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The ketolides HMR 3004 and HMR 3647 (telithromycin) are a new class of macrolides that have a potential
clinical efficacy against intracellular pathogens. The objectives of this study were to investigate the MIC, mini-
mum bactericidal concentration, and time-dependent killing of two Chlamydia pneumoniae strains of the two keto-
lides. The killing effect was also studied with a newly developed intracellular in vitro kinetic model. Furthermore,
HMR 3647 was studied for the effect of a subinhibitory concentration of 0.5 times the MIC after a preexposure
of 10 times the MIC during 12 h. The MICs for both strains were 0.0039 and 0.0156 mg/liter for HMR 3004
and HMR 3647, respectively. Killing with 10 times the MIC was time dependent, increasing from a 1-log-unit
decrease in the number of inclusions per well at 48 h to a maximal effect of 2.8-log-unit decrease after 96 h. A
preexposure of 10 times the MIC of HMR 3647 for 12 h followed by a subinhibitory concentration of 0.5 times
the MIC increased the killing effect to a 1.2-log-unit reduction in inclusions per well. An exposure for 12 h gave
poor reduction of inclusions, while a static dose of 10 times the MIC for 72 h showed a 2.2-log-unit reduction
in inclusions per well. In the kinetic model, a small number of inclusions were detected after 72 h by one exposure
of 10 times the MIC. Regrowth could not be detected after 120 h. The ketolides HMR 3004 and HMR 3647 have

bactericidal activity and show a significant sub-MIC effect on the intracellular pathogen C. pneumoniae.

Chlamydia pneumoniae is an obligate intracellular bacterium
with a growth cycle of 72 h. It is a widespread human pathogen
causing a variety of community-acquired respiratory tract in-
fections in adults and children. Several reports have indicated
that chronic C. pneumoniae infections may be associated with
coronary heart disease, atherosclerosis, and asthma (4, 9, 12,
17). Although the acute infection is usually self-limiting, pro-
longed respiratory symptoms are sometimes a feature, and in
such cases C. pneumoniae has been difficult to eradicate with
antibiotics (6, 7). The optimal choice of antibiotic treatment
and dosing regimen still needs to be defined.

Pharmacodynamic studies are important tools for the deter-
mination of optimal dosing regimens of antimicrobial agents.
The ketolides, a new class of macrolides characterized by a
3-keto function, which gives a strong acid stability (3), act by
inhibiting bacterial protein synthesis. The ketolides have
shown in vitro activity against a broad range of respiratory tract
pathogens (1, 2, 15; I. Odenholt, E. Lowdin, and O. Cars,
Abstr. 39th Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. 540, 1999). Although macrolide antibiotics show long
postantibiotic effects, their antibacterial activity is not concen-
tration dependent. The major determinant of efficacy is the
time that free drug concentrations are greater than the MIC
(5). The pharmacodynamics of the ketolides is less well known.
However, significant postantibiotic effect and postantibiotic
sub-MIC effect have been demonstrated for the ketolides
(Odenbholt et al., 39th ICAAC). They have been shown to
accumulate in phagocytes (19, 20) and have potential clinical
efficacy against intracellular pathogens, e.g., Legionella spp.
(18) and C. pneumoniae (16).

We have investigated the MICs, minimum bactericidal con-
centrations (MBCs) and pharmacodynamics for two C. pneu-
moniae strains of the two ketolides HMR 3004 and HMR 3647
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with static antibiotic concentrations. HMR 3647 was also stud-
ied with respect to the effect of a subinhibitory concentration
following a preexposure to 10 times the MIC during 12 h.
Furthermore, we developed an intracellular kinetic model
where the killing could be monitored for up to 5 days.

MATERIALS AND METHODS

Cell culture. Human epithelial cell line HEp-2 (ATCC CCL 23) was grown in
medium consisting of RPMI 1640 (Gibco BRL, Life Technologies Ltd., Paisly,
United Kingdom), 10% fetal calf serum, 20 mM HEPES, 2 mM glutamine, and
0.05% NaHCO; at 35°C in 5% CO,. The cells were treated with trypsin and
distributed in 48-well cell culture plates at a density of 10° to 2 X 10° cells/ml and
grown for 24 h to a monolayer. In the kinetic model, Falcon cell culture inserts
(pore size, 0.4 wm) were used instead of cell culture plates. During the experi-
ments 5% fetal calf serum was used, and the medium was supplemented with
0.03 M glucose and 1 pg of cycloheximide (Sigma, St. Louis, Mo.)/ml. The pH
was 7.2 = 0.2 throughout the experiments.

Preparation of antibiotics. HMR 3004 and HMR 3647 with known potencies
were kindly provided by Hoechst-Marion-Roussel, Romainville, France. A fresh
stock solution was made before each experiment by dissolving 10.2 mg of the
substance in 10 ml of sterile distilled water supplemented with 2 drops of glacial
acetic acid.

Bacteria. C. pneumoniae CWL 029 (ATCC VR 1310) and a clinical strain of
C. pneumoniae (G 954) derived from a patient at the University Hospital, Upp-
sala, Sweden, were used. The strains were stored at —70°C. The inoculum was
adjusted before the experiments to give 5 X 10° to 10* inclusion-forming units
per ml. Unexposed controls were included in all experiments to verify the inoc-
ulum size.

Infection of cells. The monolayer of the HEp-2 cells was inoculated with 0.5 ml
of bacterial dilution in cell culture medium. The plates were centrifuged for 1 h
at 3,600 rpm at 30°C and incubated for 2 h at 37°C. For this process the inserts
were placed in six-well cell culture plates. The medium was changed to a fresh
medium with 5% fetal calf serum, 1 g of cycloheximide/ml, 0.03 M glucose, and
the antibiotics in different concentrations (see below).

Determination of MIC. Twofold serial dilutions from 0.125 to 0.00195 mg/liter
were prepared in cell culture medium. Infected cells were exposed to the differ-
ent concentrations and incubated at 35°C for 72 h. The cultures were fixed in
methanol for 10 min and stained with monoclonal antibodies for Chlamydia spp.
(Pathfinder; Kallestad Diagnostics, Chaska, Minn.). The results were assessed
with an inverted fluorescence microscope (Ziess Diavert). MIC was defined as
the lowest concentration with a minimum of 95% reduction of inclusions com-
pared with the controls. The determination of MIC was made in triplicate.

Determination of MBCs. The two strains were exposed to 5, 10, 20, 40, 80, 160,
and 320 times the MIC of the antibiotics. After 72 h of incubation at 35°C, the
cultures were washed three times with phosphate-buffered saline (PBS), pH 7.2,
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FIG. 1. The pump is connected to the glass chamber with the cell culture
inserts.

scraped with a transfer pipette, and passed onto a new monolayer of HEp-2 cells.
After centrifugation for 1 h at 2,500 X g at 30°C and penetration for 2 h, the
medium was changed to a fresh medium with 5% fetal calf serum, 1 pg of
cycloheximide/ml, 0.03 M glucose, and 20 mg of gentamicin/liter. The plates were
thereafter incubated for another 72 h before staining and evaluation. MBC was
defined as the lowest antibiotic concentration at which no inclusions were ob-
served. The determination of MBC was made in triplicate.

Determination of antibiotic concentration. Samples from the inserts were
collected during the kinetic experiments. A microbiological agar diffusion
method was used with tryptone-glucose agar, pH 7.4. Plates were seeded with a
standardized inoculum of Sarcina lutea. Antibiotic standards and samples from
the inserts were placed into agar wells at a volume of 0.03 ml. All assays were
made in triplicate, and the plates were incubated overnight at 37°C. The limit of
detection was 0.03 mg/liter, and the correlation coefficient for the standard
curves was always >0.99.

Pharmacodynamics after exposure with 10 times the MIC. Infected cells in a
48-well cell culture plate were exposed to 10 times the MIC of the respective
antibiotic in medium. Controls without antibiotics were included. Duplicates
were made for direct staining and passage to new cells (cf. the MBC method)
after 24, 48, 72, and 96 h. The new plates were incubated for 72 h. The experi-
ments were made in triplicate.

The effect of a subinhibitory concentration of HMR 3647 after previous ex-
posure to 10 times the MIC. Cell cultures were infected as described above and
exposed to 10 times the MIC of HMR 3647. After 12 h the medium was aspirated
and the cultures were washed three times with PBS and reexposed to a subin-
hibitory concentration of 0.5 times the MIC. For comparison three sets of
cultures were included: (i) cultures exposed to 10 times the MIC during 12 h,
washed three times with PBS, and covered with fresh medium for regrowth; (ii)
cultures exposed to 10 times the MIC during 72 h; and (iii) unexposed controls.
After 72 h of incubation at 35°C, all cultures were stained for examination as well
as washed and passaged as described above. The experiments were made in
triplicate.

In vitro kinetic model. The model has previously been described (11). It
consists of a glass chamber with two exits and a metal rack fitting Falcon cell
culture inserts (Becton Dickinson, Franklin Lake, N.J.) (Fig. 1). The inserts
incorporated membranes with 0.45-pum pores. The glass chamber was connected
to a pump (C6-T; Alitea AB, Stockholm, Sweden) by Santoprene tubes (Alipren;
Alitea AB). A magnet was placed in the bottom of the glass chamber to ensure
homogenous mixing of the antibiotic. The device was placed on a magnetic
stirrer in a thermostat at 35°C with 5% CO,.

HEp-2 cells were prepared in cell culture inserts and infected with the C. pneu-
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TABLE 1. MICs and MBCs*
C. preunoniae HMR 3004 HMR 3647
strain MIC MBC MIC MBC
CWL 029 0.0039 0.624-1.25 0.0156 2.5-5
G 954 0.0039 0.312-0.624 0.0156 0.312-2.5

¢ Units for all values are milligrams per liter.

moniae strains as mentioned above. The medium in the inserts was changed to
0.4 ml of cell culture medium with the antibiotic at a concentration of 10 times
the MIC. The inserts were transferred into the glass chamber that contained the
same medium. Dilution of the antibiotic concentration was achieved by a con-
stant flow of fresh medium supplied by a pump. Controls were performed in
accordance with the kinetic model and yielded the same number of inclusions as
controls cultured in the companion plate for inserts. In the experiments the latter
controls were used. For HMR 3647, the half-life inside the inserts was adjusted
to 10 h. The experiment continued for 72 h, after which two inserts of each strain
were fixed and stained. The remaining two inserts were passaged as described
above for detection of viable bacteria. The controls were treated in the same
manner. The experiments were made in triplicate.

The HMR 3004 experiments were designed in a slightly different way. HEp-2
cells were infected as described above. The medium in the inserts was changed
to 0.4 ml of cell culture medium with 10 times the MIC of HMR 3004 and
transferred into the glass chamber that contained the same medium. The pump
was adjusted to give a half-life of approximately 5 h inside the inserts. A constant
flow of fresh medium without antibiotics continued for 48 h. Then, the inserts
were removed to a Falcon companion TC plate without antibiotics, and the
experiment continued in a static way for 72 h, for a total of 120 h. However, the
medium was changed daily. Controls without antibiotics were grown simulta-
neously with inserts placed in a companion plate. Inserts were fixed and stained
for detection of C. pneumoniae after 24, 72, and 120 h. The experiments were
made in triplicate.
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FIG. 2. Pharmacodynamics with 10 times the MIC. ¢, CWL 029; m, G 954;
A, control CWL 029; X, control G 954. Shown are means of three experiments *
standard deviations with HMR 3004 (a) and HMR 3647 (b). Incl, inclusions.
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FIG. 3. Effect of reexposure to a subinhibitory concentration with HMR
3647, i.e., an initial exposure of 10 times the MIC during 12 h followed by 0.5
times the MIC. As controls, cultures were exposed during 12 and 72 h and one
culture was unexposed. Shown are means of six experiments = standard devia-

tions. (a) Direct staining after 72 h. (b) Passaged cultures after 72 h. Incl,
inclusions.

RESULTS

MIC and MBC. The MICs and MBCs are presented in
Table 1.

Pharmacodynamics after static exposure with 10 times the
MIC. In the exposed cultures that were stained directly after
24, 48, 72, and 96 h, inclusions could not be detected. The
results from the passaged cultures are presented in Fig. 2. At
24 h, the mean reduction in number of inclusions per well was
only 0.5 log units, compared with the initial inoculum. The
killing effect significantly increased with the time. After 96 h
the reduction was 2.8 log inclusions/well. There was no differ-
ence between the two ketolides. In the unexposed controls that
were passaged, almost every cell in the monolayer contained an
inclusion body and the increase in inclusion-forming units was
by a factor of 10 to 15.

Effect of reexposure to a subinhibitory concentration with
HMR 3647. The results are exhibited in Fig. 3, where the
prominent effect of a subinhibitory concentration is obvious.
Since there was no difference between the strains, both are
included in the figure.

Pharmacodynamics in the in vitro kinetic model. The results
for the passaged cultures with HMR 3647 are given in Table 2.
The mean initial antibiotic concentration was 0.15 = 0.013
mg/liter and fell below MIC after 33 h. The initial number of
inclusions was 2,500 = 800 per well. In the samples stained
after 72 h, no inclusions could be detected. In the passaged
cultures, a reduction of 2 log units during 72 h was observed.

The results from the kinetic studies with HMR 3004 are
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TABLE 2. Pharmacodynamics of HMR 3647 in the
in vitro kinetic model”

No. of inclusions/insert” for indicated
type of exposure

Strain
10 times MIC initially Controls
CWL 029 3533 ~18,000
G 954 23 £27 ~18,000

“ MIC was reached at 33 h.
> Means of three experiments = standard deviations. Detected by passage
after 72 h.

presented in Table 3. The initial antibiotic concentration was
0.043 = 0.0043 mg/liter and fell below MIC after 17 h. A
significant inhibition was observed already after 72 h, and there
was no regrowth in the cultures up to 120 h.

DISCUSSION

Both ketolides showed low MICs against the two C. pneu-
moniae strains, which corresponds well with earlier findings by
Roblin and Hammerschlag (16). They found a MIC at which
50% of the isolates were inhibited of 0.0625 pg/ml and an
MBC ranging from 0.031 to 2 wg/ml for HMR 3647 against 19
isolates of C. pneumoniae. The MIC is well achieved with
HMR 3647 for which a dose of 800 mg gives a maximum
concentration in serum of 2 mg/liter and a free concentration
in serum of 0.6 mg/liter (Hoechst-Marion-Roussel, unpub-
lished data). The killing experiments with a static concentra-
tion of 10 times the MIC showed that 72 to 96 h of exposure
was needed to obtain a maximal bactericidal effect. This is
probably not caused by slow uptake of the drug into the cells
since it has been shown for human polymorphonuclear neu-
trophils and nonphagocytizing cells that the ketolides are av-
idly accumulated with high ratios of cellular to extracellular
concentrations (19, 20; I. Garcia, A. Pascual, S. Ballesta, and
E. J. Perea, Abstr. 38th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. A-112, 1998). Instead, the time lag to max-
imal killing may be related to the life cycle of chlamydia. Since
ketolides bind to the 50S subunit of the ribosome, the chla-
mydia elementary bodies have to reorganize to the metaboli-
cally active form, reticulate bodies, before the drug can take
effect. A study by Nystrom-Rosander et al. showed the impor-
tance of sufficient antibiotic availability during the complete
growth cycle (13). A total reduction could not be expected
since elementary bodies are not susceptible to antibiotics and
stay in a latent phase even in cell cultures (8).

However, when HMR 3647 at a sub-MIC concentration of
0.5 times the MIC was added after 12 h of exposure of 10 times
the MIC, the reduction of inclusions was significant but not as
pronounced as after a static exposure of 10 times the MIC for
72 h. The subinhibitory concentration was obviously sufficient

TABLE 3. Pharmacodynamics of HMR 3004 in the
in vitro kinetic model”

No. of inclusions/insert” at:

Strain
72 h 120 h Controls
CWL 029 6+ 0.7 0 3,000 = 1,000
G 954 6*6 0 3,400 = 1,000

“ MIC was reached at 17 h.
® Means of three experiments = standard deviations. Detected by direct stain-
ing.
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to maintain a critical concentration of drug at the site of the
ribosomes. This effect corresponds well with studies on mac-
rolides and azithromycin, where long postantibiotic sub-MIC
effects have been described and could be explained by the fact
that the ketolides form a complex with 23S rRNA which is
10-fold stronger than that formed by erythromycin (10, 14).

In the kinetic model, a half-life of 5 h was chosen for HMR
3004 in order to speed up the elimination and see if regrowth
of chlamydia would occur. The experiments exhibited a vast
reduction of inclusions after 72 h. Regrowth within 5 days
could not be detected in the exposed cultures. For HMR 3647,
the half-life was adjusted to 10 h, which corresponds with the
elimination half-life of the drug found in humans. These ex-
periments were run for 72 h. A reduction of 2 log units was
obtained with one initial dose of 10 times the MIC, as deter-
mined by transfer to new cells, which indicates prolonged bac-
tericidal effect even when the concentration fell below the
MIC.

Our results have shown that the ketolides HMR 3004 and
HMR 3647 have bactericidal activity and show a significant
sub-MIC effect on the intracellular pathogen C. pneumoniae.
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