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The therapeutic efficacy of liposomal clofazimine (L-CLF) was studied in mice infected with Mycobacterium
tuberculosis Erdman. Groups of mice were treated with either free clofazimine (F-CLF), L-CLF, or empty
liposomes twice a week for five treatments beginning on day 1 (acute), day 21 (established), or day 90 (chronic)
postinfection. One day after the last treatment, the numbers of CFU of M. tuberculosis in the spleen, liver, and
lungs were determined. F-CLF at the maximum tolerated dose of 5 mg/kg of body weight was ineffective;
however, 10-fold-higher doses of L-CLF demonstrated a dose response with significant CFU reduction in all
tissues without any toxic effects. In acutely infected mice, 50 mg of L-CLF/kg reduced CFU 2 to 3 log units in
all three organs. In established or chronic infection, treated mice showed no detectable CFU in the spleen or
liver and 1- to 2-log-unit reduction in the lungs. A second series of L-CLF treatments cleared M. tuberculosis
in all three tissues. L-CLF appears to be bactericidal in the liver and spleen, which remained negative for M.
tuberculosis growth for 2 months. Thus, L-CLF could be useful in the treatment of tuberculosis.

In recent years there has been a resurgence in the incidence
of tuberculosis, in part due to the AIDS epidemic (25). It is
especially disturbing because a significant number of new cases
of the disease are caused by strains of Mycobacterium tubercu-
losis resistant to the standard first-line tuberculosis treatments,
including isoniazid and rifampin (24). Thus, the development
of improved antimycobacterial drugs and drug regimens is
warranted.

There are a number of obstacles that must be overcome by
potential candidate antituberculosis drugs. Their use, in most
cases, is limited by problems such as low solubility, low levels of
retention or stability in the cells after uptake, or degradation
before they reach target tissues. Alternatively, there may be
difficulty in achieving high concentrations of a drug at the site
of infection due to its poor absorption properties or low pen-
etration into cells. In addition, a potential drug may be too
toxic, leading to a maximum tolerated dose well below what is
necessary for efficient eradication of the infection.

Encapsulation of drugs into liposomes alleviates many of
these obstacles (26). Liposome-encapsulated drugs often ex-
hibit reduced toxicity, allowing for parenteral administration of
much higher doses of the drug than could be tolerated with the
free form. Liposome encapsulation has also been shown to
enhance retention of drugs in the tissues. Thus, encapsulation
of drugs in liposomes has often resulted in an improved overall
therapeutic efficacy. Liposomes have also been used as drug
carriers to improve the delivery of antimicrobial agents to
macrophages for treatment of intracellular pathogens such as
mycobacteria (5, 15, 17, 20, 21, 28).

Clofazimine (CLF) has a long history in the treatment of
mycobacterial diseases, especially in the treatment of leprosy
(14) but also occasionally in the treatment of drug-resistant
tuberculosis (25). It has recently been shown that CLF can be
effectively encapsulated in liposomes with an efficiency of 95 to
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100% (21). In vitro and in vivo studies have demonstrated that
liposome-encapsulated CLF (L-CLF) is much less toxic than
free CLF (F-CLF) (15, 20). L-CLF could be delivered paren-
terally at doses not possible with F-CLF due to the lipophilic
nature and insolubility of the free drug. Furthermore, encap-
sulation of CLF maintains its antimycobacterial properties, as
L-CLF and F-CLF had similar MICs and minimum bacteri-
cidal concentrations against M. tuberculosis (21).

The purpose of this study was to evaluate the therapeutic
efficacy of L-CLF in murine models of acute and chronic tu-
berculosis.

(Part of this work was presented at the 98th General Meet-
ing of the American Society for Microbiology [May 1998] in
Atlanta, Ga. [abstr. U-9].)

MATERIALS AND METHODS

Mice. BALB/c mice (18 to 22 g), originally obtained from Jackson Laborato-
ries (Bar Harbor, Maine), were bred locally and housed under standard labora-
tory animal housing conditions. They received water and food ad libitum.

Drugs, lipids, and reagents. CLF was obtained as a generous gift from Ciba-
Geigy (Basel, Switzerland). L-a-Dimyristoylphosphatidyl choline (DMPC) and
L-a-dimyristoylphosphatidyl glycerol (DMPG) were obtained from Avanti-Polar
Lipids Inc., Alabaster, Ala. All other chemicals and reagents were of analytical
grade.

Preparation of drug formulations. (i) F-CLF. F-CLF was prepared by dissolv-
ing 10 mg of CLF in 1 ml of acidified dimethyl sulfoxide as described earlier (20).
Just before the injections, the stock solution of drug in dimethyl sulfoxide was
diluted with sterile water to achieve the desired concentration.

(ii) L-CLF. Multilamellar liposomes containing L-CLF were prepared as de-
scribed previously (15). Briefly, lipids (DMPC-DMPG; 7:3 molar ratio) and CLF
(lipid/drug ratio, 10:1) were dissolved in 80% tertiary butanol (Fisher Scientific).
The drug-lipid solution was then sonicated, frozen with a dry ice-acetone mix-
ture, and lyophilized for 2 days with a freeze dryer (Labconco Co., Kansas City,
Mo.). The preliposomal powder was stored at —20°C until use. The liposome
suspension was prepared by reconstituting the lyophilized powder in an appro-
priate volume of sterile saline for the required doses. The encapsulation effi-
ciency of CLF was more than 95% as determined spectrophotometrically at 287
nm.

Empty liposomes were prepared, without addition of the drug to the lipid
mixture, by the above procedure.

Culture of M. tuberculosis. M. tuberculosis Erdman (ATCC 35801) was grown
in batch culture in Middlebrook 7H9 broth (Difco, Detroit, Mich.) supplemented
with 0.2% glycerol (Sigma Chemical Co., St. Louis, Mo.), 0.05% Tween 80
(Sigma), and 10% oleic acid-albumin-dextrose—catalase solution (Sigma) at
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FIG. 1. L-CLF treatment in acutely infected mice. BALB/c mice (n = 4 per group) were infected i.v. with 10° M. tuberculosis Erdman organisms and left untreated
(O) or treated i.v. with L-CLF (m, 100 mg/kg; @, 50 mg/kg; ¥, 25 mg/kg; ®, 10 mg/kg; and A, 5 mg/kg), F-CLF (A, 5 mg/kg), or empty liposomes (I, lipid content
equivalent to 100-mg/kg dose) on days 1, 5, 8, 11, and 14 postinfection. The mice were sacrificed 1 day after the last drug injection (day 15), and their spleens, livers,
and lungs were homogenized and plated for CFU. The results are shown as means = standard deviations. 0, P < 0.01.

37°C. Log-phase cultures were pelleted, washed in phosphate-buffered saline
containing 0.05% Tween 80, filtered through an 8-pm-pore-size filter to mini-
mize clumping, and stored in 0.5-ml aliquots at —80°C, as described elsewhere
(13).

Infection of mice. The course of M. tuberculosis infection in mice was moni-
tored as previously described (1, 2). Briefly, bacilli were thawed, sonicated at
50% power for 15 s to disperse any clumps, and diluted in phosphate-buffered
saline, and 10° organisms were injected into a lateral tail vein of each mouse.

Treatment of M. tuberculosis-infected mice. On day 1 (acute), day 21 (estab-
lished), or day 90 (chronic) postinfection, L-CLF was administered intravenously
(i.v.) every 3 to 4 days over a 2-week period (total, five treatments). Control

preparations of F-CLF and empty liposomes were also administered on the same
schedule. One day after the last drug treatment, the spleens, livers, and lungs of
groups of mice were homogenized, serially diluted, and plated on 7H11 agar
(Difco) plates for the determination of the number of CFU of M. tuberculosis per
organ. In the last set of experiments, a second round of L-CLF treatments was
administered, and the number of CFU in the tissues was determined up to 2
months post-drug treatment. In addition, samples of tissues were fixed in buff-
ered formalin, embedded in paraffin, sectioned, and stained with hematoxylin-
eosin or Fite’s acid-fast stain.

Statistical analyses. Both the original (raw) data and the natural-log-trans-
formed data from all experiments were analyzed. Data from the acute, estab-
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FIG. 2. L-CLF treatment in mice with established infection. BALB/c mice (n = 4 per group) were infected i.v. with 10° M. tuberculosis Erdman organisms. Beginning
on day 21 postinfection, the mice were left untreated (O) or treated i.v. every 3 to 4 days over a 2-week period (total, five injections) with L-CLF (m, 100 mg/kg; @,
50 mg/kg; A, 5 mg/kg) F-CLF (A, 5 mg/kg), or empty liposomes (O, equivalent to 100-mg/kg dose). The mice were sacrificed 1 day after the last drug injection (day
36), and the spleens, livers, and lungs were homogenized and plated for CFU. The results are shown as means =* standard deviations. O, P < 0.01.
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FIG. 3. L-CLF treatment in chronically infected mice. BALB/c mice (n = 4 per group) were infected i.v. with 10° M. tuberculosis Erdman organisms. Beginning on
day 92 postinfection, the mice were left untreated (O) or treated i.v. every 3 to 4 days over a 2-week period (total, five injections) with L-CLF (@, 50 mg/kg; A, 5 mg/kg),
F-CLF (A, 5 mg/kg), or empty liposomes (O, lipid content equivalent to 50-mg/kg dose). The mice were sacrificed 1 day after the last drug injection (day 107), and
the spleens, livers, and lungs were homogenized and plated for CFU. The results are shown as means = standard deviations. [, P < 0.01.

lished, and chronic experiments were analyzed in a one-way analysis of variance
with drug as the main effect by using the SAS statistical package (GLM proce-
dure). Dunnett’s post hoc test was used to compare all treatment levels to
controls. For the recovery experiments, the data were analyzed in a two-way
analysis of variance with drug and time as the main effects and a drug-time
interaction. For main-effect comparisons, Dunnett’s test was used to compare
levels of drug to controls and Scheffes test was used with regard to time. Inter-
action effects were examined by using pairwise ¢ tests of least-square means. The
probability was considered significant at a P value of <0.01.

RESULTS

Effect of L-CLF treatment on acute murine tuberculosis. In
order to determine the overall effectiveness of L-CLF in the
treatment of tuberculosis, it was first evaluated in the acute
phase of infection (i.e., the first 2 weeks). Mice were inoculated
intravenously (i.v.) with M. tuberculosis Erdman and then
treated with L-CLF on days 1, 5, 8, 11, and 14 postinfection. As
shown in Fig. 1, control mice showed growth of M. tuberculosis
in the spleen, liver, and lungs over the 15-day period. F-CLF at
the maximum tolerated dose of 5 mg/kg of body weight (20)
resulted in little inhibition in growth of the bacilli. Adminis-
tration of L-CLF resulted in a dose response in all three tis-
sues, especially in the liver and lungs. At a dose of 100 mg/kg,
L-CLF reduced the number of CFU of M. tuberculosis by 4 log
units in the spleen and >3 log units in the liver and lungs (P <
0.01). A dose of 50 mg of L-CLF/kg decreased the number of
CFU by >3 log units in the spleen and lungs and 2 log units in
the liver (P < 0.01). Empty liposomes, while showing no effect
on the growth of M. tuberculosis in the lungs, enhanced growth
slightly in the spleen and liver.

Effect of L-CLF treatment on established murine tubercu-
losis. The therapeutic efficacy of L-CLF in the treatment of
tuberculosis was studied subsequently in mice with established
M. tuberculosis infection (i.e., weeks 4 and 5). As depicted in
Fig. 2, administration of L-CLF at 100 and 50 mg/kg appeared
to clear the organisms from both the spleen and liver (limits of
detection for the CFU assay, 100 bacilli per organ) (P < 0.01),
and there was a 1-log-unit decrease in M. tuberculosis growth in

the lungs with 50 mg of L-CLF/kg (P < 0.01). A dose of 100 mg
of L-CLF/kg, however, reduced the number of CFU in the
lungs by 2 log units. Again, in comparison to untreated con-
trols, empty liposomes caused a slight enhancement of growth
in all three tissues. Note that empty liposomes were adminis-
tered at a lipid content equivalent to the highest dose of L-
CLF.

Effect of L-CLF treatment on chronic murine tuberculosis.
In the next experiment, mice chronically infected with M. fu-
berculosis were treated 3 months after infection (i.e., weeks 13
and 14) with L-CLF. As shown in Fig. 3, a dose of 50 mg of
L-CLF/kg resulted in no bacilli recovered from the spleen and
liver, and there was a 2-log-unit reduction in the number of
bacilli in the lungs (P < 0.01). Interestingly, the efficacy of
L-CLF improved as the infection progressed, implying an en-
hancement of L-CLF efficacy with acquired immunity and
granuloma formation.

At 5 weeks after infection with M. tuberculosis, there was an
intense infiltration of inflammatory cells into the lungs of the
control mice (Fig. 4A), with loose granulomas containing ep-
ithelioid macrophages. An early granulomatous response with
aggregates of epithelioid macrophages interspersed with lym-
phocytes was observed. In contrast, similarly infected mice
treated with 50 mg of L-CLF/kg during weeks 4 and 5 (Fig. 4B)
exhibited much less mononuclear cell infiltration, suggesting
the anti-inflammatory properties of CLF. Treated mice also
exhibited perivascular and peribronchiolar cuffing and more-
localized granuloma formation without the extensive involve-
ment of lung parenchyma observed in the untreated mice.

Clearance and recovery of M. tuberculosis after L-CLF treat-
ment in chronic tuberculosis. Our next experiment was de-
signed to determine if there was actual clearance of M. tuber-
culosis from the tissues and if the animals remained free of
infection after treatment with L-CLF. Chronically infected
mice were monitored for 2 months after treatment with L-
CLF. As shown in Fig. 5, mice treated with one series of L-CLF
treatments essentially cleared M. tuberculosis from the spleen
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FIG. 4. Effect of L-CLF administration on early lung granuloma formation in M. tuberculosis-infected mice. (A) In control mice, there was an intense mononuclear
cell infiltration into the lung parenchyma. An early granulomatous response with aggregates of epithelioid macrophages interspersed with lymphocytes was observed.
(B) In contrast, mice treated with L-CLF exhibited perivascular and peribronchiolar cuffing and more localized granuloma formation without extensive involvement
of lung parenchyma. The tissues were stained with hematoxylin-eosin. Bars = 150 wm.

and liver (P < 0.01) and there was no recovery of bacilli from
these tissues up to 2 months posttreatment. In the lungs, CFU
counts of M. tuberculosis were reduced 2 log units at the end of
the first series of L-CLF treatments (P = 0.0001). Interestingly,
at 1 month posttreatment, the CFU count of M. tuberculosis
was further reduced to 4 log units below that of the control
(P = 0.0001), indicating a prolonged release of drug from
multilamellar liposomes and/or the sustained effect of the CLF
accumulated in the tissues. By 2 months posttreatment, there
was some regrowth of bacilli in the lungs, although the num-
bers of CFU in the L-CLF-treated group were still 3 log units
below those in control mice (P = 0.0001).

In an effort to obtain clearance of M. tuberculosis from the
lungs, a second series of L-CLF treatments was administered
(Fig. 5). At the end of the second L-CLF treatment, no bacilli
were recovered from the lungs (P = 0.0001) or from the spleen
(P = 0.0001) and liver (P = 0.0002). However, again by 2
months posttreatment, approximately a 1-log-unit regrowth of
the bacilli in the lungs (P = 0.0001) was apparent, suggesting
a weaker defense system in alveolar macrophages or a protec-
tive environment for M. tuberculosis in the lungs.

DISCUSSION

Our results demonstrate that L-CLF was highly effective in
treatment of M. tuberculosis infection in an acute as well as a
chronic mouse model of the disease. Earlier, we showed that
liposome encapsulation of CLF reduced in vitro and in vivo the
toxic effects associated with administration of free drug and

enhanced its therapeutic activity against murine disseminated
Mycobacterium avium-M. intracellulare complex (MAC) infec-
tion. Liposome encapsulation also allowed parenteral admin-
istration of the drug not otherwise possible because of its
insolubility and lipophilic character. We have also shown that
L-CLF is more effective in treatment of MAC infection than
F-CLF injected i.v. or administered orally in beige mice (15,
20).

Since mycobacteria invade and reside within phagocytic
cells, such as macrophages, adequate concentrations of anti-
mycobacterials need to be achieved within the cellular com-
partments where the bacilli are located. Liposomes containing
antibiotics naturally deliver high concentrations of antimyco-
bacterials into infected macrophages, thus improving treat-
ment outcomes for intracellular infections.

Oral administration of CLF has been the route of choice,
but, in addition to causing many side effects (8, 10, 11), it has
not been therapeutically beneficial for tuberculosis. CLF has
been reported to accumulate within macrophages, where my-
cobacteria multiply; however, it is doubtful whether oral ad-
ministration can lead to intracellular concentrations high
enough to kill the bacteria. Also, CLF in its free form interacts
with membranes and produces toxic effects whereas liposome
encapsulation sequesters the drug from cell membranes, pro-
tecting the cells from the toxic effects of the free drug. There-
fore, a parenteral formulation of CLF would be a better choice
for treatment of intracellular pathogens such as mycobacteria.
Even though liposome-encapsulated drug may be present in
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FIG. 5. Clearance and recovery of M. tuberculosis in tissues of mice after treatment with L-CLF. BALB/c mice (n = 4 per group) were infected i.v. with 10® M.
tuberculosis Erdman organisms. Beginning on day 97 postinfection, the mice were left untreated (O) or were treated i.v. every 3 to 4 days over a 2-week period (1%)
(total, five injections) with 50 mg of L-CLF/kg (©®). Groups of mice were sacrificed 1 day after the last drug injection (day 112), 2 weeks posttreatment, 1 month
posttreatment, and 2 months posttreatment. Another set of mice (@) were administered a second round (2"®) of L-CLF treatments (50 mg/kg) beginning 2 weeks after
the completion of the first round (day 125). Groups of mice were sacrificed 1 day after the last drug injection (day 140), 1 month posttreatment, and 2 months
posttreatment. The spleens, livers, and lungs were homogenized and plated for CFU. The results are shown as means *+ standard deviations. [, P < 0.01; 1, P < 0.001;

§, P < 0.0001.

higher amounts inside the macrophages, it is far less toxic, is
retained inside the cells for a longer time, and is released
slowly, thereby producing longer-lasting effects. Thus, lipo-
somes can deliver high concentrations of antimicrobials into
cells, making inhibitory or bactericidal cellular concentrations
of active antibiotics achievable. Furthermore, because lipo-
some-encapsulated antimicrobials make it possible to achieve
high concentrations within phagocytic cells, the chances of
emergence of resistance may be reduced.

As observed earlier (20), the maximum tolerated dose of
F-CLF was 5 mg/kg of body weight, which was not enough to
cause a significant reduction in the number of viable M. tuber-
culosis bacilli. Even this concentration of free drug cannot be
administered i.v. to patients because of its lipophilicity, the
presence of organic solvents, and crystallization in the aqueous
phase. An equivalent concentration of L-CLF did not improve
the treatment outcome; however, encapsulation of CLF in
liposomes reduced toxicity and allowed i.v. administration as
well as administration of higher doses, enhancing therapeutic
efficacy as observed in our studies with MAC (15, 20). Studies
with some other antimicrobials have shown similar results (4,
16, 19, 22, 23).

The therapeutic efficacy of L-CLF increased with increasing
doses. At a dose of 50 mg/kg, a statistically significant (P < 0.01
to 0.0001) response was observed in the different M. tubercu-
losis models used in this study. However, the effect was more
pronounced in the chronic-infection model. The enhanced an-
tibacterial activity of CLF with progression of infection in the
established and chronic models can be attributed to the com-
bined effect of the drug, the acquired specific immunity, and
granuloma formation. We have observed similar results in our
study of MAC treatment after different periods postinfection
(15).

Another important observation in this study was that the
treatment was more effective in the liver and spleen than in the
lungs, similar to our previous studies with MAC (15, 20). These

differences could be due to the differences in distribution of the
drug and localization of bacteria in various organs. We also
noted earlier that the lungs responded poorly to L-CLF ther-
apy when the animals were infected with greater numbers of
bacteria. Results of the studies with MAC led us to conclude
that the drug concentration in the lungs was enough to kill only
a small number of bacteria, and as the number of infecting
bacteria increased, the drug was not able to reduce the bacte-
rial load. In the present study, one series of L-CLF treatments
resulted in the clearance of M. tuberculosis from the liver and
spleen, and the lungs showed 2- to 3-log-unit reduction. It was
interesting to note that there was no recurrence of bacterial
growth in the liver and spleen for up to 2 months postinfection,
whereas the lungs showed recovery of M. tuberculosis growth
even after two series of L-CLF treatments. A closer look at the
results indicated that the growth of the bacilli in control (un-
treated) mice increased steadily in the lungs, unlike the liver
and spleen, which showed no increase in M. tuberculosis growth
3 months postinfection (Fig. 3 and 4). These findings suggest
the presence of a more favorable environment for the organ-
isms in the lungs than in the liver and spleen. The induction of
various stimulatory and suppressive cytokines in response to
M. tuberculosis infection in the lungs may be different from that
in the liver and spleen; this indirect effect might also contribute
to the above-mentioned differences.

Similar to our observations, earlier studies with other drugs
(6, 7,9, 12, 18, 29) also could not demonstrate a significant
reduction in the number of bacteria in the lungs. The difficulty
in the treatment of lung infection can be overcome either by
increasing the uptake of liposomes in the lungs (3, 27) or by
direct delivery of drugs by using aerosols. We have already
standardized an aerosolized formulation of L-CLF for use in
future studies (unpublished). The use of an aerosolized chal-
lenge model will further confirm the therapeutic efficacy of
L-CLF in naturally acquired pulmonary disease. However,
aerosolized administration of L-CLF will be the most impor-
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tant treatment regimen for pulmonary infections and will help
delineate the role of lung pathology in treatment of these
infections. In addition, studies of localization of L-CLF in
specific areas of the lungs may also help in designing improved
regimens for treatment with L-CLF.

In conclusion, we demonstrate a highly effective therapeutic
response of L-CLF alone against M. tuberculosis infection in
acute, established, and chronic murine models; the absence of
recurrence of M. tuberculosis growth suggested a bactericidal
effect of L-CLF in the liver and spleen. We therefore believe
that L-CLF can be used as an effective therapeutic agent for
the treatment of M. fuberculosis infections.
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