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Despite the development of several agents, new classes of antimicrobials with activity against the Mycobac-
terium avium complex (MAC) are needed. Based on a broad screening of compounds, we found that mefloquine
has MICs of 8 to 16 pg/ml by the BACTEC system and 16 pg/ml by broth microdilution for five MAC strains
tested. An expansion of the screening with broth microdilution to 24 macrolide-susceptible strains and 6
macrolide-resistant strains determined that the MIC for all strains was 16 pg/ml. To determine the intracel-
lular activity of mefloquine, U937 macrophage monolayers infected with MAC strain 101, 100, or 109 (serovars
1, 8, and 4) were treated with mefloquine daily, and the number of intracellular bacteria was quantitated after
4 days. Significant growth inhibition against the three MAC strains at concentrations greater than or equal to
10 pg/ml (P < 0.05) was obtained. Due to the encouraging anti-MAC activity, in vivo efficacy in beige mice
infected with MAC 101 was evaluated. Animals were treated with 5, 10, 20, or 40 mg/kg of body weight daily,
three times a week, twice a week, or once a week for 4 weeks, and bacteria were quantitated in blood, liver, and
spleen. No toxicity was observed with any of the treatment regimens. Mefloquine had borderline bactericidal
activity at a dosage of 40 mg/kg daily (100% inhibition compared with a 1-week control), and significant
inhibition was obtained at dosages of 40 mg/kg three times a week, as well as 20 mg/kg daily. Mefloquine had
no significant effect on bacteremia. A combination of mefloquine and ethambutol showed significantly more
activity than did either drug alone in liver, spleen, and blood; the combination was also bactericidal against M.
avium. Although safety is a potential concern, mefloquine and related compounds deserve further investigation

as anti-MAC therapies.

Organisms of the Mycobacterium avium complex (MAC) are
a common cause of bacteremia and disseminated disease in
patients in the advanced stages of AIDS (13, 14). Currently,
only a few compounds such as macrolides, ethambutol, and
rifabutin have activity against MAC organisms in vivo. The
emergence of macrolide resistance and drug interactions be-
tween rifamycins and protease inhibitors emphasize the need
for additional compounds with anti-MAC activity.

Mefloquine (a derivative of 4-quinolinemethanol) is an an-
timicrobial agent widely used for the prophylaxis of chloro-
quine-resistant Plasmodium falciparum malaria (19, 22). As
part of a comprehensive screening program by the National
Cooperative Drug Discovery Groups for Opportunistic Patho-
gens to identify new antimycobacterial agents, we screened
numerous compounds and found mefloquine to be active in
vitro against organisms of the MAC. Due to the pharmacolog-
ical characteristics of mefloquine, which has been shown to
reach concentrations in tissues 80 times greater than the con-
centration achieved in serum and has a long half-life (16), it
was recognized that the compound had desirable properties for
treating an intracellular pathogen. We describe the results of
the evaluation of the activity of mefloquine against MAC
strains in vitro, in the macrophage test system, and in vivo.

MATERIALS AND METHODS

Mycobacteria. The MAC strains used in this study (100 to 105, 107 to 109, 110,
111, 113, 116, 117, 128, 500 to 508, 511 to 513, J5L, and JWL) were isolated from
the blood of AIDS patients with disseminated MAC disease (each strain was
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isolated from a different patient). Each isolate was identified as M. avium by
using a commercially available DNA probe (Gen-Probe, Inc., San Diego, Calif.).
MAC 101 CLA-R is a clarithromycin-resistant strain isolated from mice (3).
MAC strains 511 to 513, JJL, and JWL are clarithromycin-resistant strains
isolated from patients. MAC strains 101 (serovar 1), 109 (serovar 4), and 100
(serovar 8) were used for all macrophage assays. MAC strain 101 was used in the
studies with mice. MAC 101 is a virulent strain in the mouse test system and
causes reproducible levels of infection and mortality in beige mice (1). MAC
organisms were cultured in Middlebrook agar 7H10 medium (Difco Laborato-
ries, Detroit, Mich.) supplemented with oleic acid, albumin, dextrose, and cata-
lase (Difco) for 10 days at 37°C. Only transparent colony types were used in the
studies. For the macrophage assays and mouse studies, colonies were harvested
and suspended in Hanks’ buffered salt solution (HBSS) to concentrations of 4 X
108 or 3 X 10% CFU/ml, respectively, by comparison with a McFarland no. 1
turbidity standard; samples were plated onto 7H10 agar to confirm the concen-
trations of the inocula.

Prior to the infection of macrophages, the suspension was vortex agitated for
2 min and passed through a 23-gauge needle five times to disperse clumps.
Microscopic observation confirmed the dispersion of the inoculum. Beige mice
were infected with 100 l of the original suspension (3 X 107 bacteria).

Drug. Mefloquine used in the reported experiments was from two sources: (i)
for use in vitro, mefloquine powder was kindly provided by Roche, Inc., and (ii)
for use in vivo, the commercial preparation of mefloquine was utilized. For the
in vitro assays, mefloquine was dissolved in dimethyl sulfoxide and subsequently
diluted in phosphate buffer to the desired concentration. For the in vivo studies,
the powdered drug was suspended in 0.2% Tween 80 plus 2.5% gum arabic
(Sigma Chemical Co.) as previously described (3). Ethambutol was purchased
from Sigma and diluted in water to prepare the desired concentration.

In vitro susceptibility testing. MICs were determined by a radiometric broth
macrodilution method, the T100 method of data analysis, and the broth microdi-
lution method (15). The inoculum for susceptibility testing was prepared by
placing 5 to 10 colonies from a 7H11 agar plate into 7H9 broth and was either
tested directly or frozen at —70°C. The inoculum was adjusted to approximately
5 % 10* CFU/ml by comparison with a McFarland no. 1 turbidity standard.
Isolates that clumped and could not be easily dispersed were shaken with glass
beads. Controls included undiluted inoculum with no drug added (no-drug con-
trol), inoculum diluted to 1:100 (99% control), and inoculum diluted 1:1,000
(99.9% control). In addition, one vial was inoculated with a suspension of
mycobacteria which were boiled for 5 min prior to inoculation in order to
monitor the non-growth-related release of carbon dioxide in the BACTEC sys-
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FIG. 1. Activity of mefloquine against MAC strains 100 (A), 101 (B), and 109
(C). U937 macrophages were infected with MAC organisms, and then the mono-
layers were treated with different concentrations of mefloquine for 4 days. The
cells were subsequently lysed, and the mycobacteria were plated for quantitation,
as described in Materials and Methods.

tem. The period of observation and the end points were determined by daily
monitoring of the control and text cultures, but a period of 7 days was sufficient
for most isolates. MAC 101 was tested against amikacin as a control for overall
performance.

Minimum bactericidal concentration was determined as described previously
(2) by exposing bacteria to mefloquine in 7H9 broth at concentrations ranging
from 1 to 256 pg/ml, and then, after 7 days, plating the bacterial suspension to
establish the number of live bacteria.

Macrophage test system. The source of macrophages was the human mono-
cyte cell line U937 cultured in RPMI 1640 medium (pH 7.2) (Gibco, Chicago,
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111.) supplemented with 5% fetal bovine serum (Sigma Chemical Co.) and 2 mM
L-glutamine. The assays were performed as previously described (2). Briefly, cells
were grown to a density of 5 X 10 cells per ml and then centrifuged, washed, and
resuspended in supplemented RPMI 1640 medium. The concentration of cells
was adjusted to 10° cells per ml, and 1 ml of the cell suspension was added to
each well of a 24-well tissue culture plate (Costar, Cambridge, Mass.). Mono-
layers were treated with 1 pg of phorbol myristate acetate per ml for 24 h to
stimulate maturation of the monocytes. The monolayers were monitored for the
number of cells, and no difference was observed in the extent of cell detachment
among the treatment and control groups.

MAC strains were cultured for 10 days in Middlebrook agar 7H10 medium
(Difco Laboratories). On the day of the experiment, bacteria were harvested,
washed twice in HBSS, and suspended in HBSS, and a dispersed inoculum was
prepared as described above. The turbidity of the suspension was adjusted to that
of a McFarland no. 1 turbidity standard, and the suspension was diluted to a final
concentration of approximately 5 X 107 CFU/ml. Each monolayer was infected
with 100 pl of the final suspension, and the actual number of CFU per milliliter
in the final suspension was determined by quantitative plate counts. Four hours
after infection, the number CFU of mycobacteria per well of macrophage mono-
layer was determined by lysing the macrophages and performing quantitative
plate counts to establish the initial inoculum (baseline), as previously reported
(2). Infected monolayers were then treated with mefloquine at different concen-
trations. Drug and medium were replenished daily for 4 days. After the treatment
period (4 days), the medium was removed and the monolayers were lysed as
previously described (5). Briefly, ice-cold sterile water (0.5 ml) was added to each
monolayer well, and the mixture was allowed to stand for 10 min at room
temperature. Then, 0.5 ml of a second lysing solution (1.1 ml of Middlebrook
7H9 broth plus 0.4 ml of 0.25% sodium dodecyl sulfate in phosphate buffer) was
added to each well, and the mixture was allowed to stand for an additional 10
min. The wells were vigorously scraped with a rubber policeman, and the mac-
rophage lysates were resuspended in 0.5 ml of 20% bovine serum in sterile water
to neutralize the sodium dodecyl sulfate. The suspension was vortex agitated for
2 min to ensure the complete lysis of the macrophages. Finally, the lysate was
sonicated for 5 s to disrupt clumps of bacilli. To control for the osmotic stability
of the mycobacteria, a suspension of mycobacteria alone was plated for quanti-
tation before and after being subjected to the lysis procedure as described above,
and in each instance there was no change in the number of CFU per milliliter
before or after the lysis treatment procedure.

The final macrophage lysate suspension was serially diluted, and 0.1 ml was
plated on 7H10 agar. The plates were allowed to dry at room temperature for 15
min and incubated at 37°C in 5% CO, for 2 weeks. Duplicate plates were
prepared for each well, and the results were reported as mean numbers of CFU
per milliliter of macrophage lysate. Each assay was performed in triplicate, and
each experiment was repeated six times.

Animal test system. The potential therapeutic efficacy of mefloquine was
determined by using the beige mouse test system as previously described (1-3).
This system employs 8- to 10-week-old female C57BL/6 bg™ bg™ mice (Jackson
Laboratories, Bar Harbor, Maine). Briefly, each mouse was infected through the
caudal vein with 3 X 107 bacteria of MAC 101; after 7 days, treatment was
initiated with mefloquine at 5, 10, 20, or 40 mg/kg of body weight/day once a
week, twice a week, three times a week, or once daily. The drug was administered
by daily gavage for 28 days. Animals were harvested 72 h after the end of therapy
to prevent a carryover effect of the drug. A control group of mice was infected
but received a drug vehicle in place of the antibiotic. An additional group of mice
was examined 7 days after infection in order to establish the level of infection in
the liver and spleen before the initiation of therapy. A total of 15 mice were used
for each of the control and experimental groups. At the termination of therapy,
the livers and spleens of the control and treated mice were aseptically removed,
weighed, and then homogenized in 5 ml of 7H9 broth (Difco) with a tissue
homogenizer. The tissue suspensions were serially diluted in 7H9 broth and
plated onto 7H11 agar plates supplemented with oleic acid, albumin, dextrose,
and catalase for the quantitation of viable bacteria. The number of mycobacteria
in the blood was determined by collecting 0.05 ml of blood at day 7 and 28,
inoculating a measured volume of blood into 4 ml of BACTEC 12 B medium
(Johnston Laboratories, Sparks, Nev.) and by using the T100 method of data
analysis as previously reported (2, 15).

Statistical analysis. The differences between results in untreated control and
experimental groups in macrophage experiments at identical time points were
determined by a Student’s ¢ test. The statistical significance of the differences
between the number of organisms recovered from internal organs was evaluated
by a one- or two-variable analysis of variance. Differences between results for
experimental groups and between results for experimental groups and control
groups were considered statistically significant if P values were <0.05.

RESULTS

MIC studies. The MICs at which 50% and 90% of the 24
isolates were inhibited mefloquine were 16 wg/ml and 16 g/
ml, respectively, by both the radiometric system and broth
microdilution. Bacteria were tested against mefloquine at con-
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TABLE 1. Effect of treatment with mefloquine on the number of MAC organisms in liver

Dose (mg/kg) or
regimen

No. of MAC organisms (mean * SE) with frequency of administration®

Qw BIW TIW QD
5 (7.0 = 1.0) x 108 (92 =1.2) x 108 (15 £0.9) x 10° (8.1 = 1.7) x 108
10 (6.4 = 1.4) x 10° (7.5 = 1.0) x 10° (6.0 = 0.8) x 10° (6.8 = 1.4) x 10°
20 (6.5=1.1) x 108 (63 =1.2) X 108 (6.5=0.8) x 108 (3.9 £ 1.2) X 108w
40 (6.6 = 1.1) x 10° (53 £0.9) x 10 (3.6 = 0.5) X 10%#5w% (1.1 £ 0.3) X 10355

Control at 4 wk
Control at 1 wk

(1.1 £0.2) X 10°
(1.1 £0.2) x 10

“ Mice infected with MAC strain 101 were treated for 4 weeks, and then the bacterial load was determined as described in Materials and Methods. Values are CFU
per gram of tissue. QW, once a week; BIW, twice a week; TIW, three times a week; QD, daily. **, P < 0.05 compared with control at 4 weeks; ***, P > 0.05 compared

with control at 1 week.

centrations ranging from 0.25 to 65 pg/ml at pH 6.8 (pH of the
MAC environment within a macrophage vacuole [20]). We
also tested the activity of mefloquine against six macrolide-
resistant MAC strains (101-R, 511 to 513, JJL, and JWT). All
the macrolide-resistant strains had their growth inhibited with
16 g of mefloquine per ml. The minimum bactericidal con-
centration of mefloquine for five MAC strains was 64 ug/ml
(strains 100, 101, 109, 108) and 16 wg/ml (strain 116).

Human macrophage studies. As shown in Fig. 1, mefloquine
was active against MAC strains 100, 101, and 109 within mac-
rophages at concentrations equal to or greater than 10 wg/ml.
It was bacteriostatic after 4 days of treatment, even at concen-
trations of 100 pg/ml, probably an achievable tissue concen-
tration in the host (in tissue, mefloquine can achieve a con-
centration 80 times greater than the concentration in serum
[16]).

Animal studies. Mefloquine was administered at a dose of 5,
10, 20, or 40 mg/kg at a frequency of once a week, twice a week,
three times a week, or daily to 5 mice per experimental group
in three experiments (15 mice/group). Mefloquine was not
toxic, and its administration was not associated with increased
mortality. Tables 1, 2, and 3 show the effects of treatment with
mefloquine on the number of bacteria in liver, spleen, and
blood. Concentrations of 20 mg/kg administered daily and 40
mg/kg given either 3 days a week or daily were very effective in
decreasing the bacterial burden in liver and spleen. Mefloquine
had no significant antimycobacterial activity in the blood (Ta-
ble 3).

As shown in Table 4, the combination of mefloquine at 40
mg/kg/day and ethambutol at 100 mg/kg/day showed signifi-
cantly greater activity than either compound alone. No toxicity
was observed during the period of therapy. The combination of
the two drugs was bactericidal in the liver and spleen (Table 4)
and was active in the blood at a higher level than ethambutol
alone.

DISCUSSION

Infection caused by organisms of the MAC has been a com-
mon cause of morbidity and mortality in patients with AIDS
(13, 14). MAC organisms are intracellular bacteria that are
characteristically resistant to the majority of the antitubercu-
losis antimicrobials (12, 17).

Since the onset of the AIDS pandemic, a limited number of
antimicrobials, such as the new macrolides and azalides, ri-
fabutin, ethambutol, and amikacin, have proved clinically ef-
fective against MAC infections. Rifabutin and ethambutol,
however, have only marginal activity against at least 50% of the
clinical isolates; resistance to macrolides frequently occurs only
a few months after the initiation of therapy (6, 21).

We demonstrated that mefloquine is active against MAC
strains in vitro, in cultured macrophages against three MAC
strains belonging to the most common serovars found infecting
AIDS patients (9), and in vivo in the beige mouse test system.
Although the MIC was 16 pg/ml, a significant inhibition of
intracellular bacteria was achieved at extracellular concentra-
tions greater than or equal to 10 wg/ml. A number of studies
have shown that mefloquine can achieve 60 to 80 times greater
intracellular concentrations than extracellular concentrations
(16), which probably explains our observations in the macro-
phage test system. In vitro bactericidal activity is observed with
mefloquine concentrations of 64 pg/ml. When the agent is
administered to mice daily at a concentration of 40 mg/kg,
borderline activity against MAC 101 was observed.

Mefloquine is a 4-quininemethanol that has been proven
efficacious in treating both chloroquine-susceptible and multi-
drug-resistant strains of P. falciparum. Like other quinoline
antimalarials, such as chloroquine, mefloquine is assumed to
interfere with parasite feeding (10). The mechanism of action
of mefloquine, however, is not completely understood but may
differ from that of chloroquine. Chloroquine is a dibasic drug

TABLE 2. Effect of treatment with mefloquine on the number of MAC organisms in spleen

Dose (mg/kg) or

No. of MAC organisms (mean * SE) with frequency of administration®

regimen ow BIW

TIW QD

5 (2.3 +0.4) x 10° (2.4 £ 0.8) x 10°
10 (2.1 =0.7) x 10° (2.0 = 0.3) x 10°
20 (1.5 +0.2) x 10° (1.1 £0.3) x 10°
40 (15 £03) x 10° (1.5 £ 0.3) x 10°

Control at 4 wk
Control at 1 wk

(23 =03) x 10°
(2.0 = 1.8) x 10°

(1.6 = 0.9) x 10° (2.0 = 0.5) X 10°
(2.0 + 0.9) x 10° (1.3 = 0.3) x 10°
(1.6 = 0.3) x 10° (8.0 = 1.6) X 108****
(7.8 = 1.6) X 108#swx (2.3 + 0.6) X 108*s 5

“ Mice infected with MAC strain 101 were treated for 4 weeks, and then the bacterial load was determined as described in Materials and Methods. Values are CFU
per gram of tissue. QW, once a week; BIW, twice a week; TIW, three times a week; QD, daily. **, P < 0.05 compared with control at 4 weeks; ***, P < 0.05 compared

with control at 1 week.
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TABLE 3. Effect of treatment with mefloquine on the bacteremia of MAC-infected mice

Dose (mg/kg) or Change in CFU/ml (mean * SE) with frequency of administration”

regimen QW BIW TIW QD
5 +0.64 £ 0.29%* +0.55 +0.14 —0.26 = 0.71 +0.39 = 0.21
10 +0.92 +0.28 +0.49 + 0.23 +0.42 = 0.26 +1.02 = 0.16
20 +0.56 = 0.17 +0.66 + 0.2 +0.45 +0.2 +0.41 +0.2
40 +1.0 = 0.3 +0.26 = 0.4 +0.30 = 0.2 +0.09 = 0.3

Control at 4 wk +0.44 = 0.13

“ Values are in Alog CFU per milliliter between 0 and 4 weeks of treatment. QW, once a week; BIW, twice a week; TIW, three times a week; QD, daily. **, P >
0.05 for the results with all the doses compared with control.

TABLE 4. Activity of mefloquine in combination with ethambutol against MAC organisms in mice

. . No. of CFU/g (mean = SEM) in: Mean (SEM)
Therapeutic regimen Dose? . Alog CFU/ml
mice Liver Spleen in blood
Ethambutol 100 19 (3.7 £0.9) X 10% (1.3 £0.3) X 10” +0.23 (0.23)
Mefloquine 40 21 (9.4 = 1.2) X 10774 (3.6 = 0.6) X 10%4 +0.08 (0.2)
Mefloquine + ethambutol 40 + 100 21 (2.1 = 0.3) X 107 (5.9 = 1.2) X 107 —0.65 (0.26)
Untreated control at 4 wk 21 (6.7 = 1.1) x 10® (2.8 = 0.6) x 10° +0.64 (0.14)
Untreated control at 1 wk 11 (1.8 £0.2) x 10® (2.5 +£0.3) x 10°

“ Mice were given, orally, either 100 mg of ethambutol or 40 mg of mefloquine per kg per day or both.

b P < 0.05 compared with untreated control at 4 weeks.

¢ P < 0.05 compared with either ethambutol or mefloquine alone.
4P < 0.05 compared with ethambutol alone.

¢P < 0.05 compared with 1-week control.

that has been shown to accumulate about 1,000-fold in the
acidic vacuole of Plasmodium. High intravacuole concentra-
tions of chloroquine are postulated to inhibit the polymeriza-
tion of heme. As a result, heme released during hemoglobin
breakdown builds up to toxic levels, thereby killing the para-
site. However, the more lipophilic mefloquine is not concen-
trated extensively in the food vacuole of the parasite and likely
has alternative sites of action (18).

The unexpected activity of mefloquine against MAC sug-
gests the possibility of a novel target within mycobacteria.
Among the MAC organisms we tested were strains resistant to
the new macrolides, isoniazid, streptomycin, pyrazinamide,
and rifampin, but these were all found to be susceptible to
mefloquine.

Another advantage of mefloquine for the treatment of my-
cobacterial infections is the long half-life of the drug, making it
possible to administer the drug once or twice a week. While
our studies with mice showed that doses of 20 or 40 mg/kg were
efficacious against MAC organisms only when administered
daily or three times a week, the fact that mice have a very
efficient (rapid) metabolic system suggests that, in humans,
mefloquine could be given at a lower frequency.

With the exception of clarithromycin and azithromycin, me-
floquine at 40 mg/kg/day is more effective than any other drug
previously examined for the treatment of disseminated MAC
infection in beige mice (4). We did, however, fail to observe
mefloquine activity in blood, independent of dose or schedule
of administration. The reason for this lack of activity in the
blood is presently unknown, but it is possible that the rapid
uptake of mefloquine by erythrocytes and in deep tissue leaves
little compound to maintain the concentration needed for anti-
MAC activity in the blood (11).

The combination of mefloquine with ethambutol was re-
markably more active against MAC organisms than each drug
alone, suggesting that synergism between the compounds ex-

ists. Ethambutol and mefloquine together were also active in
the blood at a greater level than ethambutol alone. This finding
suggests that mefloquine has some effect on the membranes of
MAC organisms, as suggested by the anti-Plasmodium eftect
(8).

Dizziness and impaired hearing are well-described side ef-
fects of mefloquine; these side effects limit the drug’s utility for
some patients (7). This clearly remains a concern when meflo-
quine is considered for the treatment of mycobacterial dis-
eases. Nonetheless, our identification of mefloquine’s activity
should spur efforts to identify the target of this agent in my-
cobacteria and to develop less toxic and more active analogues
for clinical use.
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