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The activity of telithromycin, a new ketolide, was evaluated in vitro and in vivo against Mycobacterium avium
complex (MAC) strains. The MIC of telithromycin for several M. avium isolates obtained from the blood of
AIDS patients ranged from 16 to >128 pg/ml (MIC at which 90% of isolates are inhibited, >128 pg/ml), and
the compound did show activity in the macrophage system at concentrations greater than 8 or 16 pg/ml, but
this was dependent on the MAC strain used. Telithromycin was then administered to mice infected with MAC
strain 101 for 4 weeks at doses of 100, 200, or 400 mg/kg of body weight/day. Treatment with 100 and 200
mg/kg/day was bacteriostatic, but at 400 mg/kg/day telithromycin was bactericidal for MAC strains. The
frequency of the emergence of resistance to telithromycin was low despite prolonged usage (12 weeks). This
study demonstrates that telithromycin is active in vivo against MAC and warrants further evaluation.

Isolates of the Mycobacterium avium complex (MAC) are
intracellular pathogens associated with both lung disease and
disseminated infection in patients with AIDS (12, 14). Effica-
cious treatment for MAC infection is based on the use of new
macrolides such as clarithromycin, azithromycin, and roxithro-
mycin (3, 10, 22). However, additional drugs with anti-MAC
activity are needed.

Telithromycin (HMR3647) is a ketolide, i.e., a semisynthetic
derivative of erythromycin A, which differs from erythromycin
A by substitution of a 3-keto group for L-cladinose. Previously,
we reported that HMR3004 was active against MAC in vivo,
although its effect was bacteriostatic (5). HMR3004 has a C,;-
C,, carbamate on which a quinoline group is attached through
a propyl chain, but it is no longer in clinical development.
Telithromycin, in contrast, has a carbamate group linked to an
imidazolium and pyridinium nucleus at C;;-C,, (1, 9). Te-
lithromycin has been shown to have potent activity against
gram-positive organisms (17), Toxoplasma gondii (2), and Le-
gionella pneumophila (11). In addition, telithromycin was
shown to accumulate in polymorphonuclear neutrophils and
macrophages in a nonsaturable fashion (18).

Resistance to clarithromycin has been shown to develop
after a few months of therapy (10), and clarithromycin-resis-
tant strains are cross resistant to azithromycin, roxithromycin,
and ketolides (19). Previous work raised the possibility that the
use of macrolides that achieve high concentrations in tissue,
such as azithromycin and telithromycin, might be associated
with a lower frequency of reistance than macrolides with high
concentrations in serum, such as clarithromycin.

We have examined the anti-MAC activity of telithromycin
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both in vitro and in vivo. Furthermore, we have assessed the
development of resistance to telithromycin during the course
of prolonged experimental MAC infection.

MATERIALS AND METHODS

Antimicrobial agents. Telithromycin (formerly, HMR3647) was provided by
Roussel Uclaf (Romanville, France).

The potency of the drug was confirmed by using standard American Type
Culture Collection (ATCC) quality control strains Escherichia coli ATCC 25922
and Staphylococcus aureus ATCC 29213, Telithromycin was prepared for admin-
istration by gavage by suspending it in 0.2% Tween 80 plus 2.5% gum arabic
(Sigma Chemical Co.), as described previously (5).

Mycobacteria. The strains of MAC used in the present study (strains 100, 101,
102, 103, 104, 105, 107, 108, 109, 110, 111, 113, 116, 117, 128, 501, 502, 502, 504,
505, 506, 507, and 508) were isolated from the blood of human immunodeficiency
virus-infected patients (each strain was isolated from a different AIDS patient)
with disseminated MAC disease, and each isolate was identified as M. avium by
using a commercially available DNA probe (Gen-Probe Inc., San Diego, Calif.).
MAC strain 101 (serovar 1), MAC strain 109 (serovar 4), and MAC strain 100
(serovar 8) were used for all macrophage assays. MAC strain 101 was used in the
animal studies. MAC 101 is a virulent strain in the beige mouse test system, and
this strain causes reproducible levels of infection and mortality in beige mice (8).
MAC organisms were cultured in Middlebrook 7H10 agar medium (Difco Lab-
oratories, Detroit, Mich.) supplemented with oleic acid, albumin, dextrose, and
catalase (OADC; Difco) for 10 days at 37°C. Only transparent colony types were
used in the studies. For the macrophage and mouse studies, the colonies were
harvested and suspended in Hanks’ balanced salt solution to concentrations of
1 X 10% and 3 X 10® CFU/ml, respectively, by comparison with a McFarland no.
1 turbidity standard; samples were plated onto 7H10 agar to confirm the con-
centration of the inoculum.

Beige mice were infected intravenously with 100 wl of the original suspension
(3 X 107 MAC 101 bacteria per ml). Before infection of the 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.

In vitro susceptibility testing. MICs were determined by a radiometric broth
macrodilution method and the T100 method of data analysis (16). The inoculum
for susceptibility testing was prepared by picking 5 to 10 colonies from a 7H11
agar plate and placing them into 7H9 broth; it was then tested directly or frozen
at —70°C. The inoculum was adjusted to approximately 5 X 10* CFU/ml by
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TABLE 1. Activity of telithromycin against intracellular
MAC strains

Drug No. of CFU/ml of macrophage lysate at day 4“
dose
(ng/ml) MAC 100 MAC 101 MAC 109
None (9.8=0.1)x 10° (82+02)x10° (8.1=0.2) X 10°
1 (96=x01)x10° (7.9+0.1)x10° (7.6 =0.1) X 10°
2 (90+01)x10° (7.6 £03)x10° (6.3 +0.2) X 10°
4 (719+01)%x10°  (6.6*04)X10° (55+02) % 10°
8 (59+01)x10° (5.6=0.1)x10° (3.6 =0.1) X 10°®
16 (48+02) X 10%  (45+02) X 10 (2.5+0.1) X 10
32 (26=03)x10® (35+=0.1)x 10" (1.9 =0.2) x 10®
64  (1.6+0.1)Xx10®> (3.0=0.1)x10% (1.6 +0.3) X 10°
128 (6.5 =0.1) X 10 (2.6 £0.4) X 10°> (1.2 = 0.4) X 10*

“ The numbers of intracellular bacteria at time zero (after infection but before
treatment) were as follows: MAC 100, (8.5 = 0.2) X 10%; MAC 101, (7.9 = 0.3) X
10% MAC 109, (7.4 + 0.2) x 10*

b P < 0.5 compared with the value for controls at 4 days (bacteriostatic
activity).

¢ P < 0.5 compared with the baseline level at time zero (bactericidal activity).

comparison with a McFarland no. 1 turbidity standard. Isolates that clumped and
that could not be easily dispersed were shaken with glass beads. Controls in-
cluded the inoculum undiluted without added drug (no-drug control), the inoc-
ulum diluted 1:100 (99% control), and the 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 system. The period of
observation and the end points were determined by daily monitoring of the
control and test cultures, but a period of 7 days was sufficient for most isolates.
MAC 101 was tested against amikacin to control for overall test performance.

Human macrophage studies. The source of macrophages was the human
monocyte cell line U937 cultured in RPMI 1640 medium (pH 7.2) (Gibco,
Chicago, Ill.) supplemented with 5% fetal bovine serum (Sigma Chemical Co.)
and 2 mM L-glutamine. The cells were grown to a density of 5 X 10° cells per ml
and were 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.). Monolayers were treated with 0.5 mg 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 in the
extent of cell detachment was observed among the several treatment and control
groups.

M. avium strains were cultured for 10 days in Middlebrook 7H10 agar (Difco
Laboratories). On the day of the experiment, the bacteria were harvested,
washed twice in Hank’s balanced salt solution, and suspended in Hank’s bal-
anced salt solution; and a dispersed inoculum was prepared as described above.
The turbidity of the suspension was adjusted so that it was equivalent 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 wl of the final suspension, and the actual number of CFU per milliliter
for the final suspension was determined by quantitative plate counts. Four hours
after infection, the number of CFU of mycobacteria per well of the macrophage
monolayer was determined by lysing the macrophages and performing quantita-

TABLE 2. Telithromycin concentration in the blood of mice”

Concn in blood (ng/ml) for the following dose:

Time (h)
100 mg/kg 200 mg/kg 400 mg/kg
0.5 3.90 6.64 9.51
1 3.95 8.12 8.78
2 491 11.47 11.07
4 3.97 9.18 9.41
8 2.16 7.36 8.86

“ Three uninfected mice were given telithromycin orally for each time point
and dose. Blood was obtained via the tail vein. Drug levels in tissue have been
published previously (9).
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tive plate counts to establish the initial inoculum (baseline), as reported previ-
ously (4). The infected monolayers were then treated with telithromycin (con-
centration range, 1 to 128 pg/ml). 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 described previously (4). 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 [SDS] 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 macrophage lysates were resuspended in 0.5 ml of 20%
bovine serum in sterile water to neutralize the SDS. The suspension was vortex
agitated for 2 min to ensure 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
quantitation 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 onto 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 the mean number of
CFU per milliliter of macrophage lysate. Each assay was performed in triplicate,
and each experiment was repeated six times.

Animal studies. The potential therapeutic efficacy of telithromycin was deter-
mined by using the beige mouse test system as described previously (4, 6, 20).
This system uses 6- to 7-week-old female C57BL/6 bg* bg* mice (Jackson
Laboratories, Bar Harbor, Maine). Briefly, the mice were infected through the
caudal vein with 3 X 107 MAC 101 bacteria, and after 7 days, treatment was
initiated with telithromycin at a dosage of 100, 200, and 400 mg/kg of body weight
per day for 4 weeks (chosen on the basis of simulated kinetics in humans). The
drug was administered by daily gavage for 28 days. A control group of mice was
infected but received sucrose syrups in place of the antibiotic. An additional
group of mice was examined 7 days after infection in order to establish the level
of infection before the initiation of therapy. Sixteen 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 OADC for quantitation of viable bacteria. The
number of mycobacteria in the blood was determined by collecting 0.05 ml of
blood at day 7 and day 28. The number of CFU per milliliter of blood was
determined by inoculating the blood into 4 ml of BACTEC 12B medium
(Johnston Laboratories, Sparks, Nev.) and by the T100 method of data analysis
as described previously (16).

Emergence of resistance. Detection of the emergence of resistance was per-
formed as described previously (7). Briefly, the mice were infected with 4 X 107
CFU intravenously, and after 7 days, 10 mice per experiment were harvested to
establish the baseline level of infection. Telithromycin was administered at 200
mg/kg/day by gavage over the entire period (up to 12 weeks). Control mice
received the same vehicle without drug. Fifteen mice were harvested per exper-
imental group at 0, 8, and 12 weeks after the initiation of therapy, and the spleens
were removed and cultured in a quantitative manner. To decrease the possibility
of carryover, mice were killed 48 h after they received the last dose of the drug.

Twelve to 20 mice were used per group or time point. The mice were killed,
and the spleens were removed by aseptic dissection. The organs were weighed
and homogenized in Middlebrook 7H9 broth. Aliquots of the suspensions were
plated onto 7H11 agar with OADC and onto 7H11 agar with OADC and
telithromycin (128 pg/ml). The frequency of resistance was determined by count-
ing the number of CFU per gram of tissue growing on plates with and without
antibiotic. The plates were incubated for 8 to 10 days at 37°C, and the number of
CFU were counted. Both the total number of colonies and the number of
resistant colonies per mouse were taken into consideration to calculate the
frequency of resistance. MAC strains isolated from mice that developed micro-
biological evidence of telithromycin resistance were tested in vitro to determine
the MIC of telithromycin with the BACTEC system, as described above. If more
than one colony was isolated from a culture, a sweep of all colonies was taken for
testing.

Resistance to telithromycin was defined as an MIC greater than 128 pg/ml,
based on the similarity of pharmacokinetics between telithromycin and azithro-
mycin (9, 11).

Statistical analysis. The differences between results for the untreated control
and the experimental groups in the macrophage experiments at identical time
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FIG. 1. Effect of telithromycin treatment on the number of viable
MAC bacteria in blood (A), spleen (B), and liver (C) following 4 weeks
of treatment. Sixteen mice were used per experimental group. Data
represent the mean * standard error.
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points were determined by the Mann-Whitney nonparametric test. The statistical
significance of the differences between the number of organisms recovered from
the spleens, livers, and blood was evaluated by one- or two-variable analysis of
variance. Differences between the results for experimental groups and between
the results for the experimental groups and the control groups were considered
statistically significant if P values were <0.05.

RESULTS

MIC studies. The MICs at which 50 and 90% of isolates
were inhibited for 24 MAC strains (blood isolates) were 128
and 128 pg/ml, respectively. Seventeen of the individual strains
tested were resistant to telithromycin at concentrations of 128
pg/ml or higher, and the range of MICs for the 23 strains
tested varied from 32 to >128pg/ml.

Human macrophage studies. As shown in Table 1, telithro-
mycin had no inhibitory activity against intracellular MAC
strains 100 and 101 at concentrations less than 16 wg/ml, while
inhibitory activity against strain 109 was observed in the pres-
ence of 8 pg/ml after 4 days of treatment. Only the concentra-
tion of 128 pg/ml was bactericidal for MAC 100. No other
bactericidal activity was observed in this system with the con-
centrations used.

Therapeutic studies with mice. Telithromycin was adminis-
tered orally at doses of 100, 200, and 400 mg/ml daily; these
doses were based on the levels obtained in serum (Table 2).
Telithromycin was not toxic, and its administration was not
associated with increased rates of mortality. While 35% of the
untreated control mice survived the experiment, 60% of the
mice receiving 100 mg of telithromycin per ml, 75% of the mice
receiving 200 mg of telithromycin per ml, and 85% of the mice
receiving 400 mg of telithromycin per ml survived the period of
the study. As shown in Fig. 1A to C, there was a dose-related
effect according to the dose of telithromycin used. While con-
centrations of 100 and 200 mg/kg/day were bacteriostatic com-
pared to the level of infection at day 7 (before treatment), the
dose of 400 mg/kg showed bactericidal activity in both the
livers and the spleens, and treatment at these doses resulted in
a significant reduction (approximately 1 log) in the number of
bacteria in the blood.

Emergence of resistance. Treatment with telithromycin re-
sulted in a low frequency of resistance. Table 3 shows the
number of mice from which telithromycin-resistant MAC
strains were isolated over time and the frequency of resistance
to the drug among these isolates. While the frequency of the
emergence of strains resistant to telithromycin was statistically
significantly greater compared with the frequency of emer-
gence of resistant MAC strains isolated from untreated mice at
both weeks 8 and 12, the frequency was nonetheless low. The
telithromycin MICs for the resistant strains were 512 wg/ml or
greater.

DISCUSSION

Telithromycin showed weak activity against MAC in vitro,
with MICs of 16 or greater, but it was significantly active
against MAC infection in vivo. The activity in vivo was dose
dependent. Telithromycin was bacteriostatic at doses of 100
and 200 mg/kg/day, but it was bactericidal at a dose of 400
mg/kg/day. Telithromycin was significantly more active on a
weight basis than HMR3004 for the treatment of MAC infec-
tion in a similar mouse system (5).
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TABLE 3. Incidence of telithromycin-resistant MAC and frequency
of telithromycin resistance in splenic homogenates

No. of mice
with resistant
bacteria/total Frequency of resistance®
Treatment no. of mice
tested

8 wk 12 wk 0 wk 8 wk 12 wk
Telithromycin ~ 12/20  6/16 0 9.0x 1077 74x10°°
Control 0/12  8/12 0 0 6.2%x 1077
P value >0.05 0.01 0.01

“Based on the number of bacteria per gram of tissue by plating spleen ho-
mogenate onto a 7H10 agar plate containing 128 g of telithromycin per ml and
compared with the number of bacteria per gram of tissue on plates without
antibiotic. The telithromycin MICs for the resistant strains were 512 pg/ml or
higher.

Other studies found that telithromycin is active for the treat-
ment of infections caused by another intracellular pathogen, L.
pneumophila, in guinea pigs (11) and T. gondii in murine mod-
els of infection (2).

The pharmacokinetics of telithromycin are compatible with
those for a compound that achieves a very high concentration
within cells and a low concentration in serum (18). In fact, our
in vitro results suggest that a very high concentration within the
cell is needed in order to inhibit the growth of or kill MAC.
However, the findings obtained with the macrophage system
appear to indicate that one needs a high concentration of
telithromycin outside the cell to achieve the needed high con-
centration within the cell. A plausible explanation for this
finding is that telithromycin penetrates macrophages very
slowly and that the 4 days of the macrophage assay were not
long enough to allow the drug to concentrate within the cells.
It is possible that the macrophage system, with only 4 days of
incubation, has a limited ability to identify active compounds
when the concentration necessary to inhibit the growth or kill
the intracellular pathogen is high.

A recent study has demonstrated that telithromycin accu-
mulates up to 300 times within phagocytic cells and that it is
poorly released from uninfected cells (21). In polymorphonu-
clear neutrophils, more than 75% of the molecule was recov-
ered in the azurophil granule fraction. Since MAC inhibits
phagosome fusion with the lysosome, this property may well
explain why telithromycin administered at low concentrations
for 4 days did not inhibit MAC strains in macrophages. In
contrast, we observed that telithromycin was effective for the
treatment of MAC infection. Thus, telithromycin is the second
ketolide with anti-MAC activity in mice (5), although the anti-
MAC activity was inferior to the activities of azithromycin and
clarithromycin reported previously (13, 15).

With regard to the important issue of the emergence of
resistance, treatment with telithromycin was apparently asso-
ciated with a lower frequency of emergence of resistance than
treatment with clarithromycin (7) and a frequency of emer-
gence of resistance comparable to that obtained with azithro-
mycin (7). Even though we did not compare the frequency of
emergence of resistance to the three compounds side by side,
we have evaluated the frequency of emergence of resistance to
both clarithromycin and azithromycin for many years, always
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with consistent results. Although limited, our observations thus
far suggest that compounds that achieve very high concentra-
tions within cells may be associated with a lower frequency of
emergence of resistance among MAC strains than compounds
that achieve high concentrations in serum.

Clinical resistance to macrolides is primarily due to a single
mutation in the 23s rRNA gene (19). Thus far, all macrolide-
resistant strains that we have tested are also resistant to keto-
lides (data not shown). Therefore, ketolides cannot be used as
alternative therapies when macrolides fail.

In summary, we described the anti-MAC activity of telithro-
mycin, an antibiotic that, despite its poor activity in vitro,
showed significant efficacy in the treatment of MAC infection
in mice, likely due to its pharmacokinetic properties.
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