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Increasing pneumococcal resistance to extended-spectrum cephalosporins warrants the search for novel
agents with activity against such resistant strains. Ceftaroline, a parenteral cephalosporin currently in phase
3 clinical development, has demonstrated potent in vitro activity against resistant gram-positive organisms,
including penicillin-resistant Streptococcus pneumoniae. In this study, the activity of ceftaroline was evaluated
against highly cefotaxime-resistant isolates of pneumococci from the Active Bacterial Core surveillance pro-
gram of the Centers for Disease Control and Prevention and against laboratory-derived cephalosporin-
resistant mutants of S. prneumoniae. The MICs of ceftaroline and comparators were determined by broth
microdilution. In total, 120 U.S. isolates of cefotaxime-resistant (MIC = 4 pg/ml) S. pneumoniae were tested
along with 18 laboratory-derived R6 strains with known penicillin-binding protein (PBP) mutations. Clinical
isolates were characterized by multilocus sequence typing, and the DNAs of selected isolates were sequenced
to identify mutations affecting pbp genes. Ceftaroline (MIC,, = 0.5 pg/ml) had greater in vitro activity than
penicillin, cefotaxime, or ceftriaxone (MIC,, = 8 pg/ml for all comparators) against the set of highly
cephalosporin-resistant clinical isolates of S. pneumoniae. Ceftaroline was also more active against the defined
R6 PBP mutant strains, which suggests that ceftaroline can overcome common mechanisms of PBP-mediated
cephalosporin resistance. These data indicate that ceftaroline has significant potency against S. pneumoniae
strains resistant to existing parenteral cephalosporins and support its continued development for the treat-
ment of infections caused by resistant S. pneumoniae strains.

Streptococcus pneumoniae is the most common cause of
community-acquired pneumonia (18, 35). While the introduc-
tion of pneumococcal conjugate vaccine led to a large decrease
in the incidence of disease caused by resistant strains (21), the
numbers of highly resistant pneumococcal strains not covered
by the vaccine are now increasing (25); and S. pneumoniae
strains resistant to penicillin, cephalosporins, macrolides, tet-
racyclines, and sulfonamides continue to be observed in the
United States (24, 9, 13, 19).

Although the breakpoint for penicillin resistance for non-
meningeal isolates has recently been increased to 8 pg/ml (6),
highly penicillin- and cephalosporin-resistant pneumococci are
still emerging (25, 30), and the effectiveness of existing B-lac-
tams in the treatment of such infections is unlikely to be suc-
cessful, as determined on the basis of the pharmacokinetics
and pharmacodynamics of existing agents (1, 27, 29). Ceftaro-
line is a novel parenteral cephalosporin with broad-spectrum in
vitro antimicrobial activity against resistant gram-positive
pathogens, including penicillin-resistant S. pneumoniae strains
and methicillin-resistant Staphylococcus aureus strains (14, 28),
as well as common gram-negative organisms.

The aim of the study described here was to evaluate the
activity of ceftaroline against a panel of cefotaxime-resistant
clinical isolates and laboratory mutants with defined penicillin-
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binding protein (PBP) mutations. Multilocus sequence typing
(MLST) analysis was used to group the isolates; and the genes
encoding PBPs 1A, 2B, and 2X from selected isolates were
sequenced to characterize key mutations.

(A preliminary report of these results was presented in 2007
at the 47th Interscience Conference on Antimicrobial Agents
and Chemotherapy in Chicago, IL.)

MATERIALS AND METHODS

Bacterial strains. One hundred twenty invasive S. pneumoniae strains with
cefotaxime MICs of =4 pg/ml that were collected as part of the Centers for
Disease Control and Prevention (CDC) Active Bacterial Core surveillance and
Emerging Infections Programs Network from 2001 through 2006 were included.
The strains were isolated from children and adults (age range, <1 to 96 years) in
eight states. Eighteen strain R6 laboratory-derived mutants with defined pbp and
murM gene mutations known to confer 3-lactam resistance were also included in
the study. These mutants were previously generated by transforming well-char-
acterized antimicrobial-susceptible laboratory strain R6 with various combina-
tions of pbp genes and the murM gene containing mutations known to confer
resistance to B-lactam antimicrobials (11, 31, 32). Donor strains of pbp and murM
genes were strain 3191, a representative of a Hungarian pneumococcal clone that
was isolated during the period from 1997 to 1998 and that was found to have
notably high levels of penicillin resistance (MIC, 16 wg/ml) and cefotaxime
resistance (MIC, 4 pg/ml) (31, 32), and strain 72521, which was isolated in
France and which has an amoxicillin MIC (8 pg/ml) higher than that of penicillin
(MIC, 4 pg/ml) (11).

Antimicrobials tested. Ceftaroline (lot M599-R1001) was supplied by Forest
Laboratories, Inc. (New York, NY). The other antimicrobials used in the study
were purchased from commercial sources.

MIC testing. The MICs of ceftaroline, penicillin, ceftriaxone, and cefotaxime
for all clinical strains and the R6 laboratory mutants were determined by the
reference broth microdilution method, according to the guidelines of the Clinical
and Laboratory Standards Institute (5, 6). In addition, MIC data (determined by
broth microdilution) for amoxicillin and meropenem were available from the
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TABLE 1. MIC ranges, MICsgs, and MICys for cefotaxime,
penicillin, ceftriaxone, ceftaroline, amoxicillin, and
meropenem against 120 clinical isolates

MIC (p.g/ml)

Antimicrobial

Range 50% 90%
Cefotaxime 4-=16 8 8
Penicillin 0.5-16 8 8
Ceftriaxone 2-=16 8 8
Ceftaroline 0.125-2 0.5 0.5
Amoxicillin 0.25->8 8 >8
Meropenem 0.12-2 1 2

CDC database for the clinical isolates, and the MICs for amoxicillin (determined
by Etest; AB Biodisk; Solna, Sweden) were available for the R6 mutants.

MLST. MLST was performed with all clinical isolates by previously described
methods (12, 15). The sequence types (STs) obtained were compared with those
at the MLST website (http://spneumoniae.mlst.net). New alleles and allelic pro-
files were submitted to the MLST database for MLST assignment.

PBP sequencing. On the basis of genotypic characterization of the 120 strains
by MLST, 15 strains were selected for sequencing of the pbpla, pbp2b, and pbp2x
genes to identify mutations. Nine isolates were selected from each of the three
major STs identified, and six isolates were selected from the remaining clonal
complexes. For sequencing, the PCR amplification products were purified with
the ExoSAP-IT reagent (USB Corp., Cleveland, OH). The nucleotide sequences
of the penicillin-binding domains of PBPs 1A, 2B, and 2X were determined by
sequencing with a series of oligonucleotides that were primed at intervals of
+300 nucleotides along each gene. Cycle sequencing was performed with a
BigDye Terminator (version 1.1) kit (Applied Biosystems; Foster City, CA), and
electrophoresis was carried out with an ABI 3100 automated sequence analyzer.
The nucleotide and deduced amino acid sequences of PBPs 1A, 2B, and 2X were
aligned by using the MegAlign program (DNAStar, Madison, WI) and compared
with the published sequence of penicillin-susceptible S. pneumoniae strain R6
(23).

RESULTS

Antimicrobial activity of ceftaroline. Ceftaroline was the
most active agent tested against the 120 clinical isolates of
cefotaxime-resistant S. pneumoniae, with MICs ranging from
0.125 pg/ml to 2 pg/ml; the MIC,, was 0.5 pg/ml (Table 1).
The single isolate of S. pneumoniae with a ceftaroline MIC of
2 wng/ml was highly resistant to cefotaxime and ceftriaxone
(MICs = 16 pg/ml for both agents). Overall, ceftaroline was
more than 16-fold more active in vitro than cefotaxime, peni-
cillin, ceftriaxone, amoxicillin, and meropenem.

The results in Table 2 (11, 31, 32) show that ceftaroline also
exhibited potent activity against 18 laboratory strains with de-
fined PBP and murM mutations known to confer resistance to
B-lactams. The MICs of ceftaroline for these isolates ranged
from 0.015 pg/ml to 0.25 pg/ml; the MIC,, was 0.03 wg/ml,
whereas the MIC,,s of penicillin, ceftriaxone, and amoxicillin
were =4 pg/ml.

MLST. MLST identified 31 STs associated with the 120 strains
characterized. Three STs accounted for the majority of strains
(57.8%): ST320 (n = 41), ST13 (n = 14), and ST37 (n = 14).

DNA sequencing of penicillin-binding domains. Irrespective
of the genetic background, as determined by the MLST type
(Fig. 1) (23), the 15 clinical isolates selected for sequencing
had similar constellations of mutations associated with resis-
tance in their PBP 1A, 2B, and 2X genes. Isolate 2192 (MIC =
8 pg/ml for penicillin, cefotaxime, and ceftriaxone) had only
single amino acid substitutions affecting PBP 2X and PBP 1A,
and it remains possible that mutations in other genes affect
B-lactam resistance in this strain.

DNA sequence analysis of the PBP 1A, 2B, and 2X penicil-
lin-binding domains from the isolates revealed extensive se-
quence divergence compared with the sequence of strain R6.

TABLE 2. MICs of cefotaxime, penicillin, ceftriaxone, ceftaroline, and amoxicillin for 18 R6 mutants

R6 mutant”

MIC (pg/ml)?

CTX PEN CRO CPT AMX
R6 (parental strain) 0.03 0.015 0.03 =0.015 =0.015
3191 (donor strain) 4 16 8 0.25 8
72521 (donor strain) 2 4 4 0.25 8
R6 2x/3191 0.03 2 2 0.125 0.047
R6 2b/1a/mur/3191 0.03 0.03 0.06 =0.015 0.023
R6 2x/72521 0.06 0.5 0.5 0.06 =0.015
R6 2x/1a/3191 0.06 2 2 0.125 0.032
R6 2x/2b/72521 0.5 0.5 1 0.06 0.094
R6 2x/2b/3191 0.5 1 1 0.125 0.19
R6 2x/3191 + 2b/72521 1 2 2 0.125 0.19
R6 2x/2b/1a/72521 2 0.5 0.5 0.06 0.5
R6 2x/2b/72521 + 1a/3191 2 1 2 0.125 0.75
R6 2x/2b/1a/gDNA/72521 2 1 0.5 0.125 1
R6 2x/2b/1a/72521 + gDNA/3191 2 8 2 0.25 1
R6 2x/2b/1a/72521 + mur/3191 2 1 1 0.06 1
R6 2x/2b/3191 + 1a/72521 + mur/3191 2 8 4 0.125 1.5
R6 2x/2b/1a/72521 + 1a/3191 + gDNA/72521 4 2 2 0.125 1.5
R6 2x/2b/72521 + 1a/3191 + mur/72521 4 2 4 0.25 3
R6 2x/2b/1a/3191 + mur/72521 16 8 8 0.25 4
R6 2x/2b/1a/3191 16 4 4 0.125 4

“Isogenic R6 transformants containing known pbp and murM mutations were generated from previous studies (11, 31, 32) by transforming parental strain R6 with
various combinations of the pbpla, pbp2b, pbp2x, and murM genes from donor strains 3191 and 72521; 2x, pbp2x; 2b, pbp2b; 1a, pbpla; mur, murM; gDNA, genomic

DNA.

b AMX, amoxicillin; CPT, ceftaroline; CRO, ceftriaxone; CTX, cefotaxime; PEN, penicillin.
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(a) 2233333333333333334£444444444555555555555555555555
88133444556€66778880014468899C00111123334456667779
1218935658457182490174626801156034631565645672465

RE Pen CLx QEDTMMAAGVLKAILEGRSMTNNAIPDTANKDL-NVVSPTALALTDASSY

1542 (ST37) 4 8 L-NAF-SSSYF-—T-TG-TSKS-LTNSV-——ETNHILYII-V-S—NVTN-

2165 (ST37) 8 8 L-NAF-SSSYF-——T-TG-TSKS-LTNSV-—ETNHILYII-V-S-NVIN

2225 (ST37) .5 ¢ L-NAF-SSSYF-—-T-TG-TSKS-LTNSV-—-ETNHILYII-V-S—-NVIN-

1614 (ST320) 4 4 LONAF-SSSYF-—TATGLTSKS-LTNSV-——ETNHILYII-V-S—-N-TN—

2159 (ST320) 8 8 L NAIF SSSYF TATCLTSKS LTINSV ETNHILYII V S NVINI

2438 (ST320) 8 8 L-NAF-SSSYF-—TATGLTSKS-LTNSV-——ETNHILYIITVLS-NVIN-

2178 (ST13) 4 8 L-NAK-SSSYF-—-TATGLUSKS-LINSV-—ETNHILY11-V—-S-NVINK

2243 (STL3) 3 16 L-NAF-SSSYF-—-TATG-TSKS-LTNSV-—ETNHILYII-V-S—-NVTNF

2192 (STL3) 8 8 T

27400 (STL56) 18 L-NAF-SSSYF-—TATGLTSKS-LTNSV-—-ETNHILYII-V-SPNVINF

2224 (ST627) 8 8 L-NAF-SSSYF-——T-TG-TSKS-LTNSV-——ETNHILYII-V-S—-NVIN-

2182 (S12868) 16 1le LQNAE*SSSYB**TAIGLISKS*LTNSV**EINHLLYll*V*S*NVLNE

2154 (ST663) 1621¢€ L-NA-TSSSYF--T-TGL-SKS-LTNSV-—ETNHILYII-V-S—-N-TN-

2157 (STL624) 4 8 L-NAF-SSSYF-——TATGLTSKS-LTNSV-—ETNHILYII-V-S—-NVINF

2357 (ST2539) 16 4 L-NAF-SSSYFESTDISL-S—-SSLTNSVKE——-ILYII-V-S-NVIN

(b) 33334444444L444444444455555555555556666666666¢€6
6677112222234445577789000.134456999C012223455¢6
0519181567975781425986157.57141016758847990893

RE Pen Ctx IKPNSANTQAGCTMVALSESTDTESYANVRGDAGLNLADQTSDNGS

1542 (ST37) 4 8 L-——P-YKL-—-FEA-IVITGAA-—D-———IHDE-——————————————

2165 (ST37) 3 8 L-——P-YKL-——EA-IVITGAA--D LHDE

2225 (ST37) .5 4 GG=ZNTEKNA

1614 (ST320) 4 £ TN——PPYKT—FA-TVTTGAA— D—F-————————

2159 (ST320) 8 8 L-—P-YKL-—-EAVIVI-G-S-L-NF——IHDE-———"""""—""————

2438 (ST320) 8 8 L P YKL L[AV I G S L NI' LIDE

2178 (STL3) 4 8 L-——P-YKL-——EA-IVITGAA-—D——-D-————SP-DTGG=ENTEKNA

2243 (STL3) 3 16 L-——P-YKL-——FA-IVITGAA-—-D——-D-———SP-DTGG=NTEKNA

2192 (STL3) 3 8 -

2400 (STL56) 4 8 ————P-YKL-—EA-——ITGAA S

2224 (ST627) 8 8 L P YKL LA IVITCAA D SP DTCCENTLKNA

2182 (ST2868) 16 16 L-———P-YKL-—EAVIVI-G-S—-L-N--D-———SP-DTGG=NTEKNA

2154 (S1663) 1621¢ LNQ—P-YKL——HKA-1VITCAA-—D———D————8P-DTGG=NTEKNA

2157 (ST.624) 4 8 L-——PPYKL--EAVIVI-C-S-L-NF—IHDE-——"——"""—"""———

2357 (ST2539) 16 4 L-——DP-———-PD-A-IV-——G-SN-D———D————8PR-S-GzZN-—————

(c) 33333333333333444444444444444555555555555555555556666066666
12223565788989900112344567/899001113£445/777°17777889000C01111
68163218128235758342235923555735267303600124567357036791256

RE Pen Ctx TEAEISITLETIHENVRGLPNAISDKATYHVESNDSTNANHITSQFLASSLLVNLTAK

1542 (ST37) 4 8 ——SDVATS-DS——VDLHVITD-MAN-—IHNI-DAET-GPXY-NTGYMVA-—IIDFLG—

2165 (ST137) 3 & ——SDVATS-DS——-VDLHV_TD-MAN-—IENI-DAK-GPLY-NTGYMVA-—11DFLG—

2225 (ST37) .5 ¢ ——SDVATS-DS——VD_LHVITD-MAN-—IHNI-DAET-GPXY-NTGYMVA-—IIDFLG—

1614 (ST320) 4 4 SQSDVATS-DS——-VDLHVITD-MAN-—IHNI-DAEV-GPXY-NTGYMV———I-DFL——

2159 (ST320) 8 8 SQSDVATS-DS——VDTHVTTD-MAN-—THNT-DAET-GPXY-NTGYMV———T-DFT——

2438 (ST320) 8 8 ——SDVATS-DS——VD_LHVITD-MAN-—IHNI-DAET-GPXY-NTGYMV———I-DFL——

2178 (STL3) 4 8 SQSDVATS-DS——VDLHVITD-MAN-—IHNI-DAET-GPXY-NTGYMVA--IIDFLG—

2243 (STL3) 8 16 SQSDVATS-DS——VDLHVITD-MAN-—IHNI-DAET-GPXY-NTGYMVA--IIDFLG—

2192 (STL3) 8 8 -—7D

2400 (ST"56) 4 8 SQSDV——8-DS—-VDTH-TTD-MANQ—THNT-DAEVIGPXYVNTGYSVA-FT-DFT——

2224 (ST627) 8 8 S—-SDVATS-DS——VD_HVITD-MAN-—IHNI-DAET-GPXY-NTGYMVA-—-IIDFLG—

2182 (ST2868) 16 1¢ ATS D VDLII ITD MANQ IIIN DAEVIGPXYVNTGYSV VISE SA

2154 (ST663) 1621¢€ S—-SDVATS-DS——VD_HVITD-MAN-—IHNI-DAET-GPXY-NTGYMV———I-DFL——

2157 (ST.e24) 4 8 S—-SDVATAZD-MNIS-——A-TD-MANQ—TIHN—-KD

2357 (8T2539) 16 £ SQSDVATS-D-MNVD_HVITDSMASQTIHNI-DAED-GPAY-NTGYIVAT-I-D————

FIG. 1. Deduced amino acid sequences encoded by the pbp2x (a), pbp2b (b), and pbpla (c) genes. Only those amino acids that differ from the
sequences of strain R6 are shown. Dashes indicate residues identical to those of R6. Amino acids are numbered according to their positions in the
gene (23).
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Within the STMK motif of the PBP 2X penicillin-binding do-
main, isolates had a ThryygAla substitution (Fig. 1a).
Met,;,Phe and Met,,,Thr were common substitutions; there
were no Thrss, or Glnss, mutations associated with cephalo-
sporin resistance in these isolates. In the PBP 2B penicillin-
binding domain, a Thr,,sAla substitution (adjacent to the
S.4,SN conserved motif) was present in most of the isolates
(Fig. 1b). Numerous substitutions in close proximity to the
PBP 2B active-site K;,, TG motif were identified. In the PBP
1A penicillin-binding domain, a substitution of Thr;,, to Ser or
Ala and the four consecutive substitutions at residues 574 to
577 were present in the majority of isolates (Fig. 1c). All
isolates with the exception of isolate 2225 had amoxicillin
MICs of =2 pg/ml; isolate 2225 had an MIC of 0.25 wg/ml.

DISCUSSION

Increases in S. pneumoniae resistance to cephalosporins and
other B-lactam antimicrobial agents have been observed since
2005 in the United States (2-4). In view of pharmacokinetic
and pharmacodynamic considerations, there may be clinical
implications of very-high-level penicillin and cephalosporin re-
sistance for patients with pneumonia. On the basis of the
pharmacodynamic principle of achieving a free drug concen-
tration greater than the MIC,,, for 40% to 50% of the length of
the dosing interval, the clinical failure breakpoint is 2 pg/ml for
ceftriaxone given 1 g daily or cefotaxime 1 g given 3 times daily
(17). The highly cephalosporin-resistant strains analyzed in this
study would thus raise concern over potential clinical failure
for patients with pneumonia.

In the present study, ceftaroline was more active in vitro
against the set of highly cephalosporin-resistant clinical iso-
lates of S. pneumoniae than either penicillin, ceftriaxone, or
amoxicillin. Carbapenems are recognized to have activity
against a broad range of gram-positive cocci, including peni-
cillin-resistant S. pneumoniae, and meropenem was more ac-
tive against the strains included in this study. Ceftaroline was
also more active against laboratory R6 mutants containing pbp
mutations known to confer resistance to other B-lactam agents.
These observations suggest that ceftaroline could be clinically
effective for the treatment of infections caused by S. preu-
moniae strains resistant to the currently available antimicrobi-
als. A clinical situation involving S. pneumoniae in which
ceftaroline may be of value is meningitis. Current treatment
guidelines advocate the use of combination therapy because of
the risk of failure imposed by cephalosporin-resistant pneumo-
cocci (24). If cerebrospinal fluid penetration studies show ad-
equate penetration of ceftaroline, then the in vitro activity
demonstrated against cephalosporin-resistant strains warrants
clinical trials on the use of ceftaroline as monotherapy for
meningitis.

Resistance to B-lactam antimicrobial agents in S. pneu-
moniae is mediated by successive alterations in essential PBPs,
with specific mutations being expressed in combination with
mutations in other genes (16, 22, 37). The final resistance
phenotype is therefore dependent on the collective actions of
multiple PBPs. Irrespective of the genetic background, the 15
clinical isolates selected for sequence analysis had similar mu-
tations in genes encoding PBP 1A, 2B, and 2X. Interestingly,
isolate 2192, which exhibited high-level resistance to penicillin
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and cefotaxime, had almost no alterations in the sequenced
portions of the genes for PBP 1A, 2B, and 2X. Resistance in
this strain may be associated with changes in other genes, such
as pbp2A, pbp1B, or murM (10, 34), or may be due to a non-
PBP-mediated mechanism (31).

Several of the PBP mutations observed in this study are
known to be important in B-lactam resistance. The Thr;;cAla
substitution in the STMK motif observed in the PBP 2X pen-
icillin-binding domains of the clinical isolates used in this study
has been shown to be important for B-lactam resistance (26).
In addition, the amino acid mutations Met;;,Phe and
Met,,Thr, which were common substitutions in these isolates,
have been shown to be important substitutions for conferring
high-level cefotaxime resistance (MICs = 2 ug/ml) (7).

The previously documented Thr,,sAla substitution (adja-
cent to the S,,,SN conserved motif) in the PBP 2B penicillin-
binding domain was present in most of the isolates in the
current study; the importance of this conserved motif in inter-
acting with penicillin has been noted (8). PBP 2B is not con-
sidered a target for extended-spectrum cephalosporins, but it
appears to be important in the development of amoxicillin
resistance; this is supported by the observation in the present
study that all but one isolate had amoxicillin MICs of =2
pg/ml. Mutations in the region from residues 590 to 676 of
PBP 2B, similar to the substitutions near the K4,,TG motif
reported in this study, have been shown to be associated with
strains with higher amoxicillin MICs than penicillin MICs
(11, 20).

The Thr,,,-to-Ser or -Ala substitutions and the four consec-
utive substitutions at residues 574 to 577 that were present in
the PBP 1A penicillin-binding domains in the majority of the
isolates in this study have been documented previously, and the
contribution of these residues to the development of penicillin
resistance (MICs = 0.25 pg/ml) has been confirmed (33). The
substitution of Ala for Thr at residue 371 is homologous to the
Thr,;4Ala substitution in PBP 2X (within the Sers;,-Thr-Met-
Lys conserved motif).

The activity of ceftaroline against the set of defined R6 PBP
mutants in this study was superior to the activities of the
comparator agents and suggests that ceftaroline may overcome
common mechanisms of B-lactam resistance that are mediated
by target modification. It has recently been shown that the
activity of ceftaroline against methicillin-resistant S. aureus is
associated with conformational changes to the active site of
PBP 2a that are promoted by ceftaroline binding to an allo-
steric site (36); it is not clear if similar interactions occur
between ceftaroline and PBPs in S. pneumoniae. The present
study demonstrated that ceftaroline has significant potency
against pneumococcal isolates highly resistant to existing par-
enteral cephalosporins. These findings support the continued
development of ceftaroline for the treatment of infections
caused by resistant S. pneumoniae strains.
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