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Background.  With increased use of antibiotics in high-risk patients, the investigation of new antibiotics to cover poten-
tially resistant pathogens is warranted. In this prospective randomized trial, we compared ceftolozane/tazobactam (C/T), a new
cephalosporin/B-lactamase inhibitor, to the standard of care (SOC) for the empiric treatment of neutropenia and fever in patients
with hematological malignancies.

Methods.  We enrolled 100 patients to receive intravenous (IV) C/T or SOC antibiotics (cefepime, piperacillin/tazobactam, or
meropenem) in combination with gram-positive antibacterial agents. We evaluated responses at the end of IV therapy (EOIV), test
of cure (TOC; days 21-28), and late follow-up (LFU; days 35-42).

Results.  We analyzed 47 C/T patients and 50 SOC patients. C/T patients had a higher rate of favorable clinical response at EOTV
(87% vs 72%). A 1-sided noninferiority analysis indicated that C/T was at least not inferior to the SOC for favorable clinical response
at EOIV (P =.002), TOC (P = .004), and LFU (P = .002). Superiority tests showed that C/T led to significantly lower rates of clinical
failure at TOC (6% vs 30%; P = .003) and LFU (9% vs 30%; P = .008). C/T and SOC patients with documented infections had similar
rates of favorable microbiological response. Serious adverse events leading to drug discontinuation (2% vs 0%; P = .48) and overall

mortality (6% vs 4%; P = .67) were similar in both groups.
Conclusions.

The empiric use of C/T in high-risk patients with hematological malignancies and febrile neutropenia is safe and

associated with better clinical outcomes than SOC antimicrobial agents.

Clinical Trials Registration. NCT03485950.
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Patients with hematologic malignancy (HM) and recipients of
hematopoietic stem cell transplantation receive intensive che-
motherapy that often induces prolonged neutropenia, which
puts these patients at particularly high risk for potentially life-
threatening infections, particularly if not recognized and treated
promptly [1, 2]. Delaying appropriate antibiotic therapy in pa-
tients with Pseudomonas aeruginosa bloodstream infections
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(BSIs) or other resistant gram-negatives pathogens has been
associated with poor outcomes and increased mortality [3-8].
The careful evaluation of these patients’ signs and symp-
toms, antimicrobial prophylaxis, prior infections, previous
antimicrobial use, and potential antimicrobial resistance is cru-
cial to guide the appropriate selection of antimicrobial therapy.
Although only 20%-30% of patients with neutropenia and fever
have a clinically or microbiologically documented infection
[2], the rate of infections caused by gram-negative pathogens is
increasing with the emergence of antimicrobial-resistant strains
[9-13]. Hence, standard empirical therapy with cefepime,
piperacillin-tazobactam, or carbapenems could be inappro-
priate for cancer patients with febrile neutropenia (FN), par-
ticularly those with a history of infection or colonization with
an antibiotic-resistant organism (such as extended-spectrum
B-lactamase [ESBL]-producing Enterobacteriaceae or resistant
Pseudomonas) [14]. Any initial empirical antibiotic therapy
given for FN should include an antipseudomonal B-lactam
agent to cover the most virulent and resistant gram-negative
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pathogens. Antibiotics against gram-positive pathogens should
be added for suspected catheter-related infection, skin or soft
tissue infection, pneumonia, or hemodynamic instability [2].
If antimicrobial resistance is suspected, the addition of other
antimicrobials should be considered, particularly if the patient
is hemodynamically unstable.

Despite successful antibiotic stewardship programs, an-
tibiotic resistance continues to emerge, particularly in pa-
tients with gram-negative bacterial infections. Ceftolozane/
tazobactam (C/T), a combination of a novel antipseudomonal
cephalosporin antibiotic and an established p-lactamase inhib-
itor, was initially developed to address antimicrobial resistance
in cases of serious infections caused by gram-negative patho-
gens [15]. The addition of tazobactam extends the spectrum of
C/T coverage to include ESBL-producing Enterobacteriaceae.
C/T is now approved in the United States for the treatment of
complicated intra-abdominal infections in combination with
metronidazole; complicated urinary tract infections, including
pyelonephritis; and ventilated nosocomial pneumonia [16-19].
Few case reports have reported promising results with favorable
outcomes in HM and HCST patients with FN and P aeruginosa
infections or other resistant gram-negative organisms [20-22].
However, the empiric use of C/T for the treatment of FN has not
been evaluated in a prospective randomized trial. In this study,
we compared C/T with standard-of-care (SOC) antibiotics
(cefepime, meropenem, or piperacillin/tazobactam) given with
anti-gram-positive antibiotics for the empiric treatment of FN
in patients with HM.

METHODS

Study Design

This single-center, prospective, randomized, open-label com-
parative study was approved by our Institutional Review Board
and is registered at ClinicalTrials.gov (NCT03485950). Written
informed consent was obtained from all patients or their au-
thorized representatives.

Patient Population

Eligible patients were aged 218 years, had HM, presented to
our emergency center with FN, and required hospitalization for
intravenous (IV) empiric antibiotic therapy. Patients were ex-
cluded if they were allergic to any cephalosporin antibiotic; pre-
viously received IV antibiotics for >24 hours; had a confirmed
viral or fungal infection; had an alanine aminotransferase
level >5 times the upper limit of normal (ULN), total bilirubin
level >3 times the ULN, or creatinine clearance <30 mL minute;
or had a history of seizure disorder.

Randomization, Treatment, and Monitoring

Between May 2018 and October 2020, 100 patients were en-
rolled and randomized using our institutional Clinical Trial
Conduct website to receive either C/T (1.5 g every 8 hours) or

SOC antibiotics (cefepime [2 g every 8 hours], meropenem [1 g
every 8 hours], or piperacillin/tazobactam [4.5 g every 6 hours],
at the discretion of the treating physician) for at least 72 hours
and up to 14 days.

Patients in either group could receive antibacterial agents
(vancomycin, linezolid, or daptomycin) for gram-positive in-
fections if indicated for suspected line infection, skin and soft
tissue infection, pneumonia, hemodynamic instability, history
of methicillin-resistant Staphylococcus aureus or vancomycin-
resistant enterococci colonization, or severe mucositis, ac-
cording to the Infectious Diseases Society of America clinical
practice guidelines for the use of antimicrobial agents in neu-
tropenic patients with cancer [2]. The choice and duration
of gram-positive coverage was determined by the treating
physician.

Early de-escalation after 72 hours was encouraged and imple-
mented if appropriate after assessing the patient and reviewing
the culture results as an antimicrobial stewardship practice
and as predetermined in the protocol. A switch to oral or nar-
rower spectrum or a once-daily IV agent against gram-nega-
tive pathogens for the purposes of outpatient treatment was
allowed after 72 hours. The original IV randomized treatment
could have been discontinued either as (1) de-escalation (in pa-
tients who improved and became afebrile) or (2) due to insuffi-
cient therapeutic effect, including incomplete clinical resolution
or persistence of fever, that requires alternative antimicrobial
therapy. The investigator or treating physician was encour-
aged to continue study therapy[ies] for at least 72 hours before
considering such patients as a clinical failure and prematurely
discontinuing study therapy(ies). Patients who were switched
prior to 72 hours for reasons other than study drug-related
adverse events or resistant organisms were considered as inde-
terminate. The decision to de-escalate was made by either the
investigator or the treating physician, who were not blinded to
treatment arm. Empirical treatment of Clostridioides difficile
with oral vancomycin or with IV or oral metronidazole could
be added at any time for patients with symptoms of abdominal
cramping and diarrhea or if C difficile infection was strongly
suspected clinically.

Patients were followed through the end of IV therapy (EOIV).
Patients were evaluated 21-28 days after starting IV antibiotic
therapy for test of cure (TOC) and 35-42 days after starting
therapy as a late follow-up (LFU) (Figure 1). Clinical and mi-
crobiological responses were assessed at EOIV, TOC, and LFU.

All patients were monitored throughout the study period, in-
cluding the 30 days after the last study drug dose, for the devel-
opment of adverse events (AEs), serious AEs (SAEs), and study
drug-related AEs.

Analysis Populations and Outcomes
The analysis sets included efficacy and safety analyses and are
shown in Figure 2.
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Figure 1.  Study design. Abbreviations: IV, intravenous; LFU, late follow-up; SOC, standard of care; TOC, test of cure.

The efficacy analysis included clinical and microbiological re-
sponses and was based on the modified intent-to-treat (MITT)
and microbiological MITT (mMITT) analysis sets.

The primary objective of the study was to show that the ef-
ficacy of C/T plus vancomycin, daptomycin, or linezolid is
noninferior to the SOC plus vancomycin, daptomycin, or
linezolid as empiric therapy in cancer patients with FN with
respect to favorable clinical response. The primary efficacy pa-
rameter was the proportion of patients in the MITT analysis set
with favorable clinical response at EOIV.

The safety analysis set included all randomized patients who
received any amount of IV inpatient study drug. Safety was as-
sessed by assessing AEs and SAEs that were attributed to the
study drug throughout the study as well as 30-day mortality.

The secondary eflicacy parameters included the proportion
of patients in the mMITT and clinically evaluable (CE) anal-
ysis sets with favorable clinical response at EOIV; the propor-
tion in the MITT analysis set with favorable clinical response at

TOC and LFU; the proportion in the mMITT and CE analysis
sets with favorable clinical response by baseline gram-nega-
tive pathogen at EOIV, TOC, and LFU; the proportion in the
mMITT and microbiologically evaluable (ME) analysis sets
with a favorable microbiological response (defined as eradi-
cation or presumed eradication of the infecting pathogen) by
baseline gram-negative pathogen at EOIV, TOC, and LFU;
the proportion in the MITT and mMITT analysis sets with
infection-related mortality at TOC and LFU; and 30-day all-
cause mortality.

Definitions
FN was defined as either a single oral temperature measure-
ment of 38.3°C (2101°F) or a temperature of 38.0°C (2100.4°F)
sustained over a 1-hour period, with an absolute neutrophil
count of <500 cells/mL.

A favorable clinical response was defined as the resolution of
all acute signs and symptoms (mainly fever resolution as fever
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Figure 2.  Patient population and analysis sets. Abbreviations: CE, clinically evaluable; EQIV, end of intravenous therapy; IV, intravenous; mMITT, microbiological modified
intention-to-treat; TOC, test of cure.

may represent the only sign of infection in patients with neutro- A clinical failure was defined as a fever persisting 96 hours
penia who may have decreased inflammatory response) of the  after the initiation of the study drug; discontinuation of study
primary infection at EOIV, TOC, and LFU. drug after at least 72 hours due to insufficient therapeutic
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effect including persistence, incomplete clinical resolution, or
worsening in signs and symptoms (mainly fever) that requires
alternative antimicrobial therapy; a documented breakthrough
gram-negative BSI; (ie, a recurrent BSI or a new BSI with a
gram-negative pathogen not present at baseline but occurring
while on study drug); a documented study drug-resistant
gram-negative pathogen that required alternative antimicrobial
therapy; the discontinuation of study drug therapy owing to an
AE and the requirement for alternative antimicrobial; death re-
sulting from the primary infection; or >1 therapy switch after
the discontinuation of the original IV treatment. Another ep-
isode of FN during the follow-up period was not considered a
clinical failure unless the patient presented with a relapse of the
same documented infection that was present at baseline.

The clinical outcome was classified as indeterminate in any of
the following: patient developed a documented invasive fungal
or viral infection at any time during the study; patient has a
documented infection with gram-positive organisms; study
data were not available for evaluation of efficacy for any reason
including death in which FN was clearly noncontributory or pa-
tient was lost to follow-up; or patient withdrew from the study
for reasons other than clinical failure.

In patients with microbiologically documented infections,
microbiological response was defined as either eradication of
the original baseline pathogen; presumed eradication (no avail-
able culture and the clinical response assessed as a cure); per-
sistence; presumed persistence (no available culture and the
clinical response assessed as a failure); or indeterminate (no
culture and the clinical response assessed as indeterminate).

Statistical Analysis

Continuous and categorical variables were summarized by
treatment group using descriptive statistics (medians and
ranges) and frequency distributions (counts and percentages),
respectively. Summaries were provided for all randomized pa-
tients who received any amount of inpatient IV study drug
(MITT analysis set), and efficacy summaries were provided for
the subgroup of patients with a gram-negative pathogen iden-
tified (mMITT analysis set) and other subgroups including
patients in the CE analysis set and ME analysis set defined by
the protocol (Figure 2). The X* or Fisher exact test was used
to compare categorical variables, and Wilcoxon rank-sum test
was used to compare continuous variables. One-sided ¥’ test
for noninferiority was performed for the primary endpoint (fa-
vorable clinical response) with a noninferiority margin of 10%.
If a noninferiority was found, then a 2-sided X test for supe-
riority was performed for a further comparison. All the tests
were at the significance level of .05 and most of them except the
noninferiority tests were 2-sided. The statistical analyses were
performed using SAS version 9.3 software (SAS Institute, Cary,
North Carolina).

RESULTS

Patient Characteristics

Among the 100 patients enrolled and randomized during the
study period, 97 patients (47 in the C/T group and 50 in the
SOC group) received at least 1 dose of the study drug. Three
C/T patients withdrew consent before receiving any dose of the
study drug and were excluded from the analysis.

The patients’ characteristics are shown in Table 1. The C/T
and SOC groups did not differ significantly in terms of age,
gender, race, underlying disease, hospital stay duration, inten-
sive care unit (ICU) admission, or requirement for mechanical
ventilation. Antibiotic prophylaxis received before the onset
of FN was similar in both arms (81% in C/T arm vs 90% in
SOC arm; P = .2). The main antibiotics given as prophylaxis
consisted of fluoroquinolones (82%), followed by cefpodoxime
(12%), then others such as amoxicillin, trimethoprim/sulfa-
methoxazole, cefdinir, etc. The C/T and SOC groups had similar
rates of microbiologically documented infections at baseline,
most commonly BSI (28% and 24%, respectively; P = .68). The
groups also had similar rates of isolated gram-negative and
-positive pathogens. The 6 patients with documented infec-
tions caused by gram-negative pathogens at baseline included
3 C/T patients with BSIs, 1 C/T patient with a urinary tract in-
fection, and 2 SOC patients with BSIs. Isolated pathogens in-
cluded Escherichia coli (1 C/T patient and 2 SOC patients), P
aeruginosa (2 C/T patients), and Klebsiella pneumoniae (1 C/T
patient). Two of the isolated gram-negative pathogens—1 E
coli in the SOC group and 1 K pneumoniae in the C/T group,
neither of which was carbapenem-resistant—were classified
as ESBL-producing multidrug-resistant organisms (MDROs).
Compared to SOC, patients in C/T had at baseline a higher
rate of clinically documented infection (34% vs 6%; P = .018)
and sepsis (62% vs 30%; P =.002), but a lower rate of unex-
plained fever (38% vs 70%; P = .002) (Supplementary Table 1).
Only 1 patient in C/T, who had a clinically documented infec-
tion (pneumonia), had an ICU admission related to his FN epi-
sode. The median study drug duration of the C/T group (3 days
[range, 1-6 days]) was shorter than that of the SOC group (4
days [range, 1-14 days]; P = .11). The SOC group had a signif-
icantly higher rate of patients who received study drugs for >5
days (20% vs 2%; P = .006).

The group’s treatment regimen characteristics are shown in
Supplementary Table 2. In the SOC group, the most commonly
used antibiotics were cefepime (76%) followed by piperacillin/
tazobactam (20%) and meropenem (4%). In both groups, >90%
of the patients received gram-positive coverage, with linezolid
being the most commonly used agent. De-escalation at end of
IV study drug occurred similarly in both groups (94% in C/T
and 84% in SOC; P = .14), although patients on C/T were more
likely to de-escalate to IV study drug compared to SOC (55% vs
21%) (Supplementary Table 3).
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Table 1. Characteristics of Patients Who Received Ceftolozane/Tazobactam and Those Who Received the Standard of Care

Ceftolozane/ Standard of
Tazobactam Care

Characteristic (n=47) (n=50) PValue
Age, y, median (range) 60 (25-84) 55 (18-79) 12
Sex .65

Male 28 (60) 32 (64)

Female 19 (40) 18 (36)
Race/ethnicity .85

White 32 (68) 35 (70)

Black 4(9) 5 (10)

Hispanic 6 (13) 7 (14)

Asian 0(0) 1(2)

Middle Eastern 3(6) 1(2)

Other 2 (4) 1(2)
Hematological malignancy .32

ALL 9 (19) 12 (24)

AML 19 (40) 22 (44)

CML 3(6) 0

Lymphoma 9 (19) 6(12)

Other 7 (15) 10 (20)
BMT within 1y prior to fever 6 (13) 9(18) 48

Autologous 2/6 (33) 4/9 (44)

Allogeneic 4/6 (67) 5/9 (56)
Type of allogeneic transplant

Matched unrelated donor 0 1/5 (20)

HLA matched related donor 4/4 (100) 4/5 (80)
GVHD 1/6 (17) 1/8 (13) >.99
Temperature at baseline, ‘C, median (IQR) 37.3 (36.9-38.2) 375 (37.0-38.3) .31
Temperature at initial presentation, 'C .32

<36 0 0

36-38 3(6) 7 (14)

>38 44 (94) 43 (86)
Microbiological documentation (positivity) 13 (28) 12 (24) .68
Site of microorganism(s)?

Genitourinary tract 2 1

Blood 1 12
Gram-negative bacterial pathogen 4(9) 2 (4) 43
Gram-negative alone 2 2
Gram-negative and -positive (mixed infection) 2 0
Organisms recovered in positive cultures®

Escherichia coli 0 2

Klebsiella pneumoniae 1 0

Pseudomonas aeruginosa 1 0

MRSA 2 1

Rothia mucilaginosa 1 0

Streptococcus viridans 5 5)

Staphylococcus epidermidis 1 2

Enterococcus faecalis 0 2

E faecalis + E coli 1 0

E faecalis + P aeruginosa 1 0
CVC the source of BSl isolation 7/11 (64) 7/12 (58) >.99
Hospital stay duration, d, median (IQR) 6 (4-9) 7 (4-11) .84
ICU admission 2(4) 3 (6) >.99
Mechanical ventilation 2 (4) 1(2) .61

Data are presented as No. of patients (%) unless otherwise indicated.

Abbreviations: ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; BMT, bone marrow transplantation; BSI, bloodstream infection; CML, chronic myeloid leukemia; CVC, cen-
tral venous catheter; GVHD, graft-vs-host disease; HLA, human leukocyte antigen; ICU, intensive care unit; IQR, interquartile range; MRSA, methicillin-resistant Staphylococcus aureus.

?One patient had 2 sites of organisms.

®Four patients had 2 or 3 organisms.
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Clinical Response

Detailed clinical outcomes are presented in Table 2 and
Supplementary Tables 1, 4, and 5. At EOIV, for the MITT pop-
ulation, C/T patients had a higher rate of favorable clinical
response than SOC patients did (87% vs 72%). The 1-sided
noninferiority analysis indicated that C/T was not inferior to
the SOC (P =.002), which was consistent with the lower limit
of the 90% confidence interval (.013) of their rate difference
being greater than the noninferiority limit (-0.10). Moreover,
the lower limit of the 95% CI of the difference in the favor-
able clinical response rates (-.014) was also greater than the
noninferiority limit (-0.10).

At EOLV, C/T patients had lower rates of clinical failure (4%
vs 18%) and indeterminate clinical response (9% vs 10%). In
both groups, the most common reason for clinical failure at
EOIV was persistent fever. One SOC patient required alter-
native therapy owing to a BSI with E coli that was resistant
to the selected study drug (cefepime). It is to note that 76%
of patients in the SOC arm received cefepime and 20% re-
ceived piperacillin/tazobactam, whereas only 4% received
meropenem) (Supplementary Table 1).

AtTOC, C/T was also found to be noninferior to the SOC with
regard to favorable clinical response (P =.004). Furthermore,
superiority tests showed a significant difference between the
groups distributions of clinical outcomes (P =.01), with the
C/T group having a significantly lower rate of clinical failure
(6% vs 30%; P = .003). Analyses of LFU data also yielded similar
results, with the C/T group again having a significantly lower
rate of clinical failure (9% vs 30%; P = .008).

The clinical outcomes at EOIV, TOC, and LFU for the
mMITT and CE populations are presented in Supplementary
Tables 5B and 5C, respectively.

Microbiological Response

The C/T and SOC groups’ rates of microbiological response at
EOIV, TOC, and LFU among patients who had microbiologi-
cally documented infections at baseline did not differ signifi-
cantly (Table 3 and Supplementary Tables 1, 4, and 5).

The microbiologic responses at EOIV, TOC, and LFU in the
mMITT and ME populations are presented in Supplementary
Table 5D and 5E, respectively. In the mMITT population,
of the 4 C/T patients with documented infections caused by
gram-negative pathogens, 1 had an indeterminate clinical out-
come at TOC. This patient had a BSI caused by an ESBL/MDRO
K pneumoniae that was susceptible to C/T; however, the patient
was switched to meropenem <72 hours after initiating therapy.
Of the 2 SOC patients with documented infections caused by
gram-negative pathogens, 1 had clinical failure owing to a BSI
caused by an ESBL/MDRO E coli that was resistant to cefepime
and required a switch to meropenem <72 hours after initiating
therapy with cefepime.

In patients with documented gram-negative infections at
baseline, there was no relapse or emergence of gram-negative
resistant organisms during the follow-up period. Five patients
developed a new bacteremia with a different gram-negative or-
ganism that was not present at baseline and that occurred after
the end of IV therapy: 4 in the CT arm and 1 in the SOC arm.
In the CT arm, 4 patients developed 5 episodes of bacteremia
after EOIV and during the follow-up period. The recovered iso-
lates consisted of E coli (2 patients), P aeruginosa (1 patient),
and K pneumoniae and Stenotrophomonas (1 patient). In the
SOC arm, 1 patient developed E coli bacteremia. Except for
the Stenotrophomonas, none of the isolates were resistant to the
randomized study drugs that they received. The microbiological
outcomes of these patients were not considered as failures as the

Table 2. Clinical Outcome of Patients Who Received Ceftolozane/Tazobactam and Those Who Received the Standard of Care

Ceftolozane/Tazobactam Standard of Care

Clinical Outcome (n=47) (n=50) PValue
Clinical outcome at EOIV .10
Favorable clinical response 41 (87) 36 (72)
Clinical failure 2 (4) 9(18)
ndeterminate 4(9) 5 (10)
Clinical outcome at TOC .01
Clinical cure 34 (72) 28 (56)
Clinical failure 3(6) 15 (30)
Indeterminate 10 (21) 7 (14)
Clinical outcome at LFU .028
Clinical cure 33 (70) 26 (52)
Clinical failure 4(9) 15 (30)
Indeterminate 10 (21) 9(18)
Mortality during the study 3 (6) 2 (4) .67
Duration between last dose of study drug and death, d, median (range) 17 (15-34) 29 (28-29) 77
Infection-related mortality 0(0) 0(0)
30-d all-cause mortality 2 (4) 2 (4) >.99

Data are presented as No. of patients (%) unless otherwise specified.
Abbreviations: EOIV, end of intravenous therapy; LFU, late follow-up; TOC, test of cure.
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Table 3. Microbiological Outcome of Patients Who Received Ceftolozane/Tazobactam and Those Who Received the Standard of Care

Ceftolozane/Tazobactam Standard of Care

Outcome (n=47) (n=50) PValue
Microbiologically documented infection 13 (28) 12 (24) .68
Microbiological response at EOIV .86
Persistence 1/13 (8) 1/12 (8)
Eradication 11/13 (85) 9/12 (75)
Presumed eradication 0/13 (0) 1/12 (8)
Indeterminate 113 (8) 1/12 (8)
Microbiological response at TOC .64
Persistence 0/13 (0) 1/12 (8)
Eradication 3/13 (23) 2/12 (17)
Presumed eradication 8/13 (62) 9/12 (75)
Indeterminate 2/13 (15) 0/12 (0)
Microbiological response at LFU .33
Persistence 0/13 (0) 1/12 (8)
Eradication 2/13 (15) 3/12 (25)
Presumed eradication 81/3 (62) 8/12 (67)
Indeterminate 3/13 (23) 0/12 (0)
Relapse 0/12 (0) 0/11 (0)

Data are presented as No. of patients (%) unless otherwise indicated.
Abbreviations: EOIV, end of intravenous therapy; LFU, late follow-up; TOC, test of cure.

bacteremia occurred after end of IV study drug and not while
on study drug.

Safety

The C/T and SOC groups’ overall rates of AEs and SAEs did not
differ significantly (Table 4). Although the rate of drug-related
AEs tended to be higher in the C/T group (17% vs 6%; P = .09),
the rate of drug-related SAEs were similar in both groups (2%

vs 0%; P = .48) (Table 4). In addition, the groups’ rates of study
drug-related AEs and SAEs that led to drug discontinuation
did not differ significantly. The most common study drug-re-
lated AEs in the C/T group were increased liver function tests
(aminotransferase and bilirubin levels), rash, increased alkaline
phosphatase level, and headache. Both groups had a 30-day
mortality rate of 4%, and their rates of mortality during the
study did not differ significantly (6% vs 4%; P = .67). There

Table 4. Adverse Events and Serious Adverse Events of Patients Who Received Ceftolozane/Tazobactam and Those Who Received the Standard of Care

Ceftolozane/Tazobactam

Standard of Care

Event (n=47) (n=50) PValue
Total AEs 38 (81) 37 (74) .42
Total SAEs 33 (70) 33 (66) .66
Study drug-related AE 8(17) 3 (6) .09
ALT increased (>ULN) 2 (4) 1(2)
Bilirubin increased (>1.5 ULN) 1(2)
Rash 5(11) 2 (4)
Alkaline phosphatase increased (>ULN) 1(2)
Headache 1(2)
Study drug-related SAE 1(2) 0(0) 48
Bilirubin increased (>1.5 ULN) 1(2)
Study drug-related AE resulting in drug discontinuation 2 (4) 2 (4) >.99
ALT increased (>ULN) 1(2)
Bilirubin increased (>1.5 ULN) 1(2)
Rash 1(2) 1(2)
Study drug-related SAE resulting in drug discontinuation 1(2) 0 (0) .48
Bilirubin increased (>1.5 ULN) 1(2)
Mortality 3(6) 2 (4) .67
Study drug-related mortality 0 0
30-d all-cause mortality 2 (4) 2 (4) >.99

Data are presented as No. of patients (%) unless otherwise indicated.

Abbreviation: AE, adverse event; ALT, alanine aminotransferase; SAE, serious adverse event; ULN, upper limit of normal.
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was no study drug-related death in either group (Table 2 and
Supplementary Table 5F-I). All SAEs and non-SAEs, regard-
less of their attribution, are presented in Supplementary Tables
6 and 7, respectively. Non-SAEs reported with a frequency of at
least 5% are presented in Table 5.

DISCUSSION

Our findings show that C/T is noninferior and may be superior
to the SOC in patients with HM and FN. In the MITT popula-
tion, compared with SOC patients, C/T patients not only had a
noninferior rate of favorable clinical response at EOIV, TOC,
and LFU but also had a significantly lower rate of clinical failure
at TOC and LFU.

In our study, the most commonly used antibiotic in the SOC
arm was cefepime (76%) followed by piperacillin/tazobactam
(20%) and meropenem (4%). Microbiologically documented
infections with either gram-negative or -positive pathogens
were identified at baseline in 25% of our patients and were pri-
marily BSIs (92%), with similar distributions in both groups.
Our documented infection rate is similar to those reported pre-
viously [23]. Although the rate of gram-negative infections is
increasing, gram-negative pathogens were isolated in only 6%
of our patients, mostly from blood (83%). Of the 6 patients with
documented gram-negative infections, 2 (33%) had an ESBL/
MDRO pathogen that required an early switch of the antibi-
otic <72 hours after initiating therapy.

Given the increasing rate of ESBL-producing gram-negative
bacteria [10], the empiric use of fourth-generation B-lactams
such as cefepime or extended-spectrum penicillin/B-lactamase
inhibitors such as piperacillin/tazobactam could be suboptimal,
especially in high-risk patients with underlying malignancy
and FN. C/T, a combination of a novel cephalosporin and an
established B-lactamase inhibitor, could be used as an alterna-
tive to carbapenems. C/T has shown in vitro activity against a
wide range of gram-negative pathogens, including multidrug-
resistant P aeruginosa and ESBL-producing Enterobacteriaceae
[24-30]. The lower rates of clinical failure observed with C/T
at TOC and LFU remain unclear given the very low number of
documented gram-negative MDROs.

Table 5. Nonserious Adverse Events With a Frequency Threshold >5%
Among Patients Who Received Ceftolozane-Tazobactam and Those Who
Received the Standard of Care

Ceftolozane/Tazobactam Standard of Care

Event (n=47) (n =50)
Total 9(19) 6(12)
ALT elevation (>ULN) 3(6) 3(6)
Urinary tract infection 3 (6) 0 (0)
Rash 5(11) 3 (6)

Data are presented as No. (%) of patients. Events were collected by systematic
assessment.

Abbreviation: ALT, alanine aminotransferase; ULN, upper limit of normal.

In this study we used the C/T limited dose of 1.5 g every 8
hours given that the 3-g dose was still considered investiga-
tional at the time of registration of this study. The 3-g dose has
since been approved by the Food and Drug Administration for
the treatment of hospital-acquired bacterial pneumonia and
ventilator-associated bacterial pneumonia and should be con-
sidered as the preferred dose in patients with FN to empirically
cover multidrug-resistant P aeruginosa.

In the present study, the median study drug duration of the
C/T group (3 days) was shorter than that of the SOC group
(4 days; P =.08). Only 1 C/T patient (2%) but 10 SOC pa-
tients (20%) received study drugs for > 5 days (P = .006). This
difference could be due to the early de-escalation procedures
that were implemented after the patients’ clinical improve-
ment, which occurred earlier and more frequently in the C/T
arm.

Both the C/T and SOC groups had high rates of AEs and
SAEs that were equally distributed, which reflects the com-
plexity of this severely immunocompromised patient pop-
ulation. Although C/T patients tended to have a higher
rate of study drug-related AEs, both groups had relatively
few study drug-related AEs and SAEs that led to drug
discontinuation.

This is the first randomized controlled trial that evaluated
the safety and efficacy of C/T in high-risk patients with HM
and FN. Our study had several limitations. The study en-
rolled eligible patients, including those without a history of
an ESBL-producing organism or an MDRO. However, such
patients are severely immunosuppressed and are frequently
hospitalized for complications resulting from their intensive
chemotherapy. In addition, the study included very few pa-
tients with documented gram-negative pathogens. Another
limitation is the open-label design of the study, which could
have introduced a potential source of bias in the assessment
of the patient. Although most of the endpoints were objec-
tive based on measurable endpoints such as temperature for
the clinical outcome or cultures for microbiologic documen-
tation, the decision to de-escalation or to discontinue study
drug and the attribution of the AE to study drug may have
been biased by the assessor who was not blinded to the treat-
ment agent.

CONCLUSIONS

C/T is efficacious and safe, and its prudent and judicious use
should be considered, in the context of local patterns of antibi-
otic resistance, for the empiric treatment of high-risk patients
with HM and FN, particularly those with a history of infection
or colonization with resistant gram-negative organisms and/
or prior hospitalization and antibiotic overuse. Closely moni-
toring patients, optimizing antibiotic selection, and reassessing
and de-escalating antibiotic treatment using culture results and
susceptibility patterns should be implemented to attain the
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shortest effective duration of therapy and limit the emergence
of resistant pathogens.
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Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility of
the authors, so questions or comments should be addressed to the corre-
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