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Missense Mutations in PBP2A Affecting Ceftaroline Susceptibility
Detected in Epidemic Hospital-Acquired Methicillin-Resistant
Staphylococcus aureus Clonotypes ST228 and ST247 in Western
Switzerland Archived since 1998

William L. Kelley,* Ambre Jousselin, Christine Barras, Emmanuelle Lelong, Adriana Renzoni

Service of Infectious Diseases, University Hospital and Medical School of Geneva, Geneva, Switzerland

The development and maintenance of an arsenal of antibiotics is a major health care challenge. Ceftaroline is a new cephalospo-
rin with activity against methicillin-resistant Staphylococcus aureus (MRSA); however, no reports concerning MRSA ceftaroline
susceptibility have been reported in Switzerland. We tested the in vitro activity of ceftaroline against an archived set of 60 MRSA
strains from the University Hospital of Geneva collected from 1994 to 2003. Our results surprisingly revealed ceftaroline-resistant
strains (MIC, >1 �g/ml in 40/60 strains; EUCAST breakpoints, susceptible [S],<1 �g/ml; resistant [R], >1 �g/ml) were present from
1998 to 2003. The detected resistant strains predominantly belonged to sequence type 228 (ST228) (South German clonotype) but also
to ST247 (Iberian clonotype). A sequence analysis of these strains revealed missense mutations in the penicillin-binding protein 2A
(PBP2A) allosteric domain (N146K or E239K and N146K-E150K-G246E). The majority of our ST228 PBP2A mutations (N146K or
E150K) were distinct from ST228 PBP2A allosteric domain mutations (primarily E239K) recently described for MRSA strains collected
in Thailand and Spain during the 2010 Assessing Worldwide Antimicrobial Resistance Evaluation (AWARE) global surveillance pro-
gram. We also found that similar allosteric domain PBP2A mutations (N146K) correlated with ceftaroline resistance in an independent
external ST228 MRSA set obtained from the nearby University Hospital of Lausanne, Lausanne, Switzerland, collected from 2003 to
2008. Thus, ceftaroline resistance was observed in our archived strains (including two examples of an MIC of 4 �g/ml for the Iberian
ST247 clonotype with the triple mutation N146K/E150K/G246E), at least as far back as 1998, considerably predating the commercial
introduction of ceftaroline. Our results reinforce the notion that unknown parameters can potentially exert selective pressure on
PBP2A that can subsequently modulate ceftaroline resistance.

Staphylococcus aureus is a major pathogen worldwide and can
provoke a range of diseases that range from relatively minor to

life-threatening. It is the most common etiological agent of surgi-
cal site infections and ventilator-associated pneumonia. Of partic-
ular concern are infections arising from encounters with antibiot-
ic-resistant strains, such as methicillin-resistant S. aureus
(MRSA). Methicillin resistance in S. aureus is dependent upon the
acquisition of the mecA gene, which encodes penicillin-binding
protein 2A (PBP2A), which is refractory to inhibition by methi-
cillin and numerous other �-lactam antibiotics (1).

MRSA is widely recognized as a serious threat to public health,
and new antibiotics are urgently needed (2). Penicillin-binding
proteins (PBPs), which are bacterial enzymes catalyzing the last
steps of cell wall biosynthesis, have long been used as lethal targets
for �-lactam antibiotics. Ceftaroline, a novel �-lactam broad-
spectrum cephalosporin, also binds to PBPs (3); however, an ex-
ceptional characteristic of ceftaroline is that it also binds to and
inhibits PBP2A, effectively blocking the principal �-lactam resis-
tance determinant of MRSA strains. Accordingly, numerous stud-
ies have attested that ceftaroline shows robust in vitro activity
against MRSA strains (4–8).

Neither clinical nor in vitro studies have detected high per-
centages or rapid development of ceftaroline resistance (9).
Nevertheless, some rare resistant strains have been reported
(10, 11) (EUCAST MICs, �1 �g/ml or CLSI MIC, �4 �g/ml).
To our knowledge, only a few studies have been conducted that
identified PBP2A mutations as being correlated with a reduc-
tion in sensitivity to ceftaroline (11, 12). Some of these PBP2A

mutations (N146K and E150K) correlated with decreased af-
finity to ceftaroline (13) and were found to be located in the
recently discovered allosteric site that is considerably distant
from the transpeptidase active site domain (13, 14). Interest-
ingly, as shown by Otero and coworkers (14) using X-ray crys-
tallographic analysis, ceftaroline is capable of binding both the
PBP2A allosteric and the DD-transpeptidase domains. In the
proposed model, noncovalent ceftaroline binding to the allo-
steric site might influence accessibility to the PBP2A active site
by a second ceftaroline molecule over a considerable spatial
distance by an intricate network of salt bridges and conforma-
tional changes. Consequently, mutations in the PBP2A alloste-
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ric site might conceivably potentiate �-lactam accessibility to
and acylation of the PBP2A active site serine (Ser403), effec-
tively modulating resistance to the antibiotic (14).

Experimental support for this model was recently obtained by
biochemical and X-ray crystallographic analysis using mutant
PBP2A variants harboring site-specific engineered single (N136K
or E150K) or double (N136K-E150K) mutations within the allo-
steric domain (15). The results revealed that the mutations indeed
disrupted the salt bridge network that underlies the allosteric re-
sponse and gates the accessibility to the active site. Furthermore,
the mutations clearly alter the electrostatic potential within the
allosteric site and may further contribute to the resistance mech-
anism by altering the initial binding of the first ceftaroline mole-
cule. The authors emphasized that this is an unprecedented mech-
anism of antibiotic resistance (15).

In our study reported here, we tested the ceftaroline suscepti-
bility profiles of a collection of MRSA strains from the University
Hospital of Geneva in Switzerland collected over the period of
1994 to 2003 (16). Our results revealed that a reduced susceptibil-
ity to ceftaroline (MIC, �2 �g/ml) strongly correlated with a
known epidemic clonal type and altered PBP2A sequence. Impor-
tantly, strains archived as far back as 1998 and long before the
commercial introduction of ceftaroline displayed altered PBP2A
sequences within the allosteric domain, suggesting that some ge-
netic selection, perhaps other �-lactams, can drive the appearance
of PBP2A mutations.

(Portions of this work were presented orally and in poster for-
mat at the European Congress of Clinical Microbiology and Infec-
tious Diseases [ECCMID], 10 to 13 May 2014, Barcelona, Spain,
ePoster 180 [17].)

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this
study are primarily a collection of 60 clinical strains that includes hospital-
acquired MRSA (HA-MRSA) strains derived from bacteremia episodes
collected from 1994 to 2003, together with several well-studied laborato-
ry-derived and clinical strains frequently used in our basic research pro-
gram (18, 19). Notably, this particular HA-MRSA strain set was derived
from a much larger HA-MRSA collection and was shown to harbor a large
fraction of borderline glycopeptide-intermediate S. aureus (GISA) strains
that were experimentally revealed by relatively minor modifications of
standard MIC testing parameters (16). Quality control for antibiotic sus-
ceptibility testing was performed using S. aureus strain ATCC 29213.
Standardized inocula for each bacterial isolate were prepared from over-
night cultures at 37°C in cation-adjusted Mueller-Hinton broth
(CAMHB) (ref. no. 212322; BBL), which were subsequently diluted 1:50
in fresh CAMHB and grown for 3 h at 37°C without shaking. Following
adjustment to a 0.5 McFarland standard, each log-phase culture was di-
luted to deliver the final inoculum recommended, namely, 5 � 105

CFU/ml and 5 � 106 CFU/ml for the broth microdilution and disk diffu-
sion methods, respectively.

Susceptibility testing. The MICs were determined by broth microdi-
lution according to Clinical and Laboratory Standards Institute (CLSI)
and EUCAST guidelines. Ceftaroline was supplied in the dephosphoryl-
ated active form of ceftaroline fosamil and prepared as recommended by
the manufacturer (AstraZeneca). All MRSA isolates and quality control
strains were tested at a final inoculum concentration of 5 � 105 CFU/ml
and read after 24 h of incubation at 37°C. Three independent experi-
ments were performed for each isolate. The disk diffusion assays were
performed according to EUCAST recommendations (http://www.eucast
.org). Briefly, inocula of exactly 5 � 106 CFU/ml each were spread on
Mueller-Hinton agar plates. The plates were dried for �15 min and a
ceftaroline disk provided by AstraZeneca (Oxoid) containing 5 �g of cef-

taroline was immediately applied. The plates were immediately inverted
and incubated at 37°C for 24 h. Three independent experiments were
performed for each isolate.

mecA gene sequencing. Genomic DNA (gDNA) was prepared from
an overnight culture grown in MHB at 37°C, as previously described (20).
Genomic DNA was isolated from a single colony of each isolate, and mecA
was amplified by PCR (3 kb) using the primers seq_mec locus F (5=-TAA
GGGAGAAGTAACAGCAC-3=) and seq_mec locus R (5=-ATCGCCCAA
AGCTTCTTTAG-3=). The fragments were excised, purified, and directly
sequenced using several appropriate nested primers within mecA. Se-
quence alignments were performed using ClustalW and mecA refer-
ence sequences, such as those of S. aureus N315 (SA0038) and COL
(SACOL0033).

ST and SCCmec typing. We determined the ST and staphylococcal
cassette chromosome mec element (SCCmec) type for a subset of Univer-
sity Hospital of Geneva (HUG) isolates. Genomic DNA (gDNA) was iso-
lated from a single colony of each isolate, as described above, and 7 genes
(arcC, aroE, glpF, gmk, pta, tpi, and yqil) were amplified and sequenced
with the appropriate primers. The sequence data were analyzed using the
multilocus sequence typing (MLST) website (http://saureus.mlst.net
/misc/info.asp). For SCCmec typing, gDNA was tested by quantitative
PCR for the staphylococcal cassette chromosome mec element (SCCmec),
as described previously (21).

RESULTS
Reduced ceftaroline susceptibility in a strain collection archived
from 1994 to 2003. The efficacy of ceftaroline was tested against a
collection of bacteremic MRSA isolates (detailed in Materials and
Methods) archived from 1994 to 2003 in our hospital (16). We
tested ceftaroline efficacy using both disk diffusion and microdi-
lution MIC assays, since both methods are recommended by
EUCAST and are applicable to our hospital clinical laboratory. The
MRSA strains showed inhibition zone diameters ranging from 18
to 26 mm (Table 1). The methicillin-susceptible S. aureus (MSSA)
strains showed diameters between 30 and 33 mm. The majority of
the strains tested showed diameters between 19 and 20 mm, which
are considered borderline diameters according to the EUCAST
breakpoints (susceptible [S], �20 mm; resistant [R], �20 mm),
thus requiring additional analysis. As recommended by EUCAST
for a diameter between 19 and 21 mm, a microdilution MIC de-
termination was performed to confirm susceptibility (see http:
//www.eucast.org and reference 22). Accordingly, we performed
ceftaroline microdilution assays for all the strains included in our
study. The results revealed a ceftaroline microdilution MIC range
of 0.5 to 4 �g/ml and a modal MIC of 2 �g/ml for this strain set
(Table 1). The MICs for the susceptible control strain ATCC
29213 were within the EUCAST-approved values (microdilution
MICs, 0.12 to 0.5 �g/ml; disk diameter, 29 mm). In accordance
with EUCAST ceftaroline microdilution susceptibility break-
points (S, �1 �g/ml; R, �1 �g/ml) we concluded that the major-
ity of our strain collection showed resistance to ceftaroline. In
Table 1, we report the corresponding final strain susceptibility
phenotypes, taking into account the EUCAST recommendations,
by using both the results from disk diffusion and microdilution
MICs.

Remarkably, our strain collection showed a high percentage of
strains with reduced ceftaroline susceptibility (MIC, �1 �g/ml).
This result is, to our knowledge, unprecedented, but with the ca-
veat that this result was based on a monocentric retrospective
strain set initially chosen for study because of its particular bor-
derline GISA characteristics (see Materials and Methods). Nu-
merous multicentric studies have observed ceftaroline-resistant
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TABLE 1 Ceftaroline MICs and susceptibility data for S. aureus strains in this study

Strain group and no.
Archived
date

Strain
characteristic

Ceftaroline microdilution
MIC (�g/ml)a

Ceftaroline 5-�g disk
diam (mm)b

Susceptibility
phenotypec

HUG strain collectiond

2 1995 Clinical MRSA 0.5–1 22 S
3 1995 Clinical MRSA 0.5 25 S
4 1996 Clinical MRSA 1 21 S
5 1996 Clinical MRSA 0.5 24 S
6 1996 Clinical MRSA 0.5 22 S
7 1997 Clinical MRSA 0.5 24 S
8 1997 Clinical MRSA 0.5 24 S
9 1997 Clinical MRSA 1 21 S
10 1998 Clinical MRSA 1 21 S
11 1998 Clinical MRSA 1 22 S
12 1998 Clinical MRSA 2 19 R
13 1998 Clinical MRSA 4 18 R
14 1998 Clinical MRSA 2 21 R
15 1998 Clinical MRSA 0.5 24 S
16 1998 Clinical MRSA 4 18 R
17 1999 Clinical MRSA 2 22 R
18 1999 Clinical MRSA 0.5 24 S
19 1999 Clinical MRSA 2 19 R
20 1999 Clinical MRSA 2 19 R
21 1999 Clinical MRSA 2 19 R
22 1999 Clinical MRSA 2 19 R
23 1999 Clinical MRSA 2 19 R
24 2000 Clinical MRSA 2 19 R
25 2000 Clinical MRSA 2 19 R
26 2000 Clinical MRSA 2 19 R
27 2000 Clinical MRSA 2 19 R
28 2000 Clinical MRSA 2 18 R
29 2000 Clinical MRSA 2 19 R
30 2000 Clinical MRSA 4 18 R
31 2000 Clinical MRSA 2 19 R
32 2000 Clinical MRSA 2 19 R
33 2000 Clinical MRSA 2 20 R
34 2000 Clinical MRSA 2 20 R
35 2001 Clinical MRSA 1 25 S
36 2001 Clinical MRSA 1 26 S
37 2002 Clinical MRSA 2 20 R
38 2002 Clinical MRSA 2 19 R
39 2002 Clinical MRSA 2 20 R
40 2002 Clinical MRSA 2 20 R
41 2002 Clinical MRSA 2 20 R
42 2002 Clinical MRSA 2 20 R
43 2002 Clinical MRSA 2 20 R
44 2002 Clinical MRSA 2 20 R
45 2002 Clinical MRSA 2 20 R
46 2002 Clinical MRSA 2 20 R
47 2003 Clinical MRSA 2 21 R
48 2003 Clinical MRSA 2 20 R
49 2003 Clinical MRSA 2 19 R
50 2003 Clinical MRSA 2 20 R
51 2003 Clinical MRSA 2 20 R
52 2003 Clinical MRSA 2 20 R
53 2003 Clinical MRSA 0.5 22 S
54 2003 Clinical MRSA 2 20 R
55 1994 Clinical MRSA 0.5 23 S
56 1999 Clinical MRSA 2 20 R
57 2000 Clinical MRSA 2 19 R
58 1997 Clinical MRSA 1 23 S
59 1979 Clinical MRSA 1 23 S
60 2000 Clinical MRSA 1 21 S

(Continued on following page)
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strains (MIC, 2 �g/ml by EUCAST breakpoints) but at signifi-
cantly lower percentages (3 to 19.4%) (5, 6, 10, 23). The modal
values reported in these MRSA strains for ceftaroline susceptibil-
ity were reported in the range of 0.5 to 1 �g/ml. For clarity in the
interpretation of our findings, it is worthwhile to mention that by
both current CLSI and EUCAST breakpoints, an MIC of 2 �g/ml
does not indicate susceptibility (see http://www.eucast.org, CLSI
document M100-S23 [24], and reference 11). According to the
CLSI, an MIC of 2 �g/ml is considered in a separate group labeled
intermediate, whereas EUCAST considers an MIC of 2 �g/ml to
be resistant.

PBP2A allosteric site mutations detected in strains archived
since 1998 correlate with reduced ceftaroline susceptibility. To
explain the unexpectedly high percentage of strains with reduced
susceptibility to ceftaroline, we next performed a detailed exami-
nation of our susceptibility data. The analysis revealed a remark-
able change in the distribution of ceftaroline susceptibility when
listing our strain collection in chronological order by the archived
dates. We observed that the strains from the period before 1998

(strains 2 to 11) showed lower ceftaroline MICs than those of the
strains from the period 1998 to 2003 (strains 12 to 54). The Uni-
versity Hospital of Geneva, Geneva, Switzerland, and the Univer-
sity Hospital of Lausanne, Lausanne, Switzerland, experienced a
documented period around 1998 in which an aggressive nosoco-
mial MRSA strain type (named the South German SCCmec I
ST228) became established and predominant (25). Given that our
strain collection is a subset of a larger nosocomial strain collection,
we hypothesized that a large fraction of this collection contained
SCCmec I ST228 with features that led to reduced ceftaroline sus-
ceptibility. Particularly relevant to this hypothesis was the study
conducted by Mendes et al. (13), which showed that one impor-
tant feature that correlated with reduced ceftaroline susceptibility
was the reduced affinity of ceftaroline to its PBP2A target, which is
attributed to amino acid alterations within the PBP2A protein
(Fig. 1).

We thus determined the SCCmec, ST, and deduced PBP2A
sequence for each strain in a subset of our strain collection, includ-
ing strains with different resistance profiles (MICs, 0.25 to 4 �g/

TABLE 1 (Continued)

Strain group and no.
Archived
date

Strain
characteristic

Ceftaroline microdilution
MIC (�g/ml)a

Ceftaroline 5-�g disk
diam (mm)b

Susceptibility
phenotypec

61 2000 Clinical MRSA 0.5 26 S
62 1983 Laboratory MSSA 0.25 33 S
63 2009 Laboratory MSSA 0.25 33 S
64 2010 Laboratory MSSA 0.25 30 S

Control strainse

NRS3 HIP 5827 1 24 S
Mu50 NRS1, ATCC

700699
1 26 S

ATCC 29213 ATCC 29213 0.25 29 S
a EUCAST microdilution ceftaroline susceptibility breakpoint: susceptible (S), �1 �g/ml; resistant (R), �1 �g/ml.
b EUCAST ceftaroline disk susceptibility breakpoints: S, �20 mm; R, �20 mm.
c Susceptibility phenotype based on EUCAST recommendation. If the diameter was between 19 and 21 mm, the MIC determination was used to confirm susceptibility.
d See Vaudaux et al. (16) and Uçkay et al. (19).
e Network on Antimicrobial Resistance in S. aureus (NARSA) collection. The MICs for ATCC 29213 are within the EUCAST-approved ranges for ceftaroline.

FIG 1 Schematic representation of PBP2A showing mutations correlated with increased ceftaroline MICs. TM, transmembrane domain; nPBD, non-penicillin-
binding domain; TD, transpeptidase domain. The locations of the different detected PBP2A mutations in the different studies (Mendes et al. [13], Alm et al. [11],
and this study) are indicated.
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ml) (Table 2). An analysis of the PBP2A sequences showed the
presence of strains with PBP2A missense mutations (N146K,
E150K, E239K, and G246E) in the allosteric non-penicillin-bind-
ing domain (Table 2 and Fig. 1). Interestingly, in a comparison of
the deduced PBP2A sequences from our strain collection and the
previously published Mendes et al. (13) study that analyzed the

Greek strains 4977 and 13101, we observed a striking overlap of
PBP2A mutations (Fig. 1). Furthermore, the existence of a PBP2A
mutation(s) strongly correlated with our observed reduced cef-
taroline susceptibility. In contrast, the majority of the strains in
our collection showing sensitivity to ceftaroline did not show mu-
tations in PBP2A, with the exception of strains 35, 36, and 53.

TABLE 2 PBP2A mutations in strains by collection

Strain
collection

Archived
date ST, SCCmec type

S. aureus strain no. or
GenBank accession no.

MIC
(�g/ml)

PBP2A mutation

N146K E150K N204K E239K G246E H351N E447K

Greecea ST5, SCCmec II 4981 1
Greecea ST239, SCCmec III 4977 2 K K K E
Greecea 2008 ST239, SCCmec III 13101 4 K K K E N
HUG 1994 ST30, SCCmec III 55 0.5
HUG 1995 ST30, SCCmec III 3 0.5
HUG 1996 ST45, SCCmec IV 5 0.5
HUG 1996 ST572, SCCmec I 4 1
HUG 1997 ST45, SCCmec IV 7 0.5
HUG 1997 ST45, SCCmec IV 58 1
HUG 1998 ST30, SCCmec III 10 1
HUG 1998 ST228, SCCmec I 12 2 K
HUG 1998 ST228, SCCmec I 14 2 K
HUG 1998 ST247, SCCmec I 13 4 K K E
HUG 1998 ST247, SCCmec I 16 4 K K E
HUG 1999 ST45, SCCmec IV 18 0.5
HUG 1999 ST228, SCCmec I 56 2 K
HUG 1999 ST228, SCCmec I 17 2 K
HUG 1999 ST228, SCCmec I 21 2 K
HUG 2000 ST228, SCCmec I 57 2 K
HUG 2000 ST228, SCCmec I 25 2 K
HUG 2000 ST228, SCCmec I 28 2 K
HUG 2000 ST228, SCCmec I 30 4 K
HUG 2001 ST228, SCCmec I 35 1 K
HUG 2001 ST228, SCCmec I 36 1 K
Lausanneb 2001 ST228, SCCmec I HE579059 2 K
Lausanneb 2001 ST228, SCCmec I HE579061 2 K
HUG 2002 ST228, SCCmec I 42 2 K
HUG 2003 ST8, SCCmec IV 53 0.5 K
HUG 2003 ST228, SCCmec I 48 2 K
HUG 2003 ST228, SCCmec I 52 2 K
Lausanneb 2006 ST228, SCCmec I HE579063 2 K
Lausanneb 2006 ST228, SCCmec I HE579065 2–4 K
Lausanneb 2006 ST228, SCCmec I HE579067 2 K
Lausanneb 2008 ST228, SCCmec I HE579069 2 K
Lausanneb 2008 ST228, SCCmec I HE579071 2 K
Lausanneb 2008 ST228, SCCmec I HE579073 2 K
HUG ST250 COL 0.25 E
HUG ST5, SCCmec II N315 1
Spainc 2010 ST228 ARC3824 8 K K
Thailandc 2010 ST228 ARC3827 2 K
Thailandc 2010 ST228 ARC3828 8 K K
Thailandc 2010 ST228 ARC3829 8 K K
Thailandc 2010 ST228 ARC3830 8 K K
Spainc 2010 ST228 ARC5493 2 K
Spainc 2010 ST228 ARC5495 2 K
Spainc 2010 ST228 ARC5496 2 K
Spainc 2010 ST228 ARC5497 2 K
Spainc 2010 ST228 ARC5498 2 K
Thailandc 2010 ST228 ARC5500 2 K
Thailandc 2010 ST228 ARC5503 2 K
a Mendes et al. (13).
b Vogel et al. (26).
c Alm et al. (11).
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The strains showing an MIC of �1 �g/ml were predominantly
of South German clonotype SCCmec I and ST228 containing mu-
tations in the PBP2A allosteric site. However, in this study, we also
detected two Iberian clones of SCCmec I ST247 (strains 13 and 16)
that displayed a ceftaroline MIC of 4 �g/ml and contained strik-
ingly similar PBP2A mutations as those of Greek strains 4977 and
13101 (13). Notably, strains 4977 and 13101 (both ST239) are of
SCCmec III, whereas our strains of the South German ST228 and
Iberian ST247 are of SCCmec I, suggesting that remarkably similar
PBP2A mutations affecting ceftaroline susceptibility can arise in-
dependently in variant MRSA type genetic backgrounds.

Additional evidence for reduced ceftaroline susceptibility cor-
relating with missense PBP2A mutations was obtained by analyz-
ing an independent set of South German SCCmec I ST228 strains
external to our collection. The University Hospital of Lausanne
(CHUV) recently published the complete genome sequence of
eight South German clonotype ST228 strains collected over the
period of 2001 to 2008 (26). An analysis of PBP2A sequences ex-
tracted from the public database repository showed amino acid
changes (N146K) identical to those of the majority of our ST228
strain isolates. The subsequent ceftaroline MICs from all eight
CHUV ST228 strains showed a ceftaroline MIC of 2 �g/ml, thus
also defining these ST228 strains as ceftaroline resistant according
to the EUCAST breakpoints.

Collectively, we conclude that the most likely explanation for
our strain collection results arises from the high fractional repre-
sentation of strains carrying a missense mutation in PBP2A that
renders these strains resistant to ceftaroline. This finding is most
likely linked to the local epidemiology of resident HA-MRSA
strains that have colonized western Switzerland since 1998.

DISCUSSION

In this work, we report the existence of an HA-MRSA collection
that spans the period of 1994 to 2003 and contains a high percent-
age of strains from 1998 to 2003 showing ceftaroline MICs of �1
�g/ml. Reduced ceftaroline susceptibility predominantly corre-
lated with South German ST228 SCCmec I MRSA strains carrying
allosteric site mutations in PBP2A. Sequenced ST228 strains from
Lausanne collected in the period of 2003 to 2008 also showed
PBP2A allosteric site mutations and reduced susceptibilities to
ceftaroline. In addition, two ST247 (Iberian) strains from our HA-
MRSA collection archived in 1998 showed an MIC of 4 �g/ml and
contained three mutations within the PBP2A allosteric site at po-
sitions identical to those previously described for ST239 SCCmec
III isolates (4977 and 13101) from Greece (10, 13). The high-level
resistance to ceftaroline (MIC � 4 �g/ml, undisputed by either

EUCAST or CLSI breakpoints) arising in distinct SCCmec types
with identical mutations over an interval of 12 years is intriguing.

While this work was in progress, PBP2A mutations showing
reduced ceftaroline susceptibility with MICs of 2 and 8 �g/ml
were identified independently in other ST228 strains isolated from
Spain and Thailand during the Assessing Worldwide Antimicro-
bial Resistance Evaluation (AWARE) global surveillance study
conducted in 2010 (13). However, these mutations were different
from those found in our study (Fig. 1) (11). These mutations were
also located in both PBP2A allosteric and/or transpeptidase do-
mains (particularly in the cases of strains with an elevated MIC of
8 �g/ml). The whole-genome sequence-based epidemiologic
analysis performed by Alm and coworkers (11) showed that the
ST228 strains identified in their study do not cluster with previ-
ously sequenced Swiss ST228 strains (University Hospital of Lau-
sanne), suggesting that they belong to distinct lineages.

We have considered several possible causes for our observa-
tions. Our hospital in western Switzerland has experienced a doc-
umented establishment of ST228 as a prevalent HA-MRSA local
endemic clonotype since 1998. While the existence of variation in
local geographic epidemic MRSA strains is well known (27, 28),
the existence of particular regional geographic concentrations of
ST228 strains showing PBP2A mutations may have gone unre-
ported despite large-scale sampling in other geographical regions
where other strain variants predominated during the course of
global susceptibility studies. Second, our strain set was chosen in
particular for its characteristics as an HA-MRSA set showing a
large fraction of borderline GISA phenotypes; thus, the set per se
was not likely a representative sample of all circulating MRSA
strains in our institution or geographic region during the study
period. It is presently not known whether genetic mechanisms
underlying the GISA phenotype affect ceftaroline resistance. Nev-
ertheless, reports independent of ours have turned up PBP2A mu-
tations within the allosteric domain in ST228 and other strains
without prior consideration for the underlying GISA phenotype.
Finally, testing methodology variations or reagents were excluded
as potential causes for reduced ceftaroline susceptibility, since our
study employed methods established by EUCAST, and similar
methods applied by other laboratories have revealed strains in
other geographically diverse sites with reduced susceptibilities to
ceftaroline.

One of the most important observations of our study was the
detection of ceftaroline resistance in strains archived prior to the
commercial introduction of ceftaroline in 2010 (Fig. 2). In agree-
ment with the conclusion of Alm and coworkers (11), we specu-
late that biological pressure other than exposure to ceftaroline

FIG 2 Time interval between detection of ceftaroline-resistant strains and arrival of ceftaroline drug in the U.S. and European markets. Only bacterial strains
showing ceftaroline resistance with concomitant PBP2A sequencing data in the literature are indicated (1 and 2, this study; 3, Mendes et al. [13]; 4, Alm et al.
[11]).
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allowed the selection of these PBP2A mutations. The existence of
strains with an MIC of 2 �g/ml with different single amino acid
changes in the same or different MRSA STs may be explained by
independent mutational events generated under unidentified, but
perhaps similar, biological selective pressures. The findings from
single or multistep resistance selection suggest a low potential of
ceftaroline itself to select for resistance (29). We speculate that
encounters with other therapeutic agents, such as other �-lac-
tams, may lead to the selection of mutations within PBP2A. In-
deed, such a proof of principle has been shown in vitro by the
demonstration that �-lactam antibiotic pressure can result in
PBP2A mutations showing some overlap at or near the PBP2A
mutations detected in our collection (11, 30, 31).

Nearly all of the mutations described in published studies and
our work here map in the PBP2A allosteric domain. Sequence
database searches that we performed for allosteric mutations
turned up additional evidence in strains from various diverse geo-
graphical regions; however, these strains have not been tested for
reduced susceptibility to ceftaroline. Some examples (GenBank
accession no.) are: an N146K single mutation in strains IS-157
(EHS72684.1), DBM17 (AEQ76893.1), and M600 (ADB44841);
an E150K single mutation in strains CH10 (ABS12108 [32]) and
BK16691 (ADC53314 [33]); an E239K single mutation in strains
DAR116 (EXM51016) and TN/CN/1/2 (AGC51118); and an
N146K-E150K double mutation in strains SN1M89 (AEV66267),
M16 (ADB44843), and DARS883 (EUJ99152).

While we have primarily discussed mutations mapping within
the allosteric domain of PBP2A, mutations within the DD-trans-
peptidase domain have also been described, such as E447K (11),
H351N (13), and Y446N-E447K (12). The latter mutations are
particularly important and found in an ST5 strain named 3125
isolated from a cystic fibrosis patient in 2013 and yielding high-
level ceftaroline resistance (MIC, �32 �g/ml).

Taking into account all the studies concerning PBP2A se-
quencing analysis and ceftaroline susceptibility, no clear conclu-
sions can be drawn concerning a particular pattern of PBP2A mu-
tations and predictable ceftaroline MICs. Conceivably, mutations
within the transpeptidase domain might be associated with higher
ceftaroline MICs, while mutations within the allosteric domain
might result in more moderate changes in ceftaroline MICs. All
strains in our collection with an MIC of 2 �g/ml show predomi-
nantly single amino acid substitutions at position 146 (N146K),
while strains with an MIC of 2 �g/ml collected from Spain and
Thailand show single amino acid substitutions predominantly at
position 239 (E239K) (Fig. 1). Nevertheless, more than one
PBP2A amino acid change, regardless of the amino acid position,
appears to be associated with decreased ceftaroline susceptibility.
The mechanistic insights provided by crystallographic and bio-
chemical methods hint that allosteric site mutations result in com-
plex alterations of salt bridge networks that comprise the allosteric
trigger. Their individual contributions to phenotype may not sim-
ply be additive (15). Alternative mechanisms cannot be excluded
either; for example, mutations that impact protein-protein inter-
actions perhaps occur on the outer leaflet of the membrane sur-
face (11).

In our study, we note that our laboratory strain COL, an an-
cestral MRSA strain SCCmec I ST250 (34), harbored the PBP2A
missense mutation G246E but without an experimentally detect-
able effect upon ceftaroline sensitivity (MIC � 0.5 �g/ml; Table
2). Interestingly, the mutation G246E is shared by both of our

ST247 strains and both ST239 Greek strains 4977 and 13101, rais-
ing the question of whether this mutation contributes at all to
reduced ceftaroline susceptibility. ST247 is thought to be derived
from ST250 (34), and it remains to be determined whether other
COL isolates and their derivatives harbor G246E PBP2A variants.
Notably, this mutation is also present in the sequenced COL ref-
erence strain (NCBI accession no. CP000049). Refined studies
must examine the contribution of individual and multiple muta-
tions in more detail, to determine whether they are additive or
synergistic, and to identify mutations that do not contribute to
ceftaroline resistance.

Another comparison of the genetic loci known to affect �-lac-
tam resistance between fully sequenced genomes from reference
and ceftaroline-resistant strains indicated that changes in the
mecA gene encoding PBP2A were the only changes correlated with
ceftaroline MICs (11). However, our results suggest that uniden-
tified chromosomal genes must also affect ceftaroline susceptibil-
ity. This hypothesis is supported by an analysis of our strain panel,
in which we observed the three susceptible strains 35, 36, and 53
(MIC assays tested repeatedly) that nevertheless carried identical
mutations as those of other strains with an MIC of 2 �g/ml. More-
over, it is also supported by the work of Fernandez et al. (35), in
which they found that strains with an MIC of 2 �g/ml for ceftaro-
line do not show PBP2A sequence mutations but instead show
penicillin-binding protein 2 mutations; this was further sup-
ported by the observation that no PBP2A sequence mutation was
found in the heterogeneous vancomycin-intermediate S. aureus
(hVISA) strain Mu3, but ceftaroline MIC analysis classified this
strain as resistant (MIC � 2 �g/ml) (7).

An intriguing question concerns why PBP2A mutations have
been discovered predominantly in ST228 and, to a lesser extent, a
few other scattered sequence types, such as ST247, ST239, ST5,
ST8, and ST764, which collectively fall into clonal complex cate-
gories 5 and 8 (11–13, 22). Do certain clonotypes more easily
acquire and support potential fitness costs associated with PBP2A
variation? The evolutionary history of MRSA strains, including
those of ST247, ST228, and ST239, has been well documented (34,
36–40). Recent epidemiological studies of MRSA revealed that
ST228 and ST247 still circulate in Europe and Switzerland (27, 28,
34, 41) in widely dispersed geographical regions, providing evi-
dence for local epidemiological clusters. The important question
arises as to whether strains, such as those belonging to ST228 with
PBP2A mutations, represent sporadic isolated events. The perfor-
mance of additional studies using isolates from multiple sources
seems imperative in order to answer this question. To this end, a
follow-up study (A. Renzoni, unpublished data) examined MRSA
strains collected in 2013 and 2014 in the University Hospital of
Geneva and indeed detected contemporary examples of ST228
carrying the N146K mutation.
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