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To benchmark the activity of moxifloxacin (a newer fluoroquinolone), a U.S. study comprising 16,141
contemporary isolates of Streptococcus pneumoniae (5,640), Haemophilus influenzae (6,583), and Moraxella
catarrhalis (3,648) referred from 377 institutions during 1998 is described. For S. pneumoniae the modal MIC
and MIC at which 90% of the isolates were inhibited (MIC,,) for moxifloxacin were 0.12 and 0.25 pg/ml,
respectively, independent of susceptibility to other drug classes, geography, or site of infection. Eleven isolates
were intermediate or resistant to levofloxacin and grepafloxacin; of these isolates, 1 remained susceptible to
sparfloxacin, 2 remained susceptible to moxifloxacin, and 4 remained susceptible to trovafloxacin. All 11
isolates possessed classic mutations in gyr4 and/or parC known to confer reduced susceptibility to fluoro-
quinolones. Four isolates (originating from four separate states) belonging to a multidrug-resistant, fluoro-
quinolone-resistant clone were identified by pulsed-field gel electrophoresis. For moxifloxacin and trova-
floxacin, at least 87% of isolates demonstrated MICs =3 twofold concentrations below the susceptibility
breakpoints, in contrast to no more than 15% for levofloxacin, grepafloxacin, and sparfloxacin. Of the isolates
that were multidrug resistant (7.4%), >98% remained susceptible to moxifloxacin. The modal MIC and MIC,,,
for M. catarrhalis (both 0.06 pg/ml) and for H. influenzae (both 0.03 pg/ml) were independent of -lactamase
production. These data demonstrate the in vitro activity of moxifloxacin and establish a baseline for future studies.

In recent years, increasing antibiotic resistance among bac-
teria causing infections within both the hospital and commu-
nity environments has severely compromised our ability to
successfully treat patients empirically. Perhaps nowhere is this
more apparent than with patients presenting with community-
acquired respiratory tract infections (CA-RTTI), in which Strep-
tococcus pneumoniae, Moraxella catarrhalis, and Haemophilus
influenzae are common pathogens (6). The emergence and
dissemination of penicillin-resistant pneumococci are now
global phenomena (1, 4, 14, 22, 36) and continue to increase.
Compounding the problem is the tendency for organisms to
also be refractory to some cephalosporins and macrolides (11,
42). Similarly, resistance caused by the widespread acquisition
of plasmid-encoded BRO1 and/or BRO2 B-lactamase in M.
catarrhalis and of TEM-1 enzyme in H. influenzae (13, 35) has
effectively removed ampicillin and amoxicillin used alone as
therapeutic choices for B-lactamase-producing isolates, neither
being stable in the presence of those enzymes. Together, these
factors have created a need for alternative oral candidate drugs
for use as empiric therapies for patients with CA-RTL

Recently, the further evolution of the fluoroquinolone class
of drugs has resulted in a number of new compounds with an
expanded spectrum of activity compared with earlier com-
pounds such as ciprofloxacin and ofloxacin, most significantly
against S. pneumoniae and other gram-positive pathogens. Sev-
eral previous studies have demonstrated that some new fluo-
roquinolone compounds, such as sparfloxacin and levofloxacin,
have better in vitro activity against S. pneumoniae, M. catarrha-
lis, and H. influenzae than previous fluoroquinolones (3, 34, 35,
44) with a very low prevalence of resistance. In addition, pre-
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vious reports have suggested that the newer compounds are
mostly unaffected by decreased susceptibility to B-lactam com-
pounds, even those with elevated penicillin MICs of =1 pg/ml
(35, 42, 44).

Moxifloxacin is a new 8-methoxyquinolone shown to be ac-
tive against a considerable spectrum of pathogens (23, 39, 46).
Although a previous U.S. study has demonstrated the activity
of moxifloxacin against pathogens associated with CA-RTI (7),
the surveillance study described here is the first extensive U.S.
multisite study designed to benchmark the activity of moxi-
floxacin against clinical isolates of S. pneumoniae, H. influen-
zae, and M. catarrhalis prior to or concomitant with the release
of the drug into clinical use. Since the medical community has
great concern about antimicrobial resistance, the comprehen-
sive data set derived through this study will permit concise
tracking of any future changes in susceptibility to moxifloxacin.

MATERIALS AND METHODS

Organism collection. During the winter period 1997 to 1998, isolates of S.
pneumoniae, H. influenzae, and M. catarrhalis were collected from 377 participant
hospital laboratories distributed throughout the nine Centers for Disease Con-
trol and Prevention-designated regions of the United States. From each labora-
tory, one isolate per patient, accompanied by strain-specific patient data, was
referred for study. Isolates were collected from clinical samples derived from
various upper and lower respiratory tract sites, blood, ears, and eyes. Following
shipment to the MRL central testing laboratory, each isolate was subcultured
onto blood agar (or chocolate agar for H. influenzae) and reidentified using
standard methods (5). Only pure culture isolates were included in the final study
and subcultured for immediate susceptibility testing prior to banking at —70°C.

Antibiotic susceptibility testing. All isolates were tested for susceptibility to
amoxicillin-clavulanate, ceftriaxone, cefuroxime, clarithromycin, azithromycin,
erythromycin, trimethoprim-sulfamethoxazole (SXT), trovafloxacin, grepafloxa-
cin, levofloxacin, sparfloxacin, and moxifloxacin using drug concentrations ex-
tending at least 1 twofold concentration above and below the breakpoints used
in this study. In addition, all S. pneumoniae isolates were tested for susceptibility
to penicillin and all H. influenzae and M. catarrhalis isolates were tested for
susceptibility to ampicillin. For S. pneumoniae and H. influenzae, antibiotic sus-
ceptibility testing using broth microdilution and breakpoint interpretation was
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conducted according to the recommendations of the National Committee for
Clinical Laboratory Standards (NCCLS) (26), with the exception of moxifloxacin,
for which no NCCLS breakpoints exist. For moxifloxacin, U.S. Food and Drug
Administration (FDA) breakpoints were used to interpret data for S. pneu-
moniae (susceptible, =1 pg/ml; intermediate, 2 ug/ml; resistant, =4 pg/ml). For
M. catarrhalis NCCLS standards for broth microdilution susceptibility testing are
not defined by the NCCLS. S. pneumoniae ATCC 49619 and H. influenzae ATCC
49247 were used as controls throughout. Tests for B-lactamase production in
H. influenzae and M. catarrhalis were performed with DrySlide nitrocefin (Difco
Laboratories, Detroit, Mich.).

Nucleotide sequence determination of gyr4 and parC and molecular typing
using PFGE. High-quality chromosomal DNA was extracted directly from single
bacterial colonies using a standard procedure (2). Prepared chromosomal DNA
was used as templates for PCR amplification of target quinolone resistance-
determining regions (QRDRSs) within gyr4 and parC using previously defined
primers (17, 27) and methodologies (37). Sequenced products were resolved and
automatically analyzed using an ABI PRISM 377 DNA sequencer. Amplified
fragments were sequenced in both directions to control for accuracy of sequence
data obtained. Wild-type sequences with no mutations were identified on the
basis of being identical to the published sequences of the gyr4 and parC genes
(17, 27). Mutations within these genes were identified by comparison. Strains of
S. pneumoniae were distinguished using pulsed-field gel electrophoresis (PFGE)
according to established methodologies (24), and molecular types were assigned
according to the criteria established by Tenover et al. (41).

RESULTS

Organism referral. A total of 5,640 S. pneumoniae, 6,583
H. influenzae, and 3,648 M. catarrhalis isolates were included
in the final study analysis. Isolates were distributed roughly
equally among the participating hospital laboratories, with an
average frequency of 15 S. pneumoniae isolates, 18 H. influen-
zae isolates, and 9 M. catarrhalis isolates per laboratory. All
regions yielded a representative sampling of organisms, with
the lowest number of organisms derived from New England
(278 S. pneumoniae isolates, 314 H. influenzae isolates, and 278
M. catarrhalis isolates) and the highest number of organisms
derived from the east north central region (1,249 S. pneu-
moniae isolates, 1,490 H. influenzae isolates, and 718 M. ca-
tarrhalis isolates). For S. pneumoniae, H. influenzae, and M.
catarrhalis, respectively, 1,641, 148, and 36 isolates were de-
rived from blood, 3,482, 5,630, and 2,983 isolates were derived
from respiratory sites, and 517, 810, and 211 isolates were
derived from other sources.

S. pneumoniae susceptibility. For S. pneumoniae, the suscep-
tibility profiles of isolates for all drugs tested, categorized ac-
cording to penicillin susceptibility, are shown in Table 1. For
pooled data, overall nonsusceptibility (intermediate and resis-
tant categories combined) was recorded as 36.2% for penicil-
lin, 18.5% for amoxicillin-clavulanate, 28.2% for cefuroxime,
15.3% for ceftriaxone, 24.1% for erythromycin, 24.0% for both
azithromycin and clarithromycin, and 32.9% for SXT. MIC
distributions for each of the fluoroquinolones tested are shown
in Fig. 1. For pooled data derived from each study region, the
MIC at which 90% of the isolates were inhibited (MIC,,) and
modal MIC, respectively, for each fluoroquinolone studied
were as follows: moxifloxacin, 0.25 and 0.12 pg/ml; trovafloxa-
cin, 0.12 and 0.12 pg/ml; grepafloxacin, 0.25 and 0.12 pg/ml;
sparfloxacin, 0.50 and 0.25 pg/ml; levofloxacin, 1.0 and 0.5
pg/ml. The MIC,, and modal MIC of moxifloxacin remained
the same (0.25 and 0.12 pg/ml, respectively) regardless of pen-
icillin or macrolide susceptibility, geographic region, specimen
source, or patient age.

For moxifloxacin and trovafloxacin, 87 and 94% of isolates,
respectively, had MICs that were =3 times lower than the
susceptibility breakpoint used in this study. This is in contrast
to grepafloxacin, levofloxacin, and sparfloxacin, whose MICs
for 14, 10, and 5% of isolates, respectively, were =3 twofold
concentrations below their respective susceptibility break-
points. Taking into consideration the number of organisms
with MICs at least 2 twofold concentrations below the suscep-

ANTIMICROB. AGENTS CHEMOTHER.

tibility breakpoints used, these values increased to >99% for
trovafloxacin and moxifloxacin, compared with 71, 75, and 29%
for grepafloxacin, levofloxacin, and sparfloxacin, respectively.

Of the 5,640 S. pneumoniae isolates referred, only 11
(0.20%) were not susceptible to any one of the fluoroquinolo-
nes tested (Table 2). Four of these isolates remained suscep-
tible to trovafloxacin, two remained susceptible to moxifloxa-
cin, and one remained susceptible to sparfloxacin. All 11
isolates were intermediate or resistant to grepafloxacin and
levofloxacin.

Molecular characterization of fluoroquinolone resistance
and clonality studies. Alterations in GyrA previously shown to
be associated with reduced susceptibility to fluoroquinolone
compounds were identified in 10 of the 11 fluoroquinolone-
resistant strains at position Ser-81, altered in each case to
either a Phe or Tyr residue. No GyrA alterations were detected
in strain 2, although this strain was idiosyncratic in possessing
multiple mutations in parC conferring alterations Ser-16—Gly,
Ser-79—Phe, Asn-91—Asp, and Glu-125—Asp. Of the 11 fluoro-
quinolone-resistant isolates, 7 possessed alteration Ser-79—
Phe in ParC. Alteration Lys-137—Asn in ParC was identified
in five isolates, each in combination with GyrA Ser-81—Phe
and (except for isolate 1) with ParC Ser-79—Phe (Table 2).
We did not look for mutations in parE or gyrB, since these are
considered not to play a significant role in conferring reduced
susceptibility to the fluoroquinolones studied (18).

The 11 strains demonstrating reduced susceptibility to fluo-
roquinolones were typed using PFGE to investigate clonality
(Table 2). Eight distinct PFGE molecular types were identified
on the basis of being different by three or more bands (41). The
four PFGE type A isolates detected were derived from geo-
graphically diverse states (Virginia, Hawaii, Minnesota, and
California), and, except for no detected ParC Ser79—Phe al-
teration in isolate 1, each carried identical mutant gyr4 and
parC gene loci and a multidrug-resistant (MDR) phenotype
characterized by nonsusceptibility to all drugs tested while
remaining intermediate or susceptible to ceftriaxone, desig-
nated MDR types J, H, and L (see next section).

Multidrug resistance among isolates of S. pneumoniae. For
the purposes of this study, an MDR phenotype was defined as
resistance to three or more of the following drugs: penicillin,
ceftriaxone, erythromycin, SXT, and any fluoroquinolone (Ta-
ble 3). Of all MDR isolates, 98.3% remained susceptible to
fluoroquinolones, with moxifloxacin MICs ranging from 0.01 to
0.5 pg/ml. Of these, the most common MDR phenotype (type
A: penicillin resistant, ceftriaxone intermediate, erythromycin
resistant, SXT resistant, and fluoroquinolone susceptible)
comprised nearly 50% of all MDR isolates. No isolate was
resistant to all compounds tested, although four isolates (types
H and K) with all susceptibilities in either intermediate or
resistant categories were recovered. Seven MDR isolates
(types H through L) demonstrated resistance to at least one
fluoroquinolone, although only one of these (from type H) was
resistant to moxifloxacin (MIC, 4 pg/ml), the others being
intermediate (types H, J, K, and L) or susceptible (type I) to
moxifloxacin. In contrast, all seven fluoroquinolone-resistant
MDR type H, I, J, K, and L strains were resistant to levofloxa-
cin (MIC, =4 pg/ml).

H. influenzae and M. catarrhalis susceptibilities. For moxi-
floxacin and all other fluoroquinolone compounds tested, all
isolates of H. influenzae remained susceptible and no isolate of
M. catarrhalis required an MIC of >0.5 wg/ml (modal MIC and
MIC,, were both 0.06 pg/ml), irrespective of geographic re-
gion or specimen source (data not shown). A total of 33.3%
(2,195 of 6,588) of the H. influenzae isolates and 92.4% (2,983
of 3,230) of the M. catarrhalis isolates produced B-lactamase;
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TABLE 1. Susceptibility of S. pneumoniae to all antimicrobials tested

Antimicrobial agent and phenotype MIC (jg/ml) % of isolates that were:
(no. of isolates) Range Mode 90% N I R
Penicillin
All =0.03—>8 =0.03 2 63.9 22.5 13.7
Pen S =0.03-0.06 =0.03 0.06 100.0 0.0 0.0
Pen I 0.12-1 1 1 0.0 100.0 0.0
Pen R 2->8 2 4 0.0 0.0 100.0
Amoxicillin-clavulanate
All =0.01->16 =0.01 1 81.5 9.3 9.2
Pen S =0.01-0.5 =0.01 0.03 100.0 0.0 0.0
Pen 1 =0.014 0.5 1 76.1 19.7 4.2
Pen R 0.25->16 2 4 4.2 35.6 60.3
Cefuroxime
All =0.12-64 =0.12 4 71.9 34 24.8
Pen S =0.12-1 =0.12 =0.12 100.0 0.0 0.0
Pen I =0.12-16 2 4 35.5 14.8 49.7
Pen R =0.12-64 4 8 0.3 0.1 99.6
Ceftriaxone
All =0.01-8 =0.01 1 84.6 11.2 4.1
Pen S =0.01-0.5 =0.01 =0.06 100.0 0.0 0.0
Pen I =0.01-8 0.5 1 35.5 14.8 49.7
Pen R =0.01-8 1 2 13.9 60.3 25.8
Erythromycin
All =0.03—>4 =0.03 4 75.9 0.1 24.0
Pen S =0.03—>4 =0.03 0.03 93.9 0.0 6.1
Pen 1 =0.03—>4 =0.03 >4 54.1 0.5 45.5
Pen R =0.03—>4 4 >4 275 0.1 723
Azithromycin
All =0.03—>4 =0.03 4 75.9 34 20.6
Pen S =0.03—>4 =0.03 0.06 93.9 0.8 53
Pen 1 =0.03—>4 =0.03 >4 54.3 7.8 37.9
Pen R =0.03—>4 >4 >4 275 8.4 64.0
Clarithromycin
All =0.01->32 0.03 4 75.9 34 20.6
Pen S =0.01->32 0.03 0.03 93.9 0.4 5.7
Pen I =0.01->32 0.03 32 54.2 2.1 43.7
Pen R =0.01->32 2 >32 275 1.4 71.0
Levofloxacin
All =0.004—>8 0.5 1 99.8 0.0 0.2
Pen S =0.004—>8 0.5 1 93.9 0.0 0.0
Pen 1 =0.004->8 0.5 1 99.8 0.0 0.2
Pen R 0.12->8 0.5 1 99.4 0.0 0.6
Grepafloxacin
=0.002->4 0.12 0.25 99.8 0.1 0.1
Pen S =0.002-1 0.12 0.25 99.9 0.1 0.0
Pen 1 =0.004—>4 0.12 0.25 99.8 0.0 0.2
Pen R =0.01->4 0.12 0.25 99.2 0.1 0.6
Sparfloxacin
All =0.002->4 0.25 0.5 99.8 0.0 0.2
Pen S =0.002-2 0.25 0.5 99.9 0.0 0.1
Pen I 0.004—>4 0.25 0.5 99.8 0.0 0.2
Pen R 0.03—>4 0.25 0.5 99.2 0.1 0.6
Moxifloxacin®
All =0.002-4 0.12 0.25 99.8 0.1 0.1
Pen S =0.002-2 0.12 0.25 100.0 0.0 0.0
Pen 1 =0.002-4 0.12 0.25 99.8 0.1 0.2
Pen R 0.01-4 0.12 0.25 99.4 0.5 0.1
Trovafloxacin
All =0.002-4 0.12 0.12 99.9 0.1 0.1
Pen S =0.002-1 0.12 0.12 100.0 0.0 0.0
Pen I 0.004—4 0.12 0.12 99.8 0.1 0.2
Pen R 0.01-4 0.12 0.12 99.5 0.4 0.1
SXT
All =0.01->4 0.12 4 67.1 16.5 16.4
Pen S =0.01->4 0.12 1 89.5 4.9 5.6
Pen I =0.01->4 2 4 40.2 353 24.5
Pen R 0.06—>4 4 >4 6.6 39. 53.5

¢ Pen, penicillin; S, susceptible; I, intermediate; R, resistant. Of the 5,640 S. pneumoniae isolates, 3,603 were Pen S, 1,267 were Pen I, and 770 were Pen R.
> Moxifloxacin interpretive breakpoints based on U.S. FDA breakpoints.
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FIG. 1. MIC distributions for study fluoroquinolones among S. pneumoniae isolates. Dashed lines, susceptibility breakpoints.



VoL. 44, 2000 BENCHMARKING THE IN VITRO ACTIVITY OF MOXIFLOXACIN 2649
TABLE 2. Origin and phenotypic and genotypic characteristics of 11 S. pneumoniae isolates requiring MICs of =4 pg/ml
for any fluoroquinolone tested
MIC (pg/ml) (interpretive category?) of: Amino acid alterations in:
Isolate State” ; MDR . Molecular
Spar- Levo- Grepa- Trova- Moxi- phenotype  PFGE type GyrA ParC
floxacin  floxacin floxacin floxacin  floxacin
1 CA 4 (R) 8 (R) 4(R) 1(S) 2(D Yes A Ser-81-Phe  Lys-137-Asn
2 HI >4(R) >8(R) >4(R) 4(R) 4 (R) No D WT¢ Ser-16-Gly; Ser-79-Phe; Asn-
91-Asp; Glu-125-Asp
3 HI >4(R) >8(R) >4(R) 4(R) 2() Yes A Ser-81-Phe  Ser-79-Phe; Lys-137-Asn
4 IL 2(R) >8(R) 1I 1(S) 2(D No E Ser-81-Tyr ~ WT
5 MA 4 (R) 8 (R) 4(R) 4(R) 4 (R) No B Ser-81-Phe  Ser-79-Phe
6 MN >4(R) >8(R) =>4([R) 2(0) 2(D Yes G Ser-81-Phe  Ser-79-Phe
7 MN 4(R) >8(R) 4(R) 2() 2() Yes A Ser-81-Phe  Ser-79-Phe; Lys-137-Asn
8 NJ 2 (R) 4 1@  025() 1(S) No F Ser-81-Phe ~ WT
9 PA 4(R) >8(R) 4(R) 2() 2() Yes A Ser-81-Phe  Ser-79-Phe; Lys-137-Asn
10 VA >4 (R) 8(R) =>4[R) 2() 4 (R) Yes H Ser-81-Tyr Ser-79-Tyr
11 VA 1(S) 8 (R) 1@  025(S) 1(S) No C Ser-81-Phe  Ser-79-Phe; Lys-137-Asn

“ CA, California; HI, Hawaii; IL, Illinois; MA, Massachusetts; MN, Minnesota; NJ, New Jersey; PA, Pennsylvania; VA, Virginia.

P R, resistant; I, intermediate; S, susceptible.
¢ Defined as resistance to three or more drug classes.
4 WT, wild-type amino acid sequences reported previously (17, 27).

the moxifloxacin MIC distribution and modal MIC for both
organisms remained independent of B-lactamase production
(Fig. 2). For H. influenzae, no isolates that were B-lactamase
negative and ampicillin resistant were detected; eight isolates
(0.1%) were resistant to amoxicillin-clavulanate, and only one
isolate was resistant to cefuroxime. Azithromycin and clar-
ithromycin were active against 99.9 and 92.7%, respectively, of
all isolates, in contrast with SXT, to which 20.9% of isolates
(1,377) were not susceptible. Apart from resistance to ampi-
cillin, 100% of M. catarrhalis isolates demonstrated low MICs
to all drugs tested. With the exception of 4 isolates (0.1%; all
B-lactamase positive) requiring MICs of cefuroxime of >4
pg/ml and 16 isolates (0.5%; 13 B-lactamase positive and 3
B-lactamase negative) requiring MICs of SXT of 8 to 16 pg/ml,
all M. catarrhalis isolates demonstrated MICs below the sus-
ceptibility breakpoint defined by NCCLS for Staphylococcus
aureus for all drugs tested (data not shown).

DISCUSSION

This study was undertaken in order to benchmark the in
vitro activity of moxifloxacin against clinically significant patho-

TABLE 3. Frequency of MDR? S. pneumoniae phenotypes

MDR Interpretive category for: Moxifloxacin
phenotype % : . MIC range

(no. of Peni- Ceftri- Erythro- Fluoro-

isolates) cillin  axone  mycin quinolones (ng/ml)
A (205) 483 R I R R S 0.03-0.5
B (65) 153 R R R R S 0.03-0.25
Cc(0) 142 R R R I S 0.06-0.25
D 46) 108 R S R R S 0.01-0.05
E (31) 73 R R S R S 0.06-0.25
F (6) 14 R R R S S 0.06-0.25
G4 09 I R R R S 0.06-0.25
H (3) 06 R I R R R 2-4
I(1) 02 R I S R R 1
ANE))] 02 I S R R R 2

K (1) 02 R I R I R 2
L) 02 R S R R R 2

“ Defined as resistance to three or more drug classes. Total number of isolates,
424.

gens associated with respiratory tract infections derived from a
large number of hospital laboratories across the United States,
including the characterization of all resistant isolates and
MDR organisms, enabling future comparative studies and
trend analyses. In contrast with other drug classes tested, moxi-
floxacin and the other fluoroquinolones demonstrated overall
high activity against the pathogens studied. Moxifloxacin in-
hibited the growth of 99.8% of S. pneumoniae isolates and
100% of H. influenzae isolates at concentrations well below the
susceptibility breakpoint criteria. For M. catarrhalis no isolate
required an MIC of moxifloxacin of >0.5 pg/ml. For moxi-
floxacin, as is evident from Table 1, in S. pneumoniae there is
no significant relationship between the degree of resistance to
penicillin and the modal MIC MIC,,, both remaining at 0.12
and 0.25 pg/ml, respectively, for each penicillin susceptibility
category. This is consistent with other reports from the United
States and Europe demonstrating no relationship between
penicillin susceptibility and the activity of moxifloxacin or
other newer fluoroquinolones (8, 11, 32, 33, 35, 42-44). These
observations are in contrast to recent reports from Canada and
Ireland, which observed a relationship between penicillin non-
susceptibility and reduced susceptibility to ciprofloxacin (9,
16), perhaps explained by the lower activity of ciprofloxacin
against S. pneumoniae. Additionally, the modal moxifloxacin
MIC and MIC,,, are unchanged when considered in relation to
the susceptibility categories of the other drugs studied (such as
erythromycin), geographic region, and site of infection, param-
eters not previously explored. In contrast with results from
other reports concerning children (11, 43), we detected no
relationship between moxifloxacin susceptibility and age. The
clear-cut association between penicillin resistance and resis-
tance to other classes of antibiotics, in particular other B-lac-
tams, the macrolides, and SXT (Table 1), confirms the findings
of several previous studies (11, 32, 35, 42-44). In addition, the
prevalence of penicillin resistance (12.7% resistant and 22.5%
intermediate) remains similar to that in data derived from
surveillance studies reported from the 1996 to 1997 respiratory
winter season (12, 42, 43) but is clearly increased from the
9.5% resistant and 14% intermediate reported from the 1994
to 1995 winter season (11).

The higher activities of moxifloxacin and trovafloxacin com-
pared with those of other test fluoroquinolones, coupled with
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FIG. 2. MIC distributions for moxifloxacin among M. catarrhalis and H. influenzae isolates.

the fact that these hydrophobic compounds are resilient to
efflux (15, 38), mean that in isolates with decreased suscepti-
bilities, perhaps through the acquisition of single point muta-
tions in gyr4 or parC, MICs can still remain below the suscep-
tible breakpoint. However, the widespread use of newer
fluoroquinolones may be accompanied by an accumulation of
additional mutations in QRDRs, resulting in upward “MIC
creep.” Should this happen, the extent to which the drugs’
modal MICs are below the currently used breakpoints becomes
relevant. At least for trovafloxacin and moxifloxacin, the ma-
jority of strains (approximately 90%) remained at least 3 two-
fold concentrations lower than the FDA breakpoint and almost
100% were 2 twofold concentrations lower.

In S. pneumoniae (18), as in S. aureus (37, 38), mutations in
the DNA gyrase subunit A (gyr4) and topoisomerase IV (parC
or grlA in S. aureus) are mostly responsible for conferring
reduced susceptibility to fluoroquinolone compounds. Most
previous reports suggest that mutations in gyr4 (Ser-81—Phe
or Tyr) and parC (Ser-79—Tyr) are the most significant (17, 18,
25, 27-29, 31, 40, 45). In concordance with this, the 11 fluoro-
quinolone-resistant isolates detected in this study possessed

classic single or combination mutations in gyr4 and parC re-
sponsible for conferring fluoroquinolone-resistant phenotypes.
It is worth noting, however, that the effects of mutations in
QRDRs are not always clear-cut and that considerable bio-
variation clearly occurs in clinical isolates of S. pneumoniae
(18). This is apparent from strain 11, which, despite possessing
ParC alterations Lys-137—Asn and Ser-79—Phe and GyrA
alteration Ser-81—Phe, maintained a moxifloxacin-susceptible
phenotype, although the MIC was close to the breakpoint.
MIC:s for other isolates with similar gyr4A and parC mutational
combinations of moxifloxacin were 4 pg/ml (resistant). In ad-
dition, strain 4 carries only the GyrA Ser-81—Tyr alteration,
remaining wild type at ParC, but nevertheless requires raised
MICs of the fluoroquinolones tested, including moxifloxacin.
Since moxifloxacin is a hydrophobic fluoroquinolone and not
readily removed by efflux from the cell, there are probably
other physiological factors affecting fluoroquinolone suscepti-
bility such as changes in outer membrane proteins. Of note is
isolate 2, which, despite being wild type at gyr4, was highly
resistant to all the fluoroquinolone compounds tested, includ-
ing trovafloxacin. In addition to the classic Ser-79—Phe alter-
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ation, this isolate possessed a number of ParC mutations to
our knowledge not previously reported (Ser-16—Gly, Asn-
91—Asp, and Glu-125—Asp) whose impact on fluoroquino-
lone susceptibility is unknown. These may warrant further
study. This isolate may have possessed mutations in gyrB and
parE which have been implicated previously (21, 25) as playing
a role in fluoroquinolone resistance, although their role is still
debatable (18, 27, 30). Previous studies have shown moxifloxa-
cin to manifest a low mutation rate of <1.4 X 10~ at 4 times
the MIC, compared with 2.2 X 1077 for ciprofloxacin (10),
providing at least circumstantial evidence that the emergence
of fluoroquinolone resistance during appropriate moxifloxacin
therapy is unlikely. Of course such benefits are negated should
the widespread use of less-active compounds with a greater
tendency to select for mutations occur, especially since we
know that key mutations will have at least some effect on the
activity of all quinolones (18) and appear to be stable over time
(19).

The emergence of MDR (resistance to any three drug
classes tested) in S. pneumoniae is of major concern since it
severely limits treatment options. During the 1997 to 1998
season, 424 (7.5%) isolates studied demonstrated an MDR
phenotype; of these, almost 80% were resistant or intermedi-
ate to all drug classes tested (Table 3) except for moxifloxacin
and/or other fluoroquinolones, which all had MICs in the sus-
ceptible category. Overall, 98.2% of all MDR strains remained
susceptible to at least one of the new fluoroquinolones tested
in this study. This clearly positions the new fluoroquinolones as
viable therapeutic options for treating infections with MDR
pneumococci, particularly since in the vast majority of cases,
the use of fluoroquinolones, unlike the use of other drug
classes, is currently unlikely to select for the emergence or
clonal expansion of organisms with MDR phenotypes, since
the vast majority of MDR types remain fluoroquinolone sus-
ceptible. Nonetheless, it is important to note that 6 of the
11 fluoroquinolone-resistant isolates detected demonstrated
MDR phenotypes, which confirms the need for careful moni-
toring of MDR phenotypes, including the complete molecular
characterization of all fluoroquinolone-resistant organisms.
Three of these MDR phenotypes (types J, H, and L) comprised
PFGE clonal type A. Additionally, each PFGE type A strain,
except for one with Ser-79—Phe alteration at ParC, possessed
identical mutant gyr4 and parC gene loci. It appears that this
study provides the first evidence for the emergence of an MDR
clone of S. pneumoniae that includes resistance to the fluoro-
quinolones, although such MDR resistance is very rare. A
longitudinal comparative determination of MDR status using
similar representations of drug classes, combined with charac-
terization of clonality and QRDRs, will play a crucial role in
tracking the further evolution of MDR and fluoroquinolone
resistance.

For clinical isolates of H. influenzae and M. catarrhalis, the
incidence of B-lactamase production (33.3 and 92.4%, respec-
tively) remains almost identical to that found in 1996 to 1997
data and previously reported by our group (33.4 and 92.7%,
respectively) (42). The incidence of B-lactamase production in
both species remained mostly constant, irrespective of geo-
graphical location within the United States (MRL, unpub-
lished data). This is in contrast to the situation in Europe and
Asia, in which far greater regional differences have been re-
ported (13, 20, 35). This is especially true for H. influenzae,
which in some regional populations produces pB-lactamase at
an incidence of less than 5% (13, 35). Apart from a 20.9%
incidence of nonsusceptibility to SXT among H. influenzae
isolates, B-lactamase production remains the only significant
cause of resistance in isolates for both this species and M.
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catarrhalis. A recent U.S. study reported “fluoroquinolone-
resistant” isolates of both H. influenzae and M. catarrhalis (D.J.
Biedenbach, R. N. Jones, J. Dipersio, K. C. Kugler, and W. W.
Wilke, Abstr. 39th Intersci. Conf. Antimicrob. Agents Che-
mother., abstr. 54, p. 141, 1999). However, in this U.S.-wide
study, similar to a recent European study (20), no isolates of
either species required MICs of any of the fluoroquinolones
tested of >1.0 pg/ml, MIC,,s for moxifloxacin were 0.03 pg/ml
for H. influenzae and 0.06 pg/ml for M. catarrhalis, and there
was no association with B-lactamase status for either species.

Resistance to antibacterial agents commonly prescribed as
empiric therapies for the treatment of CA-RTI is a major
health care concern. For H. influenzae and M. catarrhalis, the
likely production of B-lactamase must be considered when
choosing a therapy; for S. pneumoniae, the frequent occur-
rence of penicillin resistance and associated MDR is of even
greater concern. In this respect, the positive features of the
fluoroquinolones include their relatively high activity, their
lack of association with the common MDR phenotypes, and
the fact that emergence of resistance during therapy with
proper dosing seems unlikely. It is important to note however
that the apparent benefits of the newer quinolone antibiotics
cannot be extended to the pediatric patient population in
which these drugs are not currently an option.

In future years, geographically widespread surveillance stud-
ies incorporating a broad selection of antimicrobial agents and
queriable parameters, including quantitative MIC data for ex-
tended-range antibiotic concentrations, in addition to the mo-
lecular characterization of resistant phenotypes, will enable the
detection and monitoring of any changes in moxifloxacin sus-
ceptibilities among RTI pathogens, possibly enabling the
timely implementation of preventive measures.
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