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ABSTRACT

Objectives: Among carbapenem-sparing therapies, ceftolozane/tazobactam has been proposed
for the treatment of infections due to CTX-M-15 producing Escherichia coli. However, few

data exist on its in vivo activity in infections associated with a high bacterial inoculum.

Methods: We analyzed ceftolozane/tazobactam activity against susceptible E. coli CFT(073-
RR and its CTX-M-15-producing transconjugant E. coli CFT073-RR Tc blactx-m-15, in Vitro

at low and high inoculum, and in a high-inoculum murine model of peritonitis.

Results: Against E. coli CFT073-RR Tc blactx-m-15, ceftolozane/tazobactam bactericidal
effect was impaired in vitro with only a minor inoculum effect; this translated into a reduced

activity as compared with imipenem in the mouse peritonitis model.

Conclusions: Combination of ESBL expression and high inoculum size may be a clinical

situation at risk of reduced bactericidal activity of ceftolozane/tazobactam.
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INTRODUCTION

Since carbapenems may select for carbapenem resistance [1], efforts have been made to
evaluate the activity of beta-lactam/beta-lactamase inhibitors (BLBLI), such as
piperacillin/tazobactam (PTZ/TZ), for the treatment of extended spectrum beta-lactamase
(ESBL)-producing Escherichia coli infections, with conflicting clinical results [2,3]. One
explanation for therapeutic failures observed with PTZ/TZ may be the inoculum effect, that
was shown to impact its efficacy [4]. Ceftolozane/tazobactam (CTZ/TZ), a novel BLBLI,
showed in vitro and in vivo potency against most ESBL-positive E. coli [5-7]. We therefore
analyzed the in vitro impact of the inoculum size on the activity of CTZ/TZ, and compared its
activity to that of imipenem in a high-inoculum murine model of peritonitis due to E. coli

producing or not a CTX-M-15-type ESBL.

METHODS
Bacterial strains and in vitro antibiotic activities.

Wild-type E. coli CFT073-RR, a reference clinical uropathogenic strain already sequenced,
and its transconjugant E. coli CFT073-RR Tc blacrx-m-15, harboring a plasmid carrying
blactx-m-15, blaoxa-1 and aac(6’)-1b, obtained by conjugation of CFT073-RR with a clinical
isolate of community-acquired urinary tract infection [8,9], were used. Minimal inhibitory
concentrations (MICs) of ceftolozane (CTZ), tazobactam (TZ), CTZ/TZ (with a fixed TZ
concentration of 4 mg/LL according to the reference method, and with a 2:1 ratio as in the
manufactured formulation for therapeutic use), and imipenem, were determined in triplicate

by microdilution at standard or high inoculum (10° and 10’ CFU/mL, respectively).
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For time-kill curves, exponentially growing bacteria were diluted in 10 mL glass tubes
containing Tryptic-Soy (TS) broth with CTZ at 1, 4 or 8 fold the MIC of the combination (i.e.
0.25, 1 and 2 mg/L) and TZ 4 mg/L, or with CTZ/TZ in a 2:1 ratio (manufactured
formulation). Viable counts were enumerated after 0, 1, 3, 6 and 24 hours of incubation at
37°C. A bactericidal effect was defined as a decrease of >3 logio CFU/mL between the initial

inoculum and the bacterial count at 24 h.

Murine model of peritonitis.

The experimental murine peritonitis model [10] was approved by the Departmental Direction
of Veterinary Services from Paris, France (CE121 #4949). Female ICR/Swiss mice (5-6
week-old, 22-30g, Janvier, St-Berthevin, France) were inoculated intraperitoneally with 0.25
ml NaCl containing approximately 2.5x107 CFU of E. coli and 10% autoclaved porcin mucin
(Sigma-Aldrich). Beginning 2h after inoculation, mice (n=15 mice for each strain) were
treated for 24 h with CTZ/TZ, or imipenem 100 mg/kg every 2h (imipenem regimen best
reproducing the pharmacokinetic/pharmacodynamics obtained with 1g TID in humans,
according to our previous experiments [11]). A group of 15 “start-of-treatment” controls was
sacrificed just before treatment, to determine the bacterial load before treatment. Treated mice
were sacrificed 4h after the last injection. Immediately after sacrifice, a peritoneal wash was
performed by intraperitoneal injection of 2 mL of sterile saline solution followed by collection
of 1 mL of fluid.. Spleen was removed and homogenized in 1 mL of sterile saline solution.
Aliquots of peritoneal fluid or spleen were then diluted and plated onto agar to numerate
surviving bacteria, and onto agar containing CTZ/TZ (1 and 4 mg/L, respectively) to search
for the in vivo selection of resistant mutants. Results were expressed as median [range] for

continuous variables; logio CFU/g in spleen and logio CFU/mL in peritoneal fluids were
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compared by the Mann—Whitney U-test or the Kruskall-Wallis test when appropriate. Non
parametric tests were preferred to parametric tests because they are more appropriate
considering the small numbers of mice per groups and the fact that the data do not follow a

normal distribution. A P<0.05 was considered significant.

CTZ/TZ pharmacokinetics in mice.

To determine the therapeutic regimen that best reproduced the peak serum concentrations
obtained with the recommended dose of CTZ/TZ 1g /500mg TID in humans, groups of 4 mice
received different doses of CTZ/TZ subcutaneously and were sacrificed 30 or 60 minutes after
injection by intraperitoneal injection of 200 mL of sodium thiopental. CTZ and TZ serum
concentrations were measured by chromatographic analysis with a TLX-1 chromatographic
system with an online turbulent flow SPE TurboFlow® MCX-2 column (60 um, 0.5x50 mm,
Thermo Scientific). The detection was performed with a High Resolution Mass Spectrometric
(HRMS) analyzer (Exactive Plus, Thermo Scientific) equipped with a heated electrospray

ionization source (h-ESI-II).

RESULTS

In vitro results.

As shown in Table 1, CFT073-RR was fully susceptible to CTZ, CTZ/TZ and imipenem. E.
coli CFT073-RR Tc blactx-m-15 was highly resistant to CTZ but adjunction of TZ 4 mg/L fully

restored the CTZ activity. Using the 4 mg/L. TZ concentration, the increase of the inoculum
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size had no impact on CTZ/TZ activity but increased by two dilutions the MICs of imipenem
for both strains. Using the 2:1 CTZ/TZ ratio, MICs of CTZ/TZ against CFT073-RR and its
transconjugant increased by 3 dilutions (from 0.25 to 2 mg/L) with a standard inoculum, and
by 4 dilutions (from 0.25 to 4 mg/L) with a high inoculum, indicating that TZ concentrations
were insufficient to fully restore the CTZ/TZ bacteriostatic activity, with a limited additional

impact of the inoculum size.

As shown in Fig.1A, a bactericidal effect was observed for E. coli CFT073-RR with
concentrations of CTZ 1 mg/L (i.e. 4 fold the MIC) or more, and TZ 4 mg/L, at standard and
high inoculum. For E. coli CFT073-RR Tc blactx-m-15, no bactericidal effect of the
combination was observed for concentrations up to 8 fold the MIC of CTZ (i.e. 4 mg/L) and
TZ 4 mg/L, indicating that bactericidal effect of CTZ/TZ was impaired by acquired ESBL
resistance, even with a standard inoculum of 10° CFU/mL. Increase of inoculum size had only
a mild effect on CTZ/TZ activity. To get as close as possible to the situation observed in
human therapeutics, we also studied the in vitro bactericidal activity of CFZ/TZ in a 2:1 ratio
(manufactured formulation) (Fig. 1B). For these experiments, CFZ/TZ MICs taken into
account were those obtained with the 2:1 ratio (i.e. 0.25 for E. coli CFT073-RR, 2 and 4 at
standard and high inoculum, respectively, for E. coli CFT073-RR Tc blactx-m-15). For E. coli
CFT073-RR, a bactericidal effect was observed for concentrations of 8 fold the MIC (CTZ 2
mg/L. and TZ 1 mg/L) at standard and high inoculum. For E. coli CFT073-RR Tc blactx-m-15,
concentrations of 4 fold the MIC (i.e. CTZ 8 mg/L and TZ 4 mg/L) at standard inoculum and
8 fold the MIC (CTZ 32 mg/L and TZ 16 mg/L) at high inoculum were necessary to observe a
bactericidal effect. Our results confirmed that the activity of the combination was impaired by
acquired resistance since higher antibiotic concentrations were necessary to obtain a
bactericidal effect against the ESBL-producing strain. In addition, increasing the inoculum

size required to reach high antibiotic concentrations (CTZ 32 mg/L and TZ 16 mg/L) to obtain
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a bactericidal effect against the ESBL-producing strain when mimicking the CTZ/TZ ratio

obtained in human therapeutics.

CTZ/TZ pharmacokinetics in mice.

The unitary dose that best reproduced the peak concentration obtained in humans with
CTZ/TZ 1g /500mg (median concentrations in humans [range], 91.5 [65.7-110.7] and 17.5
[15.4-27.3] mg/L, respectively [12]) was 100/50 mg/kg, which led to median [range] CTZ and
TZ peak concentrations at 30 minutes of 115.6 [95.9-201.2] and 13.85 [8.6-18.2] mg/L,
respectively. The rate of injections every 2 hours was chosen according to the elimination

half-lives of CTZ and TZ that were approximately 15 minutes for each component.

Murine model of peritonitis.

By comparison with “start of treatment” controls, CTZ/TZ significantly reduced the bacterial
counts in the spleen and peritoneal fluid of animals infected with E. coli CFT073-RR and E.
coli CFT073-RR Tc blactx-m-15 (Table 2). For mice infected with susceptible E. coli CFT073-
RR, the efficacies of CTZ/TZ and imipenem were similar. By contrast, CTZ/TZ led to a lower
decrease in bacterial counts in the spleens and peritoneal fluids of animals infected with E.
coli CFT073-RR Tc blactx-m-15 than imipenem (P< 0.05). In addition, in animals treated with
CTZ/TZ, bacterial counts in the spleens and peritoneal fluid of animals infected with E. coli
CFT073-RR Tc blactx-m-15 were higher than those of animals infected with CFT073-RR (P<

0.05). No resistant mutants to CTZ/TZ were detected.

DISCUSSION
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Overall, our results indicate an impact of acquired CTX-M-15-type ESBL resistance in E. coli
on the activity of CTZ/TZ. The presence of the OXA-1 enzyme, coproduced by CFT073-RR
Tc blactx-m-15 strain, like a large proportion of CTX-M-15-producing E. coli clinical strains
[13—15], should not have any implication in the lower CTZ/TZ activity we observed as
cephalosporins are stable to OXA-1 enzymes [15]. A limited but significant inoculum effect
was observed since high antibiotic concentrations were necessary to obtain a bactericidal
effect in vitro when the CTZ/TZ ratio corresponded to that used for human therapeutics.
Although CTZ/TZ remained active in vivo, the inoculum effect may have contributed to the
lower reduction in bacterial counts observed in vivo with CTZ/TZ, as compared to imipenem,
when animals were infected with the CTX-M-15-producing strain. However, using a dosing
regimen of CTZ/TZ simulating human pharmacokinetics, bacterial killing may be sufficient to
cure infection, despite a decrease in CTZ/TZ activity in the presence of ESBL in high
inoculum conditions. One limitation of our work is that, to limit the number of sacrificed
animals, we did not compare the activity of CTZ/TZ to that of PTZ/TZ that was shown to be
impacted by the inoculum effect in vivo [4]. Another point of debate is the choice of non
parametric tests rather than Student’s test adjusted for unequal variances; however, the
differences of distribution were sufficiently large to justify our choice. Overall, our results
indicate that ombination of ESBL expression and high inoculum size may be a clinical
situation at risk of reduced bactericidal activity of CTZ/TZ at the recommended dose (1g/0.5g
thrice a day) against severe high inoculum infections due to ESBL-producing E. coli. Whether
higher doses of CTZ/TZ (2g/lg thrice a day), recently evaluated for the treatment of

nosocomial pneumonia [16] enables to restore a full activity, remains to be demonstrated.



00N O WU,

10

11

12

13

CONFLICTS OF INTEREST DISCLOSURE

The authors do not declare any conflicts of interest. No external funding was received for this

study.

AUTHOR’S CONTRIBUTIONS

Conceptualization, methodology and validation: AL, BF
Formal analysis: AL, JC

Investigation: JC, FC, GP, ALM

Writing — Original draft: AL, JC

Writing — Review and editing: AL, BF



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

10

REFERENCES

(1]

(3]

[4]

[5]

McLaughlin M, Advincula MR, Malczynski M, Qi C, Bolon M, Scheetz MH.
Correlations of antibiotic use and carbapenem resistance in Enterobacteriaceae.
Antimicrob Agents Chemother 2013;57:5131-3. https://doi.org/10.1128/AAC.00607-13.
Rodriguez-Bafio J, Navarro MD, Retamar P, Picon E, Pascual A, Extended-Spectrum
Beta-Lactamases—Red Espanola de Investigacién en Patologia Infecciosa/Grupo de
Estudio de Infeccién Hospitalaria Group. B-Lactam/B-lactam inhibitor combinations for
the treatment of bacteremia due to extended-spectrum [-lactamase-producing
Escherichia coli: a post hoc analysis of prospective cohorts. Clin Infect Dis
2012;54:167-74. https://doi.org/10.1093/cid/cir790.

Harris PNA, Tambyah PA, Lye DC, Mo Y, Lee TH, Yilmaz M, et al. Effect of
piperacillin-tazobactam vs meropenem on 30-Day mortality for patients with
Escherichia coli or Klebsiella pneumoniae bloodstream infection and ceftriaxone
resistance: A randomized clinical trial. JAMA 2018;320:984-94.
https://doi.org/10.1001/jama.2018.12163.

Docobo-Pérez F, Lopez-Cerero L, Lopez-Rojas R, Egea P, Dominguez-Herrera J,
Rodriguez-Bafio J, et al. Inoculum effect on the efficacies of amoxicillin-clavulanate,
piperacillin-tazobactam, and imipenem against extended-spectrum B-lactamase (ESBL)-
producing and non-ESBL-producing Escherichia coli in an experimental murine sepsis
model. Antimicrob Agents Chemother 2013;57:2109-13.
https://doi.org/10.1128/AAC.02190-12.

Lucasti C, Hershberger E, Miller B, Yankelev S, Steenbergen J, Friedland I, et al.
Multicenter, double-blind, randomized, phase II trial to assess the safety and efficacy of

ceftolozane-tazobactam plus metronidazole compared with meropenem in adult patients



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

(6]

[8]

[9]

[10]

[11]

11

with complicated intra-abdominal infections. Antimicrob Agents Chemother
2014;58:5350-7. https://doi.org/10.1128/AAC.00049-14.

Solomkin J, Hershberger E, Miller B, Popejoy M, Friedland I, Steenbergen J, et al.
Ceftolozane/tazobactam plus metronidazole for complicated intra-abdominal infections
in an era of multidrug resistance: results from a randomized, double-blind, phase 3 trial
(ASPECT-cIAI). Clin Infect Dis 2015;60:1462-71. https://doi.org/10.1093/cid/civ097.
Wagenlehner FM, Umeh O, Steenbergen J, Yuan G, Darouiche RO. Ceftolozane-
tazobactam compared with levofloxacin in the treatment of complicated urinary-tract
infections, including pyelonephritis: a randomised, double-blind, phase 3 trial
(ASPECT-cUTI). Lancet 2015;385:1949-56. https://doi.org/10.1016/S0140-
6736(14)62220-0.

Berleur M, Guérin F, Massias L, Chau F, Poujade J, Cattoir V, et al. Activity of
fosfomycin alone or combined with temocillin in vitro and in a murine model of
peritonitis due to KPC-3- or OXA-48-producing Escherichia coli. J Antimicrob
Chemother 2018;73:3074-80. https://doi.org/10.1093/jac/dky283.

Rossi B, Soubirou JF, Chau F, Massias L, Dion S, Lepeule R, et al. Cefotaxime and
amoxicillin-clavulanate synergism against extended-spectrum-B-lactamase-producing
Escherichia coli in a murine model of urinary tract infection. Antimicrob Agents
Chemother 2016;60:424-30. https://doi.org/10.1128/AAC.02018-15.

Alexandre K, Chau F, Guérin F, Massias L, Lefort A, Cattoir V, et al. Activity of
temocillin in a lethal murine model of infection of intra-abdominal origin due to KPC-
producing  Escherichia coli. ] Antimicrob Chemother 2016;71:1899-904.
https://doi.org/10.1093/jac/dkw066.

Lepeule R, Ruppé E, Le P, Massias L, Chau F, Nucci A, et al. Cefoxitin as an alternative

to carbapenems in a murine model of urinary tract infection due to Escherichia coli



10

11

12

13

14

15

16

17

18

19

20

21

22

23

[12]

[13]

[14]

[15]

[16]

12

harboring CTX-M-15-type extended-spectrum [-lactamase. Antimicrob Agents
Chemother 2012;56:1376-81. https://doi.org/10.1128/AAC.06233-11.

Monogue ML, Stainton SM, Baummer-Carr A, Shepard AK, Nugent JF, Kuti JL, et al.
Pharmacokinetics and tissue penetration of ceftolozane-tazobactam in diabetic patients
with lower limb infections and healthy adult volunteers. Antimicrob Agents Chemother
2017;61. https://doi.org/10.1128/AAC.01449-17.

Park SH, Byun J-H, Choi S-M, Lee D-G, Kim S-H, Kwon J-C, et al. Molecular
epidemiology of extended-spectrum B-lactamase-producing Escherichia coli in the
community and hospital in Korea: emergence of ST131 producing CTX-M-15. BMC
Infect Dis 2012;12:149. https://doi.org/10.1186/1471-2334-12-149.

Castanheira M, Doyle TB, Mendes RE, Sader HS. Comparative activities of ceftazidime-
avibactam and ceftolozane-tazobactam against Enterobacteriaceae isolates producing
extended-spectrum P-lactamases from U.S. hospitals. Antimicrob Agents Chemother
2019;63. https://doi.org/10.1128/AAC.00160-19.

Livermore DM, Day M, Cleary P, Hopkins KL, Toleman MA, Wareham DW, et al.
OXA-1 pB-lactamase and non-susceptibility to penicillin/B-lactamase inhibitor
combinations among ESBL-producing Escherichia coli. J Antimicrob Chemother
2019;74:326-33. https://doi.org/10.1093/jac/dky453.

Kollef MH, Novacek M, Kivistik U, Réa-Neto A, Shime N, Martin-Loeches I, et al.
Ceftolozane-tazobactam versus meropenem for treatment of nosocomial pneumonia
(ASPECT-NP): a randomised, controlled, double-blind, phase 3, non-inferiority trial.

Lancet Infect Dis 2019;19:1299-311. https://doi.org/10.1016/S1473-3099(19)30403-7.



w

13

Table 1. MICs of CTZ, TZ, imipenem and CTZ/TZ according to the reference method (fixed

TZ concentration of 4 mg/L) and using a 2:1 CTZ/TZ ratio, using a standard (10° CFU/mL) or

a high (10’ CFU/mL) inoculum.

MIC (mg/L)/

reference method

MIC (mg/L) /

manufactured solution

E. coli strains Inoculum | CTZ | TZ | CTZ | Imipenem CTZ/TZ
+TZ Ratio 2:1
4
mg/L
E. coli Standard | 0.25 | 256 | 0.25 0.25 0.25
CFT073-RR High 0.25 | 256 | 0.25 1 0.25
E. coli Standard 64 256 | 0.25 0.25 2
CFT073-RR Tc High >1024 | 256 | 0.25 1 4

blactx-m-15




10

11

14

Table 2. Effects of antibiotics on viable organisms in the spleen and peritoneal fluid of mice

infected with E. coli CFT073-RR or E. coli CFT073-RR Tc blactxm.15 and treated with

CTZ/TZ or imipenem during 24h.

E. coli CFT073-RR

E. coli CFT073-RR Tc¢ blactx-m-15

Median [range]

Median [range]

Median [range]

Median [range]

logio CFU/g of | logio CFU/mL of | logio CFU/g of | logio CFU/mL of
spleen peritoneal fluid spleen peritoneal fluid

“Start of | 7.47[6.1-7.91] | 7.41[5.6-7.95] | 7.49[7.22-7.91]| 7.30[7.01-7.70]
treatment”
controls
CTZ/TZ 100/50 | 3.51%%[2.94- | 1.78+%[1.3-3.19] | 4.38* [3.32- 2.30%* [1.3-2.89]
mg/kg q2h 4.62] 4.99]
Imipenem 100 | 3.72* [3.28- 1.78% [1.3-2.6] 3.98%%[2.6- | 1.95%%[1.3-5.64]
mg/kg q2h 4.81] 4.52]

*P<0.05 versus controls; *P<0.05 versus E. coli CFT073-RR Tchlacrx.is:; *P<0.05 versus

CTZ/TZ.
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FIG 1. Time-kill curves of CTZ at various concentrations and TZ at a fixed 4 mg/L
concentration (A) or in a 2:1 ratio (B) against E. coli CFT073-RR and E. coli CFT073-RR Tc

blactx-m-15, at standard and high inoculum
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