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A c c e p t e d M a n u s c r i p t 2 Abstract Twenty-five years after its introduction, ceftazidime remains the most active cephalosporin against Pseudomonas aeruginosa. Nevertheless, resistance arises by upregulation of AmpC -lactamase, by efflux or, less often, via acquisition of additional -lactamases. Mutational resistance is especially prevalent among cystic fibrosis (CF) isolates. We examined the activity of a novel oxyimino-aminothiazolyl cephalosporin, CXA-101 (FR264205), against P. aeruginosa strains with defined resistance mechanisms as well as against multiresistant clinical CF isolates of P. aeruginosa and Burkholderia cepacia.

Minimum inhibitory concentrations (MICs) of CXA-101 were determined by the Clinical and Laboratory Standards Institute agar dilution method and were 0.25-0.5 mg/L for 'typical' P. aeruginosa strains without acquired resistance compared with 1-2 mg/L for ceftazidime. MICs of CXA-101 were 0.5-2 mg/L and 4 mg/L, respectively, for isolates with upregulated efflux or total AmpC derepression compared with 2-16 mg/L and 32-128 mg/L for ceftazidime. Full activity was retained against OprD mutants resistant to imipenem. Substantive resistance (MICs  32 mg/L) arose for transconjugants with PER, VEB and OXA extendedspectrum -lactamases and for metallo--lactamase producers, with reduced susceptibility (MIC = 8 mg/L) for transconjugants with OXA-2, OXA-3 and NPS-1 enzymes. MICs of CXA-101 were 2-to 16-fold below those of ceftazidime for multiresistant P. aeruginosa from CF patients, but ranged up to >128 mg/L; values for B. cepacia from CF resembled those for ceftazidime.
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Introduction

Pseudomonas aeruginosa causes significant mortality in immunosuppressed patients and is an important pulmonary pathogen in cystic fibrosis (CF) [START_REF] Driscoll | The epidemiology, pathogenesis and treatment of Pseudomonas aeruginosa infections[END_REF].

Species belonging to the Burkholderia cepacia complex (BCC) also are important in CF, and both species are notorious for antibiotic resistance in this setting where chronic infections are exposed to repeated antimicrobial treatments [START_REF] Mesaros | Pseudomonas aeruginosa: resistance and therapeutic options at the turn of the new millennium[END_REF][START_REF] Mcgowan | Resistance in nonfermenting Gram-negative bacteria: multidrug resistance to the maximum[END_REF][START_REF] Livermore | Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst nightmare?[END_REF].

Resistance is more variable among nosocomial P. aeruginosa, with high rates in Eastern Europe, East Asia and South America but lower rates in the USA, UK and northwest Europe [START_REF] Mesaros | Pseudomonas aeruginosa: resistance and therapeutic options at the turn of the new millennium[END_REF][START_REF] Mcgowan | Resistance in nonfermenting Gram-negative bacteria: multidrug resistance to the maximum[END_REF][START_REF] Livermore | Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst nightmare?[END_REF][START_REF] Fritsche | Antimicrobial activity of ceftobiprole, a novel anti-methicillin-resistant Staphylococcus aureus cephalosporin, tested against contemporary pathogens: results from the SENTRY Antimicrobial Surveillance Program (2005-2006)[END_REF].

Ceftazidime, introduced 25 years ago, is still the most active cephalosporin against P. aeruginosa, but resistance arises due to: (i) mutational upregulation of efflux pumps, predominantly MexAB-OprM; (ii) partial or total derepression of AmpC -lactamase; and, more rarely, (iii) via acquisition of extended-spectrum lactamases (ESBLs) or metallo--lactamases (MBLs) [START_REF] Livermore | Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst nightmare?[END_REF]. Resistance in CF isolates depends mostly on the accumulation of multiple mutations, with hypermutability co-selected with resistance [START_REF] Oliver | High frequency of hypermutable Pseudomonas aeruginosa in cystic fibrosis lung infection[END_REF]. ESBLs are rare and, where present, often belong to the PER and VEB types, not the TEM, SHV and CTX-M families predominant in Enterobacteriaceae. Carbapenems escape inactivation by AmpC and ESBLs but are compromised by loss of porin OprD and, except imipenem, by upregulated efflux as well as by MBLs [START_REF] Livermore | Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst nightmare?[END_REF]. Upregulated efflux and chromosomal -lactamases belonging to Classes A, B and D are reported to mediate resistance in the B. cepacia group, although their relative prevalence We examined the activity of CXA-101 (FR264205) [START_REF] Takeda | In vitro and in vivo activities of a new cephalosporin, FR264205, against Pseudomonas aeruginosa[END_REF], a novel oxyiminoaminothiazolyl cephalosporin (Fig. 1), against P. aeruginosa isolates and laboratory constructs with known ceftazidime and imipenem resistance mechanisms as well as against multiresistant clinical isolates of P. aeruginosa and BCC from CF patients.

Materials and methods

Test strains and isolates

The AmpC and OprD mutants as well as the P. aeruginosa PU21 transconjugants were laboratory constructs, as described previously [START_REF] Mushtaq | Doripenem versus Pseudomonas aeruginosa in vitro: activity against characterized isolates, mutants, and transconjugants and resistance selection potential[END_REF]. The P. aeruginosa strains with graded levels of 'intrinsic' resistance were clinical isolates that lacked upregulated AmpC or acquired -lactamase(s); the resistance of representatives was shown to vary in relation to efflux, and it is believed that efflux systems are the general mediators of resistance in this collection [START_REF] Li | Role of efflux pump(s) in intrinsic resistance of Pseudomonas aeruginosa: resistance to tetracycline, chloramphenicol, and norfloxacin[END_REF].

Isolates with metallo-and VEB-1 -lactamases were recent submissions to the UK reference laboratory, as were the CF isolates of P. aeruginosa and BCC.

Since multiresistance is the usual reason for reference submission, these isolates potentially represented biased collections. 

Results

AmpC and OprD mutants

MICs of CXA-101 for fully AmpC-derepressed P. aeruginosa were 4 mg/L compared with 0.5-1 mg/L for AmpC-inducible or -deficient organisms belonging to the same isogenic series (Table 1); corresponding values for ceftazidime were 64-128 mg/L vs. 2-4 mg/L, whereas imipenem had equal MICs for the AmpCinducible and -derepressed strains (2 mg/L), with lower values for AmpC-deficient mutants (0.25 mg/L). Loss of the 'carbapenem specific' porin OprD did not affect the MICs of CXA-101 or ceftazidime, but raised those of imipenem.

PU21 transconjugants and wild-types with metallo-and VEB -lactamases

The PU21 recipient was more susceptible to CXA-101 (MIC = 0.5 mg/L) than to ceftazidime (MIC = 2 mg/L). Most classical plasmid-mediated -lactamases did MICs of CXA-101 were >128 mg/L for 17 of 18 P. aeruginosa clinical isolates with various MBLs, including IMP-1 and VIM-1, -2, -3, -7, -9 and -10; ceftazidime MICs were slightly lower but were still consistently >32 mg/L, signifying resistance. One exceptional strain with VIM-7 enzyme was susceptible to both cephalosporins at 0.5-2 mg/L, but three others with the same enzyme were substantially resistant; MICs for imipenem exceeded 16 mg/L for all 18 isolates (Table 1). MICs of CXA-101 and ceftazidime for two isolates with VEB ESBLs were >128 mg/L, whereas these organisms remained susceptible to imipenem.

Resistance to CXA-101 was reversed by clavulanic acid in these isolates, with MICs reduced to 2 mg/L (Table 1).

Clinical isolates graded by intrinsic, efflux-mediated resistance

MICs of CXA-101 rose in parallel with those of ceftazidime for strains varying in their degree of efflux-mediated resistance to -lactams, but remained two-to A c c e p t e d M a n u s c r i p t 7 eight-fold lower than for ceftazidime (Fig. 2), with maxima of 1-2 mg/L compared with 8-16 mg/L.

Cystic fibrosis isolates

MICs of CXA-101 for 56 CF isolates of P. aeruginosa and 53 BCC isolates are shown in Table 2, whilst relationships between the MICs of CXA-101 and ceftazidime for these isolates are depicted in Table 3. The isolates were mostly referred for investigation of multiresistance (see Discussion), with resistance rates of >50% except for meropenem (48%) and colistin (18%) in the case of P. aeruginosa and ceftazidime (25%) and meropenem (19%) in the case of BCC.

Fifty-seven percent of the P. aeruginosa isolates were resistant to ceftazidime at 8 mg/L, corresponding to the CLSI and European Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoints, compared with 36% with CXA-101 MICs >8 mg/L and 25% with MICs >16 mg/L; more generally, the MICs of CXA-101 for CF P. aeruginosa were two-to eight-fold lower than those of ceftazidime (Table 2). In the case of B. cepacia, MICs of CXA-101 were generally within one doubling dilution of those of ceftazidime, with 32% of values >8 mg/L and 19% >16 mg/L. For both species, the MICs of CXA-101 and ceftazidime were strongly inter-related (Table 3).
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Discussion

Against susceptible P. aeruginosa strains, CXA-101 was around two-to eight-fold more active than ceftazidime, previously accepted as the most active cephalosporin against this species. CXA-101 retained good activity, with MICs 4 mg/L against mutants totally derepressed for AmpC, supporting the earlier results of Takeda et al. [START_REF] Takeda | In vitro and in vivo activities of a new cephalosporin, FR264205, against Pseudomonas aeruginosa[END_REF] who related this behaviour to a 20-fold higher Michaelis constant (K m ) than ceftazidime (120 M vs. 6 M), equating to a lower affinity and a lower physiological efficiency for hydrolysis [START_REF] Takeda | Stability of FR264205 against AmpC -lactamase of Pseudomonas aeruginosa[END_REF]. CXA-101 was also active at 2 mg/L against isolates with sufficient overexpression of efflux to raise ceftazidime MICs to 8-16 mg/L (Fig. 2). Based on mutant results, Takeda et al. [START_REF] Takeda | In vitro and in vivo activities of a new cephalosporin, FR264205, against Pseudomonas aeruginosa[END_REF] suggested that CXA-101 wholly evaded the efflux pumps of P. aeruginosa. This assertion needs further investigation, both because of the present results and because Takeda et al.'s results also show no effect of these pumps on ceftazidime, which was found to be a substrate by others [START_REF] Masuda | Substrate specificities of MexAB-OprM, MexCD-OprJ, and MexXY-OprM efflux pumps in Pseudomonas aeruginosa[END_REF]. Nevertheless, all the data point towards CXA-101 being a weak substrate at best and this is important since upregulation of efflux and of AmpC are the most prevalent mechanisms of ceftazidime resistance in the species [START_REF] Livermore | Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst nightmare?[END_REF][START_REF] Henwood | Antimicrobial susceptibility of Pseudomonas aeruginosa: results of a UK survey and evaluation of the British Society for Antimicrobial Chemotherapy disc susceptibility test[END_REF].

Resistance to CXA-101, with MICs 32 mg/L, arose for isolates and transconjugants with PER, VEB and OXA ESBLs and MBLs, all of which also conferred resistance to ceftazidime. These enzymes remain uncommon in P. aeruginosa [START_REF] Livermore | Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst nightmare?[END_REF], although PER-1 is widespread in Turkey [START_REF] Kolayli | The Study Group. PER-1 is still widespread in Turkish hospitals among Pseudomonas aeruginosa and Acinetobacter spp[END_REF] and VEB is common in East Asia and scattered elsewhere [START_REF] Girlich | Nosocomial spread of the integron-located veb-1-like cassette encoding an extended-spectrum -lactamase in Pseudomonas aeruginosa in Thailand[END_REF]. MBLs are disseminated internationally A c c e p t e d M a n u s c r i p t 9 [START_REF] Walsh | Clinically significant carbapenemases: an update[END_REF], with clonal outbreaks in widely scattered centres; nevertheless, their overall prevalence remains low. More generally, acquired -lactamases have failed to spread in P. aeruginosa as they have in Enterobacteriaceae [START_REF] Livermore | Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst nightmare?[END_REF].

The CF isolates evaluated in this study represented a highly resistant group, reflecting submission bias to the reference laboratory. Among this selected collection, 57% of the P. aeruginosa isolates were non-susceptible to ceftazidime at 8 mg/L compared with 39% of UK CF isolates in a national survey in 2000 [START_REF] Pitt | Survey of resistance of Pseudomonas aeruginosa from UK patients with cystic fibrosis to six commonly prescribed antimicrobial agents[END_REF] and fewer than 10% of non-CF isolates in multiple surveys from 1982 to 2006 [START_REF] Livermore | Non-susceptibility trends among Pseudomonas aeruginosa and other non-fermentative Gram-negative bacteria from bacteraemias in the UK and Ireland, 2001-06[END_REF]. MICs of CXA-101 were broadly related to those of ceftazidime but typically were around eight-fold lower (Table 3). Whilst the mechanisms of resistance were not examined, both our experience (Tomas et al., unpublished data) and published data [START_REF] Henrichfreise | Resistance mechanisms of multiresistant Pseudomonas aeruginosa strains from Germany and correlation with hypermutation[END_REF] suggest that combinations of efflux, impermeability and derepression of AmpC are likely. CXA-101 offered less obvious gain against BCC isolates, but matched the activity of ceftazidime, which, with meropenem, is accepted as one of the most active -lactams against this group. Taken together, these data suggest that CXA-101 has significant potential as a new antipseudomonal cephalosporin, bettering the activity of ceftazidime against P. aeruginosa strains with efflux-and AmpC-mediated resistance and retaining activity against those with carbapenem resistance via loss of OprD. This profile is valuable in view of the very thin pipeline for new antipseudomonal antibiotics. 

  unclear and may vary among members of the complex[7- 9].
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 52 Minimum inhibitory concentration (MIC) determination MICs were determined by the Clinical and Laboratory Standards Institute (CLSI) agar dilution method on Mueller-Hinton agar (Oxoid-Thermo Fisher Scientific, Basingstoke, UK). CXA-101 (lot 3F02) was provided by Calixa Therapeutics Inc. (San Diego, CA), clavulanic acid by GlaxoSmithKline (Stevenage, UK), imipenem by Merck (Hoddesdon, UK), meropenem by AstraZeneca (Macclesfield, UK) and piperacillin by Wyeth (Taplow, UK); other antibiotics were purchased from Sigma (Poole, UK).

  A c c e p t e d M a n u s c r i p t 6 not raise these values (Table1), although OXA-2, OXA-3 and NPS-1 enzymes did engender 16-fold rises in the MIC of CXA-101 to 8 mg/L, and OXA-2 raised the ceftazidime MIC 8-fold to 16 mg/L. Resistance to CXA-101 and ceftazidime, with MICs of 32-128 mg/L, was caused by ESBL mutants of OXA-2 (i.e. OXA-15) and OXA-10 (i.e. OXA-11, -14 and 16) as well as by PER-1 enzyme. Resistance mediated by PER-1 -lactamase, but not by OXA ESBLs, was reversed by 4 mg/L clavulanic acid.

15 Fig. 1 .

 151 Fig. 1. Structure of CXA-101 (FR264205).

Fig. 2 .

 2 Fig. 2. Geometric mean minimum inhibitory concentrations (MICs) of CXA-101 for

1 Table 1

 11 Minimum inhibitory concentrations (MICs) for expression variants ofPseudomonas aeruginosa and for isolates with metallo--lactamase and VEB -

	PU21	PSE-3	0.5	0.5	2	2
	PU21	LCR-1	0.5	0.5	2	1
	PU21	TEM-2	0.5	0.5	8	2
	PU21	PSE-1	1	0.5	8	4
	lactamases PU21	OXA-6	2	2	2	2
	Isolate AmpC and OprD mutants Phenotype 1405-con AmpC derepressed 1405-def AmpC deficient 1405-def D2 -AmpC deficient/OprD -1405-con AmpC PU21 OXA-10 (= PSE-2) PU21 OXA-3 PU21 NPS-1 PU21 OXA-2 PU21 OXA-16 PU21 OXA-14 PU21 OXA-15 PU21 PER-1 PU21 OXA-11 Clinical isolates with IMP or VIM metallo--lactamases (n = 18) MIC (mg/L) CXA-101 CXA-101/clavulanic acid Ceftazidime Imipenem 4 N.D. 128 2 1 N.D. 2 0.5 1 N.D. 4 0.25 4 N.D. 128 16 M a n u s c r i p t 2 2 2 2 8 4 1 2 8 4 1 2 8 8 16 2 32 4 >128 2 64 64 >128 4 128 64 128 1 128 0.5 128 2 >128 128 >128 4 M a n u s c r i p t
	D2 -2297 2297-con 2297-def 2297-con D2 -2297-def A c c e p t e d derepressed/Opr D Wild: AmpC inducible 0.5 AmpC derepressed 4 AmpC deficient 0.5 AmpC deficient/OprD -4 AmpC 1 Range 0.5 to >12 8 MIC 50 >128 >128 N.D. N.D. N.D. N.D. N.D. 0.5 to >128 MIC 90 >128 >128 Clinical isolates with VEB -lactamases (n = 2) H053460515 VEB >128 2 H053460538 VEB >128 2 N.D., not done; MIC 50/90 , MIC for 50% and 90% of the organisms, respectively. 2 2 64 2 2 <0.250 64 16 4 4 2 to >128 16 to >64 64 >64 >128 >64 >128 2 >128 2 A c c e p t e d
	D2 -	derepressed/Opr				
		D				
	PU21 transconjugants				
	PU21	Recipient	0.5	0.5	2	2
	PU21	PSE-4	0.25 0.25	1	2
						2 1

Table 2

 2 Minimum inhibitory concentration (MIC) distributions for cystic fibrosis isolates of

	Pseudomonas aeruginosa (n = 56) and Burkholderia cepacia (n = 53)
	Isolate/antimicrobial	No. of isolates with indicated MIC (mg/L):		% non-
	agent	<0.25 0.5 1 2 4 8 16 32 64 128 >256	susceptible
							a
	P. aeruginosa					
	CXA-101	1	8	14 4 2 7 6 9 3 1	1	-
	Ceftazidime		2	4 12 3 3 2 2 5 2	21	57 (>8)
	Piperacillin			1 2 4 7 4 3 4 7	24	68 (>16) b
	Imipenem	1	4	7 4 2 10 17 11		68 (>4)
	Meropenem	9	4	2 5 9 9 13 5		48 (>4)
	Ciprofloxacin	8	7	14 14 11 1	1		48 (>1)
	Amikacin			1 2 6 11 11 3 15 7	95 (>4)
	Gentamicin			4 9 4 13 2 19 1	4	77 (>4)
	Colistin		1	14 28 3 2 1 1	3	3	18 (>4)
	B. cepacia					
	CXA-101		5	14 8 4 5 7 1 3 1	5	-
	Ceftazidime			15 12 6 7 2 2 4		5	25 (>8)
	Piperacillin		3	3 9 9 1 3 3 2 4	16	47 (>16)
	Imipenem	6	2	1 3 5 9 17 5 3 2	68 (>4)
	Meropenem	4	7	7 17 8 5 3	2	19 (>4)
	Ciprofloxacin			3 23 9 8 3 3	2	2	94 (>1)
	Amikacin			2 2 7 6 21 15	96 (>4)
	Gentamicin			1	3 8 13 8	20	98 (>4)
	Colistin				1	3	49	100 (>4)
	Co-trimoxazole	2	17 14 9 6 2 2 1		21 (>2)
	a Based on Clinical and Laboratory Standards Institute breakpoints (given in
	parentheses), except where indicated.		

b Piperacillin breakpoint for P. aeruginosa taken as >16 mg/L, not >64 mg/L

[START_REF] Tam | Outcomes of bacteremia due to Pseudomonas aeruginosa with reduced susceptibility to piperacillin-tazobactam: implications on the appropriateness of the resistance breakpoint[END_REF]

.

Table 3

 3 Relationship between CXA-101 and ceftazidime minimum inhibitory concentrations (MICs) for cystic fibrosis isolates of Pseudomonas aeruginosa

	and Burkholderia cepacia								
	Isolate	CXA-101 MICs (mg/L) for isolates with ceftazidime MICs
		(mg/L) of:							
		<0.5 1	2	4	8	16	32	64	>128
	P. aeruginosa									
	GM MIC for CXA-	0.4	0.6	0.9 0.8 1.3	2.8	1.4	8	27.5
	101									
	Highest MIC	0.5	1	2	1	2	4	2	16	256
	value									
	B. cepacia complex									
	Geom. mean MIC	-	0.91 1.4 5.0 10.7 16.0 22.6 76.1 >128
	for CXA-101									
	Top MIC value	-	4	2	8	16	16	32	128 >128
	GM, geometric mean.									
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