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Ceftobiprole (previously known as BAL9141), an anti-methicillin-resistant Staphylococcus aureus cephalo-
sporin, was very highly active against a panel of 299 drug-susceptible and -resistant pneumococci, with MICs,
and MIC,, values (pg/ml) of 0.016 and 0.016 (penicillin susceptible), 0.06 and 0.5 (penicillin intermediate),
and 0.5 and 1.0 (penicillin resistant). Ceftobiprole, imipenem, and ertapenem had lower MICs against all
pneumococcal strains than amoxicillin, cefepime, ceftriaxone, cefotaxime, cefuroxime, or cefdinir. Macrolide
and penicillin G MICs generally varied in parallel, whereas fluoroquinolone MICs did not correlate with
penicillin or macrolide susceptibility or resistance. All strains were susceptible to linezolid, quinupristin-
dalfopristin, daptomycin, vancomycin, and teicoplanin. Time-kill analyses showed that at 1x and 2x the MIC,
ceftobiprole was bactericidal against 10/12 and 11/12 strains, respectively. Levofloxacin, moxifloxacin, vanco-
mycin, and teicoplanin were each bactericidal against 10 to 12 strains at 2X the MIC. Azithromycin and
clarithromycin were slowly bactericidal, and telithromycin was bactericidal against only 5/12 strains at 2Xx the
MIC. Linezolid was mainly bacteriostatic, whereas quinupristin-dalfopristin and daptomycin showed marked
killing at early time periods. Prolonged serial passage in the presence of subinhibitory concentrations of
ceftobiprole failed to yield mutants with high MICs towards this cephalosporin, and single-passage selection
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showed very low frequencies of spontaneous mutants with breakthrough MICs towards ceftobiprole.

The incidence of pneumococci resistant to penicillin G and
other B-lactam antibiotics, as well as non-B-lactam antibiotics,
has increased worldwide at an alarming rate. Major foci of
infection include South Africa, Spain, and central and eastern
Europe (1, 21, 22, 35, 48). A survey published in the mid-1990s
showed an increase in resistance by pneumococci to penicillin
from <5% before 1989 (including <0.02% of isolates with
MICs of =2 pg/ml) to 6.6% in 1991 to 1992 (with 1.3% of
isolates with MICs of =2 pg/ml) (5). A more recent survey (23)
reported that 50.4% of 1,476 clinically significant pneumococ-
cal isolates were not susceptible to penicillin and that high
rates of macrolide-resistant pneumococci occurred in strains
with elevated penicillin MICs, for an overall pneumococcal
macrolide resistance rate of approximately 33%. Rates of mac-
rolide resistance are even higher in Spain, France, central and
eastern Europe, Korea, and Japan (1, 23, 24, 35). Although
pneumococcal fluoroquinolone resistance is still uncommon,
relatively high rates have been reported in Canada, Hong
Kong, Spain, and Croatia (19, 29, 39, 45). Moreover, there is a
high rate of isolation of penicillin-intermediate and -resistant
pneumococci (approximately 30%) in middle ear fluids from
patients with refractory otitis media, compared to rates from
other isolation sites (3, 15, 16). The problem of drug-resistant
pneumococci is compounded by the ability of resistant clones
to spread rapidly over distant geographic regions (14, 32, 33).

Parenteral B-lactams active against pneumococci with ele-
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vated penicillin G MICs include carbapenems, such as imipen-
em and meropenem, and cephalosporins, such as cefotaxime,
ceftriaxone, and cefepime (11, 40, 41, 43, 54). While these
drugs are active against Streptococcus pneumoniae, Haemophi-
lus influenzae, and Moraxella catarrhalis, the principal bacterial
causes of community-acquired respiratory tract infections,
they are inactive towards methicillin-resistant staphylococci
(18, 25). Moreover pathogenicity of novel community-ac-
quired metbhicillin-resistant Staphylococcus aureus with in-
creased virulence has become evident (P. J. Gavin, R. B.
Thomson, Jr., A. D. Fisher, B. Kupfner, S. M. Paule, and L. R.
Peterson, Abstr. 11th Int. Symp. Staphylococci and Staphylo-
coccal Infect., abstr. CA-09, p. 25, 2004).

Ceftobiprole (previously known as BAL9141) is an experi-
mental broad-spectrum parenteral cephalosporin with very
good activity against gram-positive cocci, including penicillin-
resistant pneumococci (2, 13, 18, 25). We compared the anti-
pneumococcal activities of ceftobiprole to those of penicillin
G, amoxicillin, cefepime, ceftriaxone, cefotaxime, cefuroxime,
cefdinir, imipenem, ertapenem, levofloxacin, moxifloxacin, cla-
rithromycin, azithromycin, telithromycin, linezolid, quinupris-
tin-dalfopristin, daptomycin, vancomycin, and teicoplanin by
(i) MIC testing of 299 pneumococcal clinical isolates by agar
dilution; (ii) broth macrodilution and time-kill studies of the
aforementioned drugs against 12 selected pneumococcal strains;
and (iii) multi- and single-passage studies of the ability of cef-
tobiprole, ceftriaxone, moxifloxacin, telithromycin, linezolid,
quinupristin-dalfopristin, and vancomycin to select for clones
with elevated MICs of 10 pneumococcal strains with differing
B-lactam, macrolide, and fluoroquinolone susceptibilities.



VoL. 49, 2005 ANTIPNEUMOCOCCAL ACTIVITY OF CEFTOBIPROLE 1933
TABLE 1. MICs (pg/ml) of 299 pneumococcal strains by agar dilution
Selected MIC Selected MIC
Drug strain Drug strain
Range 50% 90% i Range 50% 90%
Penicillin G Penicillin S 0.016-0.06 0.016 0.03 Levofloxacin Penicillin S 0.5-32 2 16
Penicillin I 0.12-1 0.25 1 Penicillin I 0.5-16 1 2
Penicillin R 2-16 2 4 Penicillin R 0.5-32 1 4
Macrolide S 0.016-4 2 2 Macrolide S 0.5-32 1 16
Macrolide R 0.016-16 2 4 Macrolide R 0.5-32 1 2
Quinolone S 0.016-16 2 4 Quinolone S 0.5-2 1 2
Quinolone R 0.016-16 2 4 Quinolone R 4-32 16 32
Ceftobiprole  Penicillin S 0.008-0.03 0.016 0.016 Moxifloxacin Penicillin S 0.06-4 0.25 4
Penicillin I 0.008-1 0.06 0.5 Penicillin T =0.03-4 0.12 0.25
Penicillin R 0.016-4 0.5 1 Penicillin R =0.03-8 0.12 0.5
Macrolide S 0.008-1 0.25 0.5 Macrolide S 0.06-8 0.25 2
Macrolide R 0.008-4 0.5 1 Macrolide R =0.03-8 0.12 0.5
Quinolone S 0.008-4 0.5 0.5 Quinolone S =0.03-1 0.12 0.25
Quinolone R 0.008-2 0.5 1 Quinolone R 0.25-8 2 8
Amoxicillin Penicillin S =0.016-0.12 =0.016 0.03 Azithromycin Penicillin S 0.06 to >64 0.12 >64
Penicillin T 0.016-4 0.25 2 Penicillin T =0.016 to >64 0.25 >64
Penicillin R 0.03-16 2 8 Penicillin R =0.016 to >64 4 >64
Macrolide S =0.016-8 1 2 Macrolide S =0.016-0.5 0.12 0.25
Macrolide R =0.016-16 2 8 Macrolide R 1 to >64 >64 >64
Quinolone S =0.016-16 2 4 Quinolone S =0.016 to >64 4 >64
Quinolone R =0.016-8 2 4 Quinolone R =0.016 to >64 0.12 >64
Imipenem Penicillin S =0.004-0.03 0.008 0.016 Clarithromycin Penicillin S =0.016 to >64 0.06 >64
Penicillin T 0.008-0.5 0.03 0.12 Penicillin T =0.016 to >64 0.06 >64
Penicillin R 0.03-2 0.25 0.5 Penicillin R =0.016 to >64 1 >64
Macrolide S =0.004-0.5 0.12 0.25 Macrolide S =0.016-0.5 0.03 0.06
Macrolide R =0.004-2 0.25 0.5 Macrolide R 0.25 to >64 >064 >64
Quinolone S =0.004-2 0.25 0.5 Quinolone S =0.016 to >64 1 >64
Quinolone R =0.004-0.5 0.25 0.25 Quinolone R =0.016 to >64 0.06 >64
Ertapenem Penicillin S =0.004-0.12 0.016 0.03 Linezolid Penicillin S 0.25-2 1 2
Penicillin I 0.016-1 0.12 0.5 Penicillin I 0.25-4 1 2
Penicillin R 0.06-4 0.5 1 Penicillin R 0.25-4 1 2
Macrolide S =0.004-1 0.5 0.5 Macrolide S 0.25-4 1 2
Macrolide R =0.004-4 0.5 1 Macrolide R 0.25-2 1 2
Quinolone S =0.004-4 0.5 1 Quinolone S 0.25-4 1 2
Quinolone R =0.004-2 0.5 1 Quinolone R 0.5-2 1 2
Cefepime Penicillin S 0.03-0.12 0.03 0.06 Quinupristin- Penicillin S 0.12-1 0.5 1
Penicillin I 0.03-2 0.5 1 dalfopristin Penicillin I =0.06-1 0.5 1
Penicillin R 0.12-32 1 2 Penicillin R 0.12-1 0.5 1
Macrolide S 0.03-8 1 2 Macrolide S =0.06-1 0.5 0.5
Macrolide R 0.03-32 1 2 Macrolide R 0.12-1 0.5 1
Quinolone S 0.03-32 1 2 Quinolone S =0.06-1 0.5 1
Quinolone R 0.03-4 1 2 Quinolone R 0.12-1 0.5 1
Ceftriaxone Penicillin S 0.016-0.12 0.016 0.03 Daptomycin Penicillin S 0.06-0.25 0.12 0.12
Penicillin I 0.016-1 0.25 1 Penicillin T 0.06-0.5 0.12 0.25
Penicillin R 0.12-32 1 2 Penicillin R 0.06-0.5 0.12 0.25
Macrolide S 0.016-4 1 2 Macrolide S 0.06-0.5 0.12 0.25
Macrolide R 0.016-32 1 4 Macrolide R 0.06-0.25 0.12 0.25
Quinolone S 0.016-32 1 2 Quinolone S 0.06-0.5 0.12 0.25
Quinolone R 0.016-8 1 4 Quinolone R 0.06-0.25 0.12 0.25
Cefotaxime Penicillin S 0.016-0.12 0.016 0.03 Vancomycin Penicillin S 0.12-0.5 0.25 0.25
Penicillin I 0.016-1 0.25 1 Penicillin T =0.016-0.5 0.25 0.5
Penicillin R 0.12-32 1 2 Penicillin R 0.12-0.5 0.25 0.5
Macrolide S 0.016-4 1 2 Macrolide S 0.12-0.5 0.25 0.5
Macrolide R 0.016-32 1 2 Macrolide R =0.016-0.5 0.25 0.5
Quinolone S 0.016-32 1 2 Quinolone S =0.016-0.5 0.25 0.5
Quinolone R 0.016-8 1 2 Quinolone R 0.12-0.5 0.25 0.5
Cefuroxime Penicillin S 0.016-0.25 0.03 0.12 Teicoplanin Penicillin S =0.016-0.12 0.03 0.06
Penicillin T 0.03-4 0.5 4 Penicillin T =0.016-0.12 0.03 0.06
Penicillin R 1 to >64 4 16 Penicillin R =0.016-0.25 0.06 0.12
Macrolide S 0.016-16 4 8 Macrolide S =0.016-0.12 0.06 0.12
Macrolide R 0.03 to >64 4 16 Macrolide R =0.016-0.25 0.06 0.12
Quinolone S 0.016 to >64 4 8 Quinolone S =0.016-0.25 0.06 0.12
Quinolone R 0.016-32 4 16 Quinolone R =0.016-0.12 0.06 0.12
Cefdinir Penicillin S 0.06-0.25 0.06 0.12 Telithromycin Penicillin S 0.008-1 0.016 0.5
Penicillin T 0.06-8 0.5 8 Penicillin T =0.004-1 0.03 0.12
Penicillin R 0.25 to >64 8 16 Penicillin R =0.004—4 0.03 0.5
Macrolide S 0.06-32 8 16 Macrolide S =0.004-0.12 0.016 0.03
Macrolide R 0.06 to >64 8 16 Macrolide R 0.008-4 0.12 1
Quinolone S 0.06 to >64 8 16 Quinolone S =0.004—4 0.03 0.5
Quinolone R 0.06-16 8 16 Quinolone R 0.008-1 0.016 0.25
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TABLE 2. MICs (ug/ml) of 12 strains tested by time-kill

Strain identification no.

Dru,

¢ 1072 3994 4945 5006 5048 3676 3258 3233 2527 1394 3791 6733¢
Ceftobiprole 0.008 0.008 0.016 0.008 0.25 0.016 0.06 0.25 0.5 1 0.5 0.5
Amoxicillin 0.03 0.03 0.06 0.03 2 0.125 0.5 0.5 2 16 4 16
Imipenem 0.008 0.008 0.03 0.008 0.125 0.03 0.06 0.03 0.25 1 0.25 2
Ertapenem 0.03 0.03 0.125 0.03 0.5 0.125 0.25 0.125 0.5 4 0.5 4
Cefepime 0.03 0.03 0.03 0.03 1 0.125 0.5 0.5 2 2 2 2
Ceftriaxone 0.016 0.03 0.03 0.03 1 0.125 0.25 0.25 2 4 2 2
Cefotaxime 0.016 0.03 0.03 0.03 0.5 0.125 0.25 0.25 2 8 4 2
Cefuroxime 0.03 0.03 0.016 0.03 2 0.5 0.5 2 16 16 16 16
Cefdinir 0.06 0.125 0.06 0.125 0.5 0.125 1 1 8 8 8 16
Levofloxacin 16 1 2 1 1 1 1 1 16 1 1 0.5
Moxifloxacin 4 0.125 0.25 0.125 0.125 0.125 0.25 0.125 2 0.125 0.125 0.125
Azithromycin >064 4 0.06 >64 8 4 >64 >64 0.016 >64 >64 8
Clarithromycin >064 2 0.016 >64 2 2 >64 >64 0.016 >64 32 4
Telithromycin 0.03 0.125 0.016 0.5 0.125 0.125 0.016 0.03 0.004 0.125 0.06 0.25
Linezolid 1 1 2 1 0.5 0.5 0.5 2 0.5 2 2 2
Quinupristin- 1 0.5 1 1 0.5 0.5 1 0.5 0.5 1 1 1

dalfopristin

Daptomycin 0.25 0.25 2 1 0.25 0.25 0.125 1 0.06 0.5 0.25 0.25
Vancomycin 0.25 0.5 0.25 0.5 0.25 0.25 0.25 0.25 0.25 0.25 0.5 0.25
Teicoplanin 0.06 0.06 0.125 0.25 0.06 0.06 0.06 0.03 0.06 0.06 0.06 0.125

“ Tupelo strain (31).

MATERIALS AND METHODS

Bacteria. Strains for all studies were selected to present as large and varied a
panel of drug-susceptible and drug-resistant pneumococci as possible. For agar
dilution MIC determinations, clinical isolates comprising 30 penicillin-suscepti-
ble (MICs, =0.06 pg/ml), 60 penicillin-intermediate (MICs, 0.125 to 1 pg/ml),
and 209 penicillin-resistant (MICs, =2 pg/ml) strains were selected from the
culture collection at Hershey Medical Center isolated from 1994 to 2001; in-
cluded among them was a vancomycin-tolerant pneumococcus (31). The test
panel also contained 147 macrolide-susceptible strains (azithromycin MICs, =0.5
pg/ml) and 152 macrolide-resistant strains (azithromycin MICs, =1 wg/ml). The
macrolide-resistant strains had defined resistance mechanisms [erm(B) and/or
mef(E) genes, amino acid alterations in ribosomal proteins L4 and/or L22, or
nucleotide alterations in 23S rRNA] (8, 9, 12, 35, 41, 46, 55). The test panel also
contained 39 strains with levofloxacin MICs of =4 pg/ml, all with characterized
mutations in one or more quinolone resistance determinant regions of type II
topoisomerase (10, 11, 34); 11 of these also possessed a ciprofloxacin efflux
mechanism, as determined by reserpine inhibition according to Brenwald et al.
(6).

Antimicrobials and MIC testing. Ceftobiprole and telithromycin powders
were provided by Basilea Pharmaceutica AG (Basel, Switzerland), whereas other
drugs were obtained from their respective manufacturers. Agar dilution assays
were performed using cation-adjusted Mueller-Hinton agar (BBL Microbiology
Systems, Cockeysville, Md.) supplemented with 5% (vol/vol) sheep blood (41,
42). Quality control strains, including S. pneumoniae ATCC 49619, were included
in each run of agar dilution assays (36). MICs of the 12 strains used for time-kill
studies (see below) were determined by broth macrodilution (10, 44). Media
were adjusted to contain 50 wg/ml of Ca®* for testing daptomycin (28, 36).

Time-kill assays. From the panel of 299 clinical isolates, a subset comprising
12 strains was selected for time-kill analyses. The antibiotic resistance profile of
this subset was as follows: 4 penicillin-susceptible, 4 penicillin-intermediate, and
4 penicillin-resistant strains; 2 macrolide-susceptible, 10 macrolide-resistant [4
strains with erm(B), 4 with mef(E), and 2 with modified L4 ribosomal proteins]
strains; and 9 fluoroquinolone-susceptible and 3 fluoroquinolone-resistant (with
defined mutations in type II topoisomerase) strains. Strains with macrolide MICs
of >8 pg/ml, mediated by erm(B), were not tested due to solubilization difficul-
ties at high drug concentrations, as well as lack of clinical significance of possible
killing at very high macrolide concentrations. Antibiotic concentrations were
chosen to range from 3 doubling dilutions above to 2 doubling dilutions below
the broth macrodilution MIC.

Bacterial inocula were prepared by suspension of growth from an overnight
blood agar plate in cation-adjusted Mueller-Hinton broth (CAMHB; BBL) and
dilution of the suspension to 5 X 107 to 5 X 10® CFU/ml. Glass tubes containing
antibiotic in 5 ml of CAMHB plus 5% lysed horse blood (10, 44) (and containing
50 wg/ml of Ca®* for daptomycin testing) were inoculated by pipetting 0.05 ml of

cell suspension beneath the surface of the broth; tubes were then vortexed and
aliquots were plated on drug-free medium for viability counts within 10 min of
inoculation. Tubes were incubated at 35°C in a shaking water bath. Growth
controls using drug-free media were included in each experiment. Only tubes
containing an initial inoculum of 5 X 10° to 5 X 10° CFU/ml were acceptable.

Viable counts for antibiotic-containing suspensions were obtained by plating
10-fold dilutions (CAMHB) of 0.1-ml aliquots from each tube onto plates of
Trypticase soy agar plus 5% sheep blood (BBL), which were incubated for up to
72 h at 35°C in air enriched with 5% CO,. Colony counts were performed on
plates yielding 30 to 300 colonies, for which the lower limit of sensitivity was 300
CFU/ml (10, 44).

Time-kill assays were analyzed for each strain/antibiotic pair in terms of a
Alog;y CFU/ml of —1, —2, and —3 at 3, 6, 12, and 24 h, compared to counts
at 0 h. A given concentration of antimicrobial was considered bactericidal to-
wards a particular strain if it reduced the original inoculum size by =3 log,,
CFU/ml (=99.9% killing) by 24 h or bacteriostatic if the inoculum size was
reduced by <3 log;; CFU/ml during this same period. With the sensitivity
threshold and inocula used in these studies, no problems were encountered
delineating 99.9% killing. The problem of drug carryover was addressed by
dilution as described previously (10, 44).

Multipassage resistance studies. Ten pneumococcal strains (1 penicillin sus-
ceptible, 2 penicillin intermediate, and 7 penicillin resistant; 2 macrolide suscep-
tible and 8 macrolide resistant; and 7 fluoroquinolone susceptible and 3 fluoro-
quinolone resistant) were chosen from the panel of 299 clinical isolates for a
multipassage study of emergence of endogenous resistance. Methods were based
upon previous publications (7, 11, 34, 41) but with a higher initial inoculum (18).
Each initial inoculum was prepared by suspending cells from an overnight Tryp-
ticase soy-blood agar plate (BBL) in CAMHB. Glass tubes containing 1 ml of
CAMHB plus 5% lysed horse blood, supplemented with antibiotic ranging from
4 doubling dilutions above to 3 doubling dilutions below the broth macrodilution
MIC of each agent for each strain, received 0.01 ml of culture containing ca. 10°
CFU of 1 of the 10 strains. Tubes were incubated at 35°C for 24 h in ambient air.
Cultures were passaged for up to 50 days using approximately 10° CFU (in a
volume of 0.01 ml) inoculated from the tube nearest the MIC (1 or 2 dilutions
below the MIC tube) that had the same turbidity as the antibiotic-free controls.
Resistant mutants emerging during serial passage periodically were frozen at
—70°C in double-strength skim milk for subsequent analysis. Optochin testing
was performed every other day as a purity check of each strain. When an MIC for
a given antibiotic towards a particular strain exceeded 64 pg/ml during four
successive transfers, passaging was stopped and the last resistant clone was
subcultured in antibiotic-free medium for 10 serial passages. Resistance proper-
ties of selected clones were determined as described below.

Single-passage resistance studies. This was performed as described previously
(34). Bacterial cells were scraped from plates, washed once, and resuspended to
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TABLE 3. Results of time-kill studies

No. of strains with the indicated decrease® at:

Drug and

No. of strains with the indicated decrease at:

Drug and

conen 3h 6h 12h 24 h conen 3h 6h 12h 24 h
-1 -2 -3 -1 -2 -3 -1 -2 -3 -1 -2 -3 -1 -2 =3 -1 -2 -3 -1 -2 -3 -1 -2 -3
Ceftobiprole Moxifloxacin
4XMIC 12 4 0 12 9 3 12 12 10 12 12 12 4Xx MIC 1 3 0 12 9 2 12 12 10 12 12 12
2XMIC 11 4 0 12 9 2 12 12 10 12 12 11 2X MIC 0 1 0 12 9 1 12 12 9 12 12 11
MIC 9 1 0 12 6 1 12 11 9 11 11 10 MIC 7 0 0 12 2 0 12 9 4 12 10 6
Amoxicillin Azithromycin®
4xMIC 12 5 0 12 11 5 12 12 11 12 12 12 4Xx MIC 2 0 0 5 1 0 5 4 3 6 6 4
2XMIC 11 3 0 12 11 5 12 12 9 12 12 12 2X MIC 2 0 0 5 1 0 4 4 2 6 5 3
MIC 0 2 o0 12 7 1 12 12 5 10 10 9 MIC o 0 o0 4 1 0 4 3 2 6 5 2
Imipenem Clarithromycin®
4xMIC 12 7 3 12 11 4 12 12 10 12 12 12 4Xx MIC 4 0 0 3 2 0 6 5 2 5 5 4
2xMIC 12 5 2 12 10 4 12 12 10 12 11 11 2X MIC 30 0 3 1 0 5 3 2 5 5 4
MIC 1 3 2 12 10 4 12 12 8 12 11 10 MIC 30 0 3 0 0 5 1 1 5 51
Ertapenem Linezolid
4xMIC 12 3 0 12 10 3 12 12 11 12 12 12 4x MIC 2 0 0 9 0 0 11 6 1 12 11 3
2XMIC 12 4 0 12 9 3 12 12 12 12 12 12 2x MIC 1 0 0 6 0 0 11 3 0 12 10 2
MIC 9 3 0 12 8 2 12 11 9 11 10 9 MIC o o0 o0 3 0 0 6 0 0 10 4 0
Cefepime Quinupristin-
4xMIC 12 2 1 11 11 2 12 12 10 12 12 12 dalfopristin
2xMIC 11 2 1 11 11 1 12 12 10 12 12 12 4Xx MIC 12 12 8 12 12 11 12 12 11 12 12 11
MIC 1 1 1 11 9 1 11 11 10 11 11 11 2X MIC 2 11 8 12 12 11 12 12 11 12 12 11
MIC 2 11 7 12 12 9 12 12 11 10 9 8
Ceftriaxone
4xMIC 12 5 1 12 11 2 12 12 11 12 12 12 Daptomycin
2xMIC 11 5 1 12 11 2 12 12 11 12 12 12 4x MIC 12 10 3 12 10 6 12 12 12 12 12 12
MIC 1 5 1 12 10 2 12 12 8 11 11 8 2X MIC 0 8 0 12 10 5 12 12 10 12 12 12
. MIC 0 3 0 12 9 2 12 12 9 9 7 4
Cefotaxime
4XMIC 12 2 0 12 7 1 12 12 9 12 12 12 Vancomycin
2xMIC 11 2 0 12 7 1 12 11 9 12 12 12 4x MIC 0 3 1 12 9 1 12 11 8 12 12 10
MIC 9 2 0 12 6 1 11 11 9 12 11 9 2X MIC 0 2 1 11 9 1 12 11 7 12 12 10
MIC 6 2 1 10 8 1 12 11 4 11 11 9
Cefuroxime
4xMIC 12 3 0 12 11 2 12 12 10 12 12 12 Teicoplanin
2XMIC 11 2 0 12 11 1 12 12 10 12 12 12 4x MIC 4 0 0 7 1 0 11 10 3 12 12 10
MIC 9 2 0 11 8 1 11 11 8 11 9 8 2X MIC 30 0 6 1 0 11 9 1 12 12 10
MIC 2 0 0 6 1 0 11 9 1 11 11 8
Cefdinir
4xMIC 10 3 0 11 9 2 12 12 10 12 12 12 Telithromycin
2X MIC 9 2 0 11 9 2 12 12 8 12 12 12 4Xx MIC 7 3 0 9 4 1 12 8 3 12 11 8
MIC § 2 0 10 8 2 12 11 5 12 11 9 2X MIC 4 2 0 9 4 1 12 5 2 11 11 5
MIC 4 1 0 6 3 1 9 2 1 10 7 2
Levofloxacin
4x MIC 11 1 11 3 12 12 10 12 12 12

6 9
2X MIC 9 6 1 11 7 2 12 12 10 12 12 12
MIC 6 1 0 o 5 0 12 11 7 12 9 9

¢ —1, 90% killing; —2, 99% Kkilling; —3, 99.9% Kkilling.
® Only eight strains with MICs of <8 p.g/ml were tested.

a final concentration of ca. 10! CFU/ml. An aliquot (0.1 ml) of bacterial sus-
pension was spread onto brain heart infusion agar (BBL) plus 5% sheep blood
supplemented with antibiotic at 1, 2, 4, and 8 times the agar dilution MIC. Plates
were incubated at 35°C in air enriched with 5% CO, for 48 to 72 h, and resistance
frequencies were calculated as the proportion of resistant colonies per inoculum
(34). MIC:s for parent strains and resistant mutants were checked by agar dilu-
tion. Eleven randomly selected resistant mutants were picked and analyzed for
their resistance mechanisms, as described below.

Pulsed-field gel electrophoresis. To confirm the identities of strains during
prolonged serial passage, parental strains, resistant mutants, and all strains ob-
tained following the final serial passages were examined by pulsed-field gel
electrophoresis of Smal-digested DNA using a CHEF DR III apparatus (Bio-
Rad Laboratories, Inc., Hercules, Calif.), with a switch time of 5 to 20 s and a run
time of 16 h (35).

Mechanisms of resistance. All macrolide-resistant parental strains and se-
lected macrolide-resistant clones obtained by multi- or single-step passage were
tested for the presence of erm(A), erm(B), and mef(E) genes by PCR amplifi-

cation (55). Regulatory regions and the first 24 nucleotides of the erm(B) gene of
all parental strains containing erm(B) and of selected resistant mutants emerging
during serial passage were amplified using primers SR3 and SR5 (47). The ability
to induce expression of erm(B) resistance was tested in all parents with this gene,
as well as mutants selected by telithromycin from these parents, by the double-
disk method. Mutations in ribosomal proteins L4 and L.22 and in domains II and
V of 23S rRNA were sought using primers and conditions described previously
(8, 35); one fragment of 23S rRNA domain II spanning positions 389 to 1007
(Escherichia coli numbering) and two fragments of 23S rRNA domain V, the first
spanning nucleotides 1904 to 2522 and the second spanning nucleotides 2314 to
2902 (E. coli numbering), were amplified. Nucleotide sequences of all amplified
PCR products were obtained by direct sequencing using a CEQ8000 Genetic
Analysis System (Beckman Coulter, Inc., Fullerton, Calif.).

Fluoroquinolone resistance mechanisms were examined for all parental strains
and selected clones with elevated moxifloxacin MICs. Quinolone resistance de-
terminant regions in the gyr4, gyrB, parC, and parE genes were amplified as
described previously (34, 38).
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TABLE 4. Results of multipassage resistance selection study with ceftobiprole and selected comparators

Initial strain susceptibility to
group antibiotics

MICs (pg/ml)

Parent
strain Ceftobiprole Ceftriaxone Moxifloxacin
Pen FQ Mac

do d20 d30 d40 d50 dO d20 d30 d40 d50 do d20 d30 d40 dS50
1059 I R* S 025 05 0.5 0.5 05 05 2 2 2 4 2 4 4 8 4
1076 S R* erm(B) + mef(E) 0.016 0.016 0.016 0.016 0.03 0.03 0.06 0.125 0.125 0.125 2 4 8 >32 32
1156 I R* S 0.06  0.125 0.125 0.125 0.06 0.125 05 025 05 025 4 8 4 8 4
1397 R S L4 0.5 0.5 0.5 0.5 05 4 8 8 8 8 0.125 025 025 025 05
2749 R S erm(B) 0.5 0.5 1 1 1 2 2 4 2 4 0.125 05 0.5 0.5 0.5
3260 R S erm(B) 0.5 0.5 0.5 0.5 0.5 1 1 2 2 2 0.125 0.125 0.125 0.125 0.25
3406 R S L4 1 1 1 1 1 8 8 8 8 8 0.5 4 2 4 4
3413 R S L4 0.5 025 1 0.5 05 2 2 4 2 4 0.125 05 1 1 1
3656 R S mef(E) 0.5 1 1 1 1 2 2 2 1 2 0.125 0.5 0.5 1 1
6733%* R S mef(E) 0.5 1 1 1 1 2 2 4 4 4 0.125 05 1 1 1

¢ Parental S. pneumoniae strain identification numbers and initial antibiotic susceptibility/resistance phenotypes are listed in the first four columns. MIC values at the
start of serial passage (day 0) and after 20, 30, 40, and 50 days are shown. Pen, penicillin; FQ, fluoroquinolones; Mac, macrolides; d, day. R* (strain 1059), mutations
GyrA (S81F), ParC (S79F, K137N), and ParE (I1460V). R* (strain 1076), mutations GyrA (S81F), ParC (D83N), and ParE (I460V). R* (strain 1156), mutations GyrA
(S81F) and ParC (S79F), 6733** (Tupelo strain), vancomycin-tolerant S. pneumoniae strain (31). —, a clone line had four successive serial passages with a MIC of >64

wg/ml, after which further passaging was discontinued.

RESULTS

MIC determinations. MIC results for the 299 strains,
grouped according to penicillin G, macrolide, and fluoroquin-
olone susceptibilities, are compiled in Table 1. Ceftobiprole
had the lowest MICs among the six cephalosporins tested, with
MICs, and MIC,, values (pg/ml) of, respectively, 0.016 and
0.016 (penicillin susceptible), 0.06 and 0.5 (penicillin interme-
diate), and 0.5 and 1 (penicillin resistant). Ceftobiprole MICs
were similar to those of carbapenems against nearly all pneu-
mococcal strains tested. The highest MIC encountered for
ceftobiprole was 4 pg/ml, whereas the highest MIC encoun-
tered for imipenem was 2 pg/ml, and the highest MIC for
ertapenem was 4 wg/ml. The single strain with an MIC towards
ceftobiprole of 4 pg/ml had imipenem and ertapenem MICs of
0.25 pg/ml and cefepime, cefotaxime, and ceftriaxone MICs
of 8, 32, and 32 pg/ml, respectively. This particular strain was
fluoroquinolone and telithromycin susceptible but highly resis-
tant to clarithromycin and azithromycin (MIC, >64 pg/ml),
and it had amino acid alterations in the L4 ribosomal protein.
Results from quality control strains were all as expected.

Time-kill analyses. Broth macrodilution MICs of the strains
chosen for time-kill studies are listed in Table 2, and the
time-kill data are shown in Table 3. At 4X the MIC, ceftobi-
prole was bactericidal against all 12 pneumococcal strains and
bactericidal against 11/12 strains at 2X the MIC. Other B-lac-
tams showed similar time-kill profiles. Levofloxacin and moxi-
floxacin were bactericidal against 11 to 12 strains at 2X the
MIC, whereas azithromycin and clarithromycin at 4X the MIC
were bactericidal towards only 4/8 strains, and telithromycin
was bactericidal against only 5/12 strains at 2X the MIC. De-
spite claims that linezolid is bactericidal towards streptococci
(58), the oxazolidinone proved to be largely bacteriostatic
against the 12 pneumococci surveyed here; in contrast, quinu-
pristin-dalfopristin, daptomycin, vancomycin, and teicoplanin
were all bactericidal against 10 to 12 strains at 2X the MIC.
The vancomycin-tolerant pneumococcus had a low MIC (0.25
pg/ml) towards this antibiotic, but the glycopeptide was only
bacteriostatic towards this strain.

Multipassage selection studies. Serial passage for up to 50
days in the presence of subinhibitory concentrations of anti-
biotics yielded the following MIC ranges (ug/ml) for clones
derived from the 10 parental strains: ceftobiprole, 0.03 to 1;
ceftriaxone, 0.125 to 8; moxifloxacin, 0.25 to 32; telithromycin,
0.008 to >64; linezolid, 1 to >64; quinupristin-dalfopristin, 1 to
32; vancomycin, 0.5 (Table 4). Pulsed-field gel electrophoresis
analysis performed at the end of passaging confirmed that all
clones were identical to the parental strains from which they
were derived.

During serial passage on moxifloxacin, one parent gave rise
to a clone with an MIC of 32 pg/ml towards this antibiotic,
whereas four others produced progeny with eightfold increases
in MIC. Four of the five clones contained amino acid substi-
tutions in topoisomerase II (7), and four had mutations in
topoisomerase IV (Table 5). Most of the topoisomerase mu-
tations detected in these mutants have been associated previ-
ously with reduced susceptibility to fluoroquinolones (7, 10, 11,
34, 38), though the GyrB G406V and ParE K458N substitu-
tions have not been reported before.

Serial passage in the presence of telithromycin of parental
strains containing either erm(B) or a mutation in ribosomal
protein L4 yielded clones with MICs towards the ketolide of
>64 wg/ml after 12 to 36 days, whereas macrolide-susceptible
parents or parents harboring mef(E) as their only macrolide
resistance determinant failed to develop telithromycin resis-
tance. Parental strains containing erm(B) were constitutive
methylase producers, as were their telithromycin-resistant
progeny. Of the six clones with MICs of >64 pg/ml, three had
no detectable changes in ribosomal proteins L4 or L22 or in
23S rRNA domains II and V, one had a C2611T substitution in
23S rRNA domain V, and two had deletions in ribosomal
protein L22, as well as one or two nucleotide substitutions in
23S rRNA domain V (Table 6). The amino acid deletions in
the L22 ribosomal protein may be associated with =250-fold
increases in telithromycin MIC, although the two clones with
amino acid deletions each also had a substitution (either
G2133T plus C2611T or A2058T) in domain V of their 23S
rRNA (8, 35, 46, 57). To our knowledge, this is the first
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TABLE 4—Continued
MICs (pg/ml)
Telithromycin Linezolid Quinupristin-dalfopristin Vancomycin

do d 20 d 30 d 40 ds0 d0 d20 d30 dd40 d50 do d20 d30 d40 d50 do d20 d30 d40 ds0
0.008  0.004 0.03 0.016  0.03 1 8 16 16 16 025 05 1 1 1 0.5 0.5 0.5 0.5 0.5
1 — — — — 1 8 32 64 >64 05 2 4 16 32 0.5 0.5 0.5 0.5 0.5
0.008  0.004 0.008 0.008 0.008 0.5 1 1 2 2 025 025 1 0.5 1 025 05 0.5 0.5 0.5
0.125  0.25 8 — — 2 1 2 1 1 05 1 1 1 1 0.5 0.5 0.5 0.5 0.5
0.5 —_ — — — 0.5 1 1 4 4 1 8 16 16 16 0.5 0.5 0.5 0.5 0.5
0.5 — — — — 1 1 1 1 1 1 2 4 16 32 0.5 0.5 0.5 0.5 0.5
0.25 — — — — 2 2 2 2 2 05 1 2 2 2 0.5 0.5 0.5 0.5 0.5
0.125 — — — — 2 2 2 2 4 05 0.5 0.5 1 1 0.5 0.5 0.5 0.5 0.5
0.25 0.25 0.5 1 1 2 8 8 8 8 05 1 1 8 32 0.5 0.5 0.5 0.5 0.5
0.25 0.5 0.5 0.5 0.5 2 2 2 4 4 05 0.5 16 32 32 0.5 0.5 0.5 0.5 0.5

report of a G2133T substitution accompanying telithromy-
cin resistance. Additionally, one clone had a deletion of two
nucleotides (AT) within the —10 putative promoter region
(underlined) ATAATA of erm(B).

Serial passage in the presence of quinupristin-dalfopristin
produced clones with MICs towards the streptogramin pair of
16 to 32 pg/ml only if the parents harbored the erm(B) and/or
mef(E) macrolide resistance determinant (Table 4). Three of
these five highly quinupristin-dalfopristin-resistant clones were
stable (within 1 log, dilution step) after passage on drug-free
medium, while two reverted to either quinupristin-dalfopristin-
intermediate or quinupristin-dalfopristin-susceptible status
(Table 7). Three of the five resistant clones had no detectable
changes in ribosomal protein L4 or L22 or in 23S rRNA do-
main II or V (Table 6). Although the clone with an A2062C
substitution in 23S rRNA domain V had an MIC towards
quinupristin-dalfopristin of 32 pg/ml, this mutation was re-
tained following its reversion to quinupristin-dalfopristin-sus-
ceptible status after 10 passages in antibiotic-free medium.
This particular nucleotide substitution has been attributed re-
sponsibility for the elevated quinupristin-dalfopristin MIC (2
pg/ml) encountered in a pneumococcal clinical isolate (12).
The clone derived from parent 1076 contained three amino
acid substitutions (S20N, T93A, and S96T) in its L4 ribosomal
protein. Substitutions S20N and T93A have previously been
associated with macrolide resistance (46, 57) but not with
streptogramin resistance.

Serial passage in the presence of linezolid produced one
clone with an MIC towards the oxazolidinone of >64 ug/ml
and three clones with MICs 4-, 8-, and 16-fold-higher than
those of the parents (Table 4). There was no obvious cor-

relation between any parental macrolide resistance deter-
minant and a strain’s ability to yield clones with reduced sus-
ceptibility to linezolid on the basis of the small size of the strain
panel surveyed. Modification in either ribosomal protein L4 or
23S rRNA domain V was detected in all of the clones (Table
6). The G2576U substitution in 23S rRNA has been associated
primarily with in vitro-selected linezolid resistance (4, 30), but
the G71R and K681 substitutions in ribosomal protein L4 have
not been associated hitherto with diminished linezolid suscep-
tibility.

Twenty clones with elevated MICs, derived from serial pas-
sage, were analyzed for cross-resistance (Table 7). In two in-
stances, an increase in MIC within the 1 log,-step margin of
error (17) was encountered for an antibiotic of a class different
from that on which it was passaged (parent 3260 passaged on
telithromycin showed an increase in MIC towards quinupris-
tin-dalfopristin of 1—2 pg/ml [susceptible—intermediate];
parent 3656 showed an increase in MIC towards linezolid of
2—4 pg/ml [susceptible —nonsusceptible]), whereas one strain
showed a 2 log,-step increase in MIC for an antibiotic struc-
turally unrelated to that on which it was passaged (parent 1397
passaged on telithromycin showed an increase in MIC towards
quinupristin-dalfopristin of 0.5—2 wg/ml [susceptible—inter-
mediate]). However, no cross-selection of resistance to one drug
class by another drug class was observed. For two clones (de-
rived from parents 3260 and 6733) selected with quinupristin-
dalfopristin (MICs, 32 wg/ml after 50 serial passages), MICs
dropped to 2 pg/ml (intermediate) or 4 pg/ml (resistant) after
10 passages on antibiotic-free medium (Table 7). Several other
strains showed MIC drops of 1 log, dilution step towards the

TABLE 5. Resistance mechanisms of selected clones obtained during serial passage; five mutants with elevated MICs towards moxifloxacin

Mutation in topoisomerases II and IV

Parer}tal Antibiotic Initial MIC Increased No. of
strain (pg/ml) MIC passages GyrA GyrB ParC ParE
1076 MXF*¢ 2 32 50 E85K G406V — K458N
3406 MXF 0.5 4 50 S81F — D83N —
3413 MXF 0.125 1 50 E85Q — — P454S
3656 MXF 0.125 1 50 b — S79Y —
6733 MXF 0.125 1 50 S81Y — — —

¢ MXF, moxifloxacin.
> _ no mutation.
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TABLE 6. Resistance mechanisms of selected clones obtained during serial passage; 15 mutants with elevated MICs
towards telithromycin, linezolid, or quinupristin-dalfopristin

Mutation in ribosomal proteins L4, L22, or 23S rRNA domain V

Parer}tal Antibiotic® Initial MIC Increased No. of
strain (rg/ml) MIC passages L4 122 23S rRNA domain V
1059 LZD 1 16 50 - — G2576U
1076 LZD 1 >64 50 — — G2576U
QDA 0.5 32 50 S20N, T93A, S96T — —
TEL* 1 >64 12 —_ —_ —_
1397 TEL 0.125 >64 36 — A(89FRPRAKGYS) G2133T, C2611T
2749 LZD 0.5 4 50 G71R — —
QDA 1 16 50 — — —
TEL 0.5 >64 19 —_ —_ —_
3260 QDA 1 32 50 — — —
TEL 0.5 >64 12 —_ —_ —_
3406 TEL 0.25 >64 18 — A(92RAKGSASPI100) A2058T
3413 TEL 0.125 >64 19 — — C2611T
3656 LZD 2 8 50 K681 — —
QDA 0.5 32 50 — — —
6733 QDA 0.5 32 50 — — A2062C

“ TEL, telithromycin; LZD, linezolid; QDA, quinupristin-dalfopristin.
» _ no mutation.
¢ Deletion in putative promoter region of erm(B).

antibiotic against which it was selected after passage on anti-
biotic-free medium.

Single-passage selection studies. Single-passage selection
studies with 10 pneumococcal clinical isolates yielded the spon-
taneous mutants with antibiotic MIC breakthrough frequen-
cies in Table 8. Single-step mutation frequencies for resistance
to ceftobiprole for the 10 pneumococcal strains surveyed ranged
from 1.7 X 1073 to 1.2 X 1078 (1X the MIC) to <1.4 X 108
to <1.0 X 107° (8X the MIC).

Eleven single-passage resistant clones (all from plates with
pneumococci exposed to 1X the MIC) were tested for resis-
tance mechanisms: two each selected with vancomycin, te-

lithromycin, linezolid, or moxifloxacin and three selected with
quinupristin-dalfopristin. One vancomycin-resistant clone (ob-
tained from parent 1059) and one quinupristin-dalfopristin-
resistant clone (obtained from parent 3406) had pairs of alter-
ations in their L4 ribosomal protein (S77T and A137G and
F162C and E203D, respectively) and single alterations in 23S
rRNA domain V (G2239C and C2652G, respectively). A van-
comycin-resistant clone (obtained from parent 2749) and a
quinupristin-dalfopristin-resistant clone (obtained from par-
ent 1059) contained single changes in 23S rRNA domain V
(G2307T and G2239C, respectively). The clones selected by
single passage for resistance to telithromycin or linezolid and

TABLE 7. Cross-resistance among selected multipassage mutants®

Selected resistance

Retest MIC after 10 antibiotic-free subcultures

Parer}tal Antibiotic Initial MIC
strain (pg/ml) MIC No. of BPR CRO MXF TEL LZD Q-D VAN
passages
1059 LZD 1 16 50 0.5 1 4 0.008 16 0.5 0.5
1076 MXF 2 32 50 0.008 0.03 >16 0.5 0.5 025 05
TEL 1 >64 12 0.008 0.03 2 >64 1 1 0.5
LZD 1 >64 50 0.016 0.03 2 1 64 0.5 0.5
QDA 0.5 32 50 0.016 0.03 1 1 0.5 >16 0.5
1397 TEL 0.125 >64 36 0.5 4 0.125 >64 1 2 0.5
2749 TEL 0.5 >64 19 2 0.06 >64 1 1 0.25
LZD 0.5 4 50 0.5 1 0.125 0.25 2 1 0.25
QDA 1 16 50 0.5 1 0.125 0.5 0.5 2 0.25
3260 TEL 0.5 >64 12 0.25 0.5 0.06 >64 1 2 0.25
QDA 1 32 50 0.25 0.5 0.125 0.5 0.5 2 0.25
3406 MXF 0.5 4 50 8 4 0.125 1 0.5 0.5
TEL 0.25 >64 18 8 0.25 >64 1 1 0.5
3413 MXF 0.125 1 50 0.25 1 1 0.06 1 025 025
TEL 0.125 >64 19 0.5 2 0.25 >64 1 1 0.5
3656 MXF 0.125 1 50 0.5 1 1 0.25 1 0.5 0.5
LZD 2 8 50 0.25 1 0.125 0.25 4 025 05
QDA 0.5 32 50 0.5 1 0.125 0.25 4 16 0.5
6733 MXF 0.125 1 50 0.25 1 0.5 0.125 1 025 05
QDA 0.5 32 50 0.5 2 0.06 0.25 2 4 0.5

“ Abbreviations: BPR, ceftobiprole; CRO, ceftriaxone; MXF, moxifloxacin; TEL, telithromycin; LZD, linezolid; Q-D, quinupristin-dalfopristin; VAN, vancomycin.
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TABLE 8. Single-passage mutation frequencies of 10 pneumococcal strains

Strain mw@awm MIC 2X MIC 4X MIC 8x MIC Strain Selecting MIC 2X MIC 4X MIC 8X MIC
rug drug

1059 VAN? 33x 1077 1.7 x 1077 <83 x 101 <83 x10°1 3260 VAN 20x10°° <5.0x10°8 <50x%x10°8 <5.0x10°8
Q-D* 20x10°° 6.0 x 1078 <5.0x%x107° <50x%x107° Q-D 25 %1073 7.5 %1077 <50x%x10°8 <50x10°8
BPR 1.3x10°° 27X 1078 <6.7%X107° <6.7X107° BPR 12x10°8 <12x10°8 <12x10°8 <12x10°8
LZD? >1.0 X 102 <33x107° <33x107° <33x107° LZD 57x107° <14 x107° <14 x107° <14 x107°
CRO >3.0Xx 102 2.0x 1073 <1.0x 108 <1.0x10°8 CRO 38 %1077 12x107° <12x107° <12x107°
TEL 1.1x1077 <29x107° <29x107° <29x107° TEL 22x10°¢ 5.0x 1077 33X 1077 1.7x 1077
MXF 6.0 X 10°* 6.7 x 1078 <6.7 X 10710 <6.7 X 10710 MXF 40X 10* <1.0x 107° <1.0x107° <1.0x107°

1076 VAN 22X 107° <33x107° <33x107° <33x107° 3406 VAN 1.7 x 1073 33x10°8 <1.7%x107° <1.7x107°
Q-D 1.0 X 1072 1.0x 1078 <33x107° <33x107° Q-D* 21x10°3 1.1x1077 3.6x 1078 <71 %1071
BPR 5.0x10°8 <50x107° <50x%x107° <50x107° BPR 1.1x10°° <14 x10°8 <14 %1078 <14 %108
LZD 32x107° <50x107° <5.0x107° <5.0x107° LZD? >5.0x%x 1073 33x10°8 <1.7x107° <1.7x107°
CRO 8.8 x 1078 <25x%x107° <25x%x107° <25x%x107° CRO 13 x107° <6.7 X 107° <6.7 X 107° <6.7 X 1077
TEL 1.0 X 1072 25X 107° 1.9 x10°° 1.0 X 107° TEL” 43 X107 5.7 %1072 8.6 X 1077 29X 107°
MXF >15%x 1073 32X 107° <5.0x 107" <5.0x 1071 MXF” 1.7 x 107# 83x 1078 <1.7x107° <1.7x107°

1156 VAN <33x107° <33x107° <33x107° <33x107° 3413 VAN 6.0 X 107* 4.0 X 107° <1.0x107* <1.0x 107
Q-D 20x107° 20x 1078 <1.0x 108 <1.0x10°% Q-D 2.1x1077 <83 x 1071 <83 x 10710 <83 x 1071
BPR 1.7 x 1077 <33x107° <33x107° <33x107° BPR 1.7 x 1073 2.0x 1077 <33x107° <33x107°
LZD 21 %107 <53 x107'° <53 %107 <53x 107 LZD 1.0 x 10~% <1.0x107° <1.0x107° <1.0x107°
CRO 5.0x1077 <25x%x107° <25x%x107° <25%x107° CRO 2.0 X 1072 <20x 1078 <20x1078 <20x1078
TEL 40x10"° <20x107° <20x107° <20x107° TEL 3.8x 1077 <25%x10°8 <25x10°8 <25x10°8
MXF 4.0x1077 <1.0x 108 <1.0x 108 <1.0x 108 MXF 21x10°° <14 x 108 <14x108 <14x108

1397 VAN 32x10°° 5.0x107° <5.0x 1071 <5.0x 1071 3656 VAN 1.9%x 108 <4.0 x 1071 <4.0x 1071 <40 x 1071
Q-D 1.1x 1077 <5.6 X 1071 <5.6x 1071 <5.6 x 1071 Q-D 93 x 1077 6.7 X 1077 <33x107? <33x107?
BPR 33x10°° 33x1077 <33x107? <33x107° BPR 45%x10°* <5.0x107° <5.0x%x107° <5.0x107°
LZD <14 x107° <14 x107° <14 x10°° <14x107° LZD 8.0x 1078 <1.0x10°8 <1.0x 108 <1.0x 108
CRO 8.0x 1073 <1.0x 108 <1.0x 108 <1.0x10°8 CRO 25%x 1074 <5.0x1077 <5.0x%x1077 <5.0x%x1077
TEL 7.5 X 1077 1.5%x 1077 <5.0x107° <5.0x107° TEL 32x1073 1.0x 1073 <5.0x 1077 <5.0x%x1077
MXF 3.0x10°° 1.8 x 1077 <4.0x107° <4.0x107° MXF 2.8 x10°* 2.8 x10°° <1.4x10"% <14 x10°8

2749 VAN? 9.3x10°° 2.2 %1077 <1.4x107° <1.4x107° 6733 VAN 42 X107 14%x10°% <2.8x 1071 <28 %1071
Q-D? 7.1 %1073 43 x107° 1.4 x 1078 <1.4x10°% Q-D 50X 10°° 3.0x10°% 3.0x%x107° <5.0x10°%
BPR 1.7 x10°° 33x 1077 <1.1x10°8 <1.1x10°8 BPR 1.0 X 10°° 8.0x 1078 <1.0x107? <1.0x107?
LZD 1.6 X 107° <25x107° <25%x107° <25x%x107° LZD 3.0x107° <5.0x 1010 <5.0x 101 <5.0x 101
CRO >3.0x%x 1073 <1.0x107? <1.0x107° <1.0x107° CRO 25X 10°° <25%x107° <25x%x107° <25x%x107°
TEL” 3.0x 1073 7.0 X 107* 1.5%x10°° 1.5%x10°° TEL 1.5%x10°° 1.0 X108 <5.0x%x107° <50x%x107°
MXF? >50x 1073 1.7 x10°° <1.7x107° <1.7x107° MXF 50x10°8 <1.0 X 107° <1.0x107? <1.0x107°

“ VAN, vancomycin; Q-D, quinupristin-dalfopristin; BPR, ceftobiprole; LZD, linezolid; CRO, ceftriaxone; TEL, telithromycin; MXF, moxifloxacin.
> Colony picked for analysis of resistance mechanisms.
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the quinupristin-dalfopristin-resistant clone derived from par-
ent 3406 had no detectable changes in L4, L.22, or 23S rRNA.
Of two clones selected for resistance to moxifloxacin, one (de-
rived from parent 3406) had an S81Y alteration in GyrA,
whereas the other (derived from parent 2749) contained no
changes in topoisomerase II or topoisomerase IV. The S81Y
substitution, which has been described previously (7, 38), was
also identified in one of the clones with reduced susceptibility
to moxifloxacin selected during serial passage (Table 5).

DISCUSSION

Ceftobiprole, the active component of prodrug ceftobiprole
medocaril (formerly BAL5788), is a broad-spectrum pyrrolidi-
none-3-ylidenemethyl cephem with well-documented activity
against methicillin-resistant staphylococci, penicillin-resistant
pneumococci, and ampicillin-susceptible enterococci, while
preserving the anti-gram-negative activity of existing broad-
spectrum cephalosporins (13, 18, 20, 25-27). The activity of
ceftobiprole against methicillin-resistant staphylococci is at-
tributable to its very high affinity for penicillin-binding protein
2a (as well as the normal complement of staphylococcal pen-
icillin-binding proteins), leading to formation of a stable acyl-
enzyme complex, and to its remarkable resistance to class A
PCl1-type B-lactamases (18). Ceftobiprole also binds to and
inhibits PBP2x, the enzyme principally responsible for penicil-
lin resistance in pneumococci (18). Ceftobiprole exhibits a
modest postantibiotic effect (~0.5 h) for methicillin-resistant
Staphylococcus aureus and a more prolonged postantibiotic
effect (~2 h) for penicillin-resistant pneumococci (Basilea
Pharmaceutica AG, unpublished data).

The present work shows that, while MICs towards pneumo-
cocci of all B-lactams rose in parallel with that of penicillin G,
ceftobiprole had the lowest MICs of all six cephalosporins
surveyed. These MICs were similar to those of carbapenems.
Assuming NCCLS intravenous cephalosporin nonmeningeal
pneumococcal breakpoints (37), 98.3% of 299 pneumococcal
strains were susceptible to ceftobiprole, 1.3% were intermedi-
ate, and 0.3% were resistant, compared to 73.2% of strains that
were susceptible, 20.1% that were intermediate, and 6.7% that
were resistant to ceftriaxone. A total of 70.9% of strains were
susceptible, 24.0% were intermediate, and 5.1% were resistant
to cefepime.

All pneumococci examined were susceptible to linezolid,
quinupristin-dalfopristin, daptomycin, vancomycin, and teico-
planin, and 99.3% of these strains were susceptible to telithro-
mycin at a susceptibility breakpoint of =1 wg/ml. Results for
other agents are in agreement with previous findings (2, 18, 25,
54, 56). Macrolide MICs generally rose in parallel with those of
penicillin G, whereas fluoroquinolone MICs did not vary in a
coordinated fashion with either B-lactam or macrolide suscep-
tibility.

During 50 serial passages in the presence of subinhibitory
concentrations of antibiotics, the highest MIC achieved for
ceftobiprole by a panel of 10 pneumococcal isolates was 1 pg/
ml. Under these experimental conditions, resistance (or non-
susceptibility) occurred most noticeably for telithromycin, lin-
ezolid, and quinupristin-dalfopristin (Table 4), three antibi-
otics targeting the ribosome in the vicinity of the peptidyl
transferase center. Macrolide resistant parental strains harbor-
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ing erm(B) [with or without mef(E)] appear to be particularly
prone to produce clones with elevated telithromycin, linezolid,
or quinupristin-dalfopristin MICs; whereas parental strains
harboring mef(E) as their sole macrolide resistance determi-
nant generated clones with elevated linezolid or quinupristin-
dalfopristin MICs but without MICs significantly elevated
towards telithromycin. The macrolide-susceptible parental
strains yielded no quinupristin-dalfopristin-resistant or te-
lithromycin-resistant clones, though one macrolide-suscep-
tible parent gave rise to non-linezolid-susceptible progeny by
30 days of serial passage (Table 4). The occurrence of a double
deletion within the putative promoter region of erm(B), found
in a single telithromycin-resistant clone, did not prevent RNA
polymerase binding, as shown by the fact that the clone re-
mained a constitutive methylase producer.

In summary, ceftobiprole proved to be a potent, bactericidal
agent towards pneumococci, irrespective of their susceptibili-
ties to other B-lactams or other classes of antibiotics. Ceftobi-
prole did not select for clones with MICs exceeding 1 pg/ml
during prolonged serial passage in the presence of subinhibi-
tory concentrations of this cephalosporin, and single-passage
selection experiments showed very low frequencies of endog-
enous resistance emergence to ceftobiprole. The excellent in
vitro activities of ceftobiprole against multiresistant pneumo-
cocci and staphylococci, combined with a gram-negative spec-
trum of broad-spectrum or fourth-generation cephalosporins
and the excellent pharmacokinetic and safety profiles of pro-
drug ceftobiprole medocaril (49-53), make it a very promising
candidate for empirical parenteral treatment of early-onset
nosocomial infections where community and hospital patho-
gens must be suspected.
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