patients represent a subgroup characterized by ongoing

immune mediated activity in their lesions. Further prospective studies are needed to

determine whether patients with high or prolonged intralesional cytokine production are at

risk of recurrent reactions.

There has been no formal experience in leprosy of using non-steroidal immuno-

suppressants to treat reactions. As part of the INFIR collaboration, studies of two such

immunosuppressants, used extensively in the treatment of other immune-mediated disease

processes, are beginning. In these studies, cyclosporin A and azathioprine will be compared

to prednisolone in the management of reactions. Cyclosporin A inhibits transcription of IL-2

mRNA, thereby blocking proliferation of T cells, whereas azathioprine inhibits synthesis of

nucleic acids, and acts much more slowly. Combinations of immunosuppressants have been

used with success in other immune-mediated conditions such as rheumatoid arthritis.16 The

experience gained with other agents should be examined so that, where appropriate, the new

agents may be subjected to clinical trial in leprosy reactions and neuritis.

It may be that the ideal immunosuppressant for leprosy reactions will be a combination of

therapiesÐa drug with a fast-acting component that will switch in¯ammation off more

rapidly than does prednisolone, and a longer-acting immunosuppressant that will ameliorate

ongoing in¯ammation in patients who are at risk of chronic in¯ammation. It is important that

clinically based studies of molecular predictors of outcomes in leprosy reactions be carried

out, and that appropriate new drugs be tried for the large numbers of patients who do not

respond to steroids.
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DISCUSSION

Dr Sampaio: We carried out a similar study, in which we biopsied the lesions of patients

in reaction and carried out PCR on the lesions. Steroid therapy brings about a decrease of

expression of TNFa mRNA, but an increase of expression of IL-10 mRNA. In the case of

patients with ENL who are treated with thalidomide, one does not see the increase of expression

of IL-10 mRNA.
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Role of granulysin in immunity to leprosy

M. T. OCHOA1, S. THOMA-USZYNSKI1,
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Pediatrics, Stanford University, Stanford; 5Section of Dermatology,
University of Southern California School of Medicine, Los Angeles,

California; and 6Department of Dermatology and Cutaneous Surgery,
University of Miami, Miami, Florida, USA

One component of human T-cell cytotoxic granules, granulysin, exhibits a broad spectrum of

activity against microbial pathogens. We investigated the role of granulysin in human

infectious diseases, employing leprosy as a model. Expression of granulysin was detected in

cutaneous leprosy lesions six times more frequently among patients with localized than

among those with disseminated disease. Granulysin co-localized in CD4� T cells within

leprosy lesions as well as in CD4� T-cell clones derived from lesions. These CD4� T cells

lysed targets by means of the granule exocytosis pathway, and reduced the viability of both

Mycobacterium tuberculosis and M. leprae in infected targets. These data indicate a direct

effector function of CD4� T cells that is mediated through their ability to secrete the

antimicrobial protein, granulysin, at the site of the infection.

We also determined the distribution and frequency of granulysin in reactional states in

leprosy. We found that expression of granulysin was greater among patients with reversal

reactions than among those with erythema nodosum leprosum, and was least frequent among

lepromatous patients who were not in reaction. These results suggested that granulysin can

also contribute to bacterial killing during reactional states or lead to the tissue-injury typical

of these reactions.

DISCUSSION

Dr Colston: How is production of granulysin by T cells regulated? Is it mediated by cytokines

or by antigen-recognition?

Dr Modlin: After stimulation of the T-cell receptor, granulysin production is up-regulated

after a period of 72 h. It then remains, and is released by the next antigen stimulation.

Dr Dockrell: I'd like to hear more about the anti-mycobacterial effects of granulysin.

Dr Modlin: Granulysin killed extracellular as well as intracellular M. tuberculosis.
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Dr Ottenhoff: Do you speculate that CD8� cells are not activated in leprosy lesions?

Dr Modlin: Either they are not activated, or they release their granulysin all at once. It

may be that CD8� cells are primarily cytolytic, and lyse the infected cells, whereas the

CD4� cells secrete granulysin, which can then enter the infected cells and kill the organisms.

Dr Krahenbuhl: The T cells also secrete very powerful cytokines, such as IFNg, which

attract macrophages, which have other means of killing organisms. Merely lysing the host-

cell followed by the arrival of fresh macrophages in the lesion would also have powerful

antimicrobial effects.

Dr Modlin: I agree. Clearly, there are multiple mechanisms of bacterial killing;

macrophages represent an important mechanism, but T cells can also contribute by a direct

antimicrobial effector pathway.
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Potential of thalidomide and thalidomide

analogues as immunomodulatory drugs in leprosy

and leprosy reactions

G. KAPLAN
Laboratory of Cellular Physiology & Immunology, The Rockefeller

University, New York, New York, USA

Erythema nodosum leprosum (ENL), a serious complication of lepromatous leprosy,

typically includes painful subcutaneous nodules accompanied by systemic symptoms of

fever, malaise, wasting, and most importantly, peripheral neuropathy. Since Sheshkin

reported,1 in 1965, that thalidomide alleviates both the nodules and the systemic symptoms,

this drug has been used to treat ENL. However, the mechanism of action of thalidomide in

ENL remained unknown until recently.

In collaboration with Dr E. Sampaio and Dr E. Sarno, the effects of thalidomide on

leukocyte function in ENL patients were examined.2 In these studies, monocytes isolated from

normal individuals were stimulated in vitro with lipopolysaccharide (LPS) or mycobacterial

products, in the presence or absence of thalidomide, and the production of cytokine by the cells

was evaluated. At physiological levels, 1±10 mg per ml, the drug was shown to inhibit partially

the production of tumour necrosis factor-a (TNFa), without signi®cantly reducing the

production of other monocyte cytokines. In further studies in vitro, it was observed that

thalidomide reduces the half-life of the mRNA for TNFa from about 30 to 17 min.3

These results were subsequently extended to clinical studies. Patients with active ENL

were found to have elevated serum levels of TNFa. Treatment with thalidomide, 300 mg

daily for the ®rst week, 200 mg daily for the second week, and 100 mg daily for the third

week, rapidly reduced the serum levels of TNFa, in association with improvement of clinical

symptoms.4 Histopathologically, the characteristic mixed in¯ammatory in®ltrate in the

dermis, the vasculitis and the keratinocyte activation, evidenced by expression of HLA-DR

and ICAM, were improved following treatment with thalidomide. In addition, treatment of

ENL patients with thalidomide was shown to reduce the capacity of the patients' peripheral

blood mononuclear cells (PBMC) to release TNFa in response to stimulation in vitro. Taken

together, these studies suggested that the improvement of ENL following treatment with

thalidomide was associated with the reduction in TNFa levels.

The ability of thalidomide to inhibit production of TNFa in ENL patients suggested that

the drug may be bene®cial in other diseases, in the pathogenesis of which TNFa plays a role,

including other mycobacterial infections, tuberculosis and Mycobacterium avium infection,

and HIV infection. In one study, Tramontana et al.5 treated 30 tuberculosis patients with

thalidomide, in a dosage of 300 mg per day, or placebo for one or more 14-day cycles.

Thalidomide, which was well tolerated by these patients, resulted in signi®cant reduction of

serum TNFa levels. In addition, PBMC isolated from these patients at various intervals and

stimulated with LPS showed a reduction in TNFa production only when the patients were
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under treatment with thalidomide. Interestingly, during treatment with thalidomide, patient

serum interferon-g (IFNg) levels increased slightly. Compared to placebo-treated patients,

those treated with thalidomide showed accelerated weight gain during treatment. Further

studies showed that, among patients dually infected with M. tuberculosis and HIV, serum

TNFa levels were initially higher than among those infected with HIV only, suggesting that

the opportunistic mycobacterial infection stimulated production of TNFa.6 In addition,

plasma TNFa and HIV-1 levels were correlated. When patients with tuberculosis and HIV

were treated with thalidomide, there was a reduction of plasma levels of both TNFa and

HIV-1, accompanied by signi®cant weight gain. Among patients with HIV infection only,

treatment with thalidomide did not result in signi®cant change of either TNFa or HIV-1

levels, although there was some weight gain in this group. In vitro, thalidomide was shown to

inhibit production of virus in the latently HIV-infected monocytoid cell-line U1.7

Treatment of patients who had both tuberculosis and HIV infection with thalidomide was

shown to increase plasma IL-12 levels,8 as well as increased levels of soluble IL-2 receptor

and soluble CD8. Patients treated with placebo showed no such effect. In addition, the

proliferative response in vitro to mycobacterial antigens (PPD) of these dually infected

patients' PBMC was increased following thalidomide treatment. In this study, no effect of the

drug on viral load was observed. In patients infected with HIV only, treatment with

thalidomide resulted in similarly increased plasma levels of IL-12, soluble IL-2 receptor

and soluble CD8.9

Similar immune stimulation may be of importance in other chronic in¯ammatory diseases

of non-infectious origin. Recently, we have shown that thalidomide treatment of patients with

scleroderma results in increased plasma IL-12 levels and clinical improvement, evidenced by

decreased skin ®brosis and healing of digital ulcers.9 When PBMC of scleroderma patients

were exposed in vitro to anti-CD3 antibody in the presence of thalidomide, there was

increased production of IL-2, IL-3, GM-CSF and IFNg, suggesting that thalidomide had

exerted a co-stimulatory effect and induced activation of T-cells.

In HIV-infected individuals, thalidomide-induced immune activation was associated with

a signi®cant increase of body weight (reversal of wasting). When HIV patients were

maintained on a strict, isocaloric diet during thalidomide treatment, the weight gain was

shown to result from an increase of lean body mass.10 Again, no effect on viral load was

noted. Recently, a large multicentre, randomized, placebo-controlled study of the effect of

thalidomide on the wasting associated with HIV was completed.11 Signi®cant weight gain

was observed among patients who were treated with thalidomide in a dosage of 100 or

200 mg per day for 8 weeks. The drug was well tolerated, although some mild-to-moderate

rashes were noted during therapy.

The use of thalidomide in clinical settings may be limited by its associated toxic

manifestations, including teratogenicity, peripheral neuropathy, gastrointestinal disturbances,

rash, fever and drowsiness.12 Therefore, it was important to develop similar drugs that

exhibited analogous immunomodulatory activities without the thalidomide-associated

toxicity. For this purpose, a thalidomide-analogue programme was begun with Celgene

Corporation (Warren, NJ, USA) for development of novel immunomodulatory compounds.

Initially, compounds were synthesized and selected for enhanced inhibition of TNFa in vitro

in PBMC stimulated by LPS.13;14 In addition to inhibition of TNFa, these compounds

enhanced production of IL-10. A selected series of structural analogues of thalidomide was

found to inhibit production of TNFa signi®cantly; the 50% inhibitory concentration (IC50)

ranged from 280 mM to 0.02 mM. The drugs that showed enhanced activity in vitro were then
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tested in vivo, and shown to inhibit production of TNFa in the murine LPS-induced shock

model.13;15 Furthermore, one of these analogues was shown to block development of adjuvant

arthritis in the rat.16 This analogue also inhibited production of TNFa in rat splenocytes

in vitro.

Upon further characterization, a number of the analogues were found to segregate into

two distinct families.17 One group was found to inhibit production of TNFa ef®ciently, did

not inhibit monocyte IL-6, and stimulated production of IL-8 and IL-10. These analogues also

inhibited phosphodiesterase-IV (PDE-IV). The second group of thalidomide analogues

inhibited the production of TNFa, IL-6 and IL-8, and also strongly stimulated production

of IL-10; this second group of molecules did not inhibit PDE-IV.17;18

The two groups of thalidomide analogues were also tested for their effects on T-cells.17;19

As might be expected from earlier studies of inhibitors of PDE-IV, those analogues that

inhibited PDE-IV showed slightly reduced T-cell activation, as measured by thymidine

incorporation, as well as reduced production of the T-cell cytokines IL-2 and IFNg. By

contrast, those analogues that did not inhibit PDE-IV stimulated T-cell activation, causing

increased lymphocyte proliferation and increased production of IL-2 and IFNg. Thalidomide,

the parent compound, behaved like the compounds that did not inhibit PDE-IV, and was also

shown to stimulate T-cell activation in vitro. Thus, thalidomide and the other compounds that

did not inhibit PDE-IV appeared to inhibit monocyte activation, while stimulating T-cell

activation. Most strikingly, this class of compounds inhibited monocyte TNFa production,

whereas T-cell production of TNFa was unaffected or even slightly increased. Moreover,

monocyte-dependent production of IL-12 was inhibited, whereas these drugs enhanced T-

cell-dependent production of IL-12. The stimulatory effect on T cells was more pronounced

in the CD8� subset of T cells.

These exciting results suggest that thalidomide and its analogues could be used more

extensively in leprosy reactions. Identi®cation of a non-teratogenic analogue of thalido-

mide for treatment of ENL is critically important, because ENL remains a major

complication of leprosy. Indeed, even years after completion of multidrug therapy for

leprosy, ENL may still occur. Many of the patients at risk of developing ENL are young

women of childbearing age, for whom thalidomide treatment is contraindicated because of

its teratogenic effects.

Thalidomide has not been successful in the treatment of reversal reactions, perhaps

because T-cell activation appears to be a signi®cant component of reversal reactions, and

thalidomide has been shown to stimulate T-cell activation. However, the analogues of

thalidomide, which inhibit PDE-IV and block production of TNFa but do not stimulate T

cells, may be candidate drugs for the treatment of reversal reactions.
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DISCUSSION

Dr Ottenhoff: Did you test whether the effect of thalidomide is dependent upon IFNg?

Dr Kaplan: We believe that IL-12 up-regulates CD4 T-ligand, which up-regulates T-cell

activation, which activates secretion of IFNg, yielding a feedback loop. It is all independent

upon IL-2.

Dr Gillis: Are some patients with ENL refractory to treatment by thalidomide?

Dr Kaplan: Some patients simply don't respond very well to thalidomide. More common,

however, is the situation in which patients respond, but the ENL recurs when treatment is

stopped. Finally, some patients, once treated by thalidomide, do not experience recurrence of

ENL. We are beginning to think that thalidomide affects other cytokines in addition to TNFa,

and have undertaken a study with Dr Roche in Nepal to investigate this matter further.
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Summary Damage to peripheral nerves is the major complication of reversal (type

I) reactions in leprosy. The underlying mechanism of nerve damage remains largely

unresolved; however, an important role for type-1 T cells has been suggested.

Mycobacterium leprae has a remarkable tropism for the Schwann cells that surround

peripheral axons. Because reversal reactions in leprosy are often accompanied by

severe and irreversible nerve destruction, and are associated with increased cellular

immune reactivity against M. leprae, a likely immunopathogenic mechanism of

damage to Schwann cells and peripheral nerves in leprosy is that infected Schwann

cells process and present antigens of M. leprae to antigen-speci®c, in¯ammatory,

type-1 T cells, and that these T cells subsequently damage and lyse infected Schwann

cells. Previous animal studies with CD8� T cells revealed evidence for the existence

of such a mechanism. A similar role has been suggested for CD4� T cells. These

latter cells may be more important in causing nerve damage in vivo, given the

predilection of M. leprae for Schwann cells, and the dominant role of CD4�, serine

esterase� Th1 cells in the lesions of leprosy. Antagonism of the molecular inter-

actions among M. leprae, Schwann cells and in¯ammatory T cells may therefore

provide a rational strategy for prevention of damage of Schwann cell and nerves in

leprosy.

Leprosy reactions and nerve damage

Leprosy is the leading cause of all non-traumatic peripheral neuropathies worldwide.1

Although the implementation of multidrug therapy (MDT) has caused a major decline of

the prevalence of leprosy worldwide,2 the new-case detection rate has remained stable at a

level of approximately 600,000 annually.

It is well established that host immunity to Mycobacterium leprae dictates the clinical

outcome of leprosy. It is believed that more than 99% of the population develop adequate

protective immunity upon infection, and do not develop clinically detectable symptoms,3;4

and only a minority of the infected individuals develop clinical leprosy.

Workshop Proceedings S121

Correspondence to: E. Spierings, Department of Immunohematology and Blood Transfusion, Leiden University
Medical Center, PO Box 9600, 2300 RC Leiden, The Netherlands.



Superimposed on the leprosy spectrum, leprosy reactions, which represent acute in¯am-

matory episodes, can occur. Two major types of reactions are distinguished: i) erythema

nodosum leprosum (ENL) (type II reactions), which occur predominantly in patients at the

lepromatous end of the spectrum; and ii) reversal reactions (RR) (type I reactions), which

occur particularly in patients with borderline leprosy, especially during treatment.5 Type I

reactions are thought to represent episodes in which cell-mediated responses to M. leprae are

greatly enhanced, resulting in an in¯ammatory response in the areas of skin and nerve

affected by the disease.6 Estimates of the prevalence of RR in leprosy range from eight to

30%.7

The enhanced cellular immune responses may be bene®cial in terms of clearing bacteria,

as they strengthen the mechanisms by which the organisms are killed. However, the

accompanying in¯ammation in and around infected nerve tissue, or around nerves in close

proximity to in¯amed lesions can result in severe and irreversible damage within a matter of

days, if treatment is inadequate. Clinically detectable neural involvement occurs in approxi-

mately 10% of patients with paucibacillary (PB) leprosy and 40% of those with multibacillary

(MB) disease, particularly in patients with RR.8 It has been suggested that subclinical neural

involvement may occur in virtually all patients with leprosy, but that some 30% of the nerve

®bres must be destroyed before sensory impairment becomes detectable.9

A nerve ®bre consists of an axon that is almost completely enveloped in a sheath of

Schwann cells. Axons are either myelinated or unmyelinated. Myelinated peripheral axons

possess a myelin sheath, interposed between the Schwann cells and the axon (Figure 1a), that

is derived from the Schwann cells themselves. Unmyelinated axons, which lack a myelin

sheath, lie in deep grooves on the surface of the Schwann cells, with multiple axons

enveloped by the same cell (Figure 1b). Externally, Schwann cells are covered by a basal

lamina, which, in turn, is surrounded by endoneurial tissue. Several Schwann cell-axon units,

which are embedded in endoneurium, are surrounded by the relatively impermeable

perineurium, which consists of randomly oriented and highly concentrated collagen ®bres.

Tight junctions between the endothelial cells of the capillaries and the endothelial basement

membrane separate the endoneurium from the circulation. The resulting physical `blood-nerve

barrier' is believed to be important in maintaining an appropriate physicochemical environment

for the axons, and in protecting them against potentially harmful agents, including effector cells

of the immune system. Nevertheless, the junctions can provide a route through which bacteria

or leukocytes can ultimately enter the peripheral nervous system.

M. lepraeÐSchwann cell interactions

M. leprae almost exclusively infects macrophages and Schwann cells.10 Various receptor-

mediated mechanisms, similar to those exploited for invasion of macrophages, may play a

role in the invasion of human Schwann cells by mycobacteria. Candidates are Fc receptors,11

complement receptors,11;12 the ®bronectin binding protein,13 and mannose receptors.14

However, these mechanisms are not restricted to Schwann cells, and thus do not explain

why M. leprae speci®cally homes to neural tissue. The neurotropism of M. leprae may be

attributed to its af®nity for the G-domain of the a-chain of laminin-2, an extracellular matrix

protein that is present in the basal lamina of Schwann cells.15 In turn, M. leprae-laminin-2

complexes bind to a=b-dystroglycan complexes expressed on the surface of the Schwann

cell.16 Recently, a 21 kDa laminin-binding receptor, a histone-like protein (HLP), has been
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identi®ed on M. leprae.17;18 This mycobacterial receptor may function as a critical surface

adhesin for the G-domain of the laminin-a2 chain.

Although these interactions may play a major role in the attachment of M. leprae to

Schwann cells, and, perhaps, in the invasion of the Schwann cells by the organisms, it is not

unlikely that other receptors may also be involved. Indeed, blocking of the dystroglycan

complex could not completely inhibit the adhesion of M. leprae to Schwann cells.16 Other

candidate (co)receptors may include integrins, which are also able to bind to laminin-2, and

an as yet uncharacterized 25-kDa phosphoprotein expressed by Schwann cells, to which

M. leprae has been reported to bind.19 Thus, other receptor±ligand interactions may also be

involved in M. leprae±Schwann cell attachment and invasion.

T cell-mediated and Schwann cell damage

Several pathogenetic mechanisms may be responsible for the nerve damage induced by
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leprosy, including biochemical interference by M. leprae with host cell metabolism,

mechanical damage resulting from the large in¯ux of cells and ¯uid, or immunological

damage. Because RR are accompanied by increased cell-mediated immunity (CMI), and

because acute nerve damage occurs particularly during these reactions, the immune system

has long been suspected of playing a role in causing nerve damage during RR.6;20 CD4� T

cells are more abundant in the skin lesions of patients with RR, compared to those of patients

without reactions. The T cells in the granulomata are predominantly CD4�, whereas CD8� T

cells are mostly present in the mantle area surrounding the granuloma.6;21;22 A strong

increase of type-1 cytokines has been noted during RR,22;24 and, indeed, T-cell clones

isolated from skin biopsy specimens of patients with RR are predominantly of the Th1-

type.25;26 The microanatomical location of serine esterase� cells within tuberculoid granu-

lomata and RR overlaps with the CD4� CD45RO� subpopulation,22 indicating that these T

cells contain cytotoxic granules. Furthermore, analysis of M. leprae-reactive, CD4� cyto-

toxic T-cell clones has con®rmed that these cells are indeed highly cytotoxic for a variety of

human target cells.27 Therefore, it is likely that Th1-like cytotoxic T cells may contribute not

only to protective immunity, but also to the immunopathology of leprosy neuritis, in which

Schwann cells function as their target. Murine Schwann cells have already been shown to

function as antigen-presenting cells for CD8� cytotoxic T cells in an MHC class I-restricted,

mycobacterial antigen-dependent manner;28 as a result of antigen-recognition, Schwann cells

were killed. Rodent Schwann cells were also able to stimulate CD4� T cells via MHC class

II.29;30 To what extent these rodent studies can be extrapolated to leprosy neuritis remains

unknown, largely because of the inability to culture human Schwann cells, which precludes

such analyses in humans.

We have recently succeeded in establishing human Schwann cell cultures that yield

suf®cient numbers of cells for further studies. These cells express the Schwann-cell

markers S-100b, glial ®brillary acidic protein (GFAP), and 20,30-cyclic nucleotide-30-

phosphohydrolase (CNPase), whereas control ®broblasts and peripheral blood mononuclear

cells do not express these molecules. A number of molecules involved in antigen-presentation

and T-cell stimulation, such as MHC class I and II, ICAM-1, and CD80, were also detectable

(Spierings, et al., unpublished data, 1997). The expression of HLA class II on human

Schwann cells in vivo has been a point of controversy. Although a number of studies have

failed to demonstrate expression,31ÿ33 others have reported HLA class II molecules on

Schwann cells.34;35 Furthermore, such in¯ammatory cytokines as interferon-g (IFNg) and

tumour necrosis factor-a (TNFa), as well as invasion of Schwann cells by M. leprae, have

been reported to result in up-regulation of MHC class II by rodent Schwann cells.36ÿ38 In

leprosy patients, Schwann cells were found to express MHC class II.39 Therefore, by

presenting M. leprae antigens to cytotoxic T cells, Schwann cells may well be actively

involved in the immunopathology of leprosy neuritis. Thus, although human Schwann cells

may not express HLA class II molecules under normal conditions, infection with M. leprae or

the subsequent local immune response probably induces expression of MHC by human

Schwann cells.

These human Schwann cells indeed take up bacteria, as con®rmed by confocal micro-

scopy (data not shown). More recent results from our laboratory show that human Schwann

cells can process and present intact M. leprae and M. leprae-antigens to CD4� cytotoxic T

cells (Figure 2). Presentation induces proliferation of T cells and production of IFNg (data not

shown). Importantly, Schwann cells pulsed with M. leprae are highly susceptible to killing by

type-1 CD4� T-cell clones from leprosy patients. Schwann cell killing was antigen-
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dependent and HLA class II-restricted (data not shown). These results show clearly that

human Schwann cells can process and present M. leprae to M. leprae-speci®c CD4�

cytotoxic T cells, and are subsequently killed. Particularly during RR mediated by

in¯ammatory, CD4� T-cells, this mechanism may play an important role in causing local

peripheral-nerve damage in leprosy. We propose that this represents a novel

immunopathogenetic mechanism of nerve damage in leprosy.

Nerve destruction as collateral damage

In addition to nerve damage resulting from cognate T cell-Schwann cell interactions, non-

speci®c bystander effects during in¯ammation may also be involved in triggering nerve

damage. Possible mediators are TNFa, proteases, and urokinase.40 With respect to leprosy,

TNFa mRNA and protein are more abundant in lesions of patients with RR.24;41 TNFa is

predominantly produced by M. leprae-responsive, type-1 T cells derived from patients

undergoing RR,25 but infected and activated macrophages can also be responsible for the

production. TNFa alone has little toxic effect on Schwann cells, but, in combination with

transforming growth factor (TGF)-b, it has been reported to cause signi®cant detachment and

lysis of Schwann cells.42 Little is known about the effect of TNFa-mediated target-killing on

mycobacterial survival. TNFa-mediated lysis has been reported to have an effect on

mycobacterial viability similar to that of FAS/FAS-L mediated lysis,43 but this observation

is not universally accepted with respect to either FAS or TNFa.
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M. leprae-speci®c versus autoreactive T cells in leprosy lesions

At present, which antigens are recognized by lesional T cells is unknown. M. leprae-speci®c

T cells can be isolated from both in¯amed skin25 and nerve tissue (Spierings et al.,

unpublished data, 1997). It is possible that nerve damage may be caused or enhanced by

autoreactive T cells, in addition to M. leprae-speci®c T cells. Such autoreactive T cells might

be primed by cross-reacting mycobacterial antigens (molecular mimicry). An obvious

candidate auto-antigen is HSP60. Mycobacterial HSP60-reactive murine T cells are indeed

able to lyse uninfected macrophages44;45 and IFNg-stressed target cells.46 Furthermore,

transfer of an HSP60-speci®c, CD8� T cell clone into immunocompromised mice leads to

severe immunopathology.44;47 These data indicate that presentation of peptides from

endogenous proteins can be responsible for cell-mediated, autoimmune-like destruction of

tissue. However, it is also possible that, during in¯ammation, T cells are primed against

autoantigens associated with non-cross-reacting Schwann cells or nerve, perhaps by cross-

priming, and that such autoreactive T cells can contribute to the peripheral neuropathy of

leprosy. Analysis of the antigen-speci®city of the T cells that in®ltrate lesions will be needed

to address the role of self-antigen versus recognition of M. leprae antigens in the

immunopathology of leprosy neuritis.

Conclusions

Human Schwann cells may play a central role in the nerve damage of leprosy. Destruction of
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Figure 3. The potentially harmful effect of protective immunity against M. leprae. T-helper-1 (Th1) cells are primed
by dendritic cells (ds) that are loaded with M. leprae. These T cells are able to attack M. leprae-infected macrophages
(MF). In this way, T-helper cells may contribute to elimination of the organisms. On the other hand, the same T cells
may recognise M. leprae presented by the Schwann cells (sc). Similar to the situation with macrophages, recognition
may result in killing of infected Schwann cells, thus leading to nerve damage.



Schwann cells, and, subsequently, of the nerves they surround, probably results not only from

collateral damage, but also from the direct effect of CD4�, cytolytic T cells. These T cells are

instrumental in controlling the multiplication of M. leprae in lesions by activating M. leprae-

infected macrophages, in addition to killing the organisms. Unfortunately, however, when

infected Schwann cells are killed as well, this may lead to nerve damage, which may progress

to irreversible loss of peripheral nerve tissue (Figure 3). Although this process can involve

both CD8�28 and CD4� (Spierings et al., unpublished data, 1999) cytotoxic T cells, the latter

cells may be particularly important, because CD4� T cells are present in large numbers in the

centre of the granulomata of patients with RR.
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DISCUSSION

Dr Cole: What are your controls when you study M. leprae in Schwann cells. If you employ a

mycobacterium that is not known to invade Schwann cells, do you obtain the same results?

Dr Ottenhoff: Yes, although it is not as ef®cient as when M. leprae is employed.

M. smegmatis also enters Schwann cells, although not as well as does M. leprae. We have

used all manner of controls including MHC-mismatched combinations, proteins, peptides,

and bacteria. The system is truly speci®c.

Dr Gillis: Is there any evidence that T cells attack Schwann cells in vivo?

Dr Ottenhoff: There is the circumstantial evidence of the co-existence of T cells and

macrophages with nerve bundles in in¯ammatory sites. But we have never examined the

lesions to learn what occurs there.

Dr Lockwood: The accumulation of T cells on the axon, suggesting a perineuritis, is very

striking.

Professor Britton: Do Schwann cells express MHC Class II when they grow in culture in

the absence of any stimulation? Or do you culture them in the presence of IFNg or any other

activators?

Dr Ottenhoff: We culture the Schwann cells in conditioned medium, i.e. medium to which

has been added supernatant from a cell culture that is rich in IL-2, among other substances.

However, if you culture the cells in medium depleted of IFNg for 2 weeks, the Schwann cells

still express MHC class II, although to a lower level. Thus, the cells express a basic, low level

of MHC class II, and can be induced to express a much higher level. It has also been shown

that infection by M. leprae can induce MHC class II expression.

Dr Sampaio: Do you believe that the neuritis of reversal reaction and that of ENL share a

common mechanism, or are the mechanisms different?

Dr Ottenhoff: An increase of CMI has been reported in the lesions of ENL, so I should

think that the same mechanism could operate in both types of reactions.

Workshop Proceedings S129
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Summary In order to increase our understanding of the immunological basis of

erythema nodosum leprosum (ENL), we studied Th-like cytokine pro®les in 130

leprosy patients, employing both the conventional and a novel, real-time, ¯uorogenic

reverse transcriptase-based PCR (RT-PCR). The concomitant expression of both Th-

like cytokines, interferon-g and IL-4, and the regulatory cytokines, IL-10 and IL-12,

was studied in the peripheral blood cells of leprosy patients with and without ENL. In

the conventional RT-PCR, varied cytokine pro®les were observed in individual

patients of all clinical types. Fifty-three percent of lepromatous patients without ENL

and 59% of tuberculoid leprosy patients showed co-expression of IFNg and IL-4,

indicating a non-polarized Th 0 pattern. Of the 36 patients with ENL, 58%

demonstrated a polarized Th 1 pattern, with only 30% expressing both cytokines.

Semiquantitative RT-PCR indicated a lower expression of IL-4 compared to that of

IFNg in the lepromatous patients without ENL; the difference was even greater

among those with ENL. The sensitive, real-time PCR con®rmed the down-regulation

of IL-4 and IL-10, with absence of IL-4 in half of the patients, resulting in skewing of

the cytokine response toward a Th 1-like pro®le.

Introduction

The mechanisms underlying the anergy associated with lepromatous leprosy continue to

elude consensus in the scienti®c community. The discovery of subsets of T cells, which are

de®nable on the basis of their cytokine pro®les, has presented the possibility of understanding

the leprosy spectrum and the antigen-speci®c T-cell-related unresponsiveness. Both CD4�

and CD8� T cells may be divided into three populations. Th 1 cells produce interleukin-2

(IL-2) and interferon-g (IFNg), and appear to be important for the development of cell-

mediated immunity and resistance to intracellular pathogens. Th 2 cells produce IL-4, IL-5,

IL-6 and IL-13, and regulate antibody production and immunoglobulin subclass differentia-

tion, thereby playing a role in protection against extracellular pathogens. Th 0 cells, the

function of which is less clear, produce both sets of cytokines.1 Although these T-cell subsets
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are clearly demonstrable in the mouse, a polarized Th 2 pro®le has been seen in man only in

helminthic infestations and allergic states.2

The leprosy spectrum represents an ideal model for study of the role of these subsets, as it

shows an inverse relationship between cell-mediated and humoral immune responses,

suggesting a Th 1 and Th 2 dichotomy. However, reports of earlier work on leprosy patients,

including ours, have shown a varied Th-like cytokine pattern in both peripheral blood

mononuclear cells (PBMC) and lesions, ranging from polarized Th 1 and Th 2 patterns to a

mixed pattern, in which both Th 1 and Th 2 subsets or all three subsets have been

observed.3ÿ5 On the other hand, consensus exists with regard to the reactional states in

leprosy, in which most patients with both reversal (type 1) and erythema nodosum leprosum

(ENL) (type 2) reactions have been shown to have a polarized Th 1-like cytokine pattern.6ÿ9

It is not clear whether the patients without ENL with Th 0 and Th 2 patterns undergo

phenotypic change to Th 1 during ENL. It is also not clear whether the diversity of ®ndings in

different laboratories has resulted from the use of less sensitive conventional RT-PCR

methods to identify cytokine mRNA, and the use of supernatants from the mixed population

of PBMC to measure the cytokine product by ELISA.

The present study was undertaken in an attempt to increase our understanding of the

change of Th-pro®le that occurs in lepromatous patients undergoing ENL, employing a

comparison of the conventional with the more recently developed ¯uorogenic, real-time

RT-PCR10;11 to measure the relative expression of the cytokines that de®ne the Th-subsets.

Materials and methods

SUBJECTS

One hundred and thirty leprosy patients (69 LL/BL, 18 BT, seven with reversal reaction, and

36 with ENL), who attended the clinics of Safdarjung and Leprosy Mission Hospitals in New

Delhi, were included in the study. The 18 patients with tuberculoid leprosy, together with

nine healthy contacts with history of exposure to leprosy patients, were included for

comparison of anergic and responsive clinical types. Lepromatous and tuberculoid patients

were under treatment for from 4 to 24 weeks by the standard multidrug regimen of 100 mg

dapsone daily, 100 mg clofazamine on alternate days, and 600 mg of rifampicin monthly. The

patients with ENL were tested prior to anti-reaction therapy.

PBMC CULTURES FOR CYTOKINE MRNA

PBMC were isolated from the subjects as before,12 and cultured for 24 h at 4 ´ 106 cells per ml

per well in 24-well plates in RPMI-1640 cell-culture medium containing 10% human AB

serum, with or without 107 integral Mycobacterium leprae. Cytokine mRNA was isolated from

the cultures of PBMC, reverse-transcribed to cDNA, and stored at ÿ208C as described earlier.3

CONVENTIONAL RT-PCR

cDNA was ampli®ed for 35 cycles, except where otherwise indicated, using cytokine-speci®c

primers, cycling parameters and ethidium bromide-stained agarose gels for visualization of

amplicons, as described earlier.3 Semiquantitative PCR involved ampli®cation of each cDNA

for 20, 25, 30 and 35 cycles, employing the same quantity of cDNA and the same primers.
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FLUOROGENIC REAL-TIME PCR

The cDNA samples were transported on dry ice to the UK laboratory. Cytokine- and b-actin-

speci®c primers, which were designed to avoid genomic DNA contamination with the aid of

Gene Express software, were obtained from PE Applied Biosystems, UK. Plasmids contain-

ing genes encoding b-actin, IFNg, IL-4, IL-10, and IL-20p40, constructed in pGEM-T

vector (Promega, Madison, Wisconsin, USA), and a known patient cDNA sample served as

positive controls. PCR ampli®cation was carried out in a volume of 25 ml, using a Taqman

PCR kit according to the manufacturer's instructions, and the ¯uorescence spectra were

detected in the ABI Prism 7700 sequence detection system (Perkin-Elmer Applied

Biosystems). One ml of cDNA reverse-transcribed from 1 g total RNA was added to triplicate

tubes, together with 20 ml of a master mixture of previously determined optimal quantities of

forward and reverse primers and an FAM-labelled cytokine-probe. The ampli®cation

parameters consisted of a hold-cycle of 2 min at 508C to activate the uracil N0-glycosylase,

followed by 10 min at 958C and 40 cycles of 958C for 15 s and 608C for 1 min. Real-time

¯uorescence measurements were taken every 8 s, and a value for the threshold cycle (CT) of

each sample was calculated by determining the cycle at which normalized ¯uorescence

exceeded the threshold limit of 10 times the SD of the baseline, using Perkin-Elmer Applied

Biosystems Version 1.6 software. The relative expression of the various cytokines was

compared continuously during the logarithmic phase of PCR, in terms of DCT (mean CT of

three replicate ampli®cations of cytokine cDNAÐmean CT of three replicate ampli®cations

of b-actin cDNA). Samples were considered negative when the signal did not attain threshold

levels within 40 cycles. b-Actin levels were measured in each sample using commercial

standards of human DNA (Perkin-Elmer Applied Biosystems).

Results

The Th-like phenotypes detected by the conventional RT-PCR up to 35 ampli®cation cycles

are shown in Table 1. It may be observed that approximately half of the lepromatous patients

demonstrated variation of the proportion of each Th-subset. Approximately half of the

lepromatous patients without ENL and the tuberculoid patients showed the presence of the

non-polarized Th 0-phenotype in the antigen-stimulated PBMC, indicating the concomitant

presence of both IFNg and IL-4 mRNA. Whereas 31% of the tuberculoid patients demon-

strated a Th 1 pro®le, a similar proportion of the lepromatous patients demonstrated a Th 2

pro®le. Small proportions of patients showed the opposite Th-subset or absence of both

cytokines. Importantly, the majority of lepromatous patients with reversal and ENL reactions
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Table 1. Th phenotypes in PBMC of leprosy patients by RT-PCR

(%)
Patients Th 0 Th 1 Th 2 Th-negative

Lepromatous (69) 54 7 33 4
Tuberculoid (18) 59 31 10 0
Reversal reactions (7) 14 86 0 0
ENL (36) 30 58 0 11



showed a Th 1-like pattern, with the presence of IFNg mRNA and the absence of IL-4

mRNA. Fewer subjects demonstrated Th-0 subsets.

To determine the relative numbers of copies of the mRNA of each cytokine, we

undertook a semiquantitative RT-PCR, whereby the same quantity of cDNA of each

patient was ampli®ed at ®xed cycle times of 20, 25, 30 and 35, with the expectation that

larger numbers of copies of the mRNA would amplify at an earlier cycle time. Figure 1 is

representative of the cytokine signals obtained for one patient from each clinical type in

ethidium bromide-stained agarose gels. The b-actin mRNA was visualised earliest,

between 20 and 25 cycles. By 35 cycles, all clinical types showed a Th 0-like cytokine

pro®le, with concomitant signals for both Th 1 and Th 2 cytokines. However, differences

became apparent when earlier cycle times were tested. IFNg mRNA was detected earlier

in tuberculoid leprosy than in other clinical types. Furthermore, there were relatively more

IFNg mRNA copies, with signals detected at 25 cycles, compared to 30 cycles for IL-4

mRNA. The healthy contact showed a similar pattern, but demonstrated a smaller number

of IFNg mRNA copies than did the tuberculoid patient. The LL patient showed both

cytokines by 30 cycles, indicating a Th 0 pro®le; it was not possible to determine the

relative numbers of copies of the two cytokines.

By contrast, the patient with ENL showed a larger copy number of IFNg mRNA (20

cycles), compared to all other clinical types. Moreover, IL-4 was not detectable even at 35

cycles, indicating smaller copy numbers and a down-regulation of expression, compared to

the patient without ENL. Therefore, it is apparent that quantitative differences of the Th 1 and

Th 2 cytokines are present among patients with different clinical forms of leprosy; ENL

patients show a further lowering of IL-4, with skewing of the response toward the Th 1-type,

compared to the lepromatous patient without ENL.

To quantify the relative proportions of Th1 and 2 cytokine expression more accurately,

we used the recently developed real-time PCR, which uses a ¯uorogenic probe for detection

of ampli®ed product at each cycle time. Figure 2a shows a representation of the relative

expression of IFNg and IL-4 in a patient with ENL. The ampli®cation dynamics were similar

for both types of cDNA, indicating that the observed differences chie¯y re¯ected differences

of mRNA copy-numbers in the PBMC. The copy-number of b-actin mRNA was larger than

that of cytokine mRNA, and reached threshold after 20 cycles of ampli®cation. In agreement

with the data from agarose gels, IFNg reached threshold level after 26 cycles, whereas IL-4

was detectable only after 36 cycles. Among the regulatory cytokines (see Figure 2b), IL-12

was detected earlier (25 cycles) than was IL-10 (30 cycles). In Table 2, the data are presented
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Figure 1. Conventional PCR. Ampli®cation of b-actin, interferon-g (IFNg) and IL-4 in the same cDNA sample
obtained from antigen-stimulated peripheral blood mononuclear cells of leprosy patients. PCR products were
ampli®ed for: (1) 20; (2) 25; (3) 30; and (4) 35 cycles, and were visualized in ethidium bromide-stained gels under
UV light. Note the earlier ampli®cation of IFNg than of IL 4. Abbreviations: LL� polar lepromatous leprosy;
ENL� erythema nodosum leprosum; BT� borderline tuberculoid; HC� household contacts.



as mean 2ÿDCT for each group of leprosy patients. Among the lepromatous patients, the

relative decrease of IL-4 compared to IFNg was evident when both cytokines were expressed.

In agreement with these ®ndings, the number of copies of IL-10 mRNA was smaller than that

of IL-12p40. These cytokines are known to help, respectively, in Th 2- and Th 1-subset

differentiation after antigen-exposure or infection.1

Con®rming the earlier ®ndings by conventional RT-PCR, ENL patients showed not only

spontaneous expression of IFNg in unstimulated ex-vivo cells, but also a further down-

regulation of IL-4-expression, which rendered its mRNA undetectable, even using this

sensitive assay. Thus, the Th1 polarization pattern, which is associated with the immuno-

pathology in patients with ENL, appears to result from dysregulation or down-regulation of

IL-4. Furthermore, expression of IFNg was highly variable in patients with active ENL,

indicating an immune response in a dynamic state.
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Figure 2. Real-time PCR. Ampli®cation plots of (a) interferon-g (IFNg) and IL-4; (b) b-actin, IL-10 and IL-12p40
from antigen-stimulated PBMC of an LL patient without ENL. In real-time PCR, the cytokines are shown with their
respective log phases indicated by lines. The X-axis indicates the cycle time (CT) of ampli®cation. The Y-axis shows
normalized ¯uorescence (DRn) of the reporter dye. The horizontal line indicates the threshold DRn, and is 10 SD
above the baseline. Abbreviations: LL� polar lepromatous leprosy; ENL� erythema nodosum leprosum;
PBMC� peripheral blood mononuclear cells; IL� interleukin.



Discussion

In order to understand the relationship of Th phenotypes to the clinical types of leprosy, as

well as the emergence of reactional states in hitherto anergic subjects, we used RT-PCR to

amplify the cytokine mRNA. In view of the various reports on Th-phenotypes in leprosy

patients, we used both the conventional and the recently developed, highly sensitive, real-

time RT-PCR to quantify cytokine mRNA. In general, the cytokine pro®les obtained by both

methods were comparable; the new method possessed the added advantage of a better-

controlled and more sensitive assay, which was amenable to simultaneous quanti®cation of

multiple cytokine mRNA molecules in several patient samples.

In conventional RT-PCR, the predominant pro®le in all clinical groups was that of Th 0.

Approximately one-third of lepromatous patients expressed IL-4 exclusively. By examining

earlier cycle-times in the semiquantitative RT-PCR, and exploiting the increased sensitivity

of the real-time PCR, both cytokines were detectable in all lepromatous patients without

ENL. Of interest was the dominance of IFNg, which showed several-fold greater expression

than IL-4, when both cytokines were expressed. IFNg was detectable as early as 26±28

cycles, and reached a plateau in all samples by 30 cycles. By contrast, IL-4 was detectable

after 30±38 cycles. The low expression of IL-4 could not be attributed to time-kinetics or the

ef®ciency of PCR, as plasmid DNA and control cDNA reached threshold levels between 27 to

28 and 32 to 33 cycles, respectively, in most experiments. The differences of IFNg and IL-4

levels in the present study were not attributable to time-kinetics, as they were observed in

antigen-stimulated cultures incubated for 12 or 48 h.

The relative decrease of IL-4 and the dominance of IFNg were unexpected; the biology

of the disease suggests a polarized Th 2-like response, because lepromatous patients

demonstrate high antibody levels and T-cell anergy to the antigens of M. leprae.13 However,

even by this sensitive method, IL-4 was not detected in patients during the immunological

perturbations associated with ENL, thus skewing the Th-pro®le to a polarized Th 1-

phenotype, consistent with previous reports on ENL reactions from our and other

laboratories.4;7ÿ9 Moreover, when both cytokines were expressed in some subjects, IL-4

mRNA copy numbers were much smaller than those of IFNg mRNA. Antigen-stimulated

cultures showed greater variability of IFNg expression-levels among patients with ENL,

indicating a dynamic disease state, in which individuals are at different levels of an ongoing

immune response. Spontaneous expression of IFNg but not of IL-4 was observed in

unstimulated PBMC, consistent with in-vivo T-cell priming in ENL.

Consistent with the development of a polarized Th 1-response, emergence of transient,
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Table 2. Relative numbers of copies (2ÿDCT) of cytokine genes in PBMC of lepromatous patients
with and without ENL

IFNg IL-4 IL-10 IL-12p40
Patients Mean 6 SD (range)

BL/LL 0.334 6 0.2 0.002 6 0.003 0.103 6 0.135 0.901 6 2.67
(13) (0±0.65) (0±0.01) (0±0.4) (0.02±9.8)
ENL 30.8 6 52.8 0.102 6 0.266 0.252 6 0.367 166 6 264
(8) (0.001±128) (0±0.76) (0±0.95) (0±630)

The values in brackets indicate the ranges.



antigen-speci®c T-cell reactivity has been observed in ENL.14 Paradoxically, ENL patients

also have high levels of anti-M. leprae antibody and immune complexes.13;15 Although Th-

subsets in¯uence Ig isotypes and subclasses in experimental models1 and allergic states,2

their role in human infections is less clear. ENL appears to be associated with low levels of

IgG-3 antibodies to several antigens of M. leprae antigens.16

IL-12 and IL-10 regulate the immune response by in¯uencing the induction, respectively,

of type 1 and type 2 cytokines during infection.1 In agreement with the relatively greater

decrease of IL-4 than of IFNg, expression of IL-10 was decreased in patients with ENL to a

signi®cantly greater degree than was expression of IL-12p40. Predominance of IL-12p40

during reaction could result in an increase of IFNg and down-regulation of IL-4, thereby

skewing the immune response to the Th 1 type. In conclusion, human diseases such as

lepromatous leprosy without ENL appear not to show true Th 1- or Th 2-polarization in the

peripheral blood. Nevertheless, perturbations of Th 1- or Th 2-like cytokines may lead to the

transient clinical changes observed in leprosy reaction. The factors triggering such cytokine

alterations should be de®ned, if better strategies for control of ENL are to be developed. The

administration of recombinant IFNg leads to precipitation of ENL in some subjects,17

demonstrating the importance of cytokines in the clinical changes that occur during chronic

infection.
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DISCUSSION

Dr Kaplan: Don't your results contradict some of those in the literature? I remember some

earlier reports that suggested that the cytokine pro®le was different from that you have

described, especially in lepromatous patients and those with ENL. Is this a function of the

sensitivity of your assay, or are you dealing with different kinds of patients?

Professor Nath: I think my data from patients with ENL do not contradict those in the

literature. There may well be a contradiction with respect to the results from patients with BL/

LL disease without ENL. I think that our assay is more sensitive so that it detects more of the

other cytokines, so that patients who might have appeared Th 1 are actually Th 0. I'm

uncertain whether we're dealing with a mixture of Th 1 and Th 2 subsets or with a single cell

that produces both types of cytokine. I'm inclined to believe that we're dealing with a

mixture.

Dr Modlin: Our data showed that there was a mixture of cytokines in both forms of

leprosy, with a predominance of Th 2 cytokines in tuberculoid lesions and a predominance of

Th 1 cytokines in lepromatous lesions. I believe your data to be consistent with what has been

published. In terms of comparing IFNg and IL-4 mRNA, I should point out that it is easy to

compare quantities of the same cytokine mRNA in two lesions, but one must be cautious in

comparing quantities of different cytokines.

Professor Britton: You've shown us your results in BL and LL patients. Have you applied

the same techniques to TT/BT patients?

Professor Nath: I haven't applied real-time PCR to tuberculoid patients.
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Review of current research in the prevention of

nerve damage in leprosy

W. C. S. SMITH
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Summary Nerve damage and the consequences of nerve damage set leprosy apart

from other diseases. The irreversible motor and sensory impairments caused by

leprosy lead to increasing secondary impairments long after the disease process has

been arrested. Interventions that prevent, reverse or limit the impairments resulting

from leprosy are, therefore, of the highest priority. Self-care has been demonstrated to

be an effective means of preventing secondary tissue damage, and its implementation

must now be encouraged within the framework of basic health care. Currently, a

comprehensive effort has been made to address all dimensions of impairment of nerve

function and its consequences, from prevention of both primary and secondary

impairments to interventions in long-term nerve damage. The BANDS prospective

study of a cohort of 2664 previously untreated leprosy patients in Bangladesh has

provided both a valuable baseline and insight into the epidemiology of nerve damage

in leprosy. This work has de®ned the numbers of patients who present with acute

nerve damage, the numbers who are not treated, and the importance of the MB

classi®cation, and has described the simple clinical prediction rule. This study also

provided the basis for the development of the three TRIPOD randomized clinical

trials in Nepal and Bangladesh. Follow-up of the BANDS cohort, which is continu-

ing, will yield more data on the natural history of nerve damage. The encouraging

results from the TRIPOD trials of low-dose prophylactic steroids will be followed up,

to see whether the effect is sustained over time. The TRIPOD trials are to be

completed, a trial of three steroid regimens in reversal reaction is to be completed,

and a number of speci®c research topics within the ILEP programme, INFIR, are to be

developed.

Introduction

Nerve damage and the consequences of nerve damage set leprosy apart from other diseases.1

The irreversible motor, sensory, and autonomic impairments caused by leprosy lead to

increasing secondary impairments long after the disease-process has been arrested. The

progressive physical impairments caused by the disease process are compounded by the

psychological and social consequences that adversely in¯uence the participation in society of

those affected. Research into interventions that prevent, reverse or limit the impairments

resulting from leprosy is therefore of the highest priority.

The magnitude of the problem has been estimated from the proportion of newly

diagnosed patients who have WHO disability grade 2 at detection.2 However, this yields
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an underestimate of the size of the problem, as it does not include those with only sensory

impairments, those who develop impairments after detection, and any of the social

consequences. Moreover, this estimate does not include those who have completed a course

of multidrug therapy (MDT), and are therefore no longer registered for treatment, but

nevertheless have nerve function impairment (NFI) and the potential for progressive tissue

damage as a result of motor, autonomic and sensory impairment. Estimates of the numbers

affected globally vary upwards from 1.3 million, depending upon a number of assumptions

about the age and life-expectancy of those affected.3 The numbers of newly discovered patients

with grade 2 disability at detection have been decreasing globally, re¯ecting generally

improved case detection and treatment. However, there is considerable country-to-country

variation in the proportion of new cases presenting with WHO grade 2 disability, and a

tendency for countries with fewer cases to have larger proportions. This tendency is a concern

for the future, and the trend of the number of new cases with grade 2 disability must be

monitored carefully. Nerve damage that has already developed by the time of diagnosis is

important, because it may be prevented by early case-detection and treatment with MDT.

Current research represents a comprehensive effort to address all dimensions of NFI and

its consequences, from prevention of both primary and secondary impairments to inter-

ventions in long-term nerve damage. These areas of research have been identi®ed as a priority

for research,4 and have been taken up by a number of member associations of the

International Federation of Anti-Leprosy Associations (ILEP), which have committed

funds to support these research initiatives.5

Review of current research

This review describes the development and current progress of four separate but linked

programmes of research in the ®eld of nerve damage. The work represents a progressive

development, aimed at improving our understanding of the mechanisms of nerve damage,

developing practical tools for preventing nerve damage, improving its treatment when it

occurs, and minimizing the long term impact on individuals, their families and society.

The four studies are: (i) an observational cohort study of several thousand newly detected

patients in Bangladesh (BANDS); (ii) a series of intervention trialsÐrandomized, controlled

trials in the prevention of disability in leprosy (TRIPOD), that employ steroids to prevent or

reverse nerve damage; (iii) a multicentre trial in India of different steroid regimens for the

treatment of type 1 (reversal) reactions; and (iv) a programme of collaborative research that

addresses issues of nerve impairment and reactions (INFIR).

BANDS (Bangladesh Acute Nerve Damage Study)

BANDS is a prospective study of a cohort of 2664 previously untreated leprosy patients in

Bangladesh, that has provided a valuable baseline and insight into the epidemiology of nerve

damage in leprosy.6 This work has determined the numbers of patients who presented with

acute nerve damage7 and the numbers not treated, demonstrated the importance of the MB

classi®cation, and described the `simple clinical prediction rule'.8 The study provided the

basis for the development of the three TRIPOD trials being conducted in Nepal and

Bangladesh. The BANDS data provided estimates of the frequency of events that facilitated
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calculations of sample-size and planning the study design for those trials. The BANDS data

have also proved of value in planning the programme of research on NFI and reactions in

leprosy (INFIR) that is coordinated by ILEP.

TRIPOD (Trials in the Prevention of Disability in Leprosy)

The results of the BANDS study in Bangladesh were consistent with those of research on

impairment of nerve function conducted earlier in Nepal.9 Three distinct questions relating to

the detection and treatment of NFI were identi®ed, and a programme of collaborative

research was developed to address the questions: (i) could NFI and reactions occurring during

MDT be prevented using prophylactic corticosteroids, as had been suggested by a pilot

study?10 (ii) Would earlier detection of NFI, using more re®ned detection methods such as

mono®laments, and earlier treatment lead to a better outcome? And (iii) would NFI of longer

than 6 months duration respond to steroid therapy? Standard practice is not to treat NFI of

longer than 6 months duration; however, recent work suggests that some recovery of function

may be possible.11

The TRIPOD programme of research on the prevention of impairment and disability in

leprosy was developed by a group of researchers in Bangladesh and Nepal, supported by staff

at the University of Aberdeen, and ®nancial support has been provided by LEPRA. The trials

required the recruitment of a number of new centres in both Nepal and Bangladesh. The aim

of the TRIPOD trials was to investigate the ef®cacy of corticosteroid treatment in prevention

of impairment and disability in leprosy. There were three trials with the following speci®c

objectives: (i) POD 1Ðto investigate whether corticosteroids administered in low dosage

would reduce the frequency of NFI events among newly diagnosed MB leprosy patients;

(ii) POD 2Ðto investigate whether patients who have normal sensation when tested with a

ball-point pen, but who have sensory impairment when tested with mono®laments, would

have a better outcome if treated with corticosteroids; and (iii) POD 3Ðto investigate whether

patients who have untreated NFI, which commenced between 6 and 24 months previously,

would bene®t from corticosteroid treatment.

The detailed protocols, including detailed criteria for inclusion and exclusion, were

developed and agreed upon by all of the investigators. Centres in each country were recruited,

and staffs were trained in the study methods. Each POD trial employed a multicentre,

randomized, double-blind, placebo-controlled design. The corticosteroids and placebo were

produced in Bangladesh, and the randomization was personally supervised by two of the

investigators. Independent assessors, from whom the nature of the treatment had been

concealed, evaluated the outcomes at ®xed end-points. Sample size calculations were

based on estimates from previous research, and assumed a 50% reduction of the frequency

of NFI events, or, in POD 3, 50% improvement of NFI. The numbers of patients to be

recruited into the trials were 770 in POD 1, 360 in POD 2, and 200 in POD 3.

Funding of the study began in June 1997, and the planned duration of the study was 30

months. An interim analysis of the results by the trial analyst was to take place when 50% of

the patients had completed 4 months of follow-up, to assess safety and ef®cacy while

preserving the double-blind character of the trials. This analysis, conducted in 1999,

demonstrated that steroids can be used safely on a large scale if patients are carefully

selected and monitored, and that the trial was progressing satisfactorily. Although the results

of the 6-month follow-up are encouraging, the important outcome will be the bene®ts
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sustained over the long term. Recruitment of new patients ended in June 2000, and, after 4

months of steroid or placebo, the 12-month follow-up of the last patients recruited will be

completed by the end of October 2001.

Reversal reaction trial in India

Many leprosy control programmes had implemented standard, ®xed-dose and -duration

regimens for treatment of reactions and acute NFI,13;14 primarily for use in ®eld programmes,

in which it was impossible to supervise treatment closely and vary treatment with steroids

according to changes of nerve function. In some areas, steroids were packaged in `calendar'

or `blister' packs, to facilitate administration in the ®eld, particularly in those areas in which

leprosy control activities are integrated within the primary healthcare services. However, the

results of the BANDS study12 indicated, as had earlier studies, that not all patients with acute

NFI are detected and treated promptly with steroids, and not all patients treated with steroids

recover nerve function.

A randomized, double-blind, controlled trial in six centres in India, coordinated by the

Schieffelin Leprosy Research and Training Centre, Karigiri, is examining the effect of steroid

dosage and duration, in order to optimize the standard steroid regimen for the treatment of

reversal reactions and acute nerve damage to primary-care settings.

INFIR (ILEP Co-ordinated Programme of Research on Nerve Function Impairment
and Reactions in Leprosy)

In December 1997, the working session of the ILEP Medical and Social Commission

identi®ed nerve damage as an urgent research issue, and recommended that a workshop be

convened to review the current state of research in reactions and nerve damage, and to

identify the priorities for research. A workshop was held in London in June 1998, bringing

together researchers representing a wide range of disciplines, who were nominated and

supported by ILEP member associations. Stimulated by input from experts in other

neurological diseases that share some pathogenetic mechanisms with the nerve damage of

leprosy, the workshop critically reviewed questions relating to the prediction, detection, and

treatment of reactions in leprosy.

Four major research themes were proposed as a result of the workshop, which together

form a programme of collaborative research. The four projects that make up the programme

of research are as follows.

(I) A COHORT STUDY TO INVESTIGATE THE PREDICTION, DETECTION AND PATHOGENESIS

OF NERVE FUNCTION IMPAIRMENT IN UNTREATED, NEWLY DIAGNOSED LEPROSY PATIENTS

Leprosy is feared because of the deformities and disability that it may cause. From the point

of view of the leprosy patient, successful treatment is that which prevents or heals

impairments, deformities and disabilities, most of which result from NFI, often caused by

immunological reactions against antigens of Mycobacterium leprae. In recent years, it has

been recognized that people remain at risk of such immunologically mediated nerve damage

even during and after successful anti-leprosy treatment.
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A number of measures have been proposed, that may be useful in predicting which

patients would develop NFI and reactions. These must be tested in a carefully planned,

prospective study that follows patients serially over a period of time. In addition to nerve

conduction studies, a number of new methods of assessing nerve function are now available,

including laser Doppler and thermal threshold testing; these must be evaluated, and compared

to more routine methods, such as mono®lament and ball-point pen testing.

Our understanding of the immunopathology of NFI and reactions is still very incomplete.

Much of the current knowledge has been gained from cross-sectional studies. Therefore, there

is a need for a longitudinal study in which the immunological and histopathological aspects

are studied concurrently.

This cohort study, of 300 previously untreated, newly diagnosed MB patients, is designed

to address all three aims simultaneously: to assess measures that may predict NFI; to assess

methods of detecting NFI; and to study the pathogenesis of NFI and reactions in leprosy. The

patients are to be treated with MDT and followed monthly for a minimum of 1 year. Pilot-

studies are now being set up in two leprosy centres in Northern India, in collaboration with

research laboratories in Miraj and Hyderabad, India.

(II ) TRIALS OF NEW TREATMENTS OF REACTIONS IN LEPROSY

At present, the treatment of leprosy reactions is largely dependent on steroids, together with

clofazimine and thalidomide. The results of treatment with steroids are not always

satisfactory, and there are ongoing trials to develop optimal regimens. Also, treatment with

steroids is not without adverse effects, which include diabetes, hypertension, tuberculosis and

peptic ulceration. Two new treatment possibilities, cyclosporin A and azathioprine, that may

be valuable in the management of reactions, have not yet been tested. As yet, there is no

evidence of their effectiveness in reactions, and phase I and phase II trials must be conducted.

If these are successful, additional, randomized trials may be conducted. However, even if

these drugs do not become standard for treatment of reactions in ®eld conditions, demonstra-

tion of their ef®cacy would provide important understanding of the mechanisms of reactions

in leprosy. The aims of these studies are to measure the ef®cacy of new treatments, including

cyclosporin A and azathioprine, of reactions. The initial work is based on small numbers of

patients, employing open trial designs. The numbers of patients, dosages of drugs, and other

details are currently being developed in collaboration with ®eld centres.

(III ) RECURRENT AND LATE REACTIONS IN LEPROSY

Much of the research into the patterns and predictors of reactions has focused on the time to

®rst episode, or on a comparison of those who have experienced a reaction with those who

never experience a reaction. However, recurrent reactions, which are of great importance in

the ®eld, because they are dif®cult to treat, have been a concern for many treatment studies.

Can we identify which patients will develop recurrent reactions? One data set that has been

analysed showed that, whereas only 5% of patients experienced reversal reaction, 60% of

those who experienced one episode had a second episode, and 60% of those who experienced

a second episode had a third.

Late reactions are important in the ®eld, and the staffs of leprosy control programmes

need to be able to predict who will develop late reactions. Also, as the duration of

chemotherapy is shortened, we need to know what proportions of patients develop the ®rst
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reaction after 6, 12 or 24 months. These questions are important for the effective management

of ®eld programmes, and for determining policies for long-term follow-up and surveillance.

The aim of the study is to describe the factors that predict recurrent reactions, and to

predict which patients will develop reactions after 12 and 24 months. Many data sets exist

that could provide the information needed to answer these questions. The design of this study

involves the adoption of a standard method of analysis, its application to the existing data sets

individually, and production of a meta-analysis of the results from all the centres. The

principal investigators from each centre are to participate in a workshop to be held in

November 2000, to present the data, and to discuss their interpretation prior to publication as

a series of articles and a single review of all the studies.

(IV) DELAY OF PRESENTATION AND START OF TREATMENT OF PATIENTS WITH LEPROSY

Early detection and treatment of leprosy can prevent damage to the peripheral nerves.

However, a large number of patients already have irreversible NFI when they present to the

health services. Studies aimed at identifying programme and patient reasons why some

patients present late are relevant, as they can provide programme managers with the tools

with which to promote early reporting and, consequently, the start of appropriate treatment.

This proposal aims at developing standard quantitative and qualitative methods of

identifying the factors involved in delayed presentation and start of treatment of leprosy

patients that can be used in different cultural settings. The study will be carried out in

different countries in different socio-cultural settings, with the purpose of identifying the

socio-cultural, health service and patient factors associated with delay of presentation and

start of treatment of leprosy patients, and, on the basis of the ®ndings, to recommend means

by which to investigate the causes of the delays and reduce them.

Initially, quantitative data will be collected, to measure the duration of the delay. Patient

record cards will be the source of information, and the disability grade at diagnosis will be

used as an indicator. The second phase, which will be qualitative, will aim to answer the

question of why a delay occurs, and which factors contribute to it. The needed information

will be collected from the community as well as from the leprosy patients, and will include

data related to the health services and the quality of care provided. Research tools will include

questionnaires and checklists for focus-group discussions, checklists for observation of health

workers, and in-depth interviews with patients, staff and community leaders.

Conclusions

The programmes of research described above will improve our understanding of the

epidemiology of reactions and nerve damage in leprosy. And, because the research progresses

from observational studies to trials of interventions, it may also improve current methods of

prevention and treatment of nerve damage in leprosy.

A major priority for the future is to apply the ®ndings of the current work on prevention of

NFI to ®eld programmes, particularly those based in primary health-care settings. Self-care,

which has been demonstrated to be an effective means of preventing secondary tissue

damage,15 must now be adapted for implementation within basic health care. The future of all

leprosy programmes, both in leprosy control and in rehabilitation, will be in integrated

settings. It is therefore essential that innovation in the area of prevention of nerve damage in
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leprosy be carried out in such integrated environments. The research addresses the major

priority area of nerve damage that is critically important for patients and their families, and

will have a signi®cant impact on reducing the burden of disease.
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DISCUSSION

Professor Nath: In India, we see patients who have neural involvement without skin lesions.

No one has commented on these patients. Is this because they are not seen outside India?

Professor Smith: The BANDS database contains a number of such patients; altogether,

they are a small group.

Dr Modlin: From 20 mg prednisolone daily for a protracted period, would you expect

side-effects to be suf®ciently obvious so that the study would no longer be `blind'?

Professor Smith: Very little difference of side-effects was reported. Two patients were

removed from the study because of adverse reactions that were thought to be caused by

steroids, but neither patient had been treated with steroids. In fact, the patients were screened

at entry for respiratory symptoms suggestive of pulmonary tuberculosis, and for hyperten-

sion, so as to exclude those who might be most likely to suffer adverse reactions from the

steroids. And it is because of our concerns for side-effects that an interim analysis was

planned. In fact, the interim analysis, performed by an independent observer, showed no

evidence of adverse reactions to the steroids.

Professor Ji: Have you noted any difference of the rate of decline of the BI between those

treated with steroids and those not so treated?

Professor Smith: We haven't examined this point.
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Peripheral neuropathy in leprosy and its

consequences

W. H. VAN BRAKEL
TLM India, New Delhi, India

Summary Leprosy causes a `mononeuritis multiplex' of immunological origin that

results in autonomic, sensory and motor neuropathy. When detected and treated early,

primary impairments may be reversible. However, 11±51% of patients do not

recover. In addition, 33±56% of newly registered patients already have clinically

detectable impairments, often no longer amenable to drug treatment. Among new

patients, 6±27% present with secondary impairments, such as wounds, contractures

and shortening of digits. All patients with impairments should be taught methods to

prevent further impairment and subsequent disability (POID). As the result of

impairments, many people experience limitation of activities of daily living, which

can be partially overcome with the help of assistive devices, training, and surgery. As

a result of these limitations, because of visible impairments, or simply because of the

diagnosis `leprosy', many people are restricted in their participation in society. Many

overcome activity limitations and participation restrictions without assistance,

despite residual impairments. However, some require intervention, such as physical

or occupational therapy, reconstructive surgery or temporary socioeconomic assis-

tance. Information on these issues is not collected routinely, and the few tools that

exist to measure the severity or extent of impairment have not been widely used, nor

have they been used to generate cohort-based statistics. There are no agreed

indicators for monitoring POID activities or rehabilitation interventions. Work in

the general ®eld of rehabilitation has resulted in the ICIDH-2, which provides a

conceptual framework for rehabilitation and the entire area of `consequences of

health conditions'. Although experience to date is very limited, the conceptual

framework appears appropriate to leprosy. Data on the prevalence and incidence of

primary and secondary impairments have been reported from several countries, the

link between impairments and activity limitations has been investigated, and a few

studies of the magnitude of the need for rehabilitation have been reported. Research

priorities include studies of methods to improve detection of autonomic, sensory

and motor neuropathy; trials of alternative drugs or regimens for treating neuro-

pathy; studies of the use of various POID-monitoring systems that may be derived

from these; studies of the design and use of instruments to assess limitations of

activities and restrictions on participation; assessments of needs for rehabilitation

and the development of methods to do these; studies of the ef®cacy of various

types of rehabilitation interventions for particular conditions; and studies of the

cost-effectiveness of such interventions.

Introduction

Leprosy is characterized by the peripheral neuropathy it causes. A `mononeuritis multiplex'
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of immunological origin results in autonomic, sensory and motor neuropathy. These

neural impairments lead to well-known primary impairments: dryness of the skin,1 impaired

vasomotor re¯exes,2;3 impairment of various sensory modalities, such as pain, touch

and temperature sensation,4ÿ7;8;9 and motor impairment causing muscle weakness or

paralysis.8ÿ10 If not treated in time, these primary impairments often give rise to secondary

impairments, such skin cracks, wounds, clawing of digits, contractures and shortening of

digits and even hands or feet, and blindness.10ÿ13 Impairments may lead to limitations of

activity (formerly termed `disabilities').13ÿ16 Activity limitations, impairments, or even a

current or past history of leprosy may lead to restrictions in (social) participation (formerly

termed handicap).14;17;18

Issues

When detected and treated in time with corticosteroids, primary impairments may be

reversible. However, a substantial proportion of patients, 11±51%, does not recover, or the

situation worsens.19ÿ22 In addition, depending upon the country and the programme, 16±56%

of newly registered patients have clinically detectable impairments, often no longer amenable

to drug-treatment, at the time they are ®rst seen. Table 1 summarizes recent data on the

prevalence of primary impairments (WHO grade 1) and secondary (or visible) impairments

(WHO grade 2), based upon studies of more than 100 subjects. The prevalence of nerve-

function impairment (NFI) per 100 person-years at risk (PYAR) has been reported as 1.3±3.5

for PB and 7.5±24 for MB leprosy during and after MDT.9;23;24 Early detection of leprosy

along with early detection and treatment of neuropathy are the means to prevent permanent

primary impairments.

Among newly-detected patients, 6±27% present with secondary impairments, such as

wounds, contractures and shortening of digits, usually preventable consequences of auto-

nomic, sensory or motor neuropathy. Among MB patients, who form the majority of new

cases in some countries, the frequency of secondary impairments is even greater, 33±56%, as

shown in Table 1. All of the patients with primary or secondary impairments require careful

and repeated teaching with respect to methods of preventing further impairment and

subsequent disability (POID).

Although little is known about the number of people requiring such interventions,

estimates may be based on two recent studies. Among 417 PB patients in Thailand, using

changes in voluntary muscle testing (VMT), sensory testing (ST), wound count and bone loss

as measures of severity of the impairment, 2.2% improved between diagnosis and release

from treatment (RFT), and 2.9% developed new or additional impairments during this time.

Among the MB patients, these ®gures were 19 and 16%, respectively. At RFT, 4.6% of PB

patients had WHO grade 1 impairments and 6.5% grade 2.25 Among the MB patients, these

®gures were 24 and 10%. Among a cohort of 706 MB patients in western Nepal, 28% had

improved and 16% had become worse, using WHO 0-2 grading as a measure of the severity

of the impairment.26 After follow-up of the same cohort for 2 years, 15% had grade 1 and

29% grade 2 impairments.15 These ®gures indicate that one-third or more of those who have

had MB disease, and as many as 10% of those who have had PB leprosy, may be in need of

life-long POID activities (mostly self-care).

As a result of their impairments, many people experience limitations of activities (of daily

living), formerly termed `disability', which can be partially overcome with the help of
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Table 1. Prevalence of impairment in leprosy patients newly diagnosed in the ®eld (data from studies of more than 100 patients in MDT programmes)

Prevalence

All patients
WHO PB MB

Country & authors Patients grade* Number % Number % Number %

West Nepal; 704 PB 0 6 0.9 41 2.1 47 1.7
van Brakel (unpublished data) 1999 MB 1 30 4.3 369 19 399 15

2 22 3.2 566 29 588 22
1 � 2 52 7.5 935 48 987 37

West Nepal; 1082 MB 0 0
Reed et al.26 1 280 26

2 324 30
1 � 2 604 56

East Nepal; 106 PB 0 18 6.9
Schipper et al.12 154 MB 1 42 16

2 52 20
1 � 2 94 36

Thailand; 420 PB 0 0 0 0
Schreuder25 220 MB 1 19 4.0 52 24 71 11

2 26 6.2 21 9.5 47 7.3
1 � 2 45 11 73 34 118 18

Malawi; 305 MB 0** 0
PoÈnnighaus & Boerrigter39 1 37 12

2 67 22
1 � 2 104 34

Ethiopia; 128 PB 0 0 0 0
deRijk et al.35 158 MB 1 32 25 51 32 83 29

2 38 30 38 24 76 27
1 � 2 70 55 89 56 159 56

Bangladesh; 2220 PB 0 0 0 0
Croft et al.40 444 MB 1 134 6.0 122 28 256 9.6

2 78 3.5 81 18 159 6.0
1 � 2 212 9.5 209 47 415 16

* Graded according to the 1988 WHO 0±2 scale.
** Re-graded from 1960 WHO 0±5 scale.



assistive devices, training, and surgery. A survey among people affected by leprosy attending

®eld-clinics revealed that, depending on the type of activity, as many as 25% had `much

dif®culty' with indoor activities, and as many as 34% with outdoor activities.27 The results

for some selected, common activities are shown in Figures 1 and 2. Based on this work, an

activity assessment scale, the Green Pastures Activity Scale (GPAS),28 was developed.

As a result of the activity limitations, because of visible impairments, or simply because

of the diagnosis `leprosy', many people are restricted in their (social) participation, formerly

termed `handicapped'.14;18;29;30 A large, but unknown proportion of people succeed in

overcoming these activity limitations and participation restrictions by themselves, and do

not need assistance, in spite of residual impairments. However, a certain proportion need

rehabilitation interventions, such as physical or occupational therapy, reconstructive surgery

or temporary socioeconomic assistance. A study among 53,000 people affected by leprosy,

conducted by Gopal and his coworkers,31 found that 34% were in need of some kind of social

or economic rehabilitation assistance. A study in Ethiopia found that, of people affected by

leprosy, only 20% identi®ed themselves as needing rehabilitation (cited in32). Kopparty

found that 57% of 150 people with leprosy-related deformities faced social or economic

problems.33

There are no routine information systems in place that collect information on these issues.
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Figure 2. A survey of dif®culty experienced with activities of daily living among 269 people affected by leprosy in
west Nepal: selected results of outdoor activities.
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Figure 1. A survey of dif®culty experienced with activities of daily living among 269 people affected by leprosy in
west Nepal: selected results of indoor activities.



WHO `disability' grading according to the 0±2 scale, which was introduced in 1988, is used

very widely to grade severity of impairment in newly diagnosed patients. However, this

information is used almost exclusively to calculate a proxy indicator for delay in case-

detectionÐthe `proportion with WHO grade 2 disability among all newly detected cases'.

The WHO grading system is based on six sub-scales, each grading one eye or one limb on the

0±2 scale; the `proportion grade 2' indicator uses only the maximum of these six grades as its

value. Other scores have been proposed, which are based on the same system, but make better

use of the available information; these are the HF (hands, feet) and the EHF (eyes, hands,

feet) scores. However, because the grading is very crude and not sensitive to change, none of

these is suitable for monitoring impairment status in individuals.15;36 The Impairment

Summary Form (ISF, formerly termed the `District Disability Summary Form') represents

a more elaborate system, much more suited to monitoring POID activities. Although it has

been introduced in a number of programmes, this system has not been used widely and

consistently. As yet, no agreed indicators for monitoring POID activities have been derived

from any of these measurement tools.

The situation with regard to monitoring and evaluation of rehabilitation-interventions

and programmes is even worse. By and large, reports only make mention of process-

indicators, e.g. the number of people who have received surgery or vocational training.

Anandaraj introduced a scale to measure `dehabilitation' in people affected by leprosy.38

However, this scale does not appear to have been used in programme management or

further research. A scale for measuring activity limitations was developed recently in

Pokhara, Nepal.28

Current and planned work

The design of a `participation scale' for monitoring and evaluating socioeconomic rehabilita-

tion of people affected by leprosy is underway in the RELEASE Project in Pokhara, Nepal

(Dr Engelbrektsson, personal communication). A proposal for pilot studies of the usefulness

among people affected by leprosy of the World Health Organization (WHO) Disability

Assessment Schedule (WHODAS II), a generic instrument for measuring impairment,

activity limitation and participation restriction, based on the ICIDH-2, has been submitted

to the WHO. An international workshop is planned for November 2000, to address the entire

area of measuring disablement in leprosy.

An international research programme, named the TRIPOD trials, is investigating the

bene®ts of prophylactic steroids, early detection of sensory impairment and treatment of

long-standing neuropathy. The ®rst results are expected towards the end of this year. Two

years ago, the International Federation of Anti-Leprosy Organisations (ILEP) commissioned

another large research programme on reactions and neuropathy. The ILEP Nerve Function

Impairment and Reaction (INFIR) programme consists of four separate research projects,

involving centres and programmes in India, Bangladesh, Nepal, Ethiopia and Malawi, that

investigate prediction, detection and pathogenesis of reactions and neuropathy; alternative

drug treatment of reactions; the problem of repeated and late reactions; and the problem of

delayed presentation for treatment.

The type I reaction study is a multicentre, double-blind, randomized, controlled trial of

different steroid regimens for the treatment of type 1 reactions in leprosy, conducted at

several centres in India. Results may be expected later this year or early 2001.
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Future research priorities

1. POID

1.1. Prevention of primary impairment

1.1.1. Prevention of reactions and nerve function impairment (NFI)

Double-blind controlled trial of clofazimine in high dosage in the prevention of

reactions

1.1.2. Early detection of NFI

1.1.2.1. Detection of autonomic nerve damage: laser and sound Doppler;

other techniques?

1.1.2.2. Improvement of mono®lament sensory testing: prospective study

of the optimal number and combination of test sites on hands and feet;

reliability of testing by multipurpose health workers

1.1.2.3. Design and testing of an optimal series of mono®laments

(including number, weights and diagnostic thresholds) in a format suitable

for ®eld use

1.1.2.4. Study of the feasibility of affected people testing themselves at

home with a mono®lament

1.2. Treatment of primary impairment

1.2.1. Study of short-term high-dose steroids in the treatment of severe

reactions with NFI by means of a controlled trial against the current standard

regimen

1.2.2. A controlled trial of nerve decompression plus steroids versus steroids

alone in patients with recent NFI, with independent outcome assessment

1.2.3. Treatment of paraesthesia

1.2.4. A trial of the standard steroid regimen versus variable steroid treatment

based on clinical decision-making

1.3. Monitoring of POID

1.3.1. Studies of the reproducibility and responsiveness to change over time of the

WHO maximum grade, the eyes hands feet (EHF) score, and the Impairment

Summary Form (ISF) for grading severity of impairment

1.3.2. Studies of cohort reporting using indicators derived from these scoring

methods

1.3.3. Studies of the cost-effectiveness of different components and approaches in

POID

1.3.4. Mapping of body image in patients with NFI

2. Rehabilitation

2.1. Activity limitation and disability

2.1.1. Survey of dif®culty experienced in activities of daily life among persons

with various leprosy related impairments, using the GPAS and WHODAS II

2.1.2. Effects of different surgical procedures (particularly hand surgery) on

activity limitations

2.1.3. Effects of occupational therapy interventions in different types of activity

limitation

2.2. Participation restriction

2.2.1. Development or adaptation of a scale to measure participation among

people affected by leprosy
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2.2.2. Survey of participation restriction among people affected by leprosy

2.2.3. Study of the correlation among impairments, activity limitation (disability),

and the extent of participation restriction

2.2.4. Evaluation of socioeconomic rehabilitation interventions using a

participation scale

2.3. Community-based rehabilitation (CBR)

2.3.1. Surveys to assess to what extent people affected by leprosy are included in

existing CBR programmes

2.3.2. Development of methods to estimate the number of people in need of CBR

in a given area

2.3.3. Studies of different approaches in CBR and of the inclusion of POID

activities within such programmes
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Pathogenesis of nerve damage in leprosy: genetic

polymorphism regulates the production of TNFa
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Summary Studies carried out over the last decade have strongly suggested that

TNFa both overtly participates in the cell-mediated immune response against

Mycobacterium leprae, and is overproduced during reaction. In addition, reactions

are intimately related to the onset of nerve damage. Finally, TNFa has been

implicated in the pathogenesis of many human and experimental autoimmune

peripheral neuropathies that, as in leprosy, result in demyelination and axonal lesions.

Because of recent ®ndings associating human TNFa mutant alleles at the ÿ308

position with increased production of TNFa in many immunological and infectious

diseases, an investigation of the role of TNF2 in predisposing leprosy patients to

reaction has been undertaken. Analysis of 300 patients with leprosyÐ210 multi-

bacillary and 90 paucibacillaryÐhas shown that the percentage of reactional patients

was similar among both carriers and non-carriers of the TNF2 allele. However, a

separate analysis of 57 carriers of TNF2 found that reactions occurred much more

frequently among heterozygous than among homozygous patients. Moreover, the

frequency of neuritis was somewhat greater among the heterozygous patients than

among the non-carriers. Enhanced serum levels of TNFa have been noted in both

TNF-1 and TNF-2 mutant patients in the course of leprosy reaction. Our observations

to date suggest that other factors not related to the presence of the mutant gene may

lead to the TNFa hyper-responsiveness observed during reaction.

Introduction

Human TNFa, also known as cachetin, is a cytokine that exhibits wide-ranging biological

activities and systemic effects, including protection against infection, surveillance against

tumours, and stimulation of in¯ammatory responses, in addition to mediation of septic shock

in chronic infection and cachexia in cancer patients. TNFa has also been shown to be capable

of directly causing the destruction of myelin and oligodendrocytes in vitro.1 Because

overproduction of TNFa has been shown to be deleterious to the host, leading to irreversible

organ failure and death, both the bene®cial and negative effects of this cytokine require that

stringent controls be imposed on its synthesis. Consequently, TNFa gene expression must be

tightly regulated.2 Regulation of the production of TNFa occurs at both the transcriptional

and post-transcriptional levels; because the rate of transcription is an important regulator of
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production, it has been suggested that, in certain situations, variations within the regulatory

regions of the TNFa gene contribute to alterations of cytokine-expression. Moreover, linkage

between mutations in the TNF promoter region and development of acute in¯ammatory

complications during the course of some diseases has been clearly established, the prime

example being cerebral malaria.3

It has been shown that a single base polymorphism within the promoter region may alter

the rates of both gene transcription and protein production. To date, 13 different allelic

variations have been found to exist in the promoter region of the TNFa gene. Because all of

these variations appear to be located within the limits of the gene's regulatory region,

determination of the association of these variations with expression of TNFa, as well as with

disease, remains an important area of study.

A biallelic polymorphism, consisting of a G versus A transition at position ÿ308 (TNF2)

of the TNFa promoter, although not apparently related to any currently recognised

DNA-binding protein sequence motif, appears to be directly involved in the alteration of

TNFa gene expression.4 Several studies of the role of this mutation in production of TNFa,

although contradictory,5;6 have shown, in support of a predisposing effect,4;7 the TNF2 allele

to be associated with higher constitutive and inducible levels of transcription compared to the

wild type allele (TNF1). Moreover, a relationship between the presence of the TNF2 allele

and disease has also been detected in mucocutaneous leishmaniasis,8 meningococcal

disease,9 and lepromatous leprosy,10

Studies carried out during the last decade by our group and others have strongly suggested

that: (i) TNFa both overtly participates in the cell-mediated immune response against M.

leprae, and is overproduced during reaction;11;12 (ii) reactions are intimately related to the

onset of nerve damage;13;14 and (iii) TNFa has been implicated in the pathogenesis of many

human and experimental autoimmune peripheral neuropathies that, as is the case in leprosy,

result in demyelination and axonal lesions.15;16

Because of recent ®ndings associating the human TNFa mutant alleles at the ÿ308

position (individuals carrying AA or GA instead of GG) to the increased production of TNFa

in immunological and infectious diseases, we decided to investigate the role of TNF2 in

predisposing leprosy patients to reaction and nerve damage.

Materials and methods

To date, 300 leprosy patients classi®ed according to Ridley and Jopling,17 covering the entire

clinical spectrum [210 multibacillary (MB) and 90 paucibacillary (PB) patients], and 92

controls have been typed for the ÿ308 mutation.

Genomic DNA was prepared from frozen whole blood (300 ml) by a commercially

available DNA extraction kit (Gibco BRL, Gaithersburg, MD, USA). Typing of the TNFa

promoter region (107 bp fragment) for analysis of polymorphisms at the ÿ308 position was

performed with the aid of speci®c primers through a single PCR step and further digestion

with NcoI.20

Determination of the quantity of TNFa protein in the sera of patients at the time leprosy

was diagnosed (non-reactional patients; n � 33) and during a reaction [either erythema

nodosum leprosum (ENL), reversal reaction (RR), or neuritis; n � 29] was performed by

ELISA (Innogenetics N.V., Gent, Belgium) and processed according to the manufacturer's

instructions.
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Results

Preliminary analyses of this population showed a signi®cantly (x2
� 7.55, P � 0.005) higher

frequency of the mutant allele among healthy individuals (16.3%) than among leprosy

patients (10.8%), suggesting that the presence of the TNF2 allele protects against the

development of the more severe form(s) of leprosy.18 Analysis of the occurrence of

reactions in this group of leprosy patients showed that the proportion of patients with

reaction was similar among carriers (61.4%) and non-carriers (69%) of the TNF2 allele.

There was no difference of frequency of the genotype between patients with reaction and

those without. The frequency of TNF1 was a little greater among patients with ENL, whereas

TNF2 was slightly more frequent among patients presenting neuritis.

The relationship of the ÿ308 mutant allele to clinical diagnosis and type of reaction

among the 203 reactional patients (174 MB and 29 PB) is shown in Figure 1. Analysis of the

TNF2 carriers (n � 57) demonstrated that reactions were much more frequent among the

heterozygous (65.3%) than among the homozygous (37.5%) patients. Moreover, the

frequency of neuritis was somewhat greater among the heterozygous patients than among

the non-carriers (37.1% versus 26.2%, respectively).

Detection of TNFa protein by ELISA was assessed in the sera of the same patients, 41 of

whom were TNF1 and 21 TNF2, at diagnosis and during reaction. Enhanced TNFa levels

have been noted in both TNF-1 and TNF-2 mutant patients in the course of reaction (see

Figure 2). Mean levels of TNFa were similar for both TNF1 and TNF2 patients in the absence

of, as well as during, reaction; and both TNF1 and TNF2 patients showed increased TNFa

levels during reaction. Thus far, our data suggest that other factors, not exclusively related to

the presence of the mutant gene, may be responsible for the hyper-responsiveness to TNFa

observed during the reaction.
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Figure 1. Distribution of the ÿ308 TNFa mutant allele according to clinical diagnosis and type of leprosy reaction. A
total of 203 leprosy patients (174 MB and 29 PB) with reaction were typed as homozygous for the wild type allele
(GG, non-carriers) and carriers of the mutant allele (GA and AA). ENL� erythema nodosum leprosum; RR� reversal
reaction; Neur� neuritis. Numbers in parentheses indicate the number of individuals assayed in each group.



Discussion

We do not yet understand the pathogenesis of nerve damage in leprosy. After the invasion of

Schwann cells by M. leprae, the molecular mechanism(s) involved in nerve injury remain

unexplained. The evidence accumulated to date indicates that, in both leprosy and other

demyelinating diseases, nerve injury may result from the same or similar mechanisms. The

involvement of cytokines, principally TNFa, in the pathogenesis of peripheral neuropathies

has also been widely suggested. The demonstration19 that TNFa may induce apoptosis of

Schwann cells suggest that such a mechanism could trigger demyelination and further nerve

injury.

Cytokine-producing cells in peripheral nerves include resident and recruited macro-

phages, lymphocytes, and probably Schwann cells and neurons. Moreover, TNFa could

contribute to myelin damage by triggering enzymes, such as neutral sphingomyelinase,

within the myelin sheath, leading to changes of the lipids that are potentially destabilizing to

myelin.15

This study of TNFa polymorphism indicates that, in addition to the primary association of

the mutant allele with PB leprosy,18 there may also be an association with the occurrence of

neuritis, especially in the PB form of the disease. However, demonstrating an association

between the TNF genotypes and the serum TNFa levels has proven to be a very dif®cult task.

The identi®cation of genetic markers for susceptibility to, or severity of, in¯ammatory

reactions is a goal to be pursued in leprosy and several other diseases. Even so, one of the

greatest challenges facing scientists today is the integration of the myriad components of the

organism in such a way as to clarify its functioning as a whole, as well as that of its

components. Typing of mutations in the TNFa, IL-10, and other genes, followed by an

attempt to associate them with their functional roles in vivo, and the different clinical settings

presented by each disease, remain important issues that require further research.
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Figure 2. Detection of TNFa in the sera of TNF1 (n � 41) and TNF2 (n � 21) leprosy patients. A total of 33 patients
without reaction and 29 patients with reaction were evaluated. The quantity of TNFa protein (pg/ml) in the serum
samples was determined by ELISA. Symbols represent each individual patient assayed. Horizontal bars represent the
mean TNFa levels per group of patients tested. Lines indicate the same patient analysed before and during the
reaction (n � 5).
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DISCUSSION

Professor Smith: From a consideration of the work presented and the ensuing discussions, I

have chosen four major topics that, in my view, represent priority areas for research in the

area of nerve damage and reactions. (i) I believe we need an improved understanding of the

mechanisms underlying nerve damage and reactions. (ii) The second priority area is that of

improved treatment of nerve damage. (iii) Third is the matter of predicting reaction and nerve
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damage, and their prevention. (iv) Finally, we must standardize terms and de®nitions,

particularly for the purpose of clinical studies.

Professor Brennan: I've been thinking about the nature of the bacterial stimulus to

reactions and nerve damage. We have heard that one of the predictors is MB leprosy; this

implies the importance, at some time in the process, of the size of the bacterial burden and the

presence of bacterial products. What might these products be? One thinks of rather odd

molecules that can withstand natural degradative processes, thus eliminating peptides. One

such substance is lipoarabinomannan (LAM). M. leprae produces it in massive quantities, and

mammals lack the glycosidases needed to degrade this material. We've heard from Drs

Kaplan, Lockwood and Nath about the roles of certain cytokines in pathogenesis; there is

some evidence that LAM stimulates production of TNFa and others of these cytokines.

Assays exist for LAM and similar molecules. If one could demonstrate a relationship between

the presence of LAM, for example, and nerve damage, then one could begin to consider

means of clearing these materials.

Dr Lockwood: We have identi®ed LAM in nerve biopsy specimens obtained from patients

in reaction.

Professor Britton: One might wonder what are the metabolic effects of LAM within the

Schwann cell. Once the Schwann cell has been injured, axonal damage is inevitable. The

issue of metabolic effects in the Schwann cell might be a fruitful area for research.

Dr Gupte: I wonder if the area of surgical treatment of nerve damage has been suf®ciently

investigated. The literature contains some evidence of the ef®cacy of surgical decompression

of in¯amed nerves, for example.

Professor Smith: Do you feel that the evidence is suf®ciently promising to justify further

research?

Dr Gupte: Yes, I believe it is.

Dr Lockwood: I believe there is an urgent need for a trial of decompression vs. steroids.

Many surgeons currently perform decompressions on patients being treated with steroids. A

number of manuscripts have been submitted to Leprosy Review, in which it has been very

dif®cult to distinguish between the effects of surgery and those of steroids.

Dr van Brakel: A surgical colleague who worked in Nepal in the past has already prepared

a protocol for such a trial.

Professor Ji: Surgical decompression has been commonly used in some countries. I agree

that the ef®cacy of decompression should be determined. However, I don't think a clinical

trial is justi®ed; I believe that all patients must ®rst receive steroids. Perhaps, if improvement

following therapy with steroids is insuf®cient, then one might consider decompression,

among other alternatives.

Dr Nunn: Estimates of the burden of a disease have been quite useful in determining

priorities, particularly when one must choose between diseases. Are you satis®ed that the

currently available methods of measuring disability resulting from leprosy are accurate? The

DALY (Disability-Adjusted Life Years) score of leprosy is by far the smallest of all ten

diseases included in TDR (the UNDP/World Bank/WHO Special Programme for Research

and Training in Tropical Diseases).

Professor Smith: I think we're quite good at measuring physical impairments, but not

disabilities and handicaps and the social consequences of these.

Dr Rambukkana: It would be good if we could remove the organisms from the Schwann

cells. Even irradiated M. leprae can produce considerable damage to Schwann cells. This

could account for the progression of nerve damage after MDT.
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Professor Smith: Dr Cole, you listed some of the potential applications of the new

information coming from sequencing of the M. leprae genome. Do you see an application to

the area of nerve damage?

Dr Cole: Yes and no. We have no clear leads to what could be causing nerve damage and

what could be triggering bystander reactions. However, I think I can explain the fact, pointed

out by Professor Brennan, that M. leprae produces 10 times the quantity of LAM that is

produced by M. tuberculosis. The gene that regulates synthesis of arabinogalactan in M.

tuberculosis is inactivated in M. leprae.

Professor Nath: I doubt that long-lasting bacterial products can explain the episodic

nature of reactions.
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SESSION VI: BASIC RESEARCH
AND PATHOGENESIS

CHAIRPERSON: DR M. J. COLSTON
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Preliminary analysis of the genome sequence of

Mycobacterium leprae

S. T. COLE, N. HONORE & K. EIGLMEIER
UniteÂ de GeÂneÂtique MoleÂculaire BacteÂrienne, Institut Pasteur, Paris,
France

The genome sequence of a strain of Mycobacterium leprae, originally isolated in Tamil Nadu

and designated `TN', has been completed recently, in accord with one of the priorities de®ned

for leprosy research programmes at the joint WHO/Sasakawa Memorial Health Foundation

workshop held in Bangkok in 1995. The sequence was obtained by a combined approach,

employing automated DNA sequence analysis of selected cosmids and whole-genome

`shotgun' clones.1;2 After the ®nishing process, the genome sequence was found to contain

3,268,203 base-pairs (bp), and to have an average G � C content of 57.8%, values much

lower than the corresponding values for M. tuberculosis, which are 4,441,529 bp and 65.6%

G � C.3 The genome of M. tuberculosis is estimated to contain 4,000 genes encoding

proteins.

A battery of gene identi®cation programmes was used to analyse the genome sequence,

and detailed comparisons with the genome and proteome sequences of M. tuberculosis were

carried out.3;4 By these means, it was established that there are approximately 1500 genes

which are common to both M. leprae and M. tuberculosis, and, therefore, likely to be

functional in both organisms. From the combined results of BLASTX and BLASTN

searches,5;6 using ®lters to reduce noise, it was established that the genome of M. leprae

contains at least 1000 pseudogenes, with two or more mutations which should prevent their

expression, and that a further 1686 genes have been `deleted' from the genome. This latter

conclusion is based upon the not unreasonable assumption that both mycobacteria derived

from a common ancestor and, at one stage, had gene pools of similar size, as suggested by

comparative analysis.7 Downsizing from a genome of 4.41 Mb, such as that of M.

tuberculosis, to one of 3.27 Mb would account for the loss of some 1200 protein coding

sequences.

There is clear evidence from inspection of the genomic context, and from the presence of

extensively truncated coding sequences, that many of these genes were once present in the

genome of M. leprae, and have truly been lost. It is also certain that M. tuberculosis harbours

a substantial number of genes that were never present in M. leprae, and that M. leprae

contains more than 100 genes that have no counterpart in the genome of M. tuberculosis.

From the results of highly sensitive dot-matrix comparisons,8 it is probable that the

extensively decayed coding sequences of approximately 450 once-common genes remain

within the genome of M. leprae, but that these have mutated so much that they are now below

the threshold of the BLAST analysis. The corresponding genes may have been lost at an early

stage of degeneration of the genome, and have been under lower selective pressure.

Of particular relevance to the epidemiology of leprosy is the ®nding that the chromosome
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of M. leprae contains approximately 65 segments, varying in length from ®ve to more than

200 genes, that show synteny to the genome of M. tuberculosis, but differ in their relative

order and distribution. The presence of all three members of the dispersed repeat families,

RLEP,9 REPLEP, and LEPREP, at the junctions of regions of discontinuity is especially

noteworthy. Assuming that the genomes of M. tuberculosis and M. leprae were once

topologically equivalent, it is most probable that the current mosaic arrangement of the

genome of M. leprae re¯ects multiple recombination events between conserved repetitive

sequences. In at least one instance, recombination probably resulted in deletion of a block of

genes located between REPLEP sequences, whereas, in others that are more dif®cult to

document, translocation of chromosomal regions occurred. Preliminary evidence suggests

that these dispersed repeats are capable of transposition, because, in a few cases, they were

found within sequences corresponding to known genes of M. tuberculosis. These observa-

tions are highly encouraging, in the context of studies of strain variation and molecular

epidemiology; PCR assays that survey all sites for these repetitive elements might uncover

`hotspots' for genome rearrangement. If these elements are associated with polymorphisms,

they could then form the basis of a molecular tool for epidemiological monitoring of leprosy,

that may allow us to distinguish between relapse and reinfection, similar to those used for

M. tuberculosis.10

There is hope that, by pursuing these comparisons with M. tuberculosis, we may be able

to identify the missing genes for key metabolic steps that enable other mycobacteria to grow.

This information could ®nd practical application, allowing us to cultivate M. leprae by

supplementing the growth medium with the missing or rate-limiting nutrients, or to introduce

the corresponding genes from M. tuberculosis into M. leprae by genetic engineering. More

rapidly growing derivatives of M. leprae and M. leprae cultivated in vitro would be extremely

useful for production of a vaccine, and would represent a cheaper, more attractive alternative

to the armadillo.

If we are to develop a speci®c immunological test for the early diagnosis of leprosy, in

particular the tuberculoid form of the disease, it is essential to de®ne the repertoire of proteins

accurately by a combination of genomic and proteomic studies, and to identify those proteins

that are con®ned to M. leprae, or that show extensive diversity from their counterparts in

other mycobacteria. At the present time, particularly informative results of preliminary

proteome comparisons in silico are available. Roughly 10% of the genome of M. tuberculosis

encodes 167 proteins that belong to the novel, glycine-rich PE and PPE families.3;11ÿ13 Only

about 10 of these proteins are present in M. leprae; this may account for the signi®cant

difference of the size of the genomes. Of interest is the ®nding that one of the PPE proteins,

the serine-rich antigen, is recognised by sera from leprosy patients,14 and is strikingly

different from the equivalent protein of M. tuberculosis. Consistent with this downsizing

trend, the class of proteins referred to as `conserved hypotheticals', i.e. they are present in two

or more bacteria, but of unknown function15, is two-thirds smaller in the leprosy bacillus

(approximately 300) than in M. tuberculosis (915). Similarly, of the 606 proteins, predicted to

be present in the proteome of M. tuberculosis, that previously had no counterparts elsewhere,

130 were also found in M. leprae, and some of these show extensive sequence divergence.

These polypeptides could be exploited for diagnostic purposes for the identi®cation of

intracellular mycobacteria.

Perhaps the best hope of developing a successful skin test reagent for leprosy lies

within the class of approximately 100 proteins of M. leprae that have no homologue in

M. tuberculosis, although some of them may be related to proteins found in other
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microorganisms. Having con®rmed species speci®city, the corresponding proteins may offer

great potential as reagents for diagnostic skin tests for leprosy. It is also possible that they

might confer novel biological properties on M. leprae, and be involved in such functions as

neurotropism or nerve damage.16ÿ18 Finally, this comparative approach should enable us to

identify novel drug targets, and will be invaluable in the rational design of new therapeutic

agents and drugs to treat leprosy.
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DISCUSSION

Dr van Brakel: What are drug ef¯ux systems?
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Dr Cole: These are pumps. Drugs must penetrate into bacteria in order to exert their

toxic effects on the organisms. They can enter the bacterial cell by a number of different

means. Once they are in the cytoplasm, the drugs seek out their targets and inactivate

them. Many bacteria possess natural means of resisting drugs; these are ef¯ux systems that

are capable of taking the drugs from the cytoplasm and pumping them back outside the

cell, before they have exerted their toxic effects. Ef¯ux systems are particularly common

among environmental bacteria, such as Pseudomonas spp.

Dr Gillis: When will the annotation of the M. leprae genome be completed?

Dr Cole: It should be completed by another month or so. The bulk of the analysis has been

done, but we must go through it once more, to make certain there are no internal

inconsistencies or contradictions. At this moment, we're at this stage.

Dr Colston: The repetitive sequences that you have demonstrated in the genome suggest

that there are recombination events. Do you believe recombination to be effective in M.

leprae?

Dr Cole: I think that the recombination occurred at some point in the evolution of M.

leprae. Its quite possible that some of the recombination genes have since been lost, and that

the organism is now `stuck' in its current con®guration. One could now design experiments to

test this hypothesis, and these experiments would also offer a means of examining possible

strain differences among isolates of M. leprae.

Dr Kaplan: Has someone tried to clone M. leprae genes into M. tuberculosis? Are the M.

leprae genes then expressed? Is this possibly a useful means of trying to learn how the genes

function?

Dr Cole: Most, but not all, M. leprae genes would be expressed in another mycobacterial

host. It might be even easier to express the M. leprae genes in E. coli, because the G:C content

of M. leprae is much more similar to that of E. coli than to that of M. tuberculosis.

Dr Sengupta: Can the pseudogenes by reactivated?

Dr Cole: A mechanism exists in eukaryotic cells know as RNA-editing, which permits

some of the defects to be overcome. This is unlikely to be the case in mycobacteria; I believe

that most of the pseudogenes are truly dead. Many of them have incurred small deletions; the

function of bits of DNA that have lost numbers of codons is unlikely to be reacquired by such

editing.

Professor Grosset: Among the genes that have disappeared from the M. leprae genome,

are many of them to be found in eukaryotic cells in which the organisms multiply?

Dr Cole: There is no evidence for that. On the other hand, evidence exists that M. leprae

has acquired genes from eukaryotic hosts.

Dr Colston: That M. leprae can't multiply in vitro, for which we now have a genetic

explanation, and that it is capable of multiplying in vivo suggest that the organism gains

something from the in-vivo situation.

Dr Cole: What is odd about M. leprae is that, like M. tuberculosis, it has retained most of

the anabolic pathways, so that it is capable of synthesizing much of what it needs. This is a bit

surprising. Pursuing the comparison with M. tuberculosis, it appears that M. leprae acquires

substrates, perhaps lipids, from the host, which it then degrades.

Professor Ji: I ®nd your description of potential targets for new drugs very encouraging.

Are there any examples of drugs that have been developed for any infectious agent that have

been based on leads from this kind of genetic information?

Dr Cole: This hasn't yet occurred for bacterial agents, but a good example is that of the

protease inhibitors that have been developed for HIV. Investigators ®rst identi®ed the
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protease gene in the viral genome, produced the encoded protein, de®ned its structure, and

designed inhibitors that inactivate the enzyme.

Dr Colston: In spite of the great success of programmes based upon MDT for the

control of leprosy, many fundamental questions remain unanswered. Paradoxically, at the

same time that laboratory-based research in leprosy has declined in recent years,

unprecedented advances have occurred in basic biomedical research, as the result of

which we now have unique opportunities to address some of these unanswered funda-

mental questions. The sequencing of the genome of M. leprae, and the availability of the

sequences of the genomes of other mycobacteria and eubacteria means that we can now

begin to understand the basic biology of the leprosy bacillus. In addition, the expanding

information on the sequence of the human genome, and the ability to carry out targeted

gene-disruption in mice present us with new opportunities to understand the immunolo-

gical interaction between M. leprae and its host, and how immune recognition is translated

into a protective immune response. Thus far in this Workshop, we have heard about some

of the work aimed at understanding the regulation and dysregulation of the immune

response during leprosy reactions, and the application of molecular biological techniques

to the rapid detection of drug resistant M. leprae. In this session, we heard an update on

the sequencing and sequence analysis of the M. leprae genome, a presentation on the

application of modern cell biology techniques to understand the interaction between M.

leprae and Schwann cells, and presentations in which murine models have been used to

further our understanding of protective immunity against M. leprae. I wish to present some

ideas about how genetic microarrays might be employed to maximize the use of genome-

sequence information.

Gene microarrays provide a rapid means of determining changes in gene expression on a

global scale. A single microscope slide can contain probes for tens of thousands of genes,

making it possible to investigate entire genomes in a single experiment. Such an approach has

recently been used to investigate genomic variation, for example between BCG and M.

tuberculosis, and changes of bacterial gene expression under different environmental

conditions. Three potential applications of microarray technology illustrate the possibilities

available to the leprosy research community.

GENOMIC VARIATION AMONG STRAINS OF M. LEPRAE

By constructing a microarray based on the genome of M. leprae, it should be possible to test

DNA from different isolates of M. leprae to investigate genomic differences. A PCR-derived

probe for each of the open reading frames of the genome of M. leprae (one might also include

pseudogenes, inactivated genes and insertion sequences) is prepared and gridded robotically

onto a microscope slide. Hybridization with DNA prepared from different isolates of M.

leprae is then carried out to identify genomic differences that ultimately might be used for

strain typing.

CHANGES OF GENE EXPRESSION OF M. LEPRAE MAINTAINED IN VITRO

A number of research groups have described systems in which metabolic activity of M. leprae

has been maintained for several weeks in vitro. In some instances, DNA transferred into M.

leprae using bacteriophages has been shown to be transcribed and translated. It might be

possible to use an M. leprae microarray to investigate transcription of genes, and how
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transcription changes during incubation in vitro. Such an approach could provide novel

information on why it has proved impossible to grow M. leprae in vitro.

A MICROARRAY APPROACH TO INVESTIGATING IMMUNE RESPONSES IN LEPROSY

A microarray based on the human genome-sequence could be used to increase our under-

standing of the immune response and the immunopathology of leprosy. In the ®rst instance, a

`mini-array' of 500±1000 genes putatively involved in immunoregulation could be con-

structed. Approximately 500 such genes have been identi®ed; many of these are available as

`sequence-veri®ed clones', and the relevant gene may be ampli®ed using vector-speci®c

primers. For those genes that are not available in the sequence-veri®ed clone library,

sequence-speci®c primers may be constructed that will enable one to obtain an appropriate

probe by means of PCR. The genes thus far identi®ed include apoptosis-related genes,

apoptosis suppressor genes, cytokine genes, cytokine receptor genes, chemokine genes,

chemokine receptor genes, integrin genes, and TGFb superfamily genes. Such an array could

be used to investigate in great detail the regulation of immune responses during the

interaction between M. leprae and host cells.

I hope that it will prove possible to develop this technology as a general resource for

leprosy researchers.
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Molecular basis of the interaction of

Mycobacterium leprae with peripheral nerve:

implications for therapeutic strategies

A. RAMBUKKANA
Laboratory of Bacterial Pathogenesis and Immunology, The Rockefeller

University, New York, New York, USA

Invasion of the Schwann cell of the peripheral nervous system by Mycobacterium leprae

represents a crucial, early step leading to nerve damage in leprosy patients.1;2 Currently, more

than one-quarter of all reported leprosy patients worldwide have disabilities, and nearly half

among them are severely disabled.3 Although patients can be cured of infection by multidrug

therapy, nerve damage and the resulting deformities of leprosy can continue during and even

after antimicrobial therapy. Most workers believe that the best strategy for preventing such

long-term consequences of leprosy as disabilities lies in detecting and preventing the disease

at an early stage. Therefore, the early molecular events of the interaction of M. leprae with

peripheral nerve are important, as an aid to the development of novel strategies designed to

prevent the early interaction of M. leprae with peripheral nerve.

Identi®cation of the G-domain of laminin-2 in the basal lamina of the Schwann cell and

the laminin receptor, a-dystroglycan, as neural targets of M. leprae4;5 has opened up a new

area of scienti®c inquiry relevant to the pathogenesis of nerve damage in leprosy. In addition

to these host factors, speci®c bacterial components are responsible for the neural tropism of

M. leprae. Our preliminary studies suggest that M. leprae is equipped with multiple surface

molecules, both speci®c to M. leprae and common to the cell wall of other mycobacterial

species, which interact with laminin-2 in the basal lamina of Schwann cell-axon units.6;7

We are currently investigating the interactions of these surface-components of M. leprae

with the laminin-2G domain at both the molecular and the cellular levels. We are also

attempting to solve the three-dimensional structures of these interactions, using the known

crystal structures of individual modules of the laminin-2G domain. These studies may have

signi®cant implications for developing novel drugs and vaccines capable of blocking the

attachment of the organisms to the Schwann cell-axon units, thereby preventing the

neurological damage before immune-mediated injury aggravates the disease. A major

research program is also focused on the molecular basis of nerve degeneration in early M.

leprae infection. Identi®cation of the principal factors responsible for the nerve damage at an

early stage will facilitate development of therapeutic strategies to prevent the neurological

injury. These studies will also provide clues to the unexplainable nerve damage that continues

in patients who are `cured' of leprosy. Obviously, alternative approaches, other than

multidrug therapy, are necessary for the management of nerve damage in leprosy patients.

In addition, from the neurobiological point of view, uncovering the mechanisms by which M.

leprae manipulate the targeted neural cell molecules and their associated functions will
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generate important tools for dissecting the complex mechanisms of nerve function, which

may have implications beyond leprosy.
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DISCUSSION

Dr Kaplan: How selective is the binding of PGL-I to Schwann cells? What other cells have

you studied?

Dr Rambukkana: The Schwann cell alone does not secrete laminin, but only after it has

ensheathed an axon. The laminin molecule is composed of three chains, and assembly occurs

within the Schwann cell. Only then is laminin secreted so that it can interact with collagen

and produce the basal lamina. Muscle cells secrete the same laminin, and we ®nd slight

binding of PGL-I to muscle cells.

Dr Colston: I remember some work by Dr Job that showed M. leprae within muscle cells.

It may be that the mechanism of entry of M. leprae into the cell is not entirely speci®c to

Schwann cells.

Dr Lockwood: What is the source of your Schwann cells?

Dr Rambukkana: We work with cells from the rat. However, the laminin is structurally

similar to that of human Schwann cells. Unfortunately, we can't work with human Schwann

cells in our system.

Dr Sengupta: How speci®c is the binding of PGL-I to laminin?

Dr Rambukkana: The PGL-I derived from BCG does not bind.

Dr van Brakel: You suggested that the immune system may not play a role early in

neuropathy. Do you believe that the neuropathy results directly from perturbation of the

Schwann cells?

Dr Rambukkana: We have some preliminary evidence that simply the attachment of the

organism to the basal lamina strongly activates Schwann cells, which lie directly on the

myelin sheaths.

Dr Kaplan: If you infect Schwann cell cultures in vitro, the M. leprae do not enter the

cells, nor do they enter cells which are coated with laminin. Is is possible that the organisms

must somehow breach the outer layers before encountering a speci®c receptor that mediates

phagocytosis?

Dr Rambukkana: There may exist other mechanisms. We have some evidence that

bacterial components are capable of degrading laminin.
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Exploitation of gene knockout mice models to

study the pathogenesis of leprosy

J. KRAHENBUHL & L. B. ADAMS
National Hansen's Disease Programs Laboratory, Louisiana State
University School of Veterinary Medicine, Baton Rouge, Louisiana,

USA

Summary Shepard's technique for growth of Mycobacterium leprae in the mouse

footpad, described in 1960, and more recent studies in thymectomized-irradiated

mice and rats, athymic nude mice, nude rats and severe combined immunode®ciency

(SCID) mice have de®ned the role of T-cell mediated immunity (CMI) in leprosy.

However, the normal mouse and the immunocompromised mouse and rat represent

only elements of polar tuberculoid disease and polar lepromatous leprosy, respec-

tively. Transgenic, knockout (KO) mice may be employed to study the roles of

individual genes in the ability of the host to mount an effective immune response to

pathogens, and may also allow development of mouse models for the immunologi-

cally unstable borderline areas of the spectrum. We are exploiting certain KO mice to

improve our understanding of CMI to M. leprae, and to study the role of the

microenvironment of the leprosy granuloma in pathogenesis. CGD (chronic granu-

lomatous disease) mice and iNOS-KO mice lack the ability to produce reactive

oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI), respectively,

whereas the T cells of GKO mice are unable to produce interferon-g (IFNg). iNOS-

KO mice exhibit an enhanced capacity to form granulomas, and the histopathology of

the infected footpad tissues of this strain share many elements of borderline

tuberculoid disease. The macrophages of CGD mouse kill or inhibit multiplication

of M. leprae, although they lack ROI. Multiplication of the organisms in the footpad

is enhanced in GKO mice, although these mice retain some host resistance. In

addition, we have been investigating supplementary, conditional approaches to KO

mouse models. For example, the down-regulatory effects of local prostaglandin

production can be controlled with essential fatty acid de®cient diets or indomethacin,

RNI can be blocked in CGD and GKO mice by treatment with aminoguanidine, NG

monomethyl arginine or N6-(1-iminoethyl)-L-lysine, and local elaboration of TNFa

can be neutralized by anti-TNFa antibody or excess TNFa receptor. Other cytokines

can be neutralized by antibody as well, broadening the range of conditional knockout

models.

Introduction

Shepard's mouse footpad technique for cultivation of Mycobacterium leprae, described in

1960,1 ranks as a milestone in leprosy research. The technique permitted isolation of

organisms from lesions, discovery of new drugs, documentation of drug resistance and

fundamental immunological studies. Soon thereafter, investigators applied this technique to
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immunosuppressed mice and rats, with the aim of developing models more representative of

human leprosy. Work in thymectomized-irradiated mice,2 neonatally thymectomized rats,3

athymic (nude) mice,4 nude rats5 and severe combined immunode®ciency (SCID) mice6

helped de®ne the role of T-cell mediated immunity (CMI) in leprosy, permitted more detailed

evaluation of drug-regimens and allowed detection of `persisting,' drug-susceptible M.

leprae. The M. leprae-infected nude mouse has also provided a less expensive source of

viable bacilli as a research reagent than did the armadillo.

However, these animal models represent only poor simulations of human leprosy.7 At

best, the immunocompetent mouse and the immunocompromised mouse and rat feature

only elements of polar tuberculoid disease and polar lepromatous leprosy, respectively.

Because leprosy represents a fascinating model of human immunoregulatory disease, the

development of murine models more representative of human leprosy is a research goal

worthy of pursuit. Especially worthwhile would be a model of the broad borderline area of

the spectrum, in which immunological instability often results in type 1 and 2 reactions.

Understanding the basic mechanisms could lead to means of preventing or predicting these

reactions, or of identifying the key components of CMI that need to be stimulated with an

effective vaccine.

In recent years, exploitation of transgenic and knockout (KO) strains of mice has shed

light on the role of individual genes in effective CMI responses to a variety of pathogens.

Our laboratory is exploiting certain KO strains to explore CMI to M. leprae both in vivo

and in vitro, and to study the role of the microenvironment in leprosy granuloma in

pathogenesis.

Materials and methods

Because of the expense and tedious nature of work with M. leprae in the mouse footpad,

we narrowed our choice of KO models for our initial studies to a few that are relevant

to our interestÐthe relationship between the M. leprae and its preferred host cell, the

mononuclear phagocyte or macrophage (MN).8 Our initial studies are concerned with

KO mice that lack genes important in key MN antimicrobial functions. CGD mice

have a non-functional allele for the gp91phox subunit of phagocyte oxidase cytochrome b,

and serve as a model of chronic granulomatous disease.9 The polymorphonuclear

leukocytes and MN of CGD mice cannot produce reactive oxygen intermediates

(ROI), hydrogen peroxide, superoxide anion, or hydroxyl radical.10 GKO mice cannot

produce interferon-g (IFNg), the primary MN activating factor.10 iNOS KO mice have a

targeted disruption in the calmodulin binding-site of the inducible nitric oxide synthase

(iNOS) gene.11 MN from iNOS KO mice cannot produce reactive nitrogen intermediates

(RNI), chie¯y the L-arginine-dependent production of nitric oxide, an RNI that

represents a potent antimicrobial mechanism directed at intracellular M. leprae by

activated MNÄ .12

Studies were carried out with each of these strains, in which the multiplication of M.

leprae in the footpads was examined over extended periods. Development of granuloma was

monitored by histopathological and, in some cases, immunohistological changes and

cytokine response. Finally, the ability of MN to cope with M. leprae in vitro was evaluated

in these KO strains.
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Results

CGD MICE

Our previous studies13 employing CGD mice demonstrated that peritoneal and bone marrow

MN were unable to produce ROI when stimulated with IFNg, although they did produce

normal amounts of RNI. Activated MN obtained from CGD mice were fully competent in

their ability to kill M. tuberculosis, although growth of the tubercle bacillus was markedly

enhanced in the lungs of CGD mice in comparison to controls, and these mice failed to

survive as long as the controls.

In vitro, CGD MN activated with IFNg produced RNI, and were able to kill or inhibit M.

leprae. Over the 6-month course of footpad infection of CGD mice, the growth of M. leprae

was not different from that of controls, reaching plateau between 4 and 6 months after

inoculation. Whereas the number of M. leprae gradually declined in control mice over the

subsequent 6±9 months, long term evaluation of the CGD mice was not possible, because all

but one mouse failed to survive beyond 6 months after infection. Studies in CGD mice are

continuing both in vivo and in vitro.

GKO MICE

Previous studies of M. tuberculosis infection of GKO mice14 revealed that they were highly

susceptible to infection. Preliminary studies have showed that the maximum of multiplication

of M. leprae in the footpads of GKO mice was approximately 10-fold greater than that in the

controls, and was achieved about 5 months after inoculation, 1 month later than in the

controls; however, the numbers of M. leprae per footpad of GKO mice paralleled those in

control mice thereafter. Interestingly, the granulomatous response in the M. leprae-infected

GKO footpads was greatly enhanced. The cellular in®ltrate, composed of epithelioid MN and

scattered lymphocytes, was not organized into well-formed granulomas, but replaced as

much as 75% of the footpad tissue. Although GKO mice cannot produce IFNg, GKO mouse

MN could be activated to kill or inhibit M. leprae when they were exposed to IFNg. Enhanced

production of RNI was seen in these activated MN. Moreover, T-cell blast transformation in

response to soluble M. leprae antigen in vitro was greatly enhanced in cells obtained from the

draining lymph node cells of GKO mice. These studies are continuing.

iNOS KO MICE

As we have shown,13;15 IFNg-activated MN obtained from iNOS KO mice produced normal

amounts of ROI, but failed to produce RNI. In contrast to GCD and GKO MN, IFNg-

activated iNOS KO MN could not cope with M. tuberculosis in vitro. In vivo, iNOS KO mice

were more susceptible than were controls to infection with M. tuberculosis.13 Growth of the

organisms was enhanced in the spleen and lungs, and iNOS mice succumbed after 3±4

months to an intravenous infecting dose of M. tuberculosis that failed to kill any of the

controls in the course of 12 months.

In the case of M. leprae infection of the footpad, the organism multiplied to slightly

higher plateau values in iNOS KO mice than in controls. However, in terms of the number of

organisms per footpad, the subsequent course of the infection was indistinguishable from that

in control mice, the number of organisms decreasing gradually by more than 90% in the

course of the subsequent 7±12 months. On the other hand, marked differences of local
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granuloma formation were observed in the footpads of iNOS KO mice. Whereas infected

control mice demonstrated small focal collections of mononuclear cells immediately beneath

the epidermis, the footpads of the infected iNOS KO mice were clearly indurated;

granulomatous in¯ammation in the iNOS KO foot pads, which occupied more than 10

times the volume of that in the controls, consisted of dense organized collections of

lymphocytes and epithelioid MN in®ltrating the neuromuscular bundles, and resembled

elements of human borderline tuberculoid disease. Grossly, the feet of infected iNOS KO

mice were visibly enlarged in comparison to those of the control infected mice, in which no

gross changes were observed.

Following a larger innoculum (108) of M. leprae into the footpads, the feet of iNOS KO

mice became obviously indurated. Enhanced granuloma formation was also apparent in the

liver tissue of iNOS KO mice that had been infected intravenously with M. leprae. In this

organ, highly organized granulomas consisting of lymphocytes, epithelioid MN and multi-

nucleated giant cells were both more numerous and markedly larger than in the poorly

organized granulomas of the controls. Immunohistological staining revealed more numerous

CD4� T cells in iNOS KO granulomas, and a tendency for CD8� cells to localize at the

periphery of the granulomas, as has been shown in human TT/BT disease.16

Discussion

A study of the course of M. leprae infection in KO mouse models should advance our

understanding of host resistance to the organism. Selection of the appropriate KO strain must

be made carefully, as evaluation of the multiplication of M. leprae and granuloma formation

in the footpad requires prolonged observation. However, during the course of these extended

studies, results can be obtained in the shorter term from ex vivo or in vitro experiments carried

out with puri®ed cell populations, or in situ, using PCR to examine cytokine pro®les.

Our current work is focused on KO models, in which the targeted gene deletions are

important in MN-mediated anti-M. leprae effector functions. We intend also to explore KO

strains lacking the CD4 and CD8 T cell subsets and, in addition to GKO mice, KO strains in

which the deleted genes control production of cytokines relevant to the TH1/TH2 paradigm.

The ®ndings from our studies in CGD and iNOS KO mice, which compared the relative

contributions of the ROI and RNI pathways, showed clearly that the RNI system was more

critical than the ROI system in activated MN-mediated anti-M. leprae function. However, it

was also clear from our studies in the GKO and iNOS KO models that host resistance to M.

leprae was not ablated by the deletion of such potent single pathways as production of IFNg

or iNOS, showing clearly that the mechanism of CMI to infection does not ®t any simple

unitary hypothesis. In general, the iNOS-KO and GKO mice displayed an enhanced capacity

to form granulomas as an apparent, compensatory mechanism to their respective lack of

distinct, powerful MN anti-microbial functions.

Our data also suggested that the use of M. leprae for study in KO mice might represent a

unique opportunity to dissect the mechanisms of CMI, especially those important in human

leprosy, in a manner not possible with other organisms such as M. tuberculosis. The relevance

of animal models to human tuberculosis has been long debated.17 The ®nding of greatly

enhanced growth and increased mortality in M. tuberculosis-infected iNOS KO13;18 and GKO

mice14 underscores the importance of these primary defence mechanisms, but the virulence of

M. tuberculosis infection of the mouse appears likely to have overshadowed a number of
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intact, redundant mechanisms of resistance remaining in these KO mice that may also be

important in human tuberculosis. By contrast, the slow growth, low virulence and lack of

toxicity of M. leprae permit the exploration of redundant or contingent mechanisms of

resistance, the very mechanisms that may be relevant to the unstable nature of the borderline

stage in leprosy.

It is our intention to explore other KO models as well. However, we are currently seeking

to determine if our current studies lend themselves to additional `conditional' KO

approaches. The down-regulatory effects of local prostaglandin production, which can be

controlled in each model by essential fatty acid-de®cient diets or indomethacin, are highly

relevant to CMI in the microenvironment of the leprosy granuloma.19 Treatment of mice with

aminoguanidine,13;20, NG monomethyl arginine21 or N6-(1-iminoethyl)-L-lysine can block

RNI and, in CGD or GKO mice, provide a `conditional KO' approach. Similarly, local

elaboration of TNFa can be neutralized by anti-TNFa antibody22 or, as we have shown, with

excess TNFa receptor.23 Obviously, other selected cytokines can be neutralized as well to

ablate other host-defence pathways.

Is there a single KO mouse model that will permit examination of the unique

immunopathological spectrum of human leprosy, especially the unstable borderline area of

the spectrum? Probably not. Can KO mouse models give insight into the mechanisms of

relapse or leprosy reactions? Clearly, yes. The iNOS-KO mice demonstrated an enhanced

capacity to form granulomas, apparently as a means of compensating for their lack of MN

antimicrobial function; these granulomas displayed key histological features of borderline

tuberculoid disease.

In addition to enhancing our understanding of mechanisms of resistance, continued

examination of the course of infection by M. leprae and detailed immunohistological and

cytokine pro®le analysis in these and other KO models may lead to a means of predicting or

preventing type 1 or 2 reactions.
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Summary We have investigated the effect of subunit vaccines against infection

with Mycobacterium leprae, employing DNA plasmids as the vaccine vectors, and

the immunodominant 35 kDa protein of M. leprae as the candidate antigen. A

DNA vaccine that expresses the M. leprae 35 kDa protein both stimulated

interferon-g (IFNg)-secreting T cells in mice, and demonstrated protection against

M. leprae-infection of mice.

Introduction

During the last 15 years, implementation of multidrug therapy (MDT) for leprosy has been

very effective, resulting in a dramatic fall of prevalence.1 However, the new-case detection

rate in the countries with the major disease burden has not decreased, suggesting that

transmission of Mycobacterium leprae will continue for some time. A combination of MDT

applied to active cases with immunization against infection by M. leprae in leprosy endemic

regions may be the most effective, long-term control measure that will lead to eradication of

the disease. Immunization with M. bovis BCG has been partially effective; a recent controlled

trial of BCG against M. leprae infection in Malawi demonstrated 50% protection by a single

administration.2 Although meta-analysis of a number of trials of BCG indicated a protective

ef®cacy of approximately 50% against pulmonary tuberculosis, and 85% against dissemi-

nated tuberculosis,3 BCG did not confer protection against tuberculosis in the Malawi trial.2

There has been renewed interest in new subunit vaccines against tuberculosis, both to

increase protective ef®cacy, and to avoid the use of a live vaccine in potentially immuno-

de®cient subjects. Moreover, it may be possible to develop vaccines containing a limited

number of antigens, which will permit continued skin testing with other mycobacterial

components, to detect subsequent infection by M. tuberculosis. Approaches to anti-M.
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tuberculosis subunit vaccines include the use of single or combinations of secreted proteins in

adjuvant,4 and DNA vaccines, in which mycobacterial genes are expressed under the control

of a eukaryotic promoter.5;6 These were moderately protective against experimental M.

tuberculosis infection, and a combination of DNA vaccines expressing three different

secreted proteins was as effective as BCG against pulmonary tuberculosis in mice.7

We have investigated the effect of subunit vaccines against M. leprae infection,

employing DNA plasmids as the vaccine vectors. The immunodominant 35 kDa protein of

M. leprae was selected as the candidate antigen. The gene encoding the 35 kDa protein is

present in M. leprae and M. avium, but not in members of the M. tuberculosis complex,8 and

monoclonal antibodies speci®c for the M. leprae protein formed the basis of a serological test

that detects M. leprae-speci®c antibodies in patients with leprosy, but not tuberculosis

patients.9 The recombinant 35 kDa protein, which is recognized by more than 90% of leprosy

patients, elicits a strong T-cell response in tuberculoid leprosy and an antibody response in

lepromatous leprosy, as well as delayed-type hypersensitivity in M. leprae-sensitized guinea

pigs.10 The DNA vaccine expressing the M. leprae 35 kDa protein both stimulated

interferon-g (IFNg)-secreting T cells in mice, and demonstrated a signi®cant protective

effect against M. leprae-infection of the mouse footpad.

Materials and methods

The genes encoding the M. leprae and M. avium 35 kDa proteins10;11 were ampli®ed and

cloned into the vector pJW4303 downstream of the early/intermediate promoter of cytome-

galovirus, yielding DNA-Mav35 and DNA-ML35.12 The gene-sequences were con®rmed by

double-stranded sequencing, and expression of the proteins was demonstrated by transient

transfection of COS7 cells and immunoblotting of cellular homogenates. The immunogeni-

city of the vaccines was tested by immunizing C57BL/6 (H-2b) and outbred Swiss albino

mice with three intramuscular injections of 100 mg of the puri®ed DNA vaccines or the

control vector pJW4303 at intervals of two weeks. BCG-immunized animals were adminis-

tered 106 CFU of BCG (CSL) intradermally. Antigen-speci®c lymphocyte proliferation and

IFNg-responses of splenocytes and lymph node cells were measured as previously

described.12 Serum antibody responses to the 35 kDa protein were measured by ELISA

using recombinant 35 kDa protein as antigen.10 The protective effect of DNA-ML35 was

tested by inoculating immunized Swiss albino mice with 104 M. leprae into each hind footpad

4 weeks after the last immunization. Control mice were administered the DNA vector alone

or phosphate buffered saline (PBS). M. leprae were harvested from the footpads of control

mice after 6 months and each month thereafter until the organisms were found to have

multiplied to a level of at least 3.16 ´ 105 acid-fast bacilii (AFB) per footpad. The AFB were

counted as previously described.13

Results and discussion

In initial studies, we demonstrated that a DNA-vaccine expressing the M. avium 35 kDa

protein, which exhibits 95% homology with that of M. leprae, stimulated strong T-cell and

antibody responses to the 35 kDa antigen in C57BL/6 mice.12 It was of interest that the high-

titre, anti-35 kDa protein antibodies were directed against the same conformational epitopes
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on the protein as those recognized by sera of leprosy patients. The DNA-Mav-35-immunized

H-2b mice were protected against intravenous infection with a virulent strain of M. avium,

which causes progressive infection in mice. There was a 99% reduction of the bacterial load

in the spleen, indicating a protective ef®cacy greater than that of BCG 4 weeks post-

challenge.12 As expected, the DNA-ML35 vaccine was also strongly immunogenic in the

C57BL/6 mice, inducing high levels of antigen-speci®c T cells which released the cytokine

IFNg on restimulation.

To ensure that the protein was recognized in genetically diverse animals, the immuno-

genicity of the DNA-ML35 vaccine was tested in outbred Swiss Albino mice, which were

used to study the protective ef®cacy of the vaccine. Antibodies which increased in titre with

successive vaccine doses were detected in all of the mice. Six weeks after immunization with

DNA-ML35, the titre of anti-35 kDa protein IgG was 3.3 log10 compared to 1.09 log10 in the

mice administered the control DNA vector. As shown in Table 1, the mice demonstrated anti-

35 kDa T cell proliferative and IFNg responses in the spleen and lymph nodes. There was

some variability of the level of the T-cell responses; about 60% of the mice showed high

responses comparable to those observed in H-2b mice, whereas 40% showed lower

responses.14 However, all demonstrated signi®cant, antigen-speci®c T-cell responses,

compared to the mice administered the control vector.

When the mice that had been immunized with DNA-ML35 were challenged with viable

M. leprae in the footpad, they showed signi®cantly less mycobacterial replication after 7

months than the mice that had been administered either the control DNA vector or PBS, and

the level of protection was equivalent to that induced by BCG immunization (see Table 2).

This protective effect was observed employing two different strains of M. leprae.

To investigate whether DNA vaccines expressing M. tuberculosis genes are capable of

inducing heterologous protection against M. leprae infection, we tested the protective effect

of DNA-85B, which encodes the M. tuberculosis 85B protein, against the mouse footpad

infection with M. leprae. The antigen 85 complex includes a group of three secreted proteins
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Table 1. Antigen-speci®c T-cell responses in Swiss Albino mice immunized with DNA-
ML35 or control vaccines

IFNg responsed

Vaccinea Antigenb (mg/ml) Proliferationc (Dcpm) (units/ml)

DNA-ML35 10 5049 6 805 61 6 16
3 3900 6 479 54 6 15
1 3307 6 461 36 6 11

DNA-Neg 10 1465 6 83 6 6 1
3 1550 6 54 5 6 1
1 966 6 36 5 6 1

a Mice were administered 100 mg DNA-ML35 or the empty vector, DNA-Neg, intra-
muscularly on three occasions at intervals of 2 weeks, and tested 4 weeks after the last
injection.

b Puri®ed splenocytes were restimulated with recombinant M. leprae-35 kDa protein at
the concentrations shown.

c Proliferative responses are shown as the mean speci®c incorporation of 3HdT in
triplicate wells (6SEM).

d IFNg responses are shown as the mean speci®c release of IFNg in triplicate wells
(6SEM) at different antigen concentrations.



of 30±32 kDa, which elicit strong immune responses in tuberculosis and leprosy patients.15

DNA vaccines expressing antigen 85A6 and antigen 85B7 induce partial protective immunity

against M. tuberculosis infection in mice, and the M. tuberculosis 85B antigen shows greater

than 75% homology at the amino acid level with the M. leprae 85B protein. Therefore, we

immunized Swiss albino mice three times at 2-weekly intervals with intramuscular injections

each of 100 mg DNA-85B and challenged them with two different strains of M. leprae. The

organisms multiplied in DNA-85B immunized mice to only about 20% of their number in

control mice (Roche, P. R., submitted for publication).

We are currently investigating means of increasing the effect of these subunit vaccines

against M. leprae infection. One approach is to co-immunize with the mycobacterial DNA

vaccine and a plasmid expressing cytokines, which may act as adjuvants to increase the

cellular immune response to the mycobacterial antigen.16 Interleukin-12 (IL-12), which is

produced by macrophages and dendritic cells, causes deviation of CD4� T cells to a Th1-like

pattern of cytokine production. We have prepared a novel vector that expresses both the P35

and P40 chains of murine IL-12. When mice were co-immunized with DNA-Mav35 and the

IL-12-producing plasmid, there was an increase of the antigen-speci®c production of IFNg by

lymph-node cells as well as increased clearance of M. avium following intravenous challenge,

compared to mice immunized with DNA-Mav35 alone (Martin, E., submitted for publica-

tion). This increased protective effect is encouraging, and we are now testing whether co-

immunization with DNA-ML35 and the IL-12-expressing plasmid will increase the level of

protection against footpad infection with M. leprae.

These results suggest that effective subunit vaccines can be developed against M. leprae

infection. One M. leprae antigen expressed as a DNA vaccine was moderately effective, but

we envisage that a combination of antigens would be incorporated into a future vaccine, to

ensure that individuals in a genetically diverse population could respond to at least one of the

HLA Class II-restricted epitopes on the antigens. The inclusion of IL-12 or other cytokines
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Table 2. Protective effect of immunization with DNA-
ML35 and BCG against mouse footpad infection with a
clinical isolate of M. leprae

Vaccinea Log10 AFB/footpadb (mean � SEM)

BCG 5.22 � 0.11c

DNA-ML35 5.11 � 0.16c

DNA-Neg 5.67 � 0.19
PBS 5.74 � 0.13

a Mice were administered 100 mg DNA-ML35 or the
empty vector, DNA-Neg, intramuscularly, or BCG or
PBS intradermally on three occasions at intervals of 2
weeks. Four weeks after the last injection, the mice were
inoculated with 104 M. leprae in each hind footpad.

b The geometric mean of the logarithm10 number of
AFB 6 SEM harvested per footpad 7 months after
inoculation.

c The probability, determined by the Mann-Whitney
U-test, that the results from this group of mice were
drawn from the same population as were those from the
mice administered PBS was < 0.05.



may provide more de®ned patterns of adjuvant activity, particularly of a Th1-like pattern. A

number of other immuno-enhancing strategies are being tested, including the targeting of the

DNA-encoded vaccine antigen to antigen-presenting cells, and the combination of different

types of vaccine vectors to prime and boost for the required type of immune response to the

vaccine antigen.17

How might subunit vaccines be employed against M. leprae infection? It is more likely

that a subunit vaccine for tuberculosis rather than one for leprosy will be developed and tested

in humans in the foreseeable future. If this vaccine is to be used in populations with high

levels of transmission of both M. tuberculosis and M. leprae, it will be important to

incorporate some M. leprae-speci®c antigens into the vaccine, as well as proteins shared

by the two mycobacteria, to provide heterologous protection. This will ensure that the

protective bene®t of anti-tuberculosis vaccine also assists in the control of leprosy. The M.

leprae 35 kDa protein and the M. tuberculosis antigen 85B are two appropriate candidates for

this role, but a broader panel of antigens may be eventually utilized.
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Leprosy researchÐsetting priorities and

facilitating collaborations: a personal perspective
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Summary In recent years, as the prevalence of leprosy has declined and the

tuberculosis epidemic has gained increasing attention, leprosy research has generally

taken a `back seat' to research in tuberculosis and other emerging and re-emerging

infections. This has resulted as much from perceived differences of scienti®c

opportunities in these ®elds as from differences of the disease burden. At the

United States National Institutes of Health (NIH), research priority setting is typically

based on a number of factors. In the case of leprosy research, the technical dif®culties

associated with this scienti®c area have clearly lessened enthusiasm for and progress

in this ®eld. Today, however, we are confronted by the reality of not having suf®cient

scienti®c understanding to explain a stable or increasing number of leprosy cases

detected annually in the face of a dramatically decreasing total number of identi®ed

cases. We also lack adequate tools for diagnosis and prevention. At the same time,

new molecular and cellular approaches and knowledge of the complete sequence of

the genome of Mycobacterium leprae render leprosy research signi®cantly more

tractable than ever before. The combination of these factors has led a number of

groups, including the National Institute of Allergy and Infectious Diseases of the

NIH, to review the current state of knowledge in leprosy research and draft

recommendations for future leprosy research priorities. It is clear that many of the

necessary and exciting research activities can best be addressed through collabora-

tions among investigators, with control programmes, and among countries of high

and low endemicity.

Funding of leprosy research has suffered, relative to that in many other biomedical ®elds in

recent years, at the United States National Institutes of Health (NIH) and the National

Institute of Allergy and Infectious Diseases (NIAID), as well as at many other scienti®c and

biomedical funding agencies throughout the world. Scienti®c funding agencies take many

factors into account in setting research priorities. At the NIH/NIAID, these include an

assessment of public health need, the scienti®c quality of a proposed project (assessed

through rigorous peer review), the desire to maintain a large and diverse portfolio of research

activities, scienti®c opportunity, and the potential contributions to human capital and material

assets of science.1 Figure 1A and B depicts the relative support at NIAID during the period

1986±1998 for leprosy and tuberculosis (TB) research, as re¯ected in the number of NIAID-

supported leprosy and TB projects listed in the federal CRISP database for these years.2

These data demonstrate that NIAID's leprosy research programme has shrunk by two-

thirds (from a high of 27 projects in 1988 to only nine projects in 1998), whereas its TB

research programme has grown almost 15-fold during approximately the same period (from
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13 projects in 1986 to 194 in 1998). Comparable changes in the fortunes of leprosy and TB

research have occurred in other venues around the world during these years. What factors

contributed to these changes, should support for leprosy research now be increased, and if so,

how might this be accomplished?

A number of factors contributed to the decline in leprosy research during the past 10±15

years. The technical dif®culties involved in working with Mycobacterium leprae (e.g.

inability to culture it in vitro, and the expense and unwieldiness of working with the

armadillo), compared to the relative ease and availability of new tools for working on other

mycobacteria, including M. smegmatis, M. avium, M. marinum and M. tuberculosis, have

played a role in limiting the sense of scienti®c opportunity in leprosy research. Raised

expectations by the World Health Organization's Leprosy Elimination Campaign that the

public health burden of this disease was soon to be eliminated contributed to a sense that

further research need not be a priority. Finally, increased funds for TB research, a result in

large part of the public, political, and medical attention paid to the TB epidemic during the

late 1980s and the 1990s, encouraged many leprosy investigators to turn their attentions to TB

research instead.

However, several factors are now contributing to changing perspectives of the need for a

Workshop ProceedingsS184

Figure 1. A The numbers of tuberculosis and leprosy research projects per year supported by NIAID from 1996±
1998, as retrieved from the CRISP databases, using a simple keyword search based on the search terms `tuberculosis'
and `leprosy', respectively. B the same data for leprosy research projects as presented in A, with a different scale on
the X-axis, to demonstrate more clearly the changes in support for leprosy research over this time period.



more intensive effort in leprosy research. The ®rst is the recognition that, despite heroic

efforts on the part of WHO and its partners throughout the world to eliminate leprosy, there

remains a public health need. Approximately 800,000 new cases of leprosy were detected in

1998, and the number of new cases detected annually now approximates the number of

prevalent leprosy cases globally. This is not unexpected for a disease for which the average

duration of treatment is 1 year; however, it also indicates that, after almost a decade of an

intensive elimination campaign, transmission of M. leprae still occurs at a signi®cant rate.

These data suggest the need for improved methods of early diagnosis of M. leprae infection,

and emphasize the inadequacy of our knowledge about the transmission of M. leprae and the

natural history of the disease.

A second major factor that creates a more favourable environment for leprosy research is

a sense of increased scienti®c opportunities. The recent sequencing of the M. leprae genome3

has opened new avenues to ®nding answers to long-perplexing questions about leprosy.

Sequencing the entire genome of microbial pathogens has been a boon to many areas of

research in microbiology and infectious disease in the course of the last few years,4ÿ8 but it

holds the greatest promise for organisms that, like M. leprae, are dif®cult to approach by

traditional techniques, because of a lack of good methods for culture in vitro and inexpensive,

facile animal models of infection. Functional analysis of the entire genome holds out the

promise of elucidating the presence or absence of key metabolic pathways, facilitating

understanding of growth requirements. Such an analysis could lead to identi®cation of gene

products involved in the neurotropism or intracellular persistence of M. leprae. This

information can, in turn, suggest potential, novel drug targets, protective antigens, and

virulence factors to be capitalized upon in devising new strategies for prevention, and

improved methods for early diagnosis of infection and detection of relapse.

Knowledge of the sequence of the entire genome opens the possibility of de®ning the

proteome (the complete set of proteins synthesized by the organism) of M. leprae as well.

Structural analyses of key proteins could then contribute to identi®cation, for example, of

potential drug targets. The sequence of the genome could also serve as a basis for devising

strain-typing methods and means of detecting and diagnosing drug resistance.

Recent advances in immunology, neuro- and cellular biology, and the human genome

project, also hold promise for helping to answer important questions related to leprosy, such

as elucidation of the human immune response to M. leprae (which would contribute to

identi®cation of correlates of protection and novel vaccination strategies), and explication of

the mechanism underlying neurotropism, nerve damage and reactional states.

The desire to maintain a diverse portfolio of research projects has helped to maintain even

a small leprosy research programme at NIAID in recent years. This factor continues to play to

leprosy's advantage in at least a minor way.

How can interested investigators contribute to a resurgence of leprosy research? One way

is by thoughtful participation in priority-setting exercises, such as this and a similar exercise

held by The Heiser Trust and the NIAID in Dulles, Virginia, USA, in November 1999. At the

November 1999 workshop, which was entitled `Leprosy Research in the Post-Genome Era',

25 leprosy researchers from around the world met with six outside experts (with expertise in

epidemiology, immunology, cellular biology, molecular biology, genetics, dermatology and

pharmacology) to discuss the current status of leprosy globally, the major research questions,

and scienti®c opportunities for approaching them. At the end, the panel of outside experts

identi®ed and discussed potential research priorities. A separate report of this workshop,

prepared by the Panel Chair, Dr Roy Curtiss, is currently being prepared for publication
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(personal communication, Dr Roy Curtiss, Washington University, St Louis, MO, USA). The

contributions of the leprosy scientists to that workshop, as well as the thoughtful deliberations

of the Panel, were key to the credibility and potential impact of that workshop report.

The second and most important role interested scientists can play in the NIAID research

funding process is to submit exciting research applications of high quality. Peer-review

panels play a fundamental role in NIAID's research planning process, and applications that

score in the `outstanding' range in a review panel's deliberations, irrespective of the research

topic, stand a very high chance of ultimately being funded. Conversely, no matter how high a

priority NIAID might place on a given research area or public health problem, it must receive

for review relevant applications of high quality, in order to build a research programme. In

addition, in an area such as leprosy, in which the greatest impact on health is outside the

United States, collaborations and coordination of research activities with scientists, health

workers and control programs in leprosy endemic countries are key to having a sustainable,

productive scienti®c programme. Individual scientists and their efforts and initiative play a

vital role in establishing and maintaining important collaborations. NIAID Programme staff

can also help to initiate, facilitate and maintain these contacts, and coordinate activities with

other funding and research institutions.

A third role committed scientists can and will continue to play is to serve as contractors to

NIAID for activities such as the maintenance of an armadillo colony (currently at the G. W.

Long Hansen's Disease Center, Baton Rouge, Louisiana, USA). This contract supplies M.

leprae-infected tissues to quali®ed investigators, and to another NIAID contractor (currently

at the Colorado State University, Fort Collins, Colorado, USA), who, in turn, prepares and

supplies standardized, M. leprae-derived research reagents of high quality to quali®ed

investigators worldwide. Through these contracts, NIAID and the involved investigators

hope to facilitate leprosy research and help maintain a strong leprosy research community

globally.9

In summary, exciting scienti®c opportunities and public health need are driving renewed

interest in leprosy related research at NIAID and elsewhere. Interested scientists and control

programme personnel can play important roles in identifying key questions and recommend-

ing research priorities to funding agencies. Scienti®c collaboration and coordination with

partners in leprosy endemic countries, other funding agencies and research institutions

worldwide will be crucial to rebuilding a vibrant leprosy research community. Creative

investigators taking advantage of new scienti®c opportunities will continue to be its

foundation and core.
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DISCUSSION

Dr van Brakel: Do you have a Web site from which one may download application forms?

Dr Ginsberg: www.nih.gov will bring you to the NIH home pages. Click on `funding-

opportunities'. Finally, you come to a `grants' page, and the form is no. 398. This page will

also provide information with respect to dates for submission and answers to frequently asked

questions.

Professor Ji: Keeping in mind the record for the past 10 years, how do you assess the

likelihood that the NIH will fund a ®eld-research project in leprosy?

Dr Ginsberg: My response depends upon what you mean by a ®eld-research project. A

number of our projects involve collaboration with scientists in endemic countries. In the

framework of Professor Brennan's project, we are trying to implement a skin test project with

Dr Roche in Nepal. Phase I and phase II projects are easily incorporated into our research

programme. Trials to test ef®cacy are more dif®cult, because of the amounts of time and

resources involved, but we can often co-fund studies with other agencies.

Professor Brennan: Would you describe the role of the NIH in regulatory issues?

Dr Ginsberg: The NIH is not a regulatory agency. In the USA, it is the Food and Drug

Administration (FDA) that oversees drugs, vaccines and diagnostics. However, staff

members of the NIAID, who work with the FDA on a regular basis, can assist investigators

with the necessary `investigational and new drug' (IND) applications for use of a new or

experimental product in phase I and phase II studies. If the NIAID is supporting the project,

we may actually hold the IND; we hold more than 100 INDs at the moment.

Dr Lockwood: What is the proportion of your grants that are made to foreign investiga-

tors?

Dr Ginsberg: The proportion is small; I estimate that, in about 5% of our projects, the

foreign investigator is the principal investigator. There is no reason that a foreign investigator

cannot apply. However, his application must undergo one additional hurdle: the Study

Section and I, if the application falls into my programme, must be able to certify that the

research cannot or will not be done by an American investigator. Because the review process

is so different from those you may have been exposed to, and because it is so dif®cult to win

funding, we often encourage foreign investigators to begin by collaborating with an

American investigator who has been successful in the past.
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Research component in the global alliance

B. JI
BacteÂriologie et HygieÁne, FaculteÂ de MeÂdecine PitieÂ-SalpeÃtrieÁre,
Paris, France

During the past 15 years, tremendous progress has been made in controlling leprosy,

primarily the result of the widespread implementation of multidrug therapy (MDT). Although

many factors led to the success of MDT, it is fair to state that the development of the standard

MDT regimens played a decisive role. The design of the regimens was based on knowledge

generated by earlier research activities, including a better understanding of the threat of

dapsone resistant leprosy, and the availability of newer drugs, such as rifampicin and

clofazimine. The success of MDT clearly indicates that leprosy research can accelerate

leprosy control.

At this moment, we are in the era of leprosy elimination. The tasks we face are far more

dif®cult than those we have faced before. Obviously, new concepts and tools that are both

more ef®cient and operationally less demanding are required for prevention, diagnosis and

treatment of the disease, and management of leprosy reactions and nerve damage. These new

concepts and tools will greatly facilitate the elimination process, and make the efforts toward

elimination more sustainable. Because new concepts and tools will be generated only by

research activities, whether the research is operational or laboratory-based, leprosy research

must be an important component of the Global Alliance, a partnership of the World Health

Organization, the International Federation of Anti-Leprosy Associations (ILEP), the Nippon

Foundation, and the pharmaceutical ®rm, Novartis.

Like many other members of ILEP, the Association FrancËaise Raoul Follereau has a long

tradition of providing ®nancial support to research projects related to leprosy. We are

particularly keen to work closely with other partners in funding leprosy research. Further to

promote leprosy research, we propose the establishment of an Expert Committee on Leprosy

Research, within the framework of Global Alliance. The Committee should consist of seven

to nine members, with one to three members from each of the four major partners of the

Alliance, the number of members being roughly proportional to the support offered leprosy

research by each of the partners. The Committee should meet regularly, to identify research

priorities, review research proposals, and coordinate and monitor implementation of the

research projects.

Ideally, the Committee should have at its disposal funds with which to support leprosy

research; otherwise, it could only function as a purely advisory body, and ®nd it dif®cult to

in¯uence the setting of priorities and the directing of funds to the most meritorious and

most urgent research projects. However, given that several granting agencies, such as

IMMYC and THEMYC, already exist, that the US National Institutes of Health, the European

Commission, the British Medical Research Council, and a number of ILEP member

associations also provide support to research projects related to leprosy; and that to reach

consensus among the partners on ®nancial issues is time-consuming, it is premature to
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consider establishing a separate research fund within the Global Alliance. Instead, it may be

more feasible to establish a multilateral funding mechanism, following the example of the

Malawi vaccine trial and the M. leprae genome project. These projects clearly demonstrated

that, for projects that were highly relevant, with well-prepared protocols and reasonable

budgets, it was possible to secure the needed funding from multiple partners, although the

process was somewhat more complicated than funding by a single agency. After a worthy

project has been identi®ed, the Expert Committee should seek funding from among the

partners of the Global Alliance, including individual ILEP member associations. After

additional multilaterally funded projects have succeeded, it may be possible to create a

research fund within the Global Alliance.

Discussion

Dr Gupte: With respect to the funding of projects from multiple sources, will you or some one

else deal with the various bureaucracies, or will it be necessary for the investigator to go from

door to door?

Professor Ji: The Malawi vaccine trial was coordinated by LEPRA, and the M. leprae

genome project was coordinated by the Association FrancËaise Raoul Follereau. To facilitate

the funding process, I think it would be helpful to identify for each project a coordinator. If an

expert committee on leprosy research should be formed within the framework of the Global

Alliance, that committee could serve as coordinator.

Dr Van Brakel: It's not clear to me whether this funding process already exists, or is to be

established.

Professor Ji: The Global Alliance is a very new entity. Unfortunately, the arrangement I

have described is still only a proposal.

Professor Smith: My understanding is that the current situation of the Global Alliance is

very uncertain. It represents only a very loose framework for collaboration. Although I think

there may be merit in putting forward your proposal, I don't think we should rely on its

realization. We should continue to explore other ways of securing collaboration in funding

leprosy research.

Professor Britton: What is the nature of ILEP's commitment to research, and what is the

role of the ILEP Medical and Social Commission. The current president and the immediate

past president of the Commission are both here; can you enlighten us?

Professor Smith: The Medical and Social Commission of ILEP is a group of seven experts

elected by member organizations to advise the organizations on medical and technical issues,

including research.
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CLOSING SESSION: RECOMMENDATIONS

CHAIRPERSON: PROFESSOR BAOHONG JI
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Recommendations

New tools are required to accelerate the elimination of leprosy, and to enable prevention and

improved treatment of disabilities. Therefore, biomedical and operational research must

remain important activities in the future. The important topics in biomedical research are

listed below (not in order of priority).

· An effective chemoprophylaxis may be useful in individuals at high risk of leprosy, and

effective immunoprophylaxis may represent a means of eliminating leprosy from residual

areas of high endemicity. The cost-effectiveness of the prophylactic measures should be

studied.

· New drug regimens, employing new, more rapidly bactericidal drugs, should be

developed in order to simplify and shorten multi-drug therapy, without compromising

ef®cacy, acceptability and cost-effectiveness.

· Rapid methods for detection of drug resistance, especially resistance to rifampicin, should

be further validated and applied.

· Concerted efforts should be made to identify relapses after multi-drug therapy.

· Tools are required for detection of infection by Mycobacterium leprae in the community,

and for early diagnosis of the disease, particularly of multibacillary leprosy.

· An improved understanding of the mechanisms of nerve damage and reactions, so as to

enable prediction and prevention of these complications, is essential.

· Improved treatment of leprosy reactions and of impairment of nerve function, to

overcome the limitations of treatment by steroids and thalidomide, is needed.

· An improved understanding of the immune response to the organism, and identi®cation of

correlates of protection are required.

· The opportunities provided by sequencing the genome of M. leprae, which has just been

completed, should be exploited to identify new drug targets, immunologically important

molecules, and base sequences useful for strain typing.

· The rapid advances just announced in sequencing the human genome should be used to

study host-parasite interaction and the pathogenesis of leprosy at the molecular level.

· Continued supply of the special reagents and materials required for leprosy research

should be ensured.

· It is crucial that researchers and those who work in the area of leprosy control coordinate

their work, to ensure that research efforts are concentrated on the development of those

tools most needed in the ®eld, and that operational research is carried out to promote

application of the tools. Coordination could best be accomplished by regular meetings

among the involved scientists, together with representatives of leprosy control

programmes.
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Closing

Friends and colleagues

It is a privilege and an honour to have been given the duty of saying the last words before

closing this important Workshop on leprosy research at the turn of the century and

millennium. In addition, the choice of the words is easy, for the following reasons.

I believe that all of you, like me, wish to thank the Association FrancËaise Raoul Follereau

for having hosted the Workshop, and for having provided all possible help and support. I wish

also to thank Mrs Jeanne-Marie de Follin and Mrs Isabelle Vernhes, who helped us so much

during the last three days. And I should not forget the cook, who did her best so that you

would enjoy `the cuisine FrancËaise'.

Turning to scienti®c matters, I wish to congratulate Professor Ji Baohong for having been

at the heart of the organization of the Workshop, and for having devoted so much of his time,

energy and anxiety for its success. Without his stamina, the meeting would not have been a

success. All of the other members of the organizing committeeÐDr Jo Colston, Dr Cairns

Smith and Dr Yo YuasaÐalso deserve our thanks. They succeeded in attracting the

prominent scientists and in having them deliver the most recent information.

I am both unwilling and unable to assess the scienti®c excellence of the Workshop, but I

am convinced that, like me, you consider it to have been a ®rst-rate meeting that brought

scienti®c information of the highest quality, and resulted in clear, rational, and concrete

recommendations.

The remaining topic is that of future leprosy research activities. I think that, hand in hand

with the World Health Organization and other national, e.g. the US National Institute of

Allergy and Infectious Diseases, and international organizations, the same organizing

committee should prepare the next workshop on leprosy research in 2 years' time. I know

from the president of the Association Follereau that we would again be welcome in this

Follereau setting, and I suggest that the programme of the next meeting be a little more

oriented to operational research. The topics to be covered might include:

1. How to prevent people from becoming infected with Mycobacterium leprae and

developing leprosy?

2. How to suspect, investigate, and identify those infected with M. leprae, and those who

have leprosy?

3. How to treat the patients in the most ef®cient way?

4. How to cure the patients and verify that cure has been obtained?

To close, I wish again to thank the organizers and the scientists who agreed to share their

knowledge, and to wish everyone a good way back home and `au revoir'.

Professor Jacques H. Grosset
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