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Drug Resistance of Mycobacteriulll 

Particularly to DDS 1 

leprae 

R. J. W. Rees2 

The emergence of drug resistance is an 
important and common occurrence during 
the chemotherapy of nearly all bacterial 
diseases. Therefore drug resistance could 
be expected with the introduction of chem-
otherapy for leprosy, and it is not surpris-
ing that such resistance to several of the 
antileprosy drugs has been reported, for 
example, thiacetazone (2. 10) , thiambuto-
sine (4) , ditophal (:!), and isoniazid (7). 
However, despite the claim of Wolcott and 
Ross (27), it was still a matter of debate 
whether or not Mycobacterium leprae ever 
develops resistance to the sulfones, al-
though these have been used for more than 
20 years, in the treatment of millions of 
patients. Because very prolonged treatment 
is required in leprosy, relapse may result 
from patients' failure to take adequate 
treatment, rather than from the emergence 
of drug resistance. Unfortunately, all the 
evidence for drug resistance in leprosy has 
been based entirely on clinical grounds, 
since hitherto there has been no method for 
testing the tlrug sensitivity of M. lepme. 
Now, with the application of the mouse 
foot pad infection for determining the drug 
sensitivity of M. lepme (19,21 , 23,24), this 
method can be used also for studying the 
emergence of drug resistance. 

This paper reports the first successful 
application of these methods for the detec-
tion of dapsone (DDS)-and thiambutosine-
resistant strains of M. leprae. 
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METHODS 
The methods used for harvesting and 

counting the bacilli from foot pads are the 
same as those previously described (1 8, 22) . 
All the tes ts have been carried out on 
mice inoculated in one or both hind foot 
pads with 104 M. leprae obtained either 
directly from skin lesions in patients or 
from infections already established in the 
mouse foot pad. The chemotherapeutic 
activity of a drug has been assessed by com-
paring the yield of bacilli in the foot pads 
of untreated mice with that in mice treated 
with the drug, either fed in the diet or 
given by injection, from the first day of 
infection. Individual mice from the un-
treated group are killed, usually beginning 
six months after the infection, to es tablish 
that the infection has taken and that multi-
plication has resulted in yie'lds of bacilli in 
the order of 105- 106 bacill i/foot pad. 
When this level of infection has been 
reached, usually within a period of 6-10 
months, depending on the viability of the 
inoculum, the remaining mice in the un-
trea ted group and all the mice in the 
treated groups are killed, for determination 
of the number of bacilli in their foot pads. 

RESULTS 
DDS resistance. Once it was es tablished 

that multiplica tion in the mouse foot pad of 
M. leprae derived fl"om untreated patients 
could be inhibited by drugs, this infection 
provided, for the first time, a specific tes t 
for detecting the emergence of drug-
resistant strains of bacilli from treated pa-
tients. The first study of this type was on 
DDS rcsistance as determined in 10 select-
ed paticnts with leproma tOllS leprosy who, 
despite 15 years or more of sulfone thera-
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py, showed active disease with a high bac-
teriologic index (BI) and a high proportion 
of solidly staining bacilli (morphologic in -
dex, MI ). Nine of the 'patients were from 
Malaysia (l(i. I. ) and one was from Eng-
land (1). Biopsy specimens were obtained 
from each patient, and, from these, bacilli 
were inoculated into mouse foot pads and 
tested against DDS. All strains were tested 
against 0.1 per cent DDS in the diet daily, 
and three were tested also at 0.025 per 
cent. The patients were started on a care-
fully controlled six-month tes t period on 
300 mgm. DDS by injection twice weekly, 
initiated from the time the biopsy specimen 
was taken. Although the response of the 
patients during the tes t period on DDS was 
assessed clinically, histologically and bac-
teriologically, most weight was placed on 
the fall in the MI as the most sensitive 
measure of the chemotherapeutic activity 
of a drug. Studies (26) consistently demon-
strated that previously untreated patients 
with lepromatous leprosy show a reproduc-
ible and significant diminution in the MI 

within a period of 4.5-6 months on stan-
dard doses of 300 mgm. DDS injected 
intramuscularly twice weekly. 

Therefore it was considered that patients 
who failed to show a significant fall in the 
MI during this carefully controlled six-
month trial period on DDS were likely to 
be infected with DDS-resistant strains of 
M. lepme. DDS estimations on blood and 
urine samples from these patients, taken 
during the tes t period, confirmed that ab-
sorption of the drug was satisfactory. The 
figures for the MI at the time of selection 
and after the six-month test period on DDS 
and the DDS sensitivity of !III. lepme from 
the 10 patients with prima facie evidence 
of DDS resistance, are shown in Table 1. 
From the mouse foot pad tests five of the 
strains (cases 1, 2, 5, 7 and 9) proved 
sensitive to DDS, whereas the other five 
strains multiplied in the animals treated 
with DDS, i.e., four strains in mice fed 0.1 
per cent in their diet and one strain (case 
8) which, while being inhibited at this 
level, multiplied freely in animals fed 0.025 

TABLE 1. Morphologic index at time oj selection and aJter a 6 month test period on DDS and 
DDS sensitivity oj M. leprae Jrom 10 patients with prima faci e evidence oj DDS resistance . 

DD8 sensitivity using mouse foot 
Morphologic index pad infection 

-------------------

Per cent DD8 in die t . 
Case At time of After 6 months 
No.a selection treatment b 0.1 0.025 

-------------------
1 37 12 8 
2 32 4 8 
3 38 32 R 
4 43 49 R R 
5 53 1 8 
6 36 31 R 
7 48 4 8 
8 43 19 S H. 
9 34 I S S 

10 1):3 (;;3 H. 11 

• Cases 1- \) from Pettit (~l ai. (17). Case 10 fl'Olll AditiOS, A. H. I) . Ilnd Wal er,.;, M. F. n. (I) 
I, 300 mgm. injectable DDS Iwice weekly. 
S = Sensitive 
R = Re istan t 
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per cent DDS in thei r diet. The results of 
these tests in the mouse foot pad were in 
good agreement with the bacteriologic re-
sponses, as measured by the fall in the MI, 
of the 10 patients during the carefully 
controlled six-month test period on DDS. 
Thus the five patients with DDS-resistant 
organisms failed to show a significant fall in 
their Mrs, and with one exception (case 1 ) 
there was a significant fall in the MI in the 
five patients with DDS-sensitive organisms. 

The mouse foot pad test has therefore 
clearly demonstrated the existence of DDS-
resistant strains of M. Zeprae. It is of partic-
ular interest that five of the 10 patients 
with prima facie evidence of resistance to 
sulfone therapy and with a history of 15 
years 'Or more of treatment with sulfones 
should have responded favorably to a care-
fully controlled six-month test period on 
DDS. With the exception of case 1, these 
five patients have continued to respond 
satisfactorily 'On DDS, thus supporting the 

evidence provided from the MI and DDS 
sensitivity test. The exception, case 1, wa:\ 
continued on DDS because, although his 
MI had fallen to only 12, rather than the 
more usual 5 or less, during the six-month 
trial period, it was felt that this small 
difference was too rigid a criterion to justify 
immediate change of treatment, and fur-
thermore his bacilli were sensitive to DDS 
fed at 0.1 per cent in the mouse foot pad 
test. The subsequent progress of this pa-
tient while maintained on DDS and 'On a 
long-acting sulfonamide (sulformethDxine) 
for a period of almDst 18 months, has been 
unsatisfactory, with fluctuations in the 
MI (15). 

However, valuable information has been 
obtained during this subsequent period 
from two further sensitivity tests carried 
out with bacilli using the mouse fODt pad 
infection. The results of these tes ts, shown 
in Table 2, indicate that subsequently the 
patients' bacilli were resistant to DDS fed 

TABLE 2. DDS and sulJonnethox£ne sensitivities, using the mouse foot pad test 1cith M. 
leprae from case 1 in Table 1 on three occasions during treatment. 

Proportion of foot pad~ ~ho\\"in)!; mult iplica tion of .1/ . leprae 

----------

Treated mice (% drug in diet) 

Sulfor-
DDS methoxine 

------
Dl}te of Untreated Resul t of 

test mICe 0 .1 0 .025 0 .006 0 .04 sensit ivi ty test 
------

:Vlarch 7/ 9 0/ 6 - - - Sensitive to 
1963 DDS (0 .1 %) 

:'.1ay 10/ 10 2/8 6/ 6 - - Resistan t to 
1964 DDS (0.025 

%) 
-------

Feb. 12/ 12 - 6/ 10 7/ 12 10/ 12 Resistant to 
1965 DDS (0.025 

and 0.006 %) 
and to 8ulfor-
methoxine 
(0.04 %) 
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at 0,025 and 0.006 per eent DDS in the diet 
and also showed cross resistance to the 
long-acting sulfonamide, su Ifonnethoxine 
(fed at 0.04 per cent in the diet), i.e. , 
levels of these drugs that are known to 
inhibit strains of M. leprae from previously 
untreated patients (19,21) . In retrospect it 
is of interest that at the completion of the 
six-month tria l period on DDS the MI of 
this patient had fallen somewhat less than 
that of previously untreated lepromatous 
patients on standard DDS therapy. 

In addition to this special study the de-
tection of DDS-resistant strains of M. le­
prae has been further extended by our 
group to other patien ts who have shown 
relapse under prolonged treatment with 
sulfones. A summary of all these 'results, 
including the special study already referred 
to, together with the DDS sensitivity of 
strains of M. leprae from previously un-
treated patients, is given in Table 3. From 
the rapidly accumulating data in this en-
tirely new field of leprosy research the 
detection of DDS-resistant strains of M. 
leprae from patients previously treated 
with sulfones can be determined precisely 
only when substantial data are available for 
the DDS sensitivity of bacilli from un-
treated patients. Although many more 
strains of M. leprae from previously un-
treated patients need to be fully titrated 
against falling doses of DDS in the diet of 
mice, using the foot pad infection, a provi-
sional assessment of DDS resistance in 22 
strains of bacilli from previously treated 
patients, compared with the DDS sensitivi-
ty of 13 strains of bacilli from previously 
untreated patients, is set out in Table 3. 
From the present, though incomplete data, 
a pattern of response is beginning to take 
shape which suggests that strains of M. 
leprae that are capable of multiplying in 
patients under treatment with DDS (clini-
cally resistant strains) are those that multi-
ply in the foot pad in animals fed 0.01 per 
cent or more DDS in their diet. 

More detailed studies have been under-
taken on some of the DDS-resistant strains 
of M. leprae. For example, the infectivity 
and ability of resistant strains to multiply in 
the foot pads of untreated mice is the same 
as for sensitive strains (Table 4) . However, 

it can be seen from the same table that the 
DDS-resis tan t strains of M. leprae multiply 
less freely, thus resulting in lower total 
yields of bacilli, in DDS-treated than in 
untreated mice. So far, the four DDS-
resis tant sU'ains of M. leprae that have 
been tested against sulfonamides, i.e. , two 
against sulfadimethoxine and two against 
sulfonnethoxine, have all shown cross resist-
ance (Table 5). On the other hand, no 
cross resistance with thiacetazone or thiam-
butosine has been demonstrated in the five 
DDS-resistant strains of !II. leprae so far 
tested. Investigations have revealed that 
DDS resistance is a stable characteristic 
when the resistant strains are maintained in 
animals treated with the drug, and that, in 
general, resistance persists also in strains 
passaged in untreated animals, although 
more recently two out of five originally 
resistant strains have become sensitive to 
DDS after two passages in untreated mice. 

Thiambutosine resistance. Other studies 
have been undertaken to detect resistance 
to thiambutosine in patients showing clini-
cal relapse during treatment with this 
drug. Strains of M. leprae from eight such 
patients have been investigated; the results 
are shown in Table 6, comparing the drug 
sensitivities against maximum tolerated 
doses of thiambutosine (0.1 per cent in the 
diet ) and thiacetazone ( 0.2 per cent in the 
diet ) with the sensitivities of six strains of 
M. leprae from previously untreated pa-
tients. These studies, again for the first 
time, provide direct evidence for the exist-
ence of thiambutosine-resistant strains of 
M. leprae and show, moreoever, that such 
strains are also resistant to thiacetazone, 
thus indicating cross resistance between the 
two drugs, similar to that reported against 
M. tuberculosis (0). Because far less data 
are as yet available on the thiambutosine 
sensitivity of strains of M. leprae from 
previously untreated patients, compared 
with the data on DDS, the full significance 
of the results in the group of relapsed-
sensitive patients has still to be deter-
mined. However, a pattern of response has 
been obtained in relapsed patients under 
thiambutosine treatment which is similar to 
that obtained in the preliminary studies on 
DDS resistance, in that not all strains of 
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organisms from such patien ts arc res istant 
to the maximum tolerated doses of thesc 
two drugs in mice. 

DISCUSSION 
The most important result from these 

studies has been thc demonstration that a 
proportion of relapses that occur in patients 
OJ! chemotherapy arc du e to the emergence 
of drug-res istant strains of M. leprae. For 
the first time the evidence for drug resist-
ance has been based on sound bacteriolog-
ic data instead of reliance, as hitherto, on 
clinical evidence. However, it is of interest 
that these precise studies have shown that 
only a proportion of the relapsed patients 
had at that time drug-resistant organisms. 
Because leprosy is such a chronic infection, 
requiring prolonged treatment, past claims 
that relapses were due to the emergence of 
drug resistance wcre quite rightly criticized 
as poss ibly due to failure on the part of the 
patient to have continued taking any or 
adequate doses of drug. The results of our 
studies completely support this possibility, 
since at leas t half of our specially selected 
relapsed patients were infected with DDS-
sensitive strains of M. leprae and these 
same patients responded satisfactorily to a 
supervised course of DDS on injection. It 
is, of course, poss ible that a proportion of 
these particular patients, who, at the tim e 
of relapse, were taking DDS hy mouth, 
may have been suffering from a malabsorp-
tion syndrome resulting in inadequate tis-
sue concentrations of DDS. However, these 
considerations are academic, since no rele-
vant data were available on these patients 
before entry into our studies. 

The results of the present studies have 
thus demonstrated the existence of both 
thiambutosine- and DDS-resistant srains of 
M. lepme. While in the case of thiambu-
tosine most clinicians have reported a pro-
portion of their cases relapsing between the 
second and the third year, there has been 
little or no evidence of relapse occurriilg in 
patients on regular treatment with DDS. 
Present estimates from our own detailed 
studies of DDS resistance in Malaysia (11. 17) 
confirm the rarity of such resistance, since 
less than 20 cases of DDS resistance are 
likely to be found from a population of 

not less than 5,000 lepromatous patients 
treated with DDS. 

On the basis of our own findings thai 
strains of lIf . Icprae from previously un-
trea ted patients in both Malaysia and India 
arc sensitive to thiambutosine fed at a 
concentration of 0.1 per cent in the diet of 
mice, . we have concluded that relapsC'd-
treated patients from these same regions of 
t.hc world whose organisms have multiplied 
freely at these concentrations are res istant 
to thiambutosine. Shepa rd and Chang 
(~ I .~:I ), however, failed to show inhibition 
of multiplication of M. Zeprae in mice fed 
0.1 per cent thiambutosine in their diet. 
Undoubtedly their strains of M. Zeprae 
came from different regions of the world, 
and, although they may have come from 
patients previously trea ted with either thi -
ambutosine or thiacetazone, it is possible 
that strains of M. teprae vary in their sus-
ceptibility to these two dru gs in difFerent 
parts of the world, since such differences 
have been shown with wild strains of M. 
tuberculosis coming, for example, from In-
dia and Hong Kong, on comparison with 
those coming from England and Africa 
( 1 ~ ). 

In addition to the direct evidence 
provided from these studies for the exis-
ten ce of drug-res istant strains of M. leprae, 
much more fundam ental information can 
be expected from such studies in relation to 
the whole field of chemotherapy in leprosy. 
The discussion of these more basic princi-
ples will be confined to DDS, since this is 
the standard trea tment for leprosy, and at 
present more precise data are available for 
this drug than for other antileprosy agents. 
For practical purposes in chemotherapy, a 
drug-resistant organism is one that multi-
plies in the presence of a drug at con-
centrations above the maximum that can be 
achieved in the patient. The chemotherapy 
of other bacterial infections has evolved, in 
the last 20 to 30 years, from data available 
on the minimal inhibitOlY concentration 
( MIC ) of the drug in vitro, the pattem of 
emergence of res istant mutants from ill 
vitro studies, and the concentration of a 
particular drug found in the serum and 
tissues of man . 



TABLE 3. DDS sensitivity of strains of l\I . Jeprae fj'om untreated and DDS -treated patients, using the mouse foot pad test. 

I DDS sensitivity: per cent DDS in diet 
-------------------------,----------------_._ - -------

Strain Country of 0.01 (once 
Clinical status No. origin 0.1 0.025 0.01 weekly) 0.006 0.001 0.0001 0.00001 

-------- ---------- - ---- -

1 ?'Iialay"ia S ! I I 
2 · S I 
3 " S S 1 I 1 
4 Burma S I I 

5 :Ylalaysia S S 
6 " S S S S 

Untreated 7 India S 
8· S I 
9 " S 

10 · S 
11 :\1alaysia S 
12 " S S S;-; H 
13 " S S S ~ I R 

--------'----1--------1----1----1-----:-----1----1------ -----1----
1 W. Indies S I /' I 
2 Malaysia S , 
3 " S I 

4 " S I 
Treated 5 . " S S 1 
(A) Relapsed-sensiti\'e 6 W. Africa S S 

7 " S 1 

8 India S I 
9 Malaysia S S I I 1 

]0 " S S 
11" S S I I H I n l H. 
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For treatment of leprosy with DDS, until 
recently, the only data available have been 
the concentrations of DDS in the blood of 
patients receiving therapeutically active 
doses of the drug, which were selected 
quite empirically, sinee no in uitm or ill 
vivo culture methods were ava ilable fo r 
determining the MIC of DDS against AI . 
Teprae ' from previously untreated patients 
by treating the infected animals with dif-
ferent doses of the drug and in the same 
animals determining the resulting tissue 
and serum levels of DDS (Table 7). Rap-
idly accumulating data based on these 
methods by Shepard, in Atlanta, and our-
selves in London, indicate that in the 
mouse the min imal effective dose of DDS is 
0.0001 per cent in the diet, giving an MIC 
in vivo of 0.01 to 0.03 I'gm./ ml. This indi-
cates that M. leprae is considerably more 
sensitive to DDS than any other species of 
bacteria, including mycobacteria and also 
Plasmodium berghei (2:;) . 

-----------------------

It is against the evidence provided from 
these recent studies that the emergence of 
resistance to DDS has now to be consid-
ered. In man on standard doses of 100 
mgm. DDS/ day, serum levels of between 1 
and 5 mgm./ ml. are obtained. Therefore, on 
the basis of the studies in mice, it seems 
possible that concentrations of DDS be-
tween 100 and 500/ fold more than the MIC 
are achieved. Such a favorable antibacterial 
ratio is unique in the field of chemothera-
py; for example, many perfectly satisfacto-
ry chemotherapeutic agents in man have a 
ratio of only 4, and it is interesting to 
speculate whether or not such an advan-
tageous ratio would have resulted if M. 
lep1'lle could have been assessed by the 
standard screening tests in vitro. At the 
time that we applied the foot pad infection 
to study the emergence of DDS resistance, 
we chose, empirically, to tes t the DDS 
sensitivity of potentially resistant strains of 
M. lep1'lle against the highest tolerated 
dose of DDS in mice (0.1% in the diet ). 
Then it was not known that strains of M. 
lepme from previously untreated patients 
were sensitive to doses as low as 0.0001 per 
cent DDS in the diet. However, fortunate-
ly, even at that early stage, strains of M. 
leprae from relapsed patients were resist-
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TABLE 4. Detailed analyses of mullipl·icalion of D DS-resislanl slrains of ~\I. teprae in 
the m.ouse foot pad. 

-------------------

Straill Treatll1clI t (% ]) US Propor tion of foot pads .\J call yield of lJacilli / 
No . in diet) show ing multiplication foot, pad (X 10:') 

- -----------------_. --- -----~ 

1 0 J 2/ 12 7.4 
0.006 7/ 12 2.5 
0 .02.5 6/ 10 2.2 

------
2 0 10/ 10 11. 3 

O,OL 11 / 12 8 .8 
0 .025 5/8 2.4 

------
3 0 12/ 12 10 .6 

0 .006 7/ 12 6,7 
0 .01 9/ 12 5 .8 
0,025 6/ 10 1.9 

4 0 J 2/ 12 7.5 
0 .01 8/ 12 5.5 
0 ,025 2/ 12 0.2 

TABLE 5. DDS-resistant strains of iII . teprae showing cross res1:slance lo sulfaclimethoxine 
01' sul! ormethoxine. 

Proport ion of foo t pads showing mu t ip lication 

Pel' cent of drug in diet 

DDS 

Strain 

I I 
No. 0 .025 0 .01 

L 6/ 10 
2 lL / 12 
3 5/8 11 / 12 
4 7/ L2 

ant to mice fed 0.1 per cent DDS in the 
diet, and since it is known that such ani-
mals have serum concentrations of be-
tween 10 and 15 JLgm./ ml. , these resistant 
strains, from more recent knowledge, have 
a resistance-ratio in excess of 1,500. 

However, on the assumption that the 
emergence of DDS resistance is compara-
ble to the emergence of resistance to other 
drugs, this may be expected to stabilize at 
higher or lower levels. Therefore, since 

Sulfadi- Sulfol'-
methoxine methoxine 

0.006 (0 .1) (0 .04) 

7/ 12 9/ 12 
9/ 12 

11 / 12 
7/ 12 

-

standard trea tment with DDS in man re-
sults in serum concentrations of between 1 
and 5 JLgm.jml., it would seem likely that 
all strains of M. lepme from relapsed pa-
tients that are capable of multiplying at 
levels above 1 JLgm./ ml. would be resistant 
to therapy in man. Serum levels of approx-
imately 1 JLgm./ ml. are obtained in mice 
fed 0.01 per cent DDS in their diet, which 
may be compared with levels of 0.15 
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TA BLE 6. 'l'hiambulos£ne (Ciba 1906) sens1:t-£vily 0)' slrains 0)' 1\ 1. Jeprae from unlrealed and 
f1'O'1n relapsed lhiambulosine-ll'ealed patienls and cross-resislance Lt'1'lh lhiacelazone. 

Proportion of foot pads showing multiplication 

Thiambutosine Thiacetazone 
Clinical :statu ,; Strains l ' nlrcatecl 0.1 % in diet 0.2 % in die t 

·_---------------

l 4/ 6 0/ 6 0/6 
2 9/ 10 j / 12 3/ 12 

l 'lll reat(d 3 10 / 10 1/ 10 1/ 12 
4 17 / ]8 1/ 6 2/ lO 
5 10/ 12 3/ 12 4/ 10 
6 8/ 12 0/ 12 ] / 10 

-- -- --
58/ 68 6/58 II / 50 

1 6/7 0/ 6 0/ 7 
Treated 2 10/ 10 O/ lO 
A. Relapsed-senl:i itive 3 7/ 10 1/ 12 2/ 12 

4 lO / l2 1/ 12 4/ 12 
5 9/ 12 0/ 12 O/ lO 

-- -- --
42/ 51 2/ 42 6/ .':0 

1 lO / 10 5/8 6/8 
B. Relapsed-resistant 2 5/6 4/ 6 4/6 

3 10 / 12 6/ lO 5/ 12 
-- -- --
25/ 28 15 / 24 15/ 26 

TABLE 7. Concenlralions 0)' DDS (J.lgm. / ml.) in the sera and tissues of l1u:ce jed d~ffe)'ent 
levels oj drug in diet." 

Do:;e of DDS 

mgm. / kgm . 
% in diet (gm.) body weight Li" er Kidney Carea,.:!> Serum 

------------
0 .1 200.0 10 - 15 
0 .025 50.0 1 .72 0 .57 1.43 3.33 ±0 .65 
0 .01 20 .0 0 .80 0 .24 0.37 0. 89 ±0 .51 
0 .006 12 .0 O.aR < O.O!i 0.16 0 .55 ± O. Hi 
0 .001 2 .0 0.095 <0 .0!i 0 .05 0 .15 ±0 . 10 

- -- -- ---
:vran 100 mgm./day 2 .0 1 -5 

• Bushby, S. R. "'\L and B ees, R. J . W . Unpubli::; hed dAt a, ]967. 
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,...gm./ ml. in mice fed 0.001 per cent. From 
these correlations, which admittedly em-
brace many assumptions, it would be ex-
pected that the demarkation level for tes t-
ing DDS resistance would be at a concen-
tration of 0.01 per cent in the diet; those 
strains showing multiplication would be 
resistant, and those failing to multiply 
would be sensitive. The data presented 
from our current studies are consistent with 
these assumptions. In is of interest to note 
tha t, on this basis, even the strains of M. 
leprae ,vith lower degrees of DDS resis-
tance have a resistance ratio of 100. 

In considering this fi eld of DDS resist-
ance of M. leprae it is reasonable to in-
clude the broader fi eld of the antibacterial 
activity of the sulfonamides in general. 
Although this is one of the oldest fields of 
chemotherapy, and although sulfonamide 
resistance has been reported for many oth-
er species of bacteria, sulfonamides remain 
one of the more difficult chemotherapeutic 
agents to study in vitro, as compared with 
the majority of such agents that have been 
discovered subsequently. This is in part 
because of the presence of sulfonamide 
antagonists in commonly used culture 
media and the particular sensitivity of the 
antibacterial activity of sulfonamides to the 
size of inoculum of the organism. Because 
of these special problems with sulfona-
mides, which in fact are interrelated, I 
have been unable to find any definitive 
data on the pattern of emergence of resist-
ance to these drugs, and in a particularly 
relevant review of this subject (H) it is 
pointed out that in vivo tests are more 
advantageous than in vitro studies on sul-
fonamides. 

These considered opinions, therefore, add 
weight to the current experimental studies 
on M. leprae, which for other reasons have 
to be carried out in vivo. On the more 
relevant aspects of DDS resistance in M. 
leprae, there is the general belief based on 
studies in vitro, that it is difficult to induce 
DDS resistance in mycobacteria. Much of 
this negative evidence is suspect because in 
most of the methods large inocula have 
he en useo, completely disregarding the 
known sulfonamide-antagonistic effect of 
the bacilli per se. However, it is not with-

out interest that highly DDS-resistant 
strains of BCG (G) and of M. ttiberCtllosis 
(~) have been obtained in v itro. In con-
trast, and perhaps of even greater interest, 
has been the complete failure to show the 
emergence of DDS-resistant strains of M. 
tuberculosis in a large series of patients 
with pulmonary tuberculosis in chemothera-
peutic trials carried out in East Africa (I'), 
and in our own studies on five Chinese 
patients in Malaysia infected with both M. 
tuberculosis and M. leprae and receiving 
DDS (13). The DDS sensitivity of these 
five strains of M. tuberculosis was no differ-
ent from that of six strains of M. tuberclI ­
losis from Chinese patients in Singapore 
who were not receiving DDS. 

From this review on the emergence of 
sulfonamide-resistant strains of bacteria in 
general, or the emergence of DDS-resistant 
strains of mycobacteria in particular, there 
are no generalizations that are directly ap-
plicable to the current findings on DDS 
resistance in M. leprae. This is unfortunate, 
because there is good evidence that the 
emergence of drug resistance in bacteria is 
related to the chemotherapeutic agent and 
not to the species of bacteria. However, 
from the present data there is good evi-
dence that standard treatment with DDS 
in man results in levels of DDS far more in 
excess of the MIC for M. leprae than are 
achieved in the chemotherapy of other 
infections and therefore this special situa-
tion must be considered. It has been point-
ed out already that in man M. Zeprae may 
be exposed to concentrations of DDS be-
tween 100 and 500-fold more than the 
MIC, and that DDS-resistant strains of M. 
leprae isolated from man have resistant 
ratios of from 100 to more than 1,500. 

From these data it is reasonable to com-
pare the patterns of resistance found with 
many other types of chemotherapeutic 
agents, and in particular streptomycin with 
M. tuberculosis. Here resistance develops in 
single steps, and the streptomycin-resistant 
variants of M. tuberGtl losis segregate into 
groups with characteristic levels of resist-
ance the oistribution of which is oiscon-
tinu~us ( 11 ) . Of equal importance is the 
frequency of the single-stepped mutants 
within the population of tubercle bacilli. 
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On division of the variants into three 
groups of low, medium and high levels of 
resistance there emerged 1,000, 100 and 2 
resistant mutants in the three groups re-
spectively from a population of 109 M. 
tuberculosis. If the pattern of developing 
resistance of M. leprae to DDS is similar to 
that of M. tuberculosis to streptomycin, 
then, under standard DDS chemotherapy, 
or even considerably lower doses, the emer-
gence of drug-resistant mutants would be 
extremely rare. These sugges tions are en-
tirely speculative, but require urgent inves-
tigation. Although the foot pad infection in 
nonnal mice is far too small for the study of 
resistance, the enhanced type of infection, 
in animals thymectomized and irradiated 
(20), which results in populations up to 
1O!1 M. Teprae, should be adequate for study 
of the pattern of resistance to DDS by 
M. leprae. 

Finally, it is possible that the infrequent 
occurrence of relapses under DDS is due, 
not to the rarity of DDS-resistant mutants, 
but rather to the extremely high concentra-
tions of DDS obtained in the tissues by the 
regimens of DDS currently used, compared 
with the MIC of DDS against M. leprae. At 
present this is only a theoretic possibility, 
but it is truly a possibility and should be 
borne in mind in the proposed trials using 
lower doses of DDS and intermittent regi-
mens. However, the fundamental and prac-
tical importance for carrying out such trials 
in man at present far outweigh the theoret-
ic objections based on the possible emer-
gence of drug resistance. 

SUMMARY 

Multiplication of M. leprae in the mouse 
foot pad infection is inhibited when mice 
are trea ted with known antileprosy drugs. 
This method has now been applied success-
fully to demonstrate the emergence of drug-
resistant strains of M. Zeprae in a propor-
tion of patients relapsing during treatment. 
Systemic studies on such patients h:lVe 're-
vealed 12 with DDS-resistant strains of M. 
Teprae. Stra ins resistant to thiambutosine 
also have been demonstrated through usc 
of this method. More detail ed studies have 
shown that DDS-resis tant strains of M. 
Tep1'Ge multiply in the mouse foot pad as 

freely as sensiti ve strains, that DDS res is-
tance persists on further passage in mice, 
and that strains resistant to DDS show 
cross res istance to other sulfonamides. Simi-
larly, thiambutosine-resistant strains of M. 
leproe show cross res istance to thiaceta-
zone. 

For practical purposes in chemotherapy 
a drug~res istant organism is one that multi-
plies in the presence of a drug at concen-
trations above the maximum that can be 
achieved in the patient. In man on max-
imum standard tolerated doses of 100 
mgm. DDS/ day serum levels of 1-5 
,ugm./ m1. are obtained. From more recent 
detailed studies in mice receiving different 
concentrations of DDS in their diet, it has 
been shown that animals fed 0.01 per cent 
DDS give serum levels of approximately 1 
,ugm./ ml. Therefore, all strains of M. leprae 
multiplying in mice fed 0.01 per cent 
DDS or more in their diet can be consid-
ered resistant. It has been shown also, by 
use of the mouse foot pad infection, that 
strains of M. leprae are exquisitely sensitive 
to DDS; the es timated minimal inhibitory 
concentration ( MIC ) is between 0.01 and 
0.03 ,ugm. DDS/ m1. On the basis of the 
studies in mice it is probable that concen-
trations of DDS between 100 and 500-fold 
more than the MIC are achieved in man. 
Such favorable antibacterial ratios are 
unique in the field of chemotherapy. The 
relevance of these data to the emergence of 
DDS resistance in patients receiving differ-
ent doses of the drug is discussed. 
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DISCUSSION 

Dr. Thompson. I was interested to see 
that strains of M. Teprae that showed resist-
ance to DDS gave somewhat lower yields 
of bacilli in the mouse foot pads of animals 
receiving DDS th:ln untreated animals; this 
same feature applies to our sulfonamide-
resistant strains of malatia parasites when 
studied in the mouse. 

,,,re have found that resistance to DDS 
develops stepwise and that it is possible to 
have lines with varying degrees of resist-
ance. I wonder if you have observed evi-
dence of a similar situation in the resistance 
of M. Teprae to DDS. 

Dr. Rees. Yes, I believe we have. 'Ve 
certainly have resistant strains, isolated 
from relapsed patients with varying de-
grees of resistance, viz. , from 0.01 to 0.1 
}Lg/ ml. (see Table 3) . However, our data 
are too limited at the moment to be sure 
that this truly represents the "single step" 
mutants that arise with M. tuberculosis 
against streptomycin. It is because our evi-
dence to date is suggestive that I asked you 
earlier whether you had such evidence 
with sulfonamides against malaria para-
sites. 

Dr. Chang. You mentioned that two of 
your five originally resis tant strains became 
sensitive to DDS after two nassages in 
untrea ted mice, i.e., in a little over one 
year. I would like to know if this type of 
resistance could be considered as phenotyp-
ic rather than genotypic. According to the 
definition of drug res istance I quoted yes-
terday l thi~ tvpe of resistance may be 
the result of physiologic adaptation instead 
of a genetic change of the microorganism. 

Dr. Rees. The short ans'<ver to your ques-
tion is that from the mass of detailed data 
accumulated on the genetics of the de-
velopment of drug resistance ill hact('ria we 

1 DAVIS. B. D. Til Bacleri a1 and ~r ycoti c lnfec tiollS 
of Man . R . J. DlIbos. Ed., 1)hiladelphia , Lippincott , 
3rd cd., 1958, p. 680. 

can say that "reversion" can be and often is 
a genotypic phenomenon. Therefore, the 
resu Its of our tests to determine the stabili-
ty of DDS res istance are not inconsistent 
with the concept that DDS res istance in M. 
Teprae 'is genotypic in nature. In fact the 
limited information available from our 
studies is in favor of a genotypic rather 
than a phenotypic change, because three of 
the five strains have re tained their resist-
ance when passaged at least three times 
through untrea ted mice. The latter pas-
sages represent a petiod of at leas t 30 
months and a total increase of not less than 
lOG. Of course it is impossible, with an 
organism that cannot be grown ill dtro, to 
carry out the complex design of experi-
ments that are necessary to exclude com-
pletely the possibility that no phenotypic 
type changes can occur in iVf. Zeprae that 
result in resistance to DDS. 

Dr. Binford. Employing the well es tab-
lished Shepard foot pad method for mea-
suring the efficacy of drugs against M. lep­
rae, Dr. Rees, by precise technics in hun-
dreds of mice, has presented convincing 
evidence that high resistance of M. leprae 
to DDS can be demonstrated experimental-
ly. Fortunately in lepromatous leprosy this 
resistance is rare. He estimates that it may 
occur in one of 250 patients. Even with this 
low incidence, such cases gradually ac-
cumulate in leprosy clinics and hospitals, to 
become problems of greater concern, not 
only to themselves and their physicians but 
also to other patients, because, as ever 
present examples of treatment failures , 
they tend to cause other patients to become 
less enthusiastic about persevering in an 
extended treatment course that may have 
to continue for many years. Hopefully, ob-
jective data on DDS-resistant strains of M. 
leprae will lead to a better method for 
controlling the disease in the patients who 
are infected. It is especially significant that 
several strains of M. lerrae were shown to 
be res istant not only to DDS but to other 
sulfonamides and to Ciba 1906 and TBl. 
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Dr. Hees and his colleagues have now 
introduced a promising method for enhanc-
ing the growth of M. Teprae in thymecto-
mized and irradiated nlice. I hope that the 
resistant strains of M. Teprae will be furth er 
inves tigated by this new method. I hope 

also that Dr. Hees will not only assess th t' 
growth of the res istant bacilli by counting, 
but also, by using histopathologic methods, 
will determine the pathogenicity of the 
resistant bacilli in the immunologically par-
alyzed mice. 


