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MICs of clarithromycin, amikacin, isoniazid, rifabutin, ciprofloxacin, sparfloxacin, ethambutol, and clofa-
zimine were determined for six isolates of Mycobacterium avium complex (MAC) from AIDS patients both by
the radiometric method and by an ex vivo model of infection in human macrophages. The median MICs in
macrophages were similar or slightly lower than values found in broth, except for amikacin, which had slightly
higher MICs inside the cells. Combinations of clarithromycin with other antimicrobial agents showed that
clarithromycin-clofazimine and clarithromycin-rifabutin were synergistic on five of six strains while clarithro-
mycin-amikacin and clarithromycin-isoniazid were antagonistic on one and two strains, respectively. The
addition of amikacin made the combinations of clarithromycin-clofazimine and clarithromycin-ethambutol
synergistic against all the MAC strains. In the macrophage model, the combination of clarithromycin-
clofazimine (mean survival, 21%) and clarithromycin-rifabutin (mean survival, 29%) showed a strong reduc-
tion in viable counts compared with single drugs, while clarithromycin-amikacin was less active than single
drugs alone. In general, the addition of amikacin did not improve the activity of the combinations, except for
clarithromycin-isoniazid-amikacin (mean survival, 19%), which was significantly more active than either
clarithromycin-isoniazid or clarithromycin-amikacin. The use of the macrophage model can suggest new
combinations of antimicrobial agents with anti-MAC activity which, on the basis of their in vitro effectiveness,
would probably be disregarded for assay in animal models.

Mycobacterium avium complex (MAC) infections are very
common in AIDS patients, with an estimated prevalence of
43% in the 2 years following the diagnosis of AIDS (25).
Therapy for MAC diseases usually involves the combination of
several drugs, not only to obtain a greater antimycobacterial
effect but also to decrease the probability of selecting resistant
mutants (13, 15). In some studies, the efficacy of different
antimicrobial combinations has been evaluated in vitro (12,
34), while in others the activity has been investigated with
human macrophages (MP) (33, 35, 37) or in the murine MP
cell line J774 (33, 35, 36). The Public Health Service Task
Force on Prophylaxis and Therapy for MAC recently recom-
mended clarithromycin (CLA)-containing regimens for ther-
apy for disseminated infections by these organisms in AIDS
patients (20). At the present time, only for a few reports has
the activity of CLA-containing combinations been studied, by
in vitro and ex vivo methods, on the same strains (27, 28).
In this study, we assessed the susceptibility of MAC strains

isolated in Italy from AIDS patients (7) by determining the
MICs of eight antimicrobial agents both by the radiometric
method (11) and by a model of human monocyte-derived MP
infection (22, 23). This was adopted to evaluate the relation-
ship between the extracellular and intracellular activities of
drugs with different capacities for accumulating within MP
(31). Furthermore, we studied by the radiometric method the
possible synergistic, additive, or antagonistic effects of combi-
nations in which CLA was added to six different drugs, with or

without further addition of amikacin (AMI), an antimicrobial
agent known to be bactericidal in vitro against M. avium and
used in therapy for MAC infections (17).
Finally, to verify whether further information on drug com-

bination activity could be obtained in a model closer to that of
intramacrophagic human infection, we tested in the MP model
the same combinations assayed by the radiometric method by
using drugs at concentrations achievable in serum.
(This paper was presented in part at the 33rd Interscience

Conference on Antimicrobial Agents and Chemotherapy, New
Orleans, La., 17 to 20 October 1993.)

MATERIALS AND METHODS

Microorganisms. Six MAC strains (MAC 485, 486, 901, 902, 905, and 911,
belonging to types 21, 21, 4, 3, 1, and 2, respectively) (7), isolated from the blood
of AIDS patients and identified to the species level by RNA-DNA hybridization
(Accuprobe; Gen Probe, San Diego, Calif.), were used throughout this study.
Only smooth transparent colonies, which are known to be associated with high

virulence and resistance to antimicrobial agents and chemicals (21, 30, 32), were
employed throughout this study. Colonies grown on Middlebrook 7H10 agar
medium (Difco Laboratories, Detroit, Mich.) for 1 week were suspended in
Middlebrook 7H9 broth (Difco) and stored at2408C until use. A colony of MAC
485, representative of the morphology of the virulent colonial variant used for
susceptibility testing, is shown in Fig. 1.
Antimicrobial agents. CLA (Abbott Laboratories, North Chicago, Ill.) and

rifabutin (RFB) (Farmitalia-Carlo Erba, Milan, Italy) were dissolved in metha-
nol; clofazimine (CLO) (Ciba-Geigy, Basel, Switzerland) was dissolved in acetic
acid-dimethyl sulfoxide-distilled water (1:3:6); sparfloxacin (SPA) (Rhone Pou-
lenc Rorer, Vitry-Alfortville, France) was dissolved in NaOH (0.1 N). The other
agents, ciprofloxacin (CIP), isoniazid (INH), AMI, and ethambutol (EMB) were
purchased from Sigma Chemical (St. Louis, Mo.) and dissolved in distilled water.
Stock solutions (1 mg/ml) of these agents were stored at 2808C until use. From
the stock solutions, working solutions were made by dilution with distilled water.
MIC determination by the radiometric method. The radiometric method used

was essentially that of Heifets (11) with 7H12 liquid medium containing
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[14C]palmitate as carbon source. Bacterial growth resulting in the release of
14CO2 was monitored by an automated BACTEC 460-TB apparatus (Johnston
Laboratories, Towson, Md.) and expressed as a numerical value called growth
index (GI) ranging from 0 to 999.
Each drug was added to the vials containing 4 ml of 7H12 medium in a volume

of 0.1 ml per vial to achieve doubling concentrations from 0.004 to 16 mg/ml. A
7H12 broth vial was inoculated with bacteria from transparent colonies, and
growth was recorded daily until it reached the maximum GI of 999. The culture
was diluted 1:100, and 0.1 ml of this dilution was inoculated in the test vials and
in one of the drug-free control vials. The inoculum provided an initial concen-
tration of bacteria of 104 to 105 CFU/ml. Another drug-free control vial, the
1:100 control, was inoculated with a bacterial suspension 100 times lower to
provide 102 to 103 CFU/ml, representing 1% of the bacterial population. The
vials were incubated at 378C, and the GI readings were recorded daily. The test
was complete when the GI of 1:100 diluted control was greater than 20 for three
consecutive days, while the growth in the undiluted control reached the maxi-
mum GI reading of 999, not earlier than the fourth day of cultivation. The MICs
were defined as the lowest drug concentrations in the presence of which the final
GI readings were no greater than 50 after 8 days of incubation.
Combined drug action by the radiometric method. The activity of two- and

three-drug combinations was evaluated by adding the antimicrobial agents to the
7H12 broth vials so that each drug was present at concentrations corresponding
to 1, 1/2, 1/4, 1/8, or 1/16 MIC in the two-drug combinations and to 1/2, 1/3, 1/4,
1/6, or 1/12 MIC in the three-drug combinations (Table 1). The fractional
inhibitory concentration (FIC) (3, 12) was calculated as the ratio between the
MIC of the drug in combination and the MIC of the drug alone.
The FIC index was defined as the sum of the FIC for each drug in combina-

tion. The breakpoints of FIC indices were as follows: for two drugs, #0.5 for
synergism, 1 for additivity, and $2 for antagonism; for three drugs, #0.75 for
synergism and #1.5 for additivity (3, 12, 34).
Preparation of human MP. Leukocyte buffy coats obtained from healthy

donors were diluted 1:1.5 in 0.9% sodium chloride, and peripheral blood mono-

nuclear cells were isolated by centrifugation with Ficoll-Hypaque (Histopaque
1077, Sigma) (5). Peripheral blood mononuclear cells were washed twice and
resuspended in RPMI 1640 medium containing 25 mM HEPES (N-2-hydroxy-
ethylpiperazine-N9-2-ethanesulfonic acid) (Gibco Laboratories, Grand Island,
N.Y.) supplemented with 2 mM L-glutamine and 10% heat-inactivated (568C, 30
min) fetal calf serum (complete medium). Cell suspension was adjusted to 107/ml
and distributed in 0.5-ml aliquots in 24-well tissue culture plates (Costar 3524;
Costar, Cambridge, Mass.). After 2 h of incubation at 378C under humidified 5%
CO2, the nonadherent cells were aspirated and the monocytes were washed
extensively with warmed medium without antibiotics. After 4 to 5 days of incu-
bation, the cultured cells showed MP morphology and more than 98% of them
were able to ingest neutral red. MP viability, as determined by the trypan blue
exclusion method, and numbers of MP per well, as assessed by the method of
Nakagawara and Nathan (24), were recorded throughout the experimental period.
Establishment of MP infection. Bacteria used for MP infection were prepared

by suspending transparent colonies in complete medium to an optical density of
0.2 at 500 nm. To decrease bacterial clumping, the suspensions were ultrasoni-
cated for 10 s (Ultrasonicator Soniprep; MSE Scientific Instruments, Crawley,
United Kingdom; 8-mm amplitude); after this treatment, CFU were about 5 3
108/ml. MP monolayers (23 105 to 53 105 cells per well) in duplicate wells were
infected with bacteria at a ratio of 100:1 (MAC to MP) for 2 h at 378C in
humidified 5% CO2 atmosphere and washed three times to remove the extra-
cellular bacteria.
MIC determination in human monocyte-derived MP. MICs in MP were de-

termined by counting the viable bacteria in infected MP monolayers incubated
with 1 ml of drug-containing complete medium, after both 3 and 7 days of
treatment. The final drug concentrations were as follows: CLA, AMI, SPA, CIP,
EMB, and INH, from 0.25 to 32 mg/ml, respectively, and CLO and RFB, from
0.03 to 4 mg/ml, respectively. MP in control wells received no drugs. Both control
(untreated) MP on day 0 and control and drug-treated MP on days 3 and 7 were
washed and lysed as previously described (4). Briefly, 0.5 ml of distilled water was
added to each well, and after 10 min of incubation at room temperature, 0.5 ml
of a lysing solution (110 ml of 7H9 medium [Difco] plus 40 ml of a 0.25% sodium
dodecyl sulfate solution in 0.1 M phosphate buffer, pH 7) was added to each well
for an additional 10 min. Wells were vigorously scraped with a pipette, and 0.5
ml of a 20% bovine serum albumin solution was added to MP lysate. For CFU
counting, MP lysates were serially diluted 10-fold and 0.5-ml aliquots of each
dilution were plated in triplicate on 7H10 agar. CFU were counted after incu-
bation of the plates for 10 to 14 days at 378C in humidified 5% CO2. MAC
survival in drug-treated MP was expressed as a percentage of the CFU per well
in untreated MP monolayers at time zero, as previously described (33, 35, 37).
The MICs in MP on days 3 and 7 (MP3 and MP7, respectively) were defined as
the lowest drug concentrations in the culture medium in the presence of which
survival of 100% 6 10% occurred.
Combined drug action in human MP. The activity of single agents or drug

combinations in MP was assessed by treating the infected cells with the concen-
trations of drugs achievable in serum, as follows: CLA, 3 mg/ml; EMB, 4 mg/ml;
CIP, 2 mg/ml; RFB, 0.5 mg/ml; AMI, 10 mg/ml; INH, 4 mg/ml; CLO, 0.5 mg/ml;
SPA, 1 mg/ml. The same concentrations were used to assay both single drugs and
combinations. MP in control wells received no drugs. Monolayers were incubated
for 3 days without change of the medium. Both control (untreated) MP on day
0 (time [T] 5 0) and control and drug-treated MP on day 3 were washed and
lysed as described above. MAC survival in drug-treated MP on day 3 was
expressed as a percentage of the CFU per well in untreated MP monolayers at
time zero (T5 0). Inhibition inside MP was defined as a survival of 100%6 10%
of the T 5 0 control. The significance of the differences of the survival values of
two-drug combinations versus each constituent drug and those of three-drug
combinations versus two-drug combinations was assessed by Student’s t test.

FIG. 1. Photomicrographs of an M. avium (strain 485) transparent colony
grown on Middlebrook 7H10 agar, observed by inverted microscope (A) and by
stereomicroscope (B). Bar 5 0.1 mm.

TABLE 1. MICs of combinations of drugs acting against six strains ofM. avium

Combination
MICa (mg/ml) for strain:

485 486 901 902 905 911

CLA-AMI 4, 2 4, 4 0.5, 0.25 1, 1 4, 2 0.25, 1
CLA-INH 4, 2 4, 1 1, 2 1, 4 4, 2 1, 1
CLA-SPA 4, 4 2, 0.25 0.5, 0.5 0.5, 2 4, 2 0.25, 0.12
CLA-EMB 4, 2 2, 1 1, 2 0.25, 0.12 4, 2 0.25, 0.12
CLA-CLO 4, 0.12 1, 0.03 0.5, 0.06 0.5, 0.03 2, 0.12 0.12, 0.03
CLA-RFB 4, 0.25 1, 0.06 0.5, 0.001 0.25, 0.03 1, 0.25 0.06, 0.002
CLA-INH-AMI 2.67, 1.33, 1.33 2, 0.5, 2 0.67, 1.33, 0.33 1, 4, 1 2.67, 1.33, 1.33 0.5, 0.5, 2
CLA-SPA-AMI 2.67, 2.67, 1.33 2, 0.25, 2 0.67, 0.67, 0.33 0.5, 2, 0.5 2.67, 1.33, 1.33 0.17, 0.08, 0.67
CLA-EMB-AMI 1.33, 0.67, 0.67 1, 0.5, 1 0.5, 1, 0.25 0.5, 0.25, 0.5 2, 1, 1 0.25, 0.12, 1
CLA-CLO-AMI 2, 0.06, 1 0.67, 0.02, 0.67 0.33, 0.04, 0.17 0.33, 0.02, 0.33 1.33, 0.08, 0.67 0.16, 0.04, 0.67
CLA-RFB-AMI 2.67, 0.17, 1.33 0.67, 0.04, 0.67 0.67, 0.001, 0.33 0.33, 0.04, 0.33 1.33, 0.33, 0.67 0.16, 0.005, 0.67

aMICs reported refer to the values of a drug in combination. For MICs of each drug alone, please see Table 2. MICs for each drug in a combination are given in
the same order as the drugs.
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RESULTS

Growth of MAC in human MP. Each MAC strain was grown
in MP cultures obtained from a different donor. Over a total of
23 experiments, all the six MAC strains tested were able to
grow inside the phagocytic cells; the average increase in bac-
terial cell count was 5.7 6 0.8 (standard error of the mean) on
day 3 and 21 6 5 times on day 7. Either uninfected or infected
MP retained more than 95% viability and did not appreciably
detach from the surface of the plates.
Comparison between MICs in human MP and those in

7H12 broth. Table 2 shows the MICs of CLA, AMI, SPA, CIP,
EMB, INH, CLO, and RFB determined in the MP model on
days 3 and 7 (MP3 and MP7, respectively) and in 7H12 broth.
Despite some strain-related differences, the median MICs in
MP were similar to or slightly lower than those found in 7H12
broth, with the exception of those of SPA and CIP, which were
lower in MP than in broth, and those of AMI, which were
slightly higher in MP. Median MICs in MP on day 7 were the
same as or 1 dilution higher than MICs in MP on day 3. On day
7, all the strains tested were still inhibited inside the MP at
concentrations achievable in serum of EMB, INH, CLO, and
RFB, while CLA, AMI, SPA, and CIP failed to so inhibit one
strain each. In this respect, there was a general agreement
between results obtained by the two methods except for SPA,
CIP, and CLA, which showed a higher activity in MP.
Combined drug activity determined by the radiometric

method. To measure the activity of the combinations, FIC
indices were determined (Table 3). In general, the antimicro-
bial combinations had additive or synergistic effects on the
strains tested except for CLA-AMI, which showed antagonistic

effect on one strain, and CLA-INH, which showed antagonistic
effect on two strains. CLA-CLO and CLA-RFB had a clear
synergistic effect on five of six strains, while CLA-EMB and
CLA-SPA were synergistic on two and three strains, respec-
tively. No synergistic effect of the combination CLA-INH was
found.
In general, the addition of AMI to the two-drug combina-

tions enhanced the synergistic activity of CLA-EMB and CLA-
CLO in all the strains. No substantial modification by AMI was
observed with all other two-drug combinations.
Combined drug activity determined in MP. Figure 2 shows

the intramacrophagic survival of the six MAC strains after 3
days of incubation in the presence of drugs, alone and in
combination, at concentrations achievable in serum. Each
strain was tested by using MP obtained from a different donor.
For each strain, the survival in drug-treated MP was expressed
as percentage of the CFU per well of untreated MP at T 5 0.
Bars indicate the mean survival values of the strains tested.
EMB, RFB, CLO, INH, and SPA (mean survival, 80, 58, 51,
49, and 26%, respectively) inhibited the growth of all the MAC
strains inside MP, while CIP, AMI, and CLA (mean survival,
74, 66, and 56%, respectively) failed to inhibit the multiplica-
tion of one strain each.
Notably, the strains showing resistance to the drugs above

were not the same for each drug. Rather, they corresponded to
the strains having higher MICs in MP such as, for instance,
strain 485, which was not inhibited by CIP, and strains 901 and
905, not inhibited by CLA and AMI, respectively (Table 2).
Among the combinations, CLA-CLO (mean survival, 21%)
significantly reduced CFU in comparison with each combina-

TABLE 2. MICs of various drugs against six strains ofM. avium

Strain no.

MIC (mg/ml) of:

CLA AMI SPA CIP EMB INH CLO RFB

MP3a MP7a Bb MP3 MP7 B MP3 MP7 B MP3 MP7 B MP3 MP7 B MP3 MP7 B MP3 MP7 B MP3 MP7 B

485 2 2 8 8 8 4 4 4 8 8 8 8 2 4 4 2 2 4 0.25 0.25 0.25 0.25 0.25 0.5
486 1 1 4 4 8 4 0.5 1 0.5 1 2 8 2 2 2 1 1 1 0.25 0.5 0.125 0.06 0.06 0.25
901 4 4 2 1 2 1 0.25 0.5 2 0.5 1 2 4 4 4 0.5 1 4 0.125 0.25 0.25 ,0.03 ,0.03 0.004
902 0.5 0.5 2 0.5 1 2 0.5 0.5 8 1 1 1 1 2 1 0.5 0.5 8 0.125 0.25 0.125 0.03 0.03 0.25
905 2 2 8 32 32 4 0.5 1 4 2 2 8 2 2 4 2 4 4 0.25 0.5 0.5 0.5 0.5 2
911 2 2 1 8 8 4 0.5 1 0.5 1 1 1 4 4 0.5 2 4 1 0.25 0.25 0.25 0.125 0.125 0.03

Median MIC 2 2 3 6 8 4 0.5 1 3 1 1.5 5 2 3 3 1.5 1.5 4 0.25 0.25 0.25 0.09 0.09 0.25
No. of strains
inhibitedc

5/6 5/6 3/6 5/6 5/6 6/6 5/6 5/6 2/6 5/6 5/6 3/6 6/6 6/6 6/6 6/6 6/6 5/6 6/6 6/6 6/6 6/6 6/6 5/6

aMICs in MP, as determined at days 3 (MP3) and 7 (MP7).
bMICs in 7H12 broth.
c Ratio of number of strains inhibited at concentrations achievable in serum to total number of strains. See Materials and Methods.

TABLE 3. FIC indices of combinations of drugs acting against six strains ofM. avium

Strain
no.

FIC indexa for the combination:

CLA-
AMI

CLA-
INH

CLA-
SPA

CLA-
EMB

CLA-
CLO

CLA-
RFB

CLA-
INH-AMI

CLA-
SPA-AMI

CLA-
EMB-AMI

CLA-
CLO-AMI

CLA-
RFB-AMI

485 1 1 1 1 1 1 1 1 0.5 0.75 1
486 2 2 1 1 0.5 0.5 1.5 1.5 0.75 0.5 0.5
901 0.5 1 0.5 1 0.5 0.5 1 1 0.75 0.5 1
902 1 1 0.5 0.25 0.5 0.25 1.5 0.75 0.75 0.5 0.5
905 1 1 1 1 0.5 0.25 1 1 0.75 0.5 0.5
911 0.5 2 0.5 0.5 0.25 0.125 1.5 0.5 0.75 0.5 0.5

a See Materials and Methods. The breakpoints of FIC indices are as follows: for two drugs, #0.5 for synergism, 1 for additivity, and $2 for antagonism; for three
drugs, #0.75 for synergism and #1.5 for additivity.

682 FATTORINI ET AL. ANTIMICROB. AGENTS CHEMOTHER.



torial drug (P 5 0.007, compared with CLO, and P 5 0.036,
compared with CLA). CLA-RFB (mean survival, 29%) was
significantly more active than RFB (P 5 0.024) but not more
active than CLA alone (P 5 0.18). The combinations of CLA
with CIP, EMB, INH, and SPA (mean survival, 53, 50, 36, and
26%, respectively) were not significantly more active than each
combinatorial drug.
CLA-AMI was less effective than either CLA or AMI alone.

The addition of AMI to the two-drug combinations did not
significantly improve the effectiveness of any combination with
the exception of the combination CLA-INH-AMI (mean sur-
vival, 19%; P 5 0.012 compared with CLA-INH, and P 5
0.029, compared with CLA-AMI).
Of interest is that the five-drug combination CLA-CLO-

INH-RFB-EMB (mean survival, 17%) was as active as CLA-
INH-AMI, CLA-CLO, or CLA-CLO-AMI and that any drug
combination with SPA (which was the most effective single
drug) was no more effective than SPA itself (Fig. 2).

DISCUSSION

Treatment of MAC infections in AIDS patients is often
unsuccessful not only because of the severe impairment of the
normal host defenses but also because of the emergence of
mutant strains resistant to antimicrobial agents. To overcome
these difficulties, combinations of different antimicrobial
agents have been widely investigated in vitro to identify favor-
able interactions among drugs (10, 12, 27, 28, 34).
In this study, we systematically investigated the activity of

several antimicrobial agents, alone or combined with CLA, or
CLA-AMI, against MAC strains from AIDS patients, both by
the radiometric method and in a model of infection in human
MP. Since opaque colonial variants of MAC are reported to be
more susceptible to antimicrobial agents (30, 32), only trans-
parent colonies from 7H10 plates were used throughout this

study. The six strains grew in MP to a different level, in general
about 6 times the original inoculum at day 3 and about 21 times
at day 7. These results are in keeping with previously reported
data on intracellular MAC growth (6, 26, 27, 37). Thus, we
determined MICs for eight antimicrobial agents used in MAC
infections by both methods. The results obtained warrant par-
ticular attention, as very few studies on MICs in MP for my-
cobacteria, and those obtaining MICs by testing one or two
drugs only, have been published previously (22, 23). Our re-
sults show that, regardless of strain-to-strain variability, there is
a general accordance between the two methods, the median
MICs being similar or only slightly lower (in particular with
SPA and CIP) in MP than in 7H12 broth. The results with
AMI, which showed MICs in five of six cases higher in MP than
in broth, are possibly due to the reported poor penetration of
the drug in the MP (31).
It remains somewhat surprising that antimicrobial agents

known to be appreciably concentrated inside the MP, such as
CLO (16), RFB (9), or CLA (2), had MICs very similar to
those found in broth. Our results with CLA are in keeping with
those of others (22), and the same phenomenon has been
recently described for quinolones on Mycobacterium tubercu-
losis (23). Of interest is also that some M. avium strains failed
to be inhibited inside phagocytes by CLA, AMI, SPA, and CIP,
at concentrations achievable in serum.
The activity of a large panel of CLA-containing combina-

tions, with or without AMI, was evaluated by the radiometric
method by the calculation of the FIC indices. Only combina-
tions of CLA-AMI on one strain and CLA-INH on two strains
showed antagonistic effects. CLA-CLO and CLA-RFB showed
a remarkable synergistic effect on five of six strains, but other
combinations such as CLA-EMB and CLA-SPA also showed a
synergistic effect on two and three strains, respectively. The
addition of AMI to the combinations further improved the

FIG. 2. Activity of EMB, CIP, AMI, RFB, CLA, CLO, INH, and SPA, used alone and in combination against MAC inside MP, after 3 days of incubation. MAC
survival in drug-treated MP was expressed as a percentage of CFU per well in untreated MP at time zero (T 5 0 control). For each drug, concentrations achievable
in serum were used (see Materials and Methods). Bars show mean survival for strains tested. p, P , 0.05, Student’s t test (see Results).
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activity of only CLA-EMB and CLA-CLO. Differences in
methods and combinations used, or in the mode of reporting
the results, make particularly hard a direct comparison be-
tween our data and those of others. Nevertheless, enhanced
activity for CLA-EMB combination in vitro has already been
reported (10, 27), while CLA-SPA (used at a sublethal fixed
concentration) showed enhancement of activity only on 1 of 10
strains (28).
Single drugs and combinations, used at concentrations

achievable in serum, were also assayed in the MP model to
obtain a general insight into the inhibitory or killing capacity of
each drug or combination in this model. No single drug or
combination could be strictly defined as bactericidal at the time
used (3 days) because in no cases did we obtain a reduction of
2 logs in the viable counts, in comparison with controls at time
zero. Nevertheless, only a few strains failed to be inhibited by
single drugs and all but one were inhibited by all the combi-
nations tested.
Moreover, differences in the activity of various combinations

could be demonstrated, showing that not only did further
growth of initial MAC inoculum generally not occur but also
that the antibiotics caused a significant decrease in the CFU
number, in comparison with single drugs. In particular, CLA-
CLO and CLA-RFB showed a strong reduction in viable
counts compared with single drugs.
The same MP model has been used by others to assess the

activity of some of our combinations, such as CLA-EMB (27,
35), CLA-RFB (26), CLA-AMI (33), and CLA-SPA (28). In
these cases, too, no reduction in viable counts higher than 1 log
in 3 to 7 days was usually obtained, in keeping with our results.
In general, the addition of AMI did not improve the effect of

combinations except for CLA-INH-AMI, which significantly
reduced the viable counts, in comparison with either CLA-
INH or CLA-AMI. Combinations of CLA-AMI were no more
active than single drugs in MP, nor more effective in animal
models than CLA alone (8, 18, 19). The combination CLA-
INH-AMI has also been evaluated with the MP model despite
the fact that, on the basis of published evidence (14), a negative
result was expected. It was therefore surprising to see that
either INH itself or its addition to CLA or CLA-AMI resulted
in a consistent anti-MAC activity in the MP model, contrasting
with the results in vitro.
Even if there are rare reports on the use of INH in human

MAC infections (2, 29), its administration as a therapeutic
adjunct is discouraged (11, 20) and no animal models have
been extensively evaluated. Considering that the mechanisms
of action of this drug are not yet fully elucidated (1), it could
be interesting to investigate the activity of INH, in combination
with other antimicrobial agents, such as CLA-AMI, in appro-
priate animal models.
Each experimental model used here to assess the effective-

ness of anti-MAC drugs has its own limitations; the MP model,
for instance, has several limits, such as the differences from
donor to donor in supporting the intramacrophagic growth and
the time required to have the results. Nevertheless, our data
emphasize that, for such difficult-to-treat infections as those
caused by MAC, a number of approaches should be used in
testing for antimicrobial susceptibility, so as to facilitate fur-
ther in vivo experimentation with drug combinations. Among
these approaches, the comparative analysis of which we have
given an example here may offer useful information for design-
ing drug interaction experiments in animal models.
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REFERENCES
1. Banerjee, A., E. Dubnau, A. Quemard, V. Balasubramanian, K. S. Um, T.
Wilson, D. Collins, G. deLisle, and W. R. Jacobs, Jr. 1994. inhA, a gene
encoding a target for isoniazid and ethionamide in Mycobacterium tubercu-
losis. Science 263:227–230.

2. Barradell, L. B., G. L. Plosker, and D. McTavish. 1993. Clarithromycin. A
review of its pharmacological properties and therapeutic use in Mycobacte-
rium avium-intracellulare complex infection in patients with acquired im-
mune deficiency syndrome. Drugs 46:289–312.

3. Berenbaun, M. C. 1978. A method for testing for synergy with any number
of agents. J. Infect. Dis. 137:122–130.

4. Bermudez, L. E. M., P. Stevens, P. Kolonoski, M. Wu, and L. S. Young. 1989.
Treatment of experimental disseminated Mycobacterium avium complex in-
fection in mice with recombinant IL-2 and tumor necrosis factor. J. Immu-
nol. 143:2996–3000.

5. Boyum, A. 1968. Isolation of mononuclear cells and granulocytes from hu-
man blood. Scand. J. Clin. Lab. Invest. Suppl. 21:77–89.

6. Cohen, Y., C. Perronne, C. Truffot-Pernot, J. Grosset, J.-L. Vilde, and J.-J.
Pocidalo. 1992. Activities of WIN-57273, minocycline, clarithromycin, and
14-hydroxy-clarithromycin against Mycobacterium avium complex in human
macrophages. Antimicrob. Agents Chemother. 36:2104–2107.

7. Fattorini, L., C. Q. Hu, S. H. Jin, C. Santoro, A. Y. Tsang, M. T. Mascellino,
F. Mandler, and G. Orefici. 1992. Activity of antimicrobial agents against
Mycobacterium avium-intracellulare complex (MAC) strains isolated in Italy
from AIDS-patients. Zentralbl. Bakteriol. 276:512–520.

8. Fernandes, P. B., D. J. Hardy, D. McDaniel, C. W. Hanson, and R. N.
Swanson. 1989. In vitro and in vivo activities of clarithromycin against My-
cobacterium avium. Antimicrob. Agents Chemother. 33:1531–1534.

9. Gerding, D. N., L. R. Peterson, C. E. Hughes, D. M. Bamberger, and T. A.
Larson. 1991. Extravascular antimicrobial distribution and the respective
blood concentrations in humans, p. 880–961. In V. Lorian (ed.), Antibiotics
in laboratory medicine. The Williams & Wilkins Co., Baltimore.

10. Gevaudan, M. J., C. Bollet, M. N. Mallet, and P. de Micco. 1993. In vitro
evaluation of clarithromycin, temafloxacin, and ethambutol in combination
against Mycobacterium avium complex. J. Antimicrob. Chemother. 31:725–
730.

11. Heifets, L. B. 1991. Dilemmas and realities in drug susceptibility testing ofM.
avium-intracellulare and other slowly growing nontuberculous mycobacteria,
p. 123–146. In L. B. Heifets (ed.), Drug susceptibility in the chemotherapy of
mycobacterial infections. CRC Press, Inc., Boca Raton, Fla.

12. Heifets, L. B. 1991. Drug combinations, p. 179–199. In L. B. Heifets (ed.),
Drug susceptibility in the chemotherapy of mycobacterial infections. CRC
Press, Inc., Boca Raton, Fla.

13. Heifets, L., N. Mor, and J. Vanderkolk. 1993. Mycobacterium avium strains
resistant to clarithromycin and azithromycin. Antimicrob. Agents Che-
mother. 37:2364–2370.

14. Heifets, L. B., P. J. Lindholm-Levy, and M. Flory. 1991. Comparison of
bacteriostatic and bactericidal activity of isoniazid and ethionamide against
Mycobacterium avium andMycobacterium tuberculosis. Am. Rev. Respir. Dis.
143:268–270.

15. Hoffner, S. E., N. Heurlin, B. Petrini, S. B. Svenson, and G. Källenius. 1994.
Mycobacterium avium complex develop resistance to synergistically active
drug combinations during infection. Eur. Respir. J. 7:247–250.

16. Holdiness, M. R. 1989. Clinical pharmacokinetics of clofazimine. A review.
Clin. Pharmacokinet. 16:74–85.

17. Inderlied, C. B., C. A. Kemper, and L. E. M. Bermudez. 1993. The Myco-
bacterium avium complex. Clin. Microbiol. Rev. 6:266–310.

18. Ji, B., N. Lounis, C. Truffot-Pernot, and J. Grosset. 1994. Effectiveness of
various antimicrobial agents against Mycobacterium avium complex in the
beige mouse model. Antimicrob. Agents Chemother. 38:2521–2529.

19. Klemens, S. P., M. S. DeStefano, and M. H. Cynamon. 1992. Activity of
clarithromycin against Mycobacterium avium complex infection in beige
mice. Antimicrob. Agents Chemother. 36:2413–2417.

20. Masur, H. 1993. Recommendations on prophylaxis and therapy for dissem-
inated Mycobacterium avium complex disease in patients infected with the
human immuno-deficiency virus. N. Engl. J. Med. 329:898–904.

21. Meylan, P. R., D. D. Richman, and R. S. Kornbluth. 1990. Characterization
and growth in human macrophages of Mycobacterium avium complex strains
isolated from the blood of patients with acquired immunodeficiency syn-
drome. Infect. Immun. 58:2564–2568.

22. Mor, N., and L. Heifets. 1993. MICs and MBCs of clarithromycin against
Mycobacterium avium complex within human macrophages. Antimicrob.
Agents Chemother. 37:111–114.

23. Mor, N., J. Vanderkolk, and L. Heifets. 1994. Inhibitory and bactericidal
activities of levofloxacin against Mycobacterium tuberculosis in vitro and in
human macrophages. Antimicrob. Agents Chemother. 38:1161–1164.

24. Nakagawara, A. C., and C. F. Nathan. 1983. A simple method for counting
adherent cells: application to cultured human monocytes, macrophages and
multinucleated giant cells. J. Immunol. Methods 56:261–268.

684 FATTORINI ET AL. ANTIMICROB. AGENTS CHEMOTHER.



25. Nightingale, S. D., L. T. Byrd, P. M. Southern, J. D. Jockusch, S. X. Cal, and
B. A. Wynne. 1992. Incidence ofMycobacterium avium-intracellulare complex
bacteremia in human immunodeficiency virus-positive patients. J. Infect.
Dis. 165:1082–1085.

26. Perronne, C., A. Gikas, C. Truffot-Pernot, J. Grosset, J.-J. Pocidalo, and
J.-L. Vilde. 1990. Activities of clarithromycin, sulfisoxazole, and rifabutin
against Mycobacterium avium complex multiplication within human macro-
phages. Antimicrob. Agents Chemother. 34:1508–1511.

27. Rastogi, N., and V. Labrousse. 1991. Extracellular and intracellular activities
of clarithromycin used alone and in association with ethambutol and ri-
fampin against Mycobacterium avium complex. Antimicrob. Agents Che-
mother. 35:462–470.

28. Rastogi, N., V. Labrousse, K. S. Goh, and J. P. C. De Sousa. 1991. Antimyco-
bacterial spectrum of sparfloxacin and its activities alone and in association
with other drugs against Mycobacterium avium complex growing extracellu-
larly and intracellularly in murine and human macrophages. Antimicrob.
Agents Chemother. 35:2473–2480.

29. Ruf, B., D. Schurmann, H. Mauch, G. Jautzke, F. J. Fehrenbach, and H. D.
Pole. 1992. Effectiveness of the macrolide clarithromycin in the treatment of
Mycobacterium avium complex infection in HIV-infected patients. Infection
20:267–272.

30. Saito, H., and H. Tomioka. 1988. Susceptibility of transparent, opaque, and
rough colonial variants of Mycobacterium avium complex to various fatty
acids. Antimicrob. Agents Chemother. 32:400–402.

31. Van der Auwera, P. 1991. Interactions between antibiotics and phagocytosis

in bacterial killing. Scand. J. Infect. Dis. Suppl. 74:42–48.
32. Woodley, C. L., and H. L. David. 1976. Effect of temperature on the rate of

the transparent to opaque colony type transition in Mycobacterium avium.
Antimicrob. Agents Chemother. 9:113–119.

33. Yajko, D. M. 1992. In vitro activity of antimicrobial agents against the My-
cobacterium avium complex inside macrophages from HIV1-infected indi-
viduals: the link to clinical response to treatment? Res. Microbiol. 143:411–
419.

34. Yajko, D. M., J. Kirihara, C. Sanders, P. Nassos, and W. K. Hadley. 1988.
Antimicrobial synergism against Mycobacterium avium complex strains iso-
lated from patients with acquired immune deficiency syndrome. Antimicrob.
Agents Chemother. 32:1392–1395.

35. Yajko, D. M., P. S. Nassos, C. A. Sanders, P. C. Gonzalez, and W. K. Hadley.
1992. Comparison of the intracellular activities of clarithromycin and eryth-
romycin against Mycobacterium avium complex strains in J774 cells and in
alveolar macrophages from human immunodeficiency virus type 1-infected
individuals. Antimicrob. Agents Chemother. 36:1163–1165.

36. Yajko, D. M., P. S. Nassos, C. A. Sanders, and W. K. Hadley. 1989. Killing
by antimycobacterial agents of AIDS-derived strains of Mycobacterium
avium complex inside cells of the mouse macrophage cell line J774. Am. Rev.
Respir. Dis. 140:1198–1203.

37. Yajko, D. M., P. S. Nassos, C. A. Sanders, and W. K. Hadley. 1991. Effects
of antimicrobial agents on survival of Mycobacterium avium complex inside
alveolar macrophages obtained from patients with human immunodeficiency
virus infection. Antimicrob. Agents Chemother. 35:1621–1625.

VOL. 39, 1995 ANTI-M. AVIUM ACTIVITY OF DRUG COMBINATIONS 685


