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Infection in Nude Mice'
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Currently, it is recognized that, for effi-
cient chemotherapy of leprosy, a treatment
regimen must ensure that the emergence of
a drug-resistant variant of the infecting strain
of Mycobacterium leprae (manifested by
clinical relapse under treatment) must be
prevented, and that the bacterial population
suffers a satisfactory rate of killing, for which
at least one bactericidal drug must be in-
cluded in the regimen. These specifications
are now generally satisfied by the simulta-
neous administration of dapsone (cheap,
bacteriostatic and only feebly bactericidal),
rifampin (the most bactericidal of the an-
tileprosy drugs), and either clofazimine or
prothionamide (both with bactericidal ac-
tivity). This combination is highly effective
in preventing the emergence of a resistant
mutant, and recent reviews (23) indicate that
its administration for 2 years appears to re-
duce the number of viable M. leprae in
the patient's body below the level at which
regrowth can occur after cessation of treat-
ment (post-treatment clinical relapse).

The patient's cell-mediated immune
mechanisms play a part (if rather a small
one) in the bactericidal process, and if these
could be stimulated to a higher level of ac-
tivity, drug dosage or period of administra-
tion might be reduced without loss of effi-
cacy and with a reduction of side effects.
Immunostimulatory reagents have there-
fore been sought. Chemical immunostimu-
lants have posed problems, especially as to
toxicity. Biological immunostimulants with
low toxicity have been used in a variety of
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situations, e.g., the use of BCG as an im-
munotherapy in bladder cancer ( 3 ."), the
attempted suppression of growth of leprosy
bacilli by a vaccine containing Al. leprae
and BCG (5 ' 6 ), or by vaccines containing
other mycobacterial antigens, such as the
ICRC bacillus ( 7), or M. raccae ( 1 ). There
has been development of a newly identified
lymphokine, interferon-gamma (IFN-y),
leading to the isolation of a recombinant
clone and large-scale production of this sub-
stance. It has been used in attempts to mod-
ify the immune state of individuals, for ex-
ample, in the acquired immunodeficiency
syndrome ( 22). On the basis of current evi-
dence, it appears that IFN-7 is the major
regulator of macrophage antimicrobial
mechanism (17, 19, 20 , .j The antimicrobial
mechanism is primarily based on oxygen-
dependent killing or inhibitory activity ( 19 . 21 )

but oxygen-independent mechanisms have
also been demonstrated (4,24). IFN-y has
been shown to cause enhanced killing of a
number of intracellular parasites such as
toxoplasma (21 ), leishmania ( 18), listeria ("),
and a number of other similar parasites (25).

However, there was conflicting evidence of
its activity against mycobacteria (2.8. 12,'6) .

In lepromatous leprosy, leprosy bacilli are
found in abundance within macrophages.
Presumably due to the lack of an adequate
immunological stimulus for the patient's T
lymphocytes, these macrophages fail to be
activated to the extent needed to produce
killing of the intracellular bacilli, although
more of the bacilli are dead than alive. De-
fective production of IFN-y has been re-
ported both intracellularly and in the lesions
(20 . 33). It is therefore possible that IFN-y,
given alone or in combination with antilep-
rosy agents, may be able to make these
macrophages functionally more active, re-
sulting in enhanced bactericidal action. This
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study was thus designed to examine whether
enhanced bactericidal activity could be
demonstrated experimentally with different
combinations of antibacterial agents plus
IFN-y regimens in parallel with IFN-y only.

MATERIALS AND METHODS
Animals. Nude mice allow extensive

growth of M. leprae, leading to a leproma-
tous type of disease in these animals ( 14 ).
Therefore, nude mice were used in this study
to allow examination of the effect of IFN-y
without the complicating effect of function-
al T lymphocytes, since they are absent in
these mice. Nude mice of an outbred strain
(CD 1), with a microbiologically defined gut
flora, obtained from a commercial source
(Charles River), were maintained in an oth-
erwise germ-free condition in isolators.

Inoculum. Human leproma-derived M.
leprae maintained in nude mice were used
as the inoculum; they had previously been
found to be sensitive to both dapsone (DDS)
and rifampin (RMP). The acid-fast bacilli
(AFB) in a foot-pad homogenate from an
infected mouse were counted microscopi-
cally after Ziehl-Neelsen staining and dilut-
ed to provide a suspension containing 5 x
10 5 AFB/ml. Twenty Al of the suspension
was inoculated into each hind foot pad of
these mice (10 4/foot pad).

Experimental protocol. Thirty days after
inoculation the mice were divided into eight
treatment groups and a control group, and
the treatments were started. Each treatment
was continued for 60 days, following Shep-
ard's kinetic technique ( 28). Control mice,
and those that had received IFN-y only,
were harvested at the end of the treatment
period (3 months after inoculation) and ev-
ery month thereafter, and counts were made
of the AFB/foot pad. When the counts in
control mice indicated that growth had oc-
curred (106 AFB/foot pad), three mice were
harvested from each treated group every
month, the foot pads were homogenized,
and the AFB counts were determined.

By the kinetic technique, if growth in a
treated group of mice is delayed, compared
with that in the controls, bacteriostasis has
occurred. If the delay is longer than the pe-
riod of drug administration, bactericidal ac-
tion is assumed to have occurred if, as in
this case, the drugs used are rapidly cleared
after cessation of treatment.

Drug treatment. RMP was mixed with a
powdered diet which was then made up into
small biscuits (about 3 cm x 2 cm x 1 cm)
and sterilized by irradiation. DDS was
mixed with sterile drinking water, freshly
prepared every day. In a pilot experiment,
the DDS concentration in mouse serum af-
ter oral administration of the drug in drink-
ing water was determined. These estima-
tions were carried out by Professor Seydel
at the Research Institute for Biological Sci-
ences, Borstel, West Germany. The drug was
administered for 8 weeks at a dose of 0.001%
in water, and samples were taken at 1, 4,
and 8 weeks. The levels achieved were be-
tween 0.124 and 0.159 µg/ml (0.0001%
dapsone in diet produces a level of 0.01 jig/
ml 9). Recombinant IFN-y, produced by
Genentech Inc., U.S.A., and obtained as a
gift through Boehringer International, Vi-
enna, was confirmed to be potent by a bioas-
say test using mouse L cells and EMC virus,
both by the suppliers and by the laboratory
of Dr. Alan Morris at Warwick University,
Coventry, U.K. It was injected intraperi-
toneally twice weekly at a dose of 1000 units
during the 60-day treatment period. The re-
sults were statistically analyzed using a two-
factor analysis of variance.

RESULTS
The results of the experiment are shown

in Figures 1 and 2. The control mice showed
exponential growth of M. leprae from 3
months after inoculation and reached 10 8

AFB/foot pad at 8 months. IFN-y given
alone at a dose of 1000 units twice weekly
failed to produce any appreciable delay in
growth of the organisms in comparison to
control counts. DDS at 0.0001%, given ei-
ther alone or in combination with IFN-y,
and IFN--y with DDS at 0.001% produced
growth delays of less than or equal to the
period of drug administration, indicating
only bacteriostasis. A subinhibitory dosage
of RMP (0.006%), alone or in combination
with IFN-y, did not have any effect on the
growth ofM. leprae. In both of these groups,
foot pad counts reached a peak of about 10 8

at the same time and no growth delay was
demonstrable (Fig. 2). As expected, RMP
at 0.006% demonstrated bactericidal action
by producing a long growth delay; growth
became manifest 9 months after the drug
had been stopped. The addition of IFN-y



692^ International Journal of Leprosy^ 1990

0^1^2 3^4^5 6^7 8 9 10 11 12 13 14 15 16

Months
FIG. 1. Effect of treatment with IFN-y and dapsone on growth of M. leprae in nude mouse foot pads. Hatched

area indicates period of treatment (60 days); each point represents average count in 3 foot pads; • = controls;
= IFN-y; 0 = 0.0001% DDS; Q = 0.0001% DDS + IFN-y; ■ = 0.001% DDS; ^ = 0.001% DDS + IFN-y.

to this regimen produced a further growth
delay of over 45 days. Statistical analysis,
using the two-factor analysis of variance,
showed that the delay was highly significant
(F 55.6, p < 0.001). The difference in the
counts between the treatment groups (RMP
vs RMP + IFN-y) was 26 times. These re-
sults seem to indicate that IFN-y fails to
enhance the effect of a bacteriostatic drug
such as DDS, but with RMP at a therapeutic
dose a significant excess kill was effected.

DISCUSSION
The outcome of an infection during treat-

ment is determined by a) the effectiveness

of the antimicrobial used and b) the com-
petence of the immune system. A compe-
tent immune system usually works hand in
hand with the antibiotic, resulting in a syn-
ergistic suppression of growth with micro-
bial kill (32). The most common expression
of this synergy is when microbial destruc-
tion by the immune system follows the in-
hibition of microbial growth by an antibi-
otic. If, on the other hand, the immune
system is incapable of playing its supple-
mentary destructive role, the antibiotic is
left alone to perform this function which,
in the majority of cases, it fails to execute
fully. Lepromatous leprosy is an example of
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FIG. 2. Effect of treatment with IFN-ry and rifampin on growth of M. leprae in nude mouse foot pads. Hatched

area indicates period of treatment (60 days); each point represents average count in 3 foot pads; • = controls;
= IFN-y; 0 = 0.0006% RMP; Q = 0.0006% RMP ± IFN-y; ■ = 0.006% RMP; ^ = 0.006% RMP + IFN-y.

the kind of disease in which the immune
system is incapable of dealing adequately
with the invading organism and, therefore,
the antimicrobial is effectively left to kill
the bacterial population almost alone. This
is particularly evident during treatment of
leprosy by a drug such as DDS. In fact, many
years of DDS treatment may still leave DDS-
sensitive viable bacilli ("persisters") which
may cause a relapse. Persisters are also found
after prolonged multiple-drug therapy, but
might be eliminated if there were a more
powerful immune response.

Immunostimulants have previously been
used in leprosy research. For example, 1ev-

amisole was used by some workers in at-
tempts to activate the cell-mediated im-
mune system (15, 29, 30 , .) However, these
studies failed to show any effect.

IFN--y, a lymphokine produced by T lym-
phocytes, has been shown by some workers
to activate macrophages, resulting in the
production of oxidative bactericidal prod-
ucts such as hydrogen peroxide and super-
oxide anions ( 21, 23 ). Others, however,
showed that oxidative intermediates are
produced only when the macrophages are
in an induced state of activation (27). Al-
though the results are equivocal ( 31 ), there
is a trend of thought that IFN-y may act as
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a macrophage stimulant, and may have an
important role in the suppression or killing
of M. leprae. In order to test this theory,
IFN-y was injected into leproma sites, pro-
ducing an increased cellular response and a
reduction in the number of bacilli (10. 20. 26. 33).

However, since over 70% of M. leprae de-
tected by acid-fast staining in the tissues are
dead, this may signify an enhanced removal
of dead bacilli rather than enhanced killing.
The lack of an inhibitory effect of IFN-y on
its own was also reported by other workers
in in vitro studies. It failed to inhibit growth
of M. microti in mouse peritoneal macro-
phage cultures ( 12), while it apparently en-
hanced the growth of M. tuberculosis (s) and
M. lepraemurium ( 16). Nude mice are de-
void of T lymphocytes and, hence, are un-
able to mount a cell-mediated response. In
the work reported here, a combination of
IFN-y with either a minimal inhibitory con-
centration (0.0001%) of DDS in the diet or
10 times that amount (0.001%) failed to
show any synergistic effect; i.e., there was
no synergy with a bacteriostatic drug even
at a fully inhibitory level. In an in vitro ex-
perimental system with other mycobacteria
( 12), isoniazid and RMP, both actively bac-
tericidal drugs, failed to synergize with
IFN-y against M. tuberculosis in mouse
peritoneal macrophage cultures. However,
in our work an enhanced bactericidal effect
was produced by the addition of IFN-y to
the therapeutic dose of RMP (0.006%). The
treatment schedules tried in this study in-
cluded those intended to discover whether
subinhibitory concentrations of an antibi-
otic in combination with IFN-y would
achieve synergy of bactericidal action. This
did not happen with 0.0006% RMP, which
suggests that synergy is possible only at a
therapeutic dose of a drug.

The finding of synergy between such a
level of RMP and IFN-y is encouraging.
The present results need further evaluation
by more detailed studies with variation of
the IFN--y regimens, including variation in
time and dosage.

SUMMARY
The possibility of synergy between im-

munotherapy with recombinant interferon-
gamma (IFN-y) and chemotherapy with ri-
fampin (RMP) and dapsone (DDS) against

Mycobacterium leprae was examined in nude
mice. IFN-y alone failed to show any effect
on the growth ofM. leprae in the nude mouse
foot pad. No synergy was demonstrable be-
tween DDS, either at 0.0001% or at 0.001%,
and IFN-y. A subinhibitory level of RMP
with IFN-y was also ineffective, but RMP
at 0.006% with IFN-y produced a statisti-
cally significant enhancement of killing (26-
fold) when compared with RMP at 0.006%
only. It should be emphasized, however, that
results obtained in the immunodeficient
nude mouse model may not be comparable
to those which might have been given by
lepromatous leprosy patients.

RESUMEN
Usando el modelo del raton desnudo, se examinO Ia

posibilidad de sinergismo entre Ia inmunoterapia con

interferon gamma recombinants (IFN-y) y la quimio-

tcrapia con rifampina (RMP) y dapsona (DDS) contra
el Mycobacterium leprae. El IFN-y solo no mostrO nin-
gUn efecto sobre el crecimiento del M. leprae en Ia
almohadilla plantar del ratOn. No se observO sinergis-
mo entre el DDS (al 0.0001% o al 0.001%) y el IFN-y.

Tampoco fue efectivo un nivel subinhibitorio de la

RM P asociado at 1FN-y. Sin embargo, en comparaciOn

con Ia RMP sOla, Ia RMP al 0.006% asociada al 1FN--y
produjo un incrcmcnto significativo (dc 26 veces) en

su capacidad bactericida. No obstante to anterior, los
resultados obtenidos en el ratOn desnudo inmunode-

ficicnte, podrian no scr comparables con los obtenidos

en los pacicntes iepromatosos.

RÉSUMÉ

La possibilite de synergic entre un recombinant in-
terferon-gamma (IFN-y) et la chimiotherapie a la ri-

fampicine (RMP) et Ia dapsone (DDS) vis-a-vis de My-
cobacterium leprae a eta examinee chez Ia souris nue.
L'IFN-y scut ne montra aucun effet sur la croissance
de AI. leprae dans le coussinct plantaire de la souris

nue. Aucune synergic n'a pu etre demontree entre Ia
DDS, quc cc soil a 0.0001% ou a 0.001%, et l'IFN-y.

Une concentration subinhibitrice de RMP avcc EIFN-

y, n'êtait pas efficace non plus, mais la rifampicinc 0

0.006% jointe a l'IFN-y produisit un rcnforccment sta-
tistiquement significatif de l'effet bactericide (26 fois),

compare a celui de la rifampicine a 0.006% seule. 11
devrait etre souligne cependant que les rêsultats ob-

tenus chez la souris nue immunodeficiente peuvent ne

pas etre comparables a ceux qui pourraient etre ob-
serves chez des patients lepromateux.
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